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Abstract We present the results of numerical modeling of surface wave generation
by the movement of submerged deformable body along the slope, which simulates
the real coastal slope. The multiparametric computations are carried out within the
shallow water approximation that allowed to determine the dependence of wave pat-
tern on the depth of landslide embedding, length and thickness of the body, relative
density, friction coefficient, and slope geometry. The main attention is focused on
the effects resulted from the heterogeneity of depths, which simulates specifics of
real water basins.

1 Introduction

The interest in the investigations of the landslide mechanism of surface waves
generation in nearshore water areas is caused by a number of catastrophic events
caused by this mechanism that had happened in the recent years in different basins
of the World Ocean. The landslide mechanism of tsunami wave generation is called
abnormal in contrast to the conventional seismic one. Here abnormality means in-
consistency between significant tsunami wave near the shore and a weak earthquake,
which is associated with the generation of this wave and actually can be only a trig-
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ger for the landslide mechanism of wave generation. The portion of such events is
estimated at about 15% of registered historical tsunamis.

To solve the problem of mathematical modeling of the landslide induced wave
generation, both the models of landslide motion and of the ambient fluid should
be built. The known approaches to the simulation of landslides include the simula-
tion of the motion of an absolutely rigid body [5, 7] or a set of such bodies [13],
simulating a fluid flow of different density, viscosity, etc. [10], or simulating the
motion of a elasticoplastic medium [4] with or without taking into account the in-
teraction with the ambient fluid. In some situations it appears promising to simulate
the phenomenon as a two-layer fluid with layers of various densities and viscosity
coefficients [8]. In [7, 12, 14] it is shown that substitution of the real landslide by
a model rigid body coupled with an appropriate law of motion gives an adequate
description of wave processes in the wide range of such parameters as slope angle,
thickness and length of the body, and it’s initial submergence.

The specifics of the simulation of landslide generated surface waves is that this
waves are generated in the nearshore zone of a small depth, and the duration of
the landslide motion is quite long and comparable with the period of the generated
wave; the characteristic depth and the vertical size of the landslide are comparable
as well. Therefore hydrodynamic aspects of wave processes are being investigated
in the framework of approximate models of wave hydrodynamics. Earlier investiga-
tions by the authors let us estimate the capabilities of different models by comparing
their results with laboratory experiments. These investigations were carried out for
the simplest relief consisted of the uniform slope and the flat bottom. The conclu-
sion [2] was that even the simplest shallow water models give an adequate quali-
tative description of wave regimes within the special range of problem parameters,
while nonlinear-dispersive models, that take into account density non-hydrostaticity
(or, what is the same, the vertical fluid motion), should be used for detailed investi-
gations.

In previous investigations, when a landslide was represented as a rigid body, only
its movement along the uniform slope was considered in the law of motion. For
numerical modeling of the landslide motion along such slope [1, 6], a flat bottom
was attached at some depth, and for the landslide not to enter this zone, its velocity
was being decreased forcibly for the body to stop at the end of the slope. Such
artificial deceleration with a jump or a break of the velocity caused stop waves or
deceleration waves with significant amplitude.

In the present paper an attempt is made to model the surface waves generation
by the landslide moving along the arbitrary curvilinear slope according to the mo-
tion law, that takes into account slope irregularity. In particular, the possibility of a
landslide to continue its movement along the flat bottom is possible, and its deceler-
ation results from the bottom friction and hydrodynamic drag. Such natural smooth
deceleration of the landslide avoids the effects of an abrupt stop noted above.

Our main attention is focused on the comparison of results obtained on the piece-
wise linear and "real" curvilinear slopes. The results of computational experiments
let us determine the base invariable characteristics of wave processes and the pa-
rameters, which depend on the slope form. We discuss the results of comparison
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of wave regimes, generated above different bottom reliefs, analyze the dependence
of regime characteristics on geometrical and physical parameters (landslide embed-
ding, its length and thickness, relative density and friction coefficient). It is shown
that the character of landslide motion along the irregular slope and surface wave
pattern generated by this motion essentially differ from that on the uniform slope.

The modeling of surface waves, generated by the motion of a landslide was made
in the framework of the nonlinear model of shallow water over a non stationary bot-
tom. The modified finite-difference MacCormack scheme on a uniform computa-
tional grid was utilized [3].

2 Set-up of Problem

The mathematical set-up is similar to the one presented at the paper of Chubarov
L.B., Khakimzyanov G.S. and Shokina N. published at this book, and, therefore,
will be skipped here, as well as the law of landslide motion be in use, whose deriva-
tion is also given in details at that work. Only model reliefs and the form of landslide
will be described below, as they are different from that used in the work noted.

2.1 Model Reliefs

Two reliefs were considered to study the influence of bottom irregularity on the
surface waves, generated by the motion of underwater landslide. The first one is the
digitized vertical section of Mediterranean coast of Israel in the direction normal
to the coastal line near Hadera city. Its minimal depth in the coastal zone was 2
m (but it was enlarged to 20 meters to keep full depth positive during the whole
period of calculations), and the maximal depth in the deep-water zone was 1450 m.
It consisted of the long shelf zone with slope angle about 1 degree, the slope with
incline of up to 7 degrees and gentle deep-water slope with incline no more than 2
degrees.

The second relief was the piece-wise linear approximation of the first one and
consisted of the flat bottom with depth 20 m and length 3200 m, uniform slope with
inclination of 2 angles, and flat bottom with depth 1400 m and length 27300 m.
With given parameters the linear slope had the inclination that is equal to the mean
inclination of the ”real” relief, and had the same depth 535 m at the point of the
initial position of the landslide centre of mass (x = 17900 m). The total length of
both water basins was 70000 m.

To fix the results of calculations 2 virtual gages were used: A – on the ”shore”(x=
0 m), and B – in the deep-water zone (x = 60000 m).
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Fig. 1 Characteristics of model bottom reliefs used in numerical experiments: depth (filled contour,
axe is at the left) and slope angle (fat line, axe is at the right): on the left – ”real” slope, on the right
– linear one

2.2 Model Landslide

The shape of the model landslide, which was used in computations, is described
by the formula, that is similar to that proposed in [11]:
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p
2
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2

, xc(t) is the x-coordinate of the landslide
mass centre.

The maximum landslide thickness T was equal to 25 m, parameter p, that deter-
mine landslide length b, was equal to 2500 m (and then b, determined on 10% of
maximal landslide thickness, was equal to 5000 m). At the start time the landslide
mass centre was at the point of maximum inclination of ”real” relief xc = 17900 m,
that corresponds to the initial embedding of 535 m.

3 Computational Results

Computational experiments were carried out using the simple effective finite-
difference scheme, built on the base of MacCormack scheme of the second order
of approximation, on the uniform computational grid. The time step was calculated
from the stability condition so that Courant number was equal to 0.9. The total
number of computational grid points was equal to 1401.

The following parameter values were used in calculations by default: relative
density γ = 1.5, added mass coefficient Cw = 1.0, hydrodynamic drag coefficient
Cd = 1.0, friction angle θ∗ = 1◦.
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3.1 Dependence on Friction Angle

To study the influence of the friction angle θ∗ on the body motion and on the
characteristics of waves generated, the following values of θ∗ were used: for linear
slope – 0.0, 0.5, 1.0 and 1.5 degrees, and for ”real” one – 0.0, 1.0, 2.0 and 3.0
degrees.

Analysis of graphs, which demonstrate the dependence of landslide velocity on
the body position on the slope, as well as dependence of landslide acceleration on
the time, shows that as friction increases, the distance gone by the body and its ve-
locity both decrease. The picture for acceleration differs slightly: its positive values
during the acceleration also have evident inverse dependence on friction angle, but
its negative ones do almost not depend on the friction angle.

linear slope ”real” slope

Fig. 2 Characteristics of laws of landslide motion for different values of friction angle θ∗. For
linear slope: (1) – 0.0◦, (2) – 0.5◦, (3) – 1.0◦, (4) – 1.5◦; for ”real” one: (1) – 0.0◦, (2) – 1.0◦, (3) –
2.0◦, (4) – 3.0◦

Gauge records of free surface elevations generated by underwater landslide are
presented below. The depression wave, recorded near the shore the first, arises at
the beginning of landslide motion and goes to the shallow water zone, against the
direction of body motion. Its amplitude linearly depends on the initial acceleration,
that is seen in big difference between fixed negative amplitudes on gauge A. The
first positive wave, registered near the shore, is generated when two negative waves
(one is the mentioned above after its reflection off the wall and the second one is
the negative wave that goes right over the moving landslide) move over the slope
to the zone with larger depths. On the linear slope this wave is seen clearly and its
amplitude inversely depends on the friction angle. The second positive wave arises
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when the body deaccelerates, and terminates after body finally stops its moving. The
amplitude of this wave directly depends on the absolute value of body acceleration
just before the stop, therefore this amplitude is the biggest for the widest friction
angle.

On the ”real” slope the process of deceleration goes faster, therefore both pos-
itive waves almost merge, especially for wide friction angle. Here deacceleration
takes place on different depths: for wider θ∗ this depth is smaller and it makes the
amplitude of generated wave bigger. As a result, the maximum amplitude of positive
wave is the same for all θ∗, its length is smaller for wider θ∗ though.

Waves that propagate to the deep-water zone suffer similar changes, when the
friction angle varies.

linear slope ”real” slope

Fig. 3 Gauge records for different friction angles: top row – gauge A, bottom row – gauge B. For
linear slope: (1) – 0.0◦, (2) – 0.5◦, (3) – 1.0◦, (4) – 1.5◦; for ”real” one: (1) – 0.0◦, (2) – 1.0◦, (3) –
2.0◦, (4) – 3.0◦

3.2 Dependence on Landslide Size

To investigate the influence of the landslide size on the characteristics of wave
regime, the computations with following length and thickness were carried out: b =
5000 m, T = 25 m (reference landslide), b = 5000 m, T = 50 m (double thickness);
b = 10000 m, T = 25 m (double length).

As we see on Fig. 4, the law of landslide motion doesn’t depend on body’s thick-
ness, while varying of it’s length appears differently on different slopes. On the one
hand, it is due to the specificity of parameter occurrence in the formula of motion
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law, and, on the other hand, due to the fact that as body length increases, it occupies
new parts of the slope with other inclination. On the ”real” slope this effect implies
from the very beginning of the motion, and for the linear one – during landslide
transition from the inclined part of the slope to the flat one. Thus, on the linear slope
initial acceleration doesn’t depend on the length of the body, and its maximal neg-
ative value is a little less for bigger length, as the left side of the body lays on the
slope for a longer time. On the curvilinear slope both initial acceleration and maxi-
mum negative one are smaller for bigger length. The maximum velocity is smaller
for longer body on both reliefs.

linear slope ”real” slope

Fig. 4 Characteristics of laws of landslide motion for different landslide sizes: (1) – ”reference”
landslide, (2) – double thickness, (3) – double length

As for the waves generated (Fig. 5), on the linear slope duplication of size ap-
pears in similar ways: in corresponding duplication of positive and negative wave
amplitudes. On the ”real” slope duplication of length appears weaker.

3.3 Dependence on Landslide Embedding

To investigate the influence of the initial landslide embedding on the wave gen-
eration the following values of initial embedding dc were considered: 535, 435, 335
and 235 meters.

On the linear slope, as one should expect, the motion character doesn’t depend on
embedding, except for the start time of deceleration. As velocities are equal before
this deceleration, the stopping point is the same, too. On the curvilinear slope the
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linear slope ”real” slope

Fig. 5 Gauge records for different landslide sizes: : top row – gauge A, bottom row – gauge B. (1)
– ”reference” landslide, (2) – double thickness, (3) – double length

situation is different. Here, the smaller depth, the smaller slope angle and, conse-
quently, the smaller initial acceleration. But, for small dc, acceleration grows when
body approaches the zone with the largest slope angle and almost reaches the values
it has for the bigger embedding. The maximum velocity values increase when dc
decrease, but the stopping points are almost the same for any dc.

The dependence of underwater landslide motion on the initial embedding appears
in the wave regime generated in the following way. On the linear slope the amplitude
of the first negative wave, propagating towards the shore, increases monotonically
with embedding decreasing, but on the ”real” one embedding decreasing results in
little decreasing of trough amplitude. Amplitudes of the first positive waves near the
shore change equally on both slopes: smaller embedding, bigger amplitude. Ampli-
tudes of the second positive waves, generated by body deceleration, are equal for
any embedding on both slopes, and this fact is in good correlation with the equality
of landslide velocities during deceleration.

3.4 Dependence on Landslide Density

The influence of the landslide relative density on the body’s motion and wave
formation appears the simplest. The following values of γ were considered here:
1.5, 1.75, 2.0, 2.25.

On both reliefs with relative density increasing maximum values of acceleration
and deceleration increase (approximately in two times with density increasing in 1.5
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linear slope ”real” slope

Fig. 6 Characteristics of laws of landslide motion for different landslide embedding dc: (1) –
535 m, (2) – 435 m, (3) – 335 m, (4) – 235 m

linear slope ”real” slope

Fig. 7 Gauge records for different landslide embedding dc: top row – gauge A, bottom row – gauge
B. (1) – 535 m, (2) – 435 m, (3) – 335 m, (4) – 235 m
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times), as well as body velocity (in 1.5 times); the duration of motion is in inverse
dependence, and the stopping point doesn’t change almost.

linear slope ”real” slope

Fig. 8 Characteristics of laws of landslide motion for different relative density γ : (1) – 1.5, (2) –
1.75, (3) – 2.0, (4) – 2.25

The monotonicity of landslide motion dependence on relative density transmits
to the characteristics of wave formation, registered by both gauges. With increase of
γ , amplitudes of positive and negative waves increase monotonically, too.

4 Conclusions

The results, presented in the article, reflect transition in the study of landslide
mechanism of surface waves generation from the simplest linear slopes to the curvi-
linear ”real” ones.

The computational experiments demonstrated the features of influence of land-
slide size, initial embedding, relative density and friction coefficient over different
bottom reliefs. It is shown, that bottom curvilinearity influences essentially in some
cases on the character of wave regime dependence on parameters mentioned above.

The features of wave regimes, generated by the landslide motion down the ”real”
slope, are determined mainly by the taking account of this ”reality” in the landslide
motion law.

So, variation of the initial landslide embedding results in the variation of angle of
the slope, the landslide is situated on, that, in turn, changes the initial acceleration.
As a result, for the linear slope the smaller embedding means the bigger wave ampli-
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linear slope ”real” slope

Fig. 9 Gauge records for different relative density γ : top row – gauge A, bottom row – gauge B.
(1) – 1.5, (2) – 1.75, (3) – 2.0, (4) – 2.25

tude, but for the ”real” one the most ”dangerous” landslide is situated not certainly
near the shore.

When landslide length varies, the mean slope angle under the landslide varies
too, that has an additional effect on the wave formation.

When the friction force and relative density vary, the characteristics of wave for-
mation change in the same manner over model linear and ”real” slopes. Note also,
that the friction coefficient is the only considered parameter, which determines the
landslide stopping point.
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