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Abstract –In this Letter, we experimentally investigate the collapse of initially dry granular
media into water and the subsequent impulse waves. We systematically characterize the influence
of the slope angle and the granular material on the initial amplitude of the generated leading wave
and the evolution of its amplitude during the propagation. The experiments show that whereas
the evolution of the leading wave during the propagation is well predicted by a solution of the
linearized Korteweg-de Vries equation, the generation of the wave is more complicated to describe.
Our results suggest that the internal properties of the granular media and the interplay with the
surrounding fluid are important parameters for the generation of waves at low velocity impacts.
Moreover, the amplitude of the leading wave reaches a maximum value at large slope angle. The
runout distance of the collapse is also shown to be smaller in the presence of water than under
totally dry conditions. This study provides a first insight into tsunamis generated by subaerial
landslides at low Froude number.

In the last decade, two particularly destructive tsunamis,
in the Indian Ocean [1] and in Pacific Ocean [2], have
raised the necessity to predict, or at least evaluate the haz-
ards induced by such events for the population and human
activities. Although many tsunamis arise from underwa-
ter earthquakes [3], some are also induced by submarine
and subaerial landslides which can be locally more danger-
ous as they form near the coast and may exhibit extreme
runup [4].

One approach to study tsunamis generated by subaerial
landslides relies on the simple configuration of a solid block
impacting the water [5, 6]. During a landslide, strong
interactions occur between the slide and the generated
waves. In this case, estimating real situations requires a
deformable slide [7]. Most previous studies focused on the
particular case of a Froude number Fr = vs/

√
g H larger

than one, i.e. on a slide velocity vs larger than the shal-
low water wave velocity

√
gH (g being the gravity, H the

water depth). This configuration is relevant to model geo-
physical events such as the mega-tsunami of Lituya Bay,
Alaska (1958) where the estimated Froude number was
about Fr ' 3.2 [8]. However, in the simple situation of a
cliff collapse, which is expected to happen in the South of

France [9], the dynamic would be different as the Froude
number becomes smaller than unity. In this situation, an
estimate of the interplay between the granular material
and the wave is required. Despite important implications
on risk control, landslides for a Froude number smaller
than one and the generation of the subsequent tsunamis
have been poorly investigated.

The lack of such studies may be explained by the dif-
ficulty of modeling dense flows of granular media despite
their major stake in industrial and geophysical applica-
tions [10, 11]. Due to these applications, a huge number
of studies considered various dense flows of dry granu-
lar materials [12–15]. The mechanical properties of the
grains are not completely understood but recently, Jop et
al. [16] suggested a continuum model, the µ(I)-rheology,
to account for the unique properties of dry dense granular
flows. This rheology gives a good description in many situ-
ations such as a granular collapse [17,18] or granular flows
on a pile [16]. However, the addition of water drastically
changes the dynamics of granular flows as emphasized by
recent studies with partially wet granular media [19–23],
suspension of particles [24–26] and underwater granular
flows [27, 28]. These studies show the influence of both
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Fig. 1: Schematic view of the experimental setup. The shape of the granular flow and the generation of the waves are recorded
by the high speed camera. The evolution of the amplitude is measured with four contact-type wave gauges. Successive instants
of the collapse of the granular material (m = 2 kg) (b-e) in the dry case, and (f-i) in presence of water. The pictures are taken
every 0.2 seconds and the scale bar is 5 cm.

the capillary effects and the surrounding fluid, but they
also emphasized the difficulty in predicting the dynamics
of the granular media and their interplay with the fluid.
In particular, underwater granular events are complicated
to describe due to the contradictory effects of the drag
force and the lubrication of the grains [29]. It becomes
even more complex to describe the behavior of the im-
pact of dry granular media from the air into water and
the subsequent generated waves.

In this Letter, we rely on extensive experiments to
analyze the interactions between the granular flow and
the waves generated by the landslide at Froude num-
bers smaller than one. Typically, in our experiments
Fr ∼ 0.2− 0.8. The present situation is relevant to model
tsunamis generated by cliff failures located just above the
sea surface, which are characterized by low impact veloc-
ities.

The experimental setup is sketched in Fig. 1(a). It con-
sists of a glass tank of dimensions 2.20 m long, 0.40 m high
and 0.195 m wide. The water depth considered in this
study is H = 15 cm. Three different granular materials
are used: spherical glass beads of diameters 4 and 10 mm
and density ρGB ' 2500 kg.m−3, and a non-spherical
aquarium sand of mean diameter 4 ± 1 mm and density
ρAS ' 2300 kg.m−3. The slope is made of a polyvinyl
plate roughened by gluing one layer of the considered gran-
ular media onto it to ensure no-slip boundary conditions
at the bottom. A vertical gate, opened vertically, delim-
its the initial reservoir of granular materials located just
above the undisturbed free surface. The generation of the
wave and the evolution of the granular flow are recorded
using a high speed camera at 100 fps (Phantom V641, 4M
Pixels). The shape of the granular material is highlighted
using a laser sheet located above the free surface. The
evolution of the free surface elevation is measured using
four resistive wave gauges with a sampling frequency of
200 Hz, which is sufficient to capture the dynamics of the
waves. The gauges are located at 0.45 m, 0.75 m, 1.05 m

and 1.35 m from the lifting gate.
Typical experiments are illustrated by successive snap-

shots of the granular collapse in a dry case (Fig. 1(b)-(e))
and in presence of water (Fig. 1(f)-(i)) for an initial mass
m = 2 kg of aquarium sand and a slope θ = 50̊ . It
shows that the presence of water modifies the shape and
the timescale of the granular front during the collapse,
which occurs in an inertial regime [27, 28, 30]. Also note
that the time scale of the granular collapse in air is smaller
than in the presence of water and that their morphologies
are different (see Fig. 1(c) and 1(g) taken at the same
instant). In water, the surrounding fluid generates an im-
portant drag on the granular material which leads to the
generation of a larger front. At the same time, a wave
is generated at the surface on a timescale similar to the
granular collapse, and thus it is not possible to decouple
the two different phenomena.

Let us consider the propagation of the leading wave,
which is also the largest one, and is followed by an oscil-
latory wave train. We assume that the initial amplitude
of the leading wave is known and we focus here on its
propagation. We shall see in the following how the slope
influences the amplitude of the leading wave. We ensured
that the experiments are completely reproducible. We re-
port in figure 2 the evolution of the maximum amplitude of
the generated leading wave as a function of the distance to
the collapse for various slope angles, initial mass and dif-
ferent granular materials. For each experiment, we rescale
the amplitude at the probes by the amplitude A1 at the
first probe. To explain the dependence of the tsunami am-
plitude with the distance from the source, x, we consider
the weakly dispersive linear shallow water approximation.
In this approximation, the free surface elevation η is de-
scribed by the the linearized Korteweg-de-Vries equation
[31]:

∂η

∂t
+ c

∂η

∂x
+
cH2

6

∂3η

∂x3
= 0. (1)
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Fig. 2: Evolution of the dimensionless amplitude of the gener-
ated leading wave in logarithmic scale for various masses and
various slopes using glass beads of 4 mm (◦), 10 mm (�) and
aquarium sand (�). The dashed line is the scaling law x−1/3.
The uncertainties are plotted on the blue circles. Inset: evolu-
tion of the wave amplitude η at the first and third probes for
m = 2 kg of 4 mm glass beads and a slope of 45̊ .

A solution to this equation is

η(x, t) = Q

(
2

c tH2

)1/3

Ai

[(
2

c tH2

)1/3

(x− c t)

]
, (2)

where Q is a constant corresponding to the cross-section
of the water volume displacement, H is the water depth,
c =
√
gH and Ai is the Airy function. Thus, during the

propagation, the amplitude of the leading wave decays as
t−1/3, which leads to a dependence as x−1/3. This scaling
law agrees with the experimental data regardless of the
initial mass or slope (see Fig. 2). Note also that the vis-
cosity and the interfacial tension have negligible effects on
the propagation of the wave as observed for solid body im-
pact [32] or granular impact at Fr > 1 [7,33]. Thus, using
a far-field approximation, we can estimate the amplitude
of the waves during its propagation.

We now need to estimate the influence of the different
parameters, such as the slope angle or the mass of gran-
ular media, on the initial amplitude of the wave. In the
following, we focus on the influence of the granular flow
properties on the wave generation. The evolution of the
run-out distance of the granular flow with the slope angle
θ for both dry collapse and in presence of water is shown
on Fig. 3. In our experiments, the aspect ratio of the slide
is related to the slope angle by h/L = tan θ, where h is the
initial height of the slide and L is the initial length. Previ-
ous studies have considered the run-out distance on a slope
[34,35], but only in a dry case. In our situation, we clearly
see that the data is separated into two main curves. The
run-out distance associated to the collapse of glass beads
without water, as well as the underwater collapses, are all
located on the upper curve. It suggests that for spherical

materials, the runout remains the same if the collapse oc-
curs in one phase only (air or water). Indeed, in our case
the viscous effect is negligible compared to the inertia of
the particles. However, we also notice that the runout dis-
tances associated with the collapse of glass beads from air
into water collect in the lower curve. This is likely due
to the presence of air captured during the collapse which
decreases the velocity of the slide. Also, the interaction
between the generated wave and the granular collapse can
have a non-negligible contribution. Note that the aquar-
ium sand has a peculiar behavior as the run-out distance
is the same in all the situations, which may be due to the
coarse shape of the aquarium sand that limits the velocity
of the particles. The runout distance follows a power law
Rstop = λ(θ − θc)α with λ = 0.32, α = 0.56 and λ = 0.26,
α = 0.51 for dry and into water collapse respectively. The
critical angle θc is the angle of avalanche measured ex-
perimentally [36]. The value of the critical angle for each
granular material is represented in table 1. The contra-
dictory effects of the ambient fluid observed by Topin et
al. [29] for an underwater collapse which can enhance the
granular flow are not observed in the configuration of dry
impact into water in the inertial regime. Note that in our
experimental setup, dry granular collapse and underwater
collapse leads to a similar runout distance. But when the
granular material impacts the free-surface of the water, the
runout is smaller. Indeed, a larger amount of energy is dis-
sipated by internal friction because of the presence of air
captured in the granular material. As observed by Topin
et al. [29], the added hydrodynamic forces of the ambient
fluid on the granular material increase and so the duration
of the collapse is larger for impact into water. Note also
that the difference between wet and dry collapse is likely
due to the speed at which the granular materials spread
over the bottom. It also explains why the aquarium sand
have a peculiar behavior in our experiments. Its runout
is the same in both the dry case and in presence of water
because the velocity of the granular front remains much
lower for aquarium sand than for spherical glass beads. It
seems to indicate that for the aquarium sand, the friction
on the bottom and between the different layers prevails
over the hydrodynamic forces of the ambient fluid.

granular material diameter (mm) θc
small glass beads 1.5 25, 7◦ ± 0, 9◦

medium glass beads 4 23, 3◦ ± 0, 8◦

large glass beads 10 20, 1◦ ± 1, 2◦

aquarium sand ' 4 37, 3◦ ± 0, 6◦

Table 1: Mean particle diameter, d and critical angle of
avalanche θc for the four different granular media.

The amount of rocks collapsing into the water is a rel-
evant parameter for geophysical events and is thus also
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Fig. 3: Dimensionless runout distance as a function of the slope
angle for the three different granular media: glass beads 10 mm
(�), 4 mm (◦) and aquarium sand (�). Full symbols are the
results for a dry granular collapse and empty symbols are in
presence of water. The red asteriks are underwater collapse
using 4 mm glass beads. The two dashed line are the best fits
for the two regimes. Inset: schematic of the situation.

considered experimentally. Fig. 4 reports the influence of
the initial mass of granular material on the wave ampli-
tude. The slope angle remains constant at 45◦ and the
three different granular materials are considered. From
the previous results we can restrict our study to the first
wave gauge since the later propagation of the wave can
be estimated by the shallow-water model. In all of the
experiments, the volume fraction of the granular media is
estimated to be 0.60 ± 0.05. Note that this value is esti-
mated to be slightly larger for the aquarium sand because
of the non-sphericity of the particle and the more impor-
tant polydispersity. However, the larger compaction of
the aquarium sand associated with its lower density leads
to an equivalent density of the granular slide ρeq = φρg
for the three different granular materials, where φ is the
volume fraction and ρg is the density of the granular mate-
rial. The amplitude of the wave at the first probe increases
with the initial mass following a power law A1 ∝ mα with
α ' 0.9 ± 0.05 for the three granular media. Note that
predicting the exact dependence of the wave amplitude on
the mass of the collapse remains a challenging issue for
waves generated at low impact velocity. Indeed, in previ-
ous studies [7, 37], the Froude number at the impact was
always larger than unity such that all the initial amount
of granular material contributed to the generation of the
leading wave. However, in the present study, when the
leading wave starts propagating part of the granular ma-
terial is still collapsing along the slope for large mass of
the slide. Therefore, all the initial mass does not generate
the first wave and future experiments will have to consider
the time scale of the collapse compared to the time scale of
the wave generation. Note also that in our configuration,
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Fig. 4: Evolution of the amplitude at the first probe for a slope
angle of 45◦, as a function of the initial mass for the 10 mm
glass beads (�), 4 mm (◦) and aquarium sand (�). The error
bars are illustrated on the data for 4 mm glass beads and the
aquarium sand. The dashed-line is the best fitting slope m0.9.

we were only able to use glass beads of the same density.
We are, thus, not able to tune the mass of the material
without modifying the volume accordingly. Further exper-
iments using beads of different density would be of interest
to investigate the relative influence of the initial mass and
the initial volume of the slide.

In previous studies, the velocity of the slide was large
enough to neglect the influence of the slope and the defor-
mation of the granular media [7,37]. Here, the velocity of
the granular materials at the impact is close to zero and
the interplay between the fluid and the beads is important.
Therefore, the previously obtained results cannot be used
to estimate the amplitude of the leading wave generated
by cliff failure. We have reported in Fig. 5 the influence
of the slope on the maximum amplitude at the first wave
gauge for an initial mass of 2 kg. For a given granular ma-
terial, the amplitude increases with the slope. In addition,
our experimental results suggest that the relevant param-
eter to describe the influence of the slope is the difference
between the slope and the critical angle of the considered
granular media. Using this new variable, the results col-
lapse quite well for the different granular media. It also
shows a saturation at large slope, θ − θc > 30◦, where
the amplitude of the leading wave reaches a maximum.
However, even if the amplitude of the wave saturates, in-
creasing the slope still transfers energy to the waves as
illustrated in figure 5, where we have evaluated the evolu-
tion of the energy contained in the wave train for all the
granular materials. The energy per unit width is estimated
by the relation E = 2Ep = ρgc

∫
η2dt where η is the free-

surface elevation. The results collapse onto a master curve
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Fig. 5: Evolution of the energy of the generated wave train as
a function of the slope angle for an initial mass of 2 kg. Inset:
evolution of the amplitude at the first wave gauge as a function
of the slope angle for an initial mass of 2 kg. In both figures
(◦) are for 4 mm glass beads, (�) for 10 mm and (�) for the
aquarium sand.

and a transition is visible around θ−θc ' 10̊ . Note that a
given amplitude for the first wave does not necessary lead
to the same wave train and thus to the same total energy
associated with the tsunami. Indeed the behavior of the
collapse is very different between each granular material
for the same θ − θc so the generated wave train will be
different. 50% to nearly 80% of the energy of the wave
train is located in the first wave, varying with the gran-
ular material and the slope angle. For large slope angle,
the amplitude of the first wave does not increase anymore
and the remaining part of the energy is transferred in the
following waves. An example is provided in figure 6 where
the amplitude of the second wave increases with the slope
angle whereas the amplitude of the first wave remains the
same.

Our experiments illustrate that the total energy associ-
ated to the generated wave train does not depend on the
granular media, but only on the parameter θ − θc. Un-
derstanding the exact dependance of the energy of each
waves with the slope angle or the initial mass of granular
material remains complicated. However, a first approach
consists in evaluating the ratio of the energy of the gener-
ated wave train and the variation of the mechanical energy
of the slide. Initially, the slide is at rest above the free sur-
face, such that the total amount of energy transferred to
the system is equivalent to the variation of its potential
energy ∆Em = Ep(t = 0)− Ep(tf ), where:

Ep(t = 0) = mg

[
H +

2

3

√
2m tanθ

φiρg L

]
, (3)

Ep(tf ) = (m− φf ρwAL) g zG. (4)
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Fig. 6: Evolution of the free surface at the first probe as a
function of the slope angle with the glass beads of 4 mm, at an
angle of 50◦ (continuous line), 55◦ (dash-dotted line) and 60◦

(dashed line) .

In these expressions, m is the mass of the slide, H de-
notes the water depth, θ is the slope, L represents the
width of the tank, A and zG are the area and the vertical
position of the center of mass of the slide at the end of the
collapse, respectively, φi, φf are the volumic fraction of
the slide at the beginning and at the end of the collapse,
respectively and ρw, ρg are the density of water and the
granular material, respectively. The volumic fractions of
the slide at the beginning and at the end of the collapse,
φi and φf , can be expressed by :

φi =
m

ρg A(t = 0)L
(5)

φf =
m

ρg A(tf )L
(6)

These expressions show that the ratio between the en-
ergy of the wave train and the total available energy in
the system never exceeds 15% regardless of the slope an-
gle or the initial mass of the slide. The highest values oc-
curred for high slope angle because the speed of the slide
increases with the slope such that less energy is damped by
the friction on the slope. Note, that these values are lower
than those observed by Fritz et al. [37] for impact at high
Froude numbers, which confirms that taking into account
the roughness of the slope drastically reduces the amount
of energy transferred into the generated wave train. Un-
derstanding the quantity of energy lost by friction and how
it is transferred in the several waves remains a challenging
issue.

To conclude, we illustrate in this Letter the complex
dynamic associated to the collapse of dry granular media
into water with the objective of predicting the amplitude
of the tsunami generated by a major cliff collapse. Our re-
sults uncovered some important findings such as the evolu-
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tion of the wave during its propagation and the difference
between dry and wet granular collapse. We have charac-
terized the influence of the mass and we showed that the
effect of the slope can be determined by rescaling the data
with the variable θ−θc. However, the influence of water on
dense flows of granular media remains an active problem
and characterizing the interplay between the fluid and the
slide during its collapse is a key issue to accurately predict
the size of the generated waves. Examining the particular
cases of collapse into deep water and collapse into a thin
layer of water will be one of the aims of future research
as these two extreme cases may simplify the situation.
In addition, these experiments can be used as benchmark
for future DEM-CFD simulations using a two-phase flow
which would provide an insight into the dynamic of the
granular beads [29].
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