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Abstract
This paper presents a multi-fluid Navier-Stokes modelling of the waves generated by two granular

slides (subaerial and submarine) which were previously studied experimentally and a pure synthetic
submarine case used for results interpretation. In the numerical model, air and water are considered
as Newtonian fluids. The slide is modelled as a Newtonian fluid whose viscosity is adjusted to fit
the experimental results. Once the viscosity is adjusted, the first and the second waves are shown to
be accurately reproduced by the model even though the computed slide is slower. For the subaerial
case, the viscosity value found is shown to be consistent with the granular µ(I) rheological law. The
second part of this work focuses on the energy transfers between a slide and its generated waves.
Energy balance is computed in each phase. The wave energy is evaluated in the wave propagation
zone. Energy dissipation, kinematic and potential energies are taken into account in the computation
of energy transfer ratio allowing for a better understanding of the phenomena. In light of these
results, the wave train generation process is discussed as well as the importance of the slide dynamics
in the wave generation stage. The amount of energy transferred to wave is not constant with time
and the transfer rate depends strongly on the definition of this rate as well as the case considered.
For instance, in the subaerial case simulated, the energy transferred to surface waves is 30 % of the
energy transferred to water at the time the transfer stops, but this conversion rate is only equal to
4 % of the overall available potential slide energy at the end of the process. For the two submarine
cases simulated, the corresponding values, equal in both cases, are 2 % and 1 %, respectively. The
simulation results also show that the slide energy is transferred to the water in a short period of time
at the beginning whatever the case considered. This observation may be related to the initial nil slide
velocity (subaerial case) and the relatively large slope values considered (both cases). Nevertheless,
the results illustrate the importance of accurate simulation of the slide dynamics within the wave
generation process.

Keywords landslide-generated waves, numerical simulations, multiphase model, energy transfer,
subaerial slide, submarine slide, granular rheology.

1 Introduction
The generation of waves by landslides, whether subaerial or submarine, is a complex phenomenon which
has been studied extensively in the last twenty years. For subaerial slides, the free surface is very
perturbed, sometimes involving vortex creation, wave breaking, and air entrainment (Fritz et al., 2004).
Submarine slides involve less interactions with the water free surface. Nevertheless, the coupling between
the slide and water cannot always be neglected, especially if the slide is shallow and has a relative density
close to one (Jiang and LeBlond, 1992).

Identifying the main slide parameters contributing to the wave generation has been the focus of several
former studies including Fritz et al. (2004), Ataie-Ashtiani and Nik-Khah (2008), Heller and Hager (2010)
and Mulligan and Take (2017). These studies found the slide mass, thickness and impact velocity as being
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particularly important parameters for subaerial slide cases. For submarine slides, the slide submergence
depth appears critical. Recently, Lo and Liu (2017) found that the slide area, in two-dimensions (2D), is
the relevant parameter explaining the wave height generated, whatever the slide shape.

Experimental studies have been carried out with rigid blocks (Heinrich, 1992; Liu et al., 2005; Ataie-
Ashtiani and Najafi-Jilani, 2008; Ataie-Ashtiani and Nik-Khah, 2008) or granular media (Fritz et al.,
2004; Viroulet et al., 2014). The importance of the slide deformation has been highlighted by Ataie-
Ashtiani and Najafi-Jilani (2008) and Ataie-Ashtiani and Nik-Khah (2008). They show that with similar
initial rigid and deformable slides, the maximum wave crest amplitude is reduced from 15 % to 25 % for
submarine cases and from 25 % up to 35 % for subaerial cases in the deformable slide case taking the
rigid slide case as reference.

Numerical models are often employed to complement experimental studies to overcome some exper-
imental shortcomings such as the lack of information on the velocity fields in the slide and in water or
scale effects and build applicable predictive tools. These models may rely on different types of equations
including shallow water models (Jiang and LeBlond, 1992), Boussinesq-type equations (Lynett and Liu,
2002; Watts et al., 2003), and Navier-Stokes equations (Abadie et al., 2010) which are specially required
in the case of subaerial slides with a more complex nature.

The slide model can be described as a solid block (Abadie et al., 2010), a non-viscous fluid (Ataie-
Ashtiani and Nik-Khah, 2008; Abadie et al., 2012), a viscous fluid (Jiang and LeBlond, 1992), or a visco-
plastic fluid with different rheologies such as Bingham model (Jiang and LeBlond, 1993; Viroulet, 2013).
A granular flow can also be modelled as a Coulomb-like continuum (Mangeney-Castelnau et al., 2003;
Kelfoun et al., 2010; Ma et al., 2015; Yavari-Ramshe and Ataie-Ashtiani, 2017), or with a DEM (Discrete
Element Method) code which computes the slide displacement coupled to a CFD (Computational Fluid
Dynamics) model (Zhao et al., 2016). More simply, the Newtonian fluid model considers the slide as
a fluid with a constant viscosity (Grilli et al., 2017). This constant viscosity can be seen as a first
approximation of a granular law like the µ(I)-rheology (GDR MiDi, 2004) for instance. The latter is a
more complex model with a threshold and an equivalent viscosity varying in space and time. It is used
for the modelling of dense dry granular flow and has been generalized by Cassar et al. (2005) for non-dry
granular flow.

A few studies have been focused on the energy transfer between a slide and its generated waves.
Depending on the study, the considered landslide energy can be the initial potential energy, generally for
submarine slides (Jiang and LeBlond, 1992; Ruff, 2003) or the kinetic energy at the impact, for subaerial
slides (Watts, 1997; Fritz et al., 2004). For the computation of the wave energy, some authors computed
only the potential energy and considered that there is an equipartition with the kinetic energy (Fritz
et al., 2004; Ataie-Ashtiani and Nik-Khah, 2008). However, Fritz et al. (2004) pointed out that this
hypothesis is not correct near the impact zone of subaerial slides. Moreover, it is common for landslides
to generate highly non-linear waves and in this case, to have a kinetic energy larger than the potential
energy (Heller and Hager, 2011; Heller et al., 2016). For this reason, both potential and kinetic wave
energies were computed by Heller et al. (2016) and also on a part of the domain by Sue et al. (2011). In 2D
channel, the conversion of energy from the slide to the waves is evaluated to be 4− 50 % for a subaerial
slide (Fritz et al., 2004) and between 2 % and 14 % for a submarine slide (Jiang and LeBlond, 1992;
Watts, 1997; Sue et al., 2011). Similar conversion ratios have been identified in experiments involving
radial wave propagation due to larger flume to slide widths ratio (Ataie-Ashtiani and Nik-Khah, 2008;
Ataie-Ashtiani and Najafi-Jilani, 2008; Yavari-Ramshe and Ataie-Ashtiani, 2019), with a range from 1 %
to 40 % for subaerial slides and around 4 % for submarine slides. If most of these results were obtained
experimentally, recent attempts to compute energy transfers in advanced numerical models have also to
be aknowledged. For instance, Ma et al. (2015) proposed a new two-layer model for granular landslide
motion and tsunami wave generation and studied the time evolution of the tsunami potential and kinetic
energy.

In the present paper, the wave generation process is simulated for three cases of granular slides
(subaerial and submarine) using the incompressible Navier-Stokes Volume Of Fluid (VOF) model THETIS
(Abadie et al., 2010).

The granular slide is modelled as a fluid based on a simple viscous Newtonian approximation. This
simple law, when properly adjusted, can be seen as a very coarse approximation of the more elaborated
non-Newtonian µ(I)-rheology with which the model is also compared. A comparison with the existing
physical measurements allows to calibrate the model. Then, the potential and the kinetic energies and
the energy dissipation are computed at each time step in the water and the slide, giving the whole process
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of energy transfers from the slide to the waves. Finally, the wave generation process is discussed.

2 Numerical model
THETIS is a multifluid Navier-Stokes (NS) solver developed by the TREFLE department of the I2M
Laboratory at Bordeaux, France. The present numerical simulations are based on the direct solution
of the incompressible NS equations for water, air, and the slide, with a two-step incremental projection
method (Goda, 1979). THETIS can be considered as a one-fluid model as only one velocity is defined
at each point of the mesh and there is no mixing between the three considered fluid of water, air, and
slide. An equivalent fluid is defined at each mesh cell and its characteristics (density and viscosity) vary
in space. In each simulation stage, the time step is updated based on the considered limit for the Courant
number (Courant et al., 1967) (u∆t

∆x with u the magnitude of the velocity, ∆t the time step, ∆x the length
interval) to a certain value (generally 0.5).

In addition to the NS equations, two advection equations are solved for the water and the slide
particles. The interface tracking is performed by a VOF-TVD method based on the Lax-Wendroff scheme.
A more accurate VOF-PLIC method is also available in THETIS but this method is more sensitive and
may fail when violent impacts such as in the subaerial case are occurring. The portion of each phase in
a cell is defined by a colour function whose value is between 0 and 1. A free slip condition is imposed
on the velocities of the left, right and top faces of the domain while a wall condition is imposed on the
bottom boundary. The slope is obtained by positioning a porous body (Desombre et al., 2012) with
a nil porosity. The computational mesh follows the geometry of each solid part of the domain with a
stair-like slope. According to the performed simulations, the mesh resolution (∆x = 5mm, ∆y = 2mm
and ∆x = 2.85mm, ∆y = 1.25mm in the subaerial and submarine case respectively) used is sufficient
to limit the effects of the slope irregularities on water and slide flows.

The water, the air, and the slide are firstly modelled as Newtonian fluids, giving one parameter,
namely viscosity, for the slide to be calibrated. The granular µ(I)-rheology (GDR MiDi, 2004) has also
been implemented in THETIS to model dry dense granular flows. It has been validated by comparing
with a dry granular column collapse (Lagrée et al., 2011). The three material-dependant parameters are
I0, µs and ∆µ. They define the friction coefficient µ(I) which only depends on the inertial number I.
In THETIS, these variables are evaluated on each point of the slide and the viscosity η is computed and
imposed as the local fluid viscosity value in the NS equations. This gives a viscosity in the slide that is
space and time-dependent.

η = max

(
µ(I)√
2D2

p, 0
)

(1)

µ(I) = µs + ∆µ
I0/I + 1 (2)

I = d
√

2D2√
|p|/ρ

(3)

with D2 as the second invariant of the strain rate tensor, p pressure, µs, ∆µ, and I0 three material-
dependent coefficients , d the slide grain diameter and ρ grain density.

So far, it is not possible to use this rheology in conjunction with water. Indeed, even though Cassar
et al. (2005) provided a formulation able to predict the behaviour of granular slide in water, it is not
easily adaptable to a one-fluid formulation as used in THETIS. In this paper, it will be used as a reference
for the first instants of the subaerial case.

2.1 Energy transfers
The slide potential energy is maximum at the initial time. During the landslide motion, a part of the
potential energy is converted into kinetic energy, lost due to the viscous dissipation, and converted into
the water kinetic and potential energies including wave energy which is of interest here.

During the simulations, the different energy components are computed in the slide and water in order
to better understand the energy transfer process. One of the main objective is to determine the time
duration of energy transfer from the slide to waves and the ratio or efficiency of this energy transfer.
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The local formulation of the kinetic energy theorem (Chassaing, 2000) gives (with gravity as the only
volume force):

∂

∂t

(
1
2ρV

2
)

+∇ ·
(

1
2ρV

2V

)
= ρV · g +∇ · τ · V −∇ · PV + P∇ · V − τ : D (4)

With V the local fluid velocity, P the local fluid pressure, τ the shear stress tensor and D the strain
rate tensor.

By integrating this equation over the fluid volume (i.e., either the slide, water, or air volume), it leads
to:∫∫∫

Ω

∂

∂t

(
1
2ρV

2
)
dΩ +

∫∫
∂Ω

1
2ρV

2V · ndS =∫∫∫
Ω
ρV · gdΩ +

∫∫
∂Ω

(τ · V ) · ndS−
∫∫

∂Ω
PV · ndS +

∫∫∫
Ω
P∇ · V dΩ−

∫∫∫
Ω
τ : DdΩ (5)

Using the transport and the continuity equations, it can be written as:
a︷ ︸︸ ︷

d

dt

∫∫∫
Ω

(
1
2ρV

2
)
dΩ +

b︷ ︸︸ ︷
d

dt

∫∫∫
Ω

(ρgz)dΩ +

c︷ ︸︸ ︷∫∫
∂Ω

(
1
2ρV

2 + ρgz

)
(V − V a) · ndS+

d︷ ︸︸ ︷∫∫
∂Ω
PV · ndS =

e︷ ︸︸ ︷∫∫
∂Ω
τ · V dS+

f︷ ︸︸ ︷∫∫∫
Ω
P∇ · V dΩ−

g︷ ︸︸ ︷∫∫∫
Ω
τ : DdΩ

(6)

including kinetic energy variation (a), potential energy variation (b), kinetic and potential energy
fluxes through the envelope (c), power of the pressure force on the envelope (d), power of the viscous
stress on the envelope (e), power of the pressure force in the volume (f) and rate of the viscous dissipation
(g).

(f) vanishes with assuming incompressible fluids. In our case, the envelope velocity is equal to the
fluid velocity, therefore (c) is also nil. In the following equation, the left-hand side contains the terms
that are calculated while the terms of the right-hand side are deduced from the numerical computation.

d

dt
(Ek + Ep) + Φ =

∫∫
∂Ω
τ · V dS −

∫∫
∂Ω
PV · ndS (7)

Where Ek =
∫∫∫

Ω
( 1

2ρV
2) dΩ , Ep =

∫∫∫
Ω(ρgz)dΩ , Φ =

∫∫∫
Ω τ : DdΩ.

Equation (7) shows that the changes in the mechanical energy within the fluid volume is due to the
total power of the pressure force and shear stress on the fluid envelope. Hence, for water, changes in the
total mechanical energy is through the pressure and shear forces induced by the slide along the slide/water
interface and vice versa. The balance equation (7) can be written for all three considered fluids, namely
the slide, water and air volumes. By computing the air energy, it is remarked that its value does not
change significantly during the simulation (section 3.2.1). Therefore, only the variation of energy in the
slide and the water portions are considered. Based on the Newton’s third law, the right hand sides of
the energy balanced equations written for the slide and the water are equal (action-reaction) in each
control volume. For this reason, the integrated left-hand terms of this equation computed for one phase
represents the energy transferred to the other phase.

[ d
dt

(Ek + Ep) + Φ]
slide

= −[ d
dt

(Ek + Ep) + Φ]
water

(8)

The dissipation term τ : D is numerically computed for an incompressible Newtonian fluid, namely:

τ : D = 2ηDijDij (9)

By integrating equation (7) between times 0 and t, the transferred energy can be expressed as:

Et(t) = Ek(t) + Ep(t)− Ek(0)− Ep(0) +
∫ t

0
Φdt′ (10)
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where Ep(0) is calculated with a vertical reference taken at the bottom.
The total mechanical energy can be defined as Em = Ek + Ep, therefore:

Et(t) = Em(t)− Em(0) +
∫ t

0
Φdt′ (11)

This transferred energy is positive if the fluid studied (i.e., slide or water) gains energy, and negative
in case of a loss of energy.

Following the previous set of equation, the computation of the different energy components is carried
out for the slide, water and air domains separately as follows:

Ek =
NX∑
i=1

NY∑
j=1

φ(i, j)1
2ρV

2(i, j)∆x(i, j)∆y(i, j) (12)

Ep =
NX∑
i=1

NY∑
j=1

φ(i, j)ρgy(i, j)∆x(i, j)∆y(i, j) (13)

Φ =
NX∑
i=1

NY∑
j=1

φ(i, j)2ηDkl(i, j)Dkl(i, j)∆x(i, j)∆y(i, j) (14)

where NX and NY are the number of nodes in the direction X and Y respectively, φ is the color function
value of the phase and ∆x and ∆y are the cell size in the direction of X and Y , respectively.

To separate the wave energy from the water energy, the water domain is divided into two zones (Figure
1) : the generation zone (zone 1) and the propagation zone (zone 2). In the two experimental cases
studied, waves propagate faster than the slide (subcritical cases), which helps defining the propagation
zone as the one limited by the slide front. Additionally, one may expect zone 1 to be rotational and zone
2 irrotational. The squared vorticity is locally computed to verify this assumption. For this reason, it
is considered that the water energy computed in the propagation zone is the wave energy. Kinetic and
potential wave energy are computed as follows:

Ek,w =
NX∑
i=XP

NY∑
j=1

φ(i, j)1
2ρV (i, j)2∆x(i, j)∆y(i, j) (15)

Ep,w =
NX∑
i=XP

NY∑
j=1

φ(i, j)ρgy(i, j)∆x(i, j)∆y(i, j)−
NX∑
i=XP

YW∑
j=1

ρgy(i, j)∆x(i, j)∆y(i, j) (16)

where XP is the abscissa limiting the propagation zone and YW the initial free surface elevation ordinate.

Figure 1: Sketch illustrating assumed generation (1) and propagation (2) zones.

Jiang and LeBlond (1992) characterised the energy transfer ratio as the mechanical energy of the
waves divided by the potential energy of the slide.
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λJLB = Em,w(t)
Ep,slide(t)− Ep,slide(0) (17)

However, in the present study with Navier-Stokes simulations, the kinetic energy and the viscous
dissipation of the slide can also be easily computed, and therefore the ratio of wave energy on the actual
energy transferred to water can be accurately defined.

The instantaneous part of energy transferred to the waves that propagate offshore can then be ex-
pressed as:

λ(t) = Em,w(t)
Et,slide(t)

(18)

with Et,slide(t) the energy transferred by the slide defined by equation (11).

3 Numerical simulations

3.1 Model comparison with experimental results
3.1.1 Benchmark test presentation

The numerical model was tested using two series of available experimental data involving the wave
generation by granular slides. The first one (Viroulet et al., 2013), is a subaerial case, initially retained
by a gate just at the level of the water free surface with no initial velocity when it impacts the water. It is
therefore very different from the experiments of impulse waves generated by granular slides presented by
Fritz et al. (2004) and Heller and Hager (2011) where the slide has an impact velocity of 2.06− 8.77m/s
(Heller and Hager, 2010). The second one (Grilli et al., 2017) is a submarine landslide case.

Case 1 : Subaerial case Viroulet et al. (2013) conducted an experiment in a tank of dimension 220 cm
in length, 40 cm in height and 20 cm in width with a water depth of 14.8 cm (Figure 2(a)). A mass of
2 kg of spherical glass beads of 1.5mm of diameter and density of 2500 kg.m−3 was placed on a slope
of 45° at the limit with the water free surface. Four gauges of water elevation were disposed at 0.45m,
0.75m, 1.05m and 1.35m from the gate.

(a)

Figure 2: Subaerial test case. (a) Sketch of the experimental set-up and (b)-(d) snapshots of the generation
area at different times (0.2 s between pictures) for a test involving a slide mass of 3 kg, from Viroulet
et al. (2013).

A t = 0 s, the granular material is released. The glass beads slide down the slope toward the bottom
of the tank and finally stop under the action of the different dissipative forces (Figure 2(b)-(d)). When
the slide penetrates into water, the free surface is lifted up and forms the first wave that propagates in
the tank followed by trailing waves in which the second one appears to be the largest.
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Case 2 : Submarine case In the submarine case (Grilli et al., 2017), a granular media, whose initial
shape is similar to the subaerial case, is released underwater. A sketch of the 6.27m long flume is
presented in Figure 3 (a). A 2 kg mass of glass beads of diameter 4mm and density of 2500 kg.m−3

is released on a slope of 35° (Figure 3(b)-(g)). The water depth is 0.330m. Four gauges are placed
at 600, 1600, 2600, 3600mm from the gate to record the water surface fluctuations. Two larger waves
followed by a wave train are generated. The wave is smaller than that of the subaerial case (maximum
elevation for the subaerial case: 2 cm, and for the submarine case: 0.6 cm). Moreover, contrary to the
studied subaerial case, the second wave is larger than the first one.

x

y

O

(a)

Figure 3: Submarine landslide test case. (a) Sketch of the experimental set-up and (b)-(g) snapshots of the
generation area at different times (i.e., photographs (b) to (g)) t = −0.125, 0.02, 0.17, 0.32, 0.47, 0.62 s,
from Grilli et al. (2017).

3.1.2 Subaerial landslide simulation results

As previously mentioned, the slide is modelled as a Newtonian fluid. The idea is to use the fluid viscosity as
a free parameter in order to approach a granular behaviour. This is supported by the µ(I) formulation for
granular medium, which uses a variable viscosity in space and time in conjunction with a flow threshold.
Here, the idea is to use a constant value as a first approximation and to neglect the threshold whose
effect is supposed to be weak during the wave generation process. The slide density value to be taken in
the simulation may be questioned because the fluid between the beads and the slide volume vary during
the experiment (Figure 2). At t = 0 s, when the slide is at rest above water with a random close pack
which characterizes the maximum volume fraction of randomly packed solid bodies, the maximum volume
fraction of the beads is about 60%, which gives a density of 1500 kg.m−3 for the slide. However, the slide is
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moving beneath the water with a maximum density of 1900 kg.m−3 for most of the experiment. Moreover,
during the experiment, the slide volume expands (almost a 50% expansion) as the beads does not form
a close pack (Viroulet, 2013; Viroulet et al., 2013). For this reason, the latter density is maximal and
simulations were run with this density to show its influence on the wave heights. The change of density
was found to have a little influence on the wave heights. First and second waves are only slightly higher
with the 1900 kg.m−3 density. Therefore, in the present simulations, the density is set to 1500 kg.m−3.

The focus is now on the influence of the viscosity value. With a low viscosity, the slide moves faster
and a bulge shape slide front is observed similar to the experimental results (Figure 4(a)). The best
results in terms of the slide motion are obtained with a viscosity of 2Pa.s, even though in this case the
slide is a bit slower than in the experiment. However, the height of the first wave at the four gauges
(Figure 4(b)) appears to be almost twice as high as the experimental results for this viscosity. At a
lower viscosity, the water free surface elevation seems to be discontinuous because it is more perturbed
due to wave breaking and harder to capture at the gauges. The first wave and the wave train are well
reproduced for a viscosity of 10Pa.s, even though the slide at this viscosity is shown to be slower than in
the experiment. The same overall behaviour was observed in the second test performed in Viroulet et al.
(2014) with a glass bead diameter of 10mm (results not shown here), but a higher value of viscosity has
to be set in order to fit the experimental wave heights.
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Figure 4: Simulation results for different values of the slide viscosity (Newtonian fluid) on the subaerial
case. (a) snapshots of the slide contours with first panel t = 0s and 0.1 s time difference between figures,
and (b) temporal changes of the water free surface elevation at the experimental gauges. The experimental
results (black line) in comparison with the simulation results for different viscosity values, η = 1Pa.s
(stars), η = 2Pa.s (squares), η = 5Pa.s (triangles) and η = 10Pa.s (circles).

Based on the µ(I)-rheology, Ionescu et al. (2015) proposed the following equation to have an idea of
the viscosity of the equivalent fluid generated during the initial phase of sliding:

η =

µs + ∆µ
I0
√
p/ρg

d
√

2D2
+ 1

 p√
2D2

(19)

In the present experiment, the following parameter values can be considered: p = ρsg
h0
2 , D2 =

√
gh0

h0/2 ,
d = 0.0015m, h0 = 0.11m, ρg = 2500 kg.m−3 and ρs = 1500 kg.m−3. As for the µ(I) parameters, they
are set to I0 = 0.279, µs = 0.38 and ∆µ = 0.26 following Pouliquen and Forterre (2002) where the
beads used in their experiments are similar in size and material. This leads to an "average" viscosity
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η = 12.8Pa.s. The latter value is close to the one finally chosen after test and error procedure for the
Newtonian fluid consideration.

Simulations were also performed on the subaerial case with the µ(I)-rheology implemented in THETIS
for which the parameters are defined by the granular media. The results of these simulations have to
be considered with caution as the µ(I) model is only supposed to be valid in a dry granular flow. This
simulation is therefore here mainly to show the viscosity which develop in the slide at the very first
instant of the simulation. This is relevant as the slide should not be drastically influenced by water
in the first instant of the process and we shall show later that this stage is critical in terms of wave
generation. Figure 5 shows the evolution of the viscosity inside the slide during the simulation. After
entering the water, the viscosity at the front part of the slide gets higher and the slide quickly stops
due to the non physical influence of the water hydrostatic pressure in the µ(I) law. However, waves are
generated very quickly in this experiment and we can see in Figure 6 (b) that the wave height is quite
close to the experimental results. Compared to the computation with the Newtonian fluid, during the
first 0.5 s where the waves are generated, the deformation of the slide is very similar to the Newtonian
slide (Figure 6 (a)) illustrating the fact that the viscosity computed in the µ(I) model is close to the one
chosen in the Newtonian model.

Figure 5: Simulation results for the µ(I) rheology on the subaerial case. Evolution of the viscosity inside
the slide and water flow streamlines, first panel t = 0 s, 0.1 s time difference between figures.

3.1.3 Submarine landslide simulation results

For the submarine landslide case, the numerical domain has a length of 6.27m and a water depth of
0.33m. The slide is modelled as a Newtonian fluid, with parameters defined in Grilli et al. (2017), i.e. a
viscosity of 0.01Pa.s and a density of 1951 kg.m−3. A few other viscosity values are also considered to
evaluate the sensitivity of the model to this parameter.

Results of the slide shapes and the wave heights are presented in Figures 7 and 8. The slide shape
evolution as well as the slide overall velocity is shown to strongly depend on the viscosity value. For
the low viscosity used in Grilli et al. (2017), the slide front exhibits a bulge head due to the presence of
a strong counter-clockwise vortex generated at the water/slide interface. It is probable that the model
used in Grilli et al. (2017) could not observe this feature due to its formulation, but it has a strong
influence on the overall slide velocity. This vortex gets weaker and weaker with increasing the viscosity
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Figure 6: Simulation results for the µ(I) rheology on the subaerial case. (a) snapshots of the slide
contours and (b) temporal changes of the water free surface elevation at the experimental gauges. The
experimental results (black line) in comparison with the THETIS simulation results, Newtonian fluid
η = 10Pa.s (circles) and µ(I)-rheology (triangles). First panel t = 0 s, 0.1 s time difference between
figures.

value. The experimental snapshots also show that the occurrence of this vortex are more or less consistent
with the results corresponding to the two stronger viscosities tested in our simulations. Nevertheless, in
all the cases tested, the slide motion appears to be very slow compared to the experiment. The best
approximation would be with the lowest viscosity but due to the aforementioned large vortex and the
subsequent additional drag induced, the slide velocity cannot reach higher values.

Figure 8 shows that with a slide viscosity of 0.01Pa.s, the first wave is higher than the experimental
value and the wave train is not correctly reproduced on the first gauge. By increasing the viscosity, the
generated waves are lower. We observe that with a viscosity of 1Pa.s, the first wave is close to the
experimental results as well as the first waves in the wave train. Generally, the wave heights are closer to
the experiment when the numerical slide moves slower than the experimental slide with having a higher
viscosity.

3.2 Energy transfers
Simulations are now interpreted in terms of energy transfer from the slide to the generated waves. The
results are shown with a dimensionless form of the time t∗ = t

√
g/h.

3.2.1 Subaerial test case

The total energy of the system {air+water+slide} should be constant in time. Figure 9 (a) illustrates
the time evolution of the relative error of the total system energy which can be attributed to numerical
dissipation during simulations with the slide modelled as a Newtonian fluid in the subaerial case. This
dissipation is very low and reaches only 0.3 % at 2 s (t∗ = 16.3), the time at which, as will be shown
below, most of the energy has been transferred. Therefore, the total energy is properly conserved during
the simulation. Additionally, the air total energy varies only very slightly. Accordingly, only the transfer
of energy between the water and the slide is considered in these simulations.

Figure 9 (b) illustrates the time evolution of energy components and energy dissipated at time t in
the slide, with E0 as the initial slide potential energy (also equal to the slide initial mechanical energy)
taking the tank bottom as reference. As the gate opens, the slide is released and flows over the slope. Its
velocity increases as well as its kinetic energy (in red) but with a fairly small amount compared to the
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Figure 7: Slide colour function and vorticity contours for the submarine landslide benchmark (Grilli
et al., 2017) with the experimental results in the first row and simulation results (following rows) for
different values of viscosity (η = 0.01, 1, 10Pa.s for second, third and fourth row respectively) at times
t = 0.02, 0.17, 0.32, 0.47 s.

potential energy decrease. Conversely, the total viscous dissipation, linked to the slide velocity and the
viscosity value, increases very significantly and reaches an asymptotic value as the slide stops. Likewise,
the energy transferred to the water appears very significant (similarly as the dissipation) compared to
the slide kinetic energy.

Water is set in motion by the slide during the penetration stage and the free surface deforms inducing
kinetic and potential energies increase. The viscous dissipation in water (not shown here) is very small
because of the low viscosity of water and is of the order of 0.1 % of the initial total water energy at the
end of the simulation.

Regarding the distinction between wave generation and propagation, in this subaerial case, vorticity
is confined near the slide and at the free surface (Figure 10). At the right of the slide, we observe the
typical stream contours of a wave field. The limit between both zones, as defined previously, is therefore
relevant. In the propagation zone, wave energy is computed. We see (Figure 9 (c)) that the wave kinetic
and potential energy increases quickly at the beginning of the simulation and stabilizes around t = 0.5 s
(t∗ = 4). The significant variation of energy around t = 1.5 s (t∗ = 12.2) is explained by the reflection of
the first wave on the downwave tank end (Figure 9 (d)).

Figure 9 (e) shows the wave energy divided by the slide initial energy. The wave energy reaches
its maximum at t = 0.45 s (t∗ = 3.7) and then decreases slightly before stabilizing. This reduction of
energy is due to the slight breaking of the first wave which may be observed on the third snapshot of
Figure 10. Therefore, we can conclude that the energy transfer to the wave field is very quick in this
case and nothing more happens in terms of energy transfer to the free surface downstream the slide after
t = 0.45 s (t∗ = 3.7).
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Figure 8: Elevation of the water free surface for the submarine landslide benchmark (Grilli et al., 2017),
comparison between experiment (black) and simulation results with different viscosity values (0.01Pa.s:
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The energy transfer ratio is of course different considering equation 17 or equation 18, the former
equation does not consider the part of the slide energy which transfers to kinetic energy and dissipation.
These transfer ratios are plotted on Figure 9 (e). Note that for the first instants of energy transfers from
slide to water, the transfer ratio involves very small numbers whose combination appears to stabilize only
after a small time duration. Therefore the resulting ratio is only plotted after this duration which varies
from one case to the other one. Logically, the energy transfer ratio given by equation 17 has a lower value
all along the simulation.

The energy transfer ratio from slide into waves shows a peak at t = 0.2 s (t∗ = 1.6) of around 0.5.
When all the energy has been transferred to waves (i.e., t = 0.45 s ( t∗ = 3.6)), the energy transfer ratio
is about one third evidencing the efficiency of this subaerial slide to produce energetic waves. Afterwards,
no more energy is transferred to the surface (and propagating off-shore) but as energy is still transferred
to the water mass (Figure 9 (b)), the energy ratio decreases to an asymptotic value around 0.13 (0.067
with the energy transfer ratio of Jiang and LeBlond (1992)).

3.2.2 Submarine test case

Results for the submarine case are presented in Figure 11. The energy transfer is very low, which explains
the small waves observed in this case, compared to the studied subaerial case.

As in the submarine case, the total energy of the system {air+water+slide} is preserved during the
simulation with an error of about 0.012 % at t = 5 s (t∗ = 27.3) (Figure 11 (a)).
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Figure 11 (b) illustrates the repartition of energy in the slide during the simulation. In the submarine
case, the initial slide potential energy E0 is larger than in the previous subaerial case (24.8 J and 19.7 J ,
respectively) due to a larger initial height. Therefore, and because the subaerial case starts close to the
free surface with a nil initial velocity, a larger fraction (i.e., 0.6) is in overall transferred to water in the
submarine case compared to the subaerial case. Nevertheless, as we shall see in the next paragraph, this
does not mean that the transfer to waves is larger.

Similar to the studied subaerial case, the wave field potential energy (Figure 11) increases and then
stabilizes itself to a constant value. However, in this case, the kinetic energy does not follow this pattern.
It first increases faster than in the previous case, where the kinetic energy followed the potential energy
(Figure 9 (c)). This behaviour is explained by the recirculation of the flow above the slide illustrated
in Figure 13. When the slide is flowing over the slope, significant velocities appear just above the slide
front. However, as soon as the slide reaches the bottom, this recirculation quickly moves to the back
of the slide explaining the fast decrease of the kinetic energy in the propagation zone from the time
t = 0.9 s (t∗ = 4.9). It then decreases to reach the potential energy value but subsequently, increases
again around t = 2 s (t∗ = 10.9). This unexpected behaviour is explained by the presence of strong
vorticity in the propagation zone (Figure 12). This vorticity, which was generated by the slide front, is
then advected more rapidly than the slide itself. Therefore, the mechanical wave energy will be taken as
twice the potential energy even if this hypothesis is known to be only approximative (Fritz et al., 2004;
Heller et al., 2016).

In this submarine case, the slide kinetic energy and the dissipation have low values compared to the
slide potential energy so the transferred energy is almost equal to the potential energy (Figure 11 (a)).
The difference between the ratio introduced by Jiang and LeBlond (1992) and Equation (18) is not very
marked with a final transferred energy ratio of about 0.01 with the wave mechanical energy taken as
twice the potential energy until the waves are reflected on the opposite side of the tank (Figure 11 (d)).
Moreover, the efficiency of the system, when no more energy is transferred to the waves (at t = 1 s,
(t∗ = 5.46)), is around 0.03, namely one order of magnitude less than the studied subaerial case.

4 Discussion
The simulations performed in this paper are based on a simple Newtonian rheology with only one pa-
rameter, the viscosity, which is here used as a free parameter to reproduce coarsely a granular behaviour.
The value of the viscosity found by fitting the waves with the subaerial experiment was found to be
consistent to what should be expected in average from a µ(I) granular rheology. Nevertheless, for both
models, even if similar waves are generated, the slide shape and velocity are quite different.

Several strategies have been tried to produce faster slides, such as vanishing the basal friction, tuning
the density, etc., but they did not have any significant effect on the slide velocity. The reason may be that
the slide is simulated as an equivalent phase instead of a granular water mixed medium. The difference
is important as the latter allows water to flow within the granular medium, whereas the former does not.
This difference may significantly reduce the drag force on the slide, which defines the value of the slide
final velocity. A second approximation is that the volume fraction of grain is constant in the simulations,
whereas, looking at the experiment, the granular slide expands significantly during the sliding and the
volume fraction decreases.

The energy transfer ratio is often based on the potential energy released by the landslides (Jiang and
LeBlond, 1992) or the slide kinetic energy (Fritz et al., 2004). The present paper shows that the slide
energy dissipation should also be taken into account to better understand the energy transfer process.
The asymptotic transfer ratio for the studied subaerial case is twice its value as compared to the cases
without taking the dissipation and kinetic energy into account. However, it has been highlighted, in
section 3.2.2, that in the submarine case, the potential energy is predominant over the dissipation and
kinetic energy. In this case, the two energy transfer ratios give similar values.

Comparing energy transfer values between different studies may not be completely relevant as the
references or energy considered are often not the same in all studies. For instance, Watts (1998) and
Ataie-Ashtiani and Nik-Khah (2008) used a slide energy based on the terminal velocity of the submarine
landslide or Jiang and LeBlond (1992) calculated the slide potential energy with a reference at the still
water level whereas the present study used a slide potential energy based on the bottom level.

In this work, in the subaerial case, about 60 % of the available potential energy is released during the
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simulation. Slide energy dissipation accounts for about 45 % of this value whereas 50 % is transferred to
water and 6-7 % to waves. This value drops to 4 % when it is expressed in terms of E0. The latter values
are at least consistent with the results presented for instance in Yavari-Ramshe and Ataie-Ashtiani (2019)
where conversion ratios for subaerial slides were in the range 5-15 % and logical if we consider that the
case studied involved a nil initial slide velocity.

In the submarine case (Grilli et al., 2017), 90 % of the available potential energy is released during the
simulation. About 25 % of this energy is dissipated in the slide, 75 % is transferred to water and 1.4 %
to waves (1.2 % when expressed in terms of E0). Comparing to other experimental results, this latter
value is in agreement with the range of 1-7.5 % found by Yavari-Ramshe and Ataie-Ashtiani (2019) for
submarine slides energy conversion ratios. It should be remarked that the final energy conversion ratio is
not completely sufficient to define the efficiency of the process. For instance the low value of 4 % obtained
in the subaerial case studied actually hides a very quick energy transfer during which the efficient energy
transfer to waves is 30 % in average.

The energy transfer to the free surface was indeed shown to be very quick. For instance, in the studied
subaerial case, the whole wave field seems completely determined at t ≈ 0.5 s. This confirms the findings of
Heller et al. (2016) who, based on very detailed measurements providing novel instantaneous slide–water
interaction power graphs, showed that the majority of the energy, in their experiment involving a solid
subaerial slide, was transferred within 0.5 s.

In our study, this time corresponds to the situation shown in Figure 5 ((d)-(e)). This tend to show that
the trailing waves may not be generated by the slide. In order to evidence this further, a simulation was
carried out with a slide artificially forced to stop very early in the simulation of the subaerial case (stop
time ts respectively : t = 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 s (t∗ = 1.6, 2.4, 3.3, 4.1, 4.9, 5.7)) by using penalizing
techniques (Ducassou et al., 2017).

For the lowest stop time value (i.e., ts = 0.2 s (t∗ = 1.6)), the first wave is noticeably smaller than
measured (Figure 14). With ts = 0.3 s (t∗ = 2.4), the wave train is only very slightly smaller than
in the experiment and is very well reproduced for larger values of ts. Figure 15 (a) illustrates the
energy transferred by the slide to water in each simulation. A drop is observed in the wave total energy
(Figure 15 (b)) due to a very quick water slowdown around the slide, but not at the free surface. This is
less noticeable as the stop time is high and the flow around the slide exhibits lower velocities. It can be
clearly observed (Figure 15 (b)) that the energy released by the slide after t = 0.5 s (t∗ = 4.1) does not
contribute significantly to the wave energy, its evolution in time being the same as the one of the slide
stopped at t = 0.5 s (t∗ = 4.1) or after.

As a wave train is observed in each simulation even with the slide stopped very early, this support
the hypothesis that the wave train is not generated by energy transfer from the slide. It is still not clear
in the simulations whether the second wave is generated by the reflection on the slope or by dispersion
of the first wave. But the wave train following the second wave is clearly generated by dispersion of the
latter.

If we focus now on the first wave, the simulations with the slide stopped demonstrated that the wave
can be quite accurately simulated without modelling the entire slide process (i.e. from the release to the
deposition). The slide dynamics and shapes are quite different considering the Newtonian simulations
(with the slide stopped or not) and the experiment, however, they succeed in generating very similar
waves. This emphasizes the importance of landslide parameters for the accurate generation of waves.

The same procedure is reproduced for the submarine slide case in Figure 16. As in the subaerial case,
the wave field is correctly reproduced when artificially stopping the slide at different times around the
assumed end of slide energy transfer to the free surface. This again demonstrate that the wave field is
completely determined as soon as the transfer to the surface is over which occurs within 1 s even in this
submarine case. Nevertheless, this procedure of stopping the slide is not completely harmless as the slide
acts then as a rigid obstacle which can influence the free surface in certain conditions.

The two cases studied in this paper are different in initial conditions, channel width, and bottom slope.
In order to have more comparable cases, a new simulation was performed involving a Newtonian slide
with viscosity η = 10Pa.s in Viroulet et al. (2013)’s configuration but using the same initial submergence
as in Grilli et al. (2017). The energy transfer plots (Figure 17) show a very quick energy transfer to the
free surface in less than 0.25 s (t∗ = 2) and the energy transfer is a little less than 1 % of the reference
energy compared to the 4 % found in the corresponding subaerial case.

Finally, in this paper, all the cases studied showed a very quick energy transfer. The reasons explaining
this observation are likely: 1- regarding the subaerial slide, the nil initial velocity. 2- for both subaerial
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and submarine cases, the relatively large slope which causes a quick increase in the local depth above the
slide.

In analysing the energy transfer, a relevant parameter is the local slide Froude number defined as the
ratio of the instantaneous slide velocity and the local wave celerity (

√
gh) where h is the local depth. The

energy transfer is maximum around Fr = 1 (Pelinovsky and Poplavsky, 1996). For instance, regarding
the subaerial case, the energy transfer is expected to be larger and longer for large impact velocities when
reaching the water line. And conversely, steep slopes allow waves to quickly move away from the slide
influence area.

5 Conclusions
Navier-Stokes simulations of landslide modelled as a Newtonian fluid have been presented for three cases:
subaerial and submarine granular landslides previously studied experimentally and one synthetic subma-
rine slide case. By comparing with experimental results, we showed that the waves can be accurately
reproduced using a simple Newtonian slide model with adjusting the viscosity. We also showed that the
viscosity value found is consistent with the µ(I) granular law in the subaerial case. Even though the
wave field obtained is satisfactory, the slide motion, in the two main cases, are significantly slower than
in the experiment. This illustrates the need for a two phase flow formulation for the slide which allows a
differential flow between water and grain.

Energy transfers from the slide to the wave field have also been studied, leading to the following
conclusions:

• Waves gain all their energy in a relatively short period in all the cases simulated. This observation
may be related to the initial nil slide velocity (subaerial case) and the relatively large slope values
considered (both cases).

• The process is significantly more efficient in the subaerial case than in the submarine case. During
the wave generation process, about one third of the slide energy conveyed to water during the slide
process is transferred to wave energy. This value is 10 times less in the submarine case.

• The simulation results showed a significant energy dissipation within the slide for both subaerial
and submarine cases.

• Finally, by a mandatory stop of the slide on different distances along the slope, it is shown that the
wave train is more a consequence of the first wave than a consequence of energy transfer. Therefore,
for slide configurations comparable to the ones studied in this paper, a complete description of the
slide dynamics until run-out may not be necessary to capture the generated waves.
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Nomenclature
∆x Horizontal length interval [L]

∆y Vertical length interval [L]

η Fluid dynamic viscosity [ML−1T−1]

λ Energy transfer ratio

µ Friction coefficient
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µs,∆µ,I0 Material-dependent coefficients

Φ Rate of the viscous dissipation [ML2T−3]

φ Colour function

ρ Density [ML−3]

τ Viscous stress tensor [ML−1T−2]

D Strain rate tensor [T−1]

g Gravitational acceleration [LT−2]

V Fluid velocity [LT−1]

d Grain diameter [L]

D2 Second invariant of the strain rate tensor

E0 Initial slide potential energy [ML2T−2]

Ek Kinetic energy [ML2T−2]

Em Mechanical energy [ML2T−2]

Ep Potential energy [ML2T−2]

Et Transferred energy [ML2T−2]

h Water depth [L]

I Inertial number

p Fluid pressure [ML−1T−2]

t Time [T]

t∗ Relative time

x Horizontal coordinate [L]

y Vertical coordinate [L]
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(a)
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(d)

(e)

Figure 9: Time evolution of computed energy components in the subaerial benchmark case (Viroulet et al.,
2013) with Newtonian slide (η = 10Pa.s)). (a) Relative error on system total energy {air+water+slide},
(b) slide potential energy (circles), kinetic energy (triangles) and energy dissipated (squares), energy
transferred to water (black), divided by the initial slide potential energy E0 (E0 = 19.7 J in this case),
(c) wave potential energy (circles), kinetic energy (triangles) divided by E0, (d) free surface elevation at
x = 2m, (e) evolution of the wave energy (squares, right axis) divided by E0, transfer ratio (left axis)
from expression 17 (circles) (Jiang and LeBlond, 1992) and from expression 18 (triangles).
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Figure 10: Slide snapshots of the subaerial case with stream contour (white) and water coloured with
vorticity, t = 0 s in first panel and 0.2 s (∆t∗ = 1.6) time difference between figures.
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(c)

(d)

Figure 11: Time evolution of computed energy components in the submarine benchmark case (Grilli et al.,
2017) with Newtonian fluid (η = 1Pa.s). (a) Relative error on system total energy {air+water+slide},
(b) slide potential energy (circles), kinetic energy (triangles) and energy dissipated (squares), energy
transferred to water (black), divided by the initial slide potential energy E0 (E0 = 24.8 J in this case),
(c) wave potential energy (circles), kinetic energy (triangles) divided by E0, (d) evolution of the wave
energy (squares, right axis) divided by E0, transfer ratio (left axis) from expression 17 (circles) (Jiang
and LeBlond, 1992) and from expression 18 (triangles).
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Figure 12: Slide snapshots of the submarine case with stream contour (white) and water coloured with
vorticity, t = 0 s in first panel and 1 s (∆t∗ = 5.4) time difference between figures.

(a)

Figure 13: (a) Time evolution of the wave kinetic (triangles) and potential (circles) energy during simula-
tion of the submarine case with the black vertical lines representing the times at which the four following
snapshots were taken. (b-e) Slide snapshots with black arrows representing the velocity field at times
t = 0.6, 0.9, 1.2, 1.5 s (t∗ = 3.3, 4.9, 6.5, 8.2).
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Figure 14: Elevation of the water free surface for the Viroulet’s experiment (black line), THETIS simu-
lation with the slide viscosity at η = 10Pa.s and the slide stopped at t = 0.2 s (t∗ = 1.6) (circles), 0.3 s
(t∗ = 2.4) (triangles), 0.4 s (t∗ = 3.2) (squares), 0.5 s (t∗ = 4) (stars), 0.6 s (t∗ = 4.8) (pentagons), 0.7 s
(t∗ = 5.6) (diamonds).

(a)

(b)

Figure 15: Time evolution of computed energy transferred by the slide (a) and wave energy (b) with the
slide stopped at t = 0.2 s (t∗ = 1.6) (circles), 0.3 s (t∗ = 2.4) (triangles), 0.4 s (t∗ = 3.2) (squares), 0.5 s
(t∗ = 4) (stars), 0.6 s (t∗ = 4.8) (pentagons), 0.7 s (t∗ = 5.6) (diamonds) and not stopped (black line) in
the subaerial case.
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Figure 16: Elevation of the water free surface for the submarine experiment (black line), THETIS simu-
lation with the slide viscosity at η = 1Pa.s and the slide stopped at t = 0.7 s (t∗ = 3.8) (circles), 0.8 s
(t∗ = 4.4) (triangles), 0.9 s (t∗ = 4.9) (squares), 1.0 s (t∗ = 5.5) (stars), 1.1 s (t∗ = 6) (pentagons), 1.2 s
(t∗ = 6.5) (diamonds).
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Figure 17: Time evolution of computed energy components for a simulation case performed with Newto-
nian slide (η = 10Pa.s)) involving the same slide as in Viroulet et al. (2013)’s benchmark case but with the
same submergence as in Grilli et al. (2017). (a) Relative error on system total energy {air+water+slide},
(b) slide potential energy (circles), kinetic energy (triangles) and energy dissipated (squares), energy
transferred to water (black), divided by the initial slide potential energy E0 (E0 = 6.4 J in this case),
(c) wave potential energy (circles), kinetic energy (triangles) divided by E0, (d) evolution of the wave
energy (squares, right axis) divided by E0, transfer ratio (left axis) from expression 17 (circles) (Jiang
and LeBlond, 1992) and from expression 18 (triangles).
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