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Abstract The accurate modeling of the landslide‐generated tsunami characteristics in the so‐called near‐
field is crucial for many practical applications. In this paper, we present a new full‐3‐D numerical method for
modeling tsunamis generated by rigid and impermeable landslides in OpenFOAM® based on the overset
mesh technique. The approach has been successfully validated through the numerical reproduction of past
experiments for landslide‐generated tsunamis triggered by a rigid and impermeable wedge at a sloping
coast. The method has been applied to perform a detailed numerical study of the near‐field wave features
induced by submerged landslides. A parametric analysis has been carried out to explore the importance of
the landslide's initial acceleration, directly related to the landslide‐triggering mechanisms, on the
tsunami generation process and on the related wave properties. Near‐field analysis of the numerical results
confirms that the influence of the initial acceleration on the tsunami wave properties is significant, affecting
wave height, wave period, and wave celerity. Furthermore, it is found that the tsunami generation
mechanism experiences a saturation effect for increasing landslide's initial acceleration, confirming and
extending previous studies. Moreover, the resulting extended database, composed of previous experimental
data and new numerical ones, spanning a wider range of governing parameters, has been represented in
the form of a “nondimensional wavemaker curve,” and a new relationship for predicting the wave properties
in the near‐field as a function of the Hammack number is proposed.

1. Introduction

Impulsive waves (i.e., tsunamis) can be generated by sudden displacements of volumes of water induced by
earthquakes, landslides, volcanic eruptions, impacts of asteroids, and gradients of atmospheric pressure
(Løvholt et al., 2015). Among these triggering mechanisms, landslides assume a relevant role, especially
as far as confined geometries are concerned (e.g., bays, reservoirs, lakes, and fjords). Figure 1 shows two
examples (left panel: Lituya Bay, Alaska; right panel: Stromboli Island, Italy) of areas prone to landslide tsu-
nami hazard. The interest in landslide‐generated tsunamis in proximity of the coast has risen in the last dec-
ades due to some devastating events, such as those in Lituya Bay in 1958 (Alaska, Fritz et al., 2009), in the
Vajont Valley in 1963 (Italy, Panizzo et al., 2005), in Papua New Guinea in 1998 (Synolakis et al., 2002),
in Stromboli in 2002 (Italy, Tinti et al., 2005), in Haiti in 2010 (Fritz et al., 2012), and recently in
Indonesia in 2018 (Grilli et al., 2019).

The physical process at hand is generally characterized by different length and time scales than those of tsu-
namis generated by earthquakes. The triggering mechanism, i.e., the landslide, can be classified as subaerial,
partially submerged, or completely submerged, depending on the initial landslide position (McFall & Fritz,
2016). When the landslide occurs directly at the water body boundary, the generated impulse waves radiate
seaward and propagate alongshore. Since tsunami generation is likely to occur in shallow water regions, the
interaction between the waves and the sloping sea bottom plays a relevant role. The waves can be refracted
by the interaction with the bottom, and trapping mechanisms, like those typical for edge waves, can occur
(Bellotti & Romano, 2017; Romano et al., 2013). The complex interaction that exists between the generation
and propagation mechanisms is therefore to be carefully considered for a proper understanding of the gen-
erated wave features and, consequently, for developing effective tsunami early warning systems working in
real time (e.g., Bellotti et al., 2009; Cecioni et al., 2011).
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Landslide‐generated tsunamis have been studied by experimental, analytical, and numerical modeling. As
far as experimental models are concerned, a large variety of studies can be found in the scientific literature.
These have been carried out by using both rigid and impermeable bodies (e.g., Di Risio, Bellotti, et al., 2009;
Di Risio, De Girolamo, et al., 2009; Enet & Grilli, 2009b; Grilli & Watts, 2005; Liu et al., 2005; Romano et al.,
2013, 2016; Watts, 1998, 2005) and deformable landslide models (e.g. Bullard et al., 2019; Fritz et al., 2004;
Grilli et al., 2017; Heller & Hager, 2010; Lindstrøm, 2016; McFall & Fritz, 2016; Miller et al., 2017;
Mohammed & Fritz, 2012; Mulligan & Take, 2017; Viroulet et al., 2014; Zitti et al., 2016), of which effects,
in terms of generated waves, have been investigated both in isolation and in combination (e.g., Heller &
Spinneken, 2013; Tang et al., 2018). Moreover, 2‐D and 3‐D model configurations, studied either separately
or combined (e.g., Heller & Spinneken, 2015), have been used to investigate a large variety of geometries
(plane slopes, conical islands, reservoirs, etc.) and landslide types (subaerial, partially submerged, and com-
pletely submerged).

Experimental tests are often time and money consuming, especially if 3‐D models are considered. Large
facilities, as well as complex experimental configurations and sophisticated measurement systems, are often
needed (see McFall & Fritz, 2016; Romano et al., 2016). Furthermore, it is not always possible to explore in
detail the influence of all the involved parameters. In this sense, tsunamis generated by submerged land-
slides provide a good example. Often, the waves generated by submerged landslides are too small to get reli-
able measurements in the experimental facilities. Moreover, it can be difficult to explore the influence of a
key governing parameter such as the initial acceleration a0. This parameter is commonly recognized to be
a crucial one in the slide kinematics, in particular in the initial phase, when the energy transfer between
the landslide and the water takes place. Indeed, a0 is directly related to the triggering mechanisms of the
landslide and governs the key parameters of the tsunami source (Enet & Grilli, 2007; Grilli et al., 2009;
Kim et al., 2019; Løvholt et al., 2015; Najafi‐Jilani & Ataie‐Ashtiani, 2008; Romano et al., 2017; Watts,
1998; Watts et al., 2005). Several experimental studies explored the importance of a0 by means of different
techniques. Watts (1998) changed the landslide's density to obtain different values of a0. More recently,
Romano et al. (2017) used a mechanical system controlled by an electric motor to change the kinematics
of the landslide. Nevertheless, physical restrictions are inevitable, hindering the exploration of a wider range
of cases (i.e., different landslide‐triggering mechanisms).

In this sense, numerical modeling can provide a valuable complementation. Indeed, numerical modeling
techniques have progressively supported physical ones in shedding light on the complex physical phenom-
ena involved in the generation and propagation mechanisms of landslide‐generated tsunamis. Similarly to
experimental models, a multitude of approaches has been adopted during recent years for numerically mod-
eling landslide‐generated tsunamis (an extensive review has been provided by Yavari‐Ramshe & Ataie‐
Ashtiani, 2016). Eulerian and Lagrangian frameworks with three grid types (structured, unstructured, and
meshless) have been used for tsunami simulations, employing both depth‐averaged models, using
Nonlinear Shallow Water or Boussinesq equations, and Navier‐Stokes models, considering both 2‐D and

Figure 1. Left panel: aerial picture of Lituya Bay (Alaska, summer 1958; picture by D.J. Miller, United States Geological Survey) after the tsunami event. Right
panel: front view of the Sciara del Fuoco at Stromboli Island (Southern Thyrrenian Sea, Italy, summer 2019; picture by A. Romano) during a lava
sliding event.
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3‐D configurations (e.g., Abadie et al., 2010, 2012; Bellotti et al., 2008; Clous & Abadie, 2019; Grilli et al.,
2017; Heidarzadeh et al., 2020; Heller et al., 2016; Kim et al., 2019; Liu et al., 2005; Løvholt et al., 2005;
Lynett & Liu, 2005; Montagna et al., 2011; Ruffini et al., 2019; Shi et al., 2016, 2018; Watts et al., 2003;
Whittaker et al., 2017).

The most recently developed tools offered by computational fluid dynamics (CFD) can provide a signifi-
cant support for shedding light on many of the unresolved aspects. In particular, they can be very useful
to model the near‐field wave characteristics induced by submerged landslides, exploring the influence of
the landslide‐triggering mechanisms in terms of the generated waves. Indeed, the accurate reproduction
of the momentum exchange between the landslide and the water body, guaranteed by the CFD methods,
is crucial for a detailed modeling of tsunami generation, propagation, and the interaction with the
coastline.

In this paper, a numerical study of the near‐field wave characteristics of tsunamis generated by submerged
landslides is presented. To this end, we used a newmethod for numerically modeling tsunamis generated by
rigid and impermeable submerged landslides with OpenFOAM® (v1812) by using an approach based on the
overset mesh technique. The overset mesh method is newly introduced in the coastal engineering field. This
technique has been successfully used to model the dynamics of floating bodies under the effects of waves and
currents (e.g., Di Paolo et al., 2018) and other hydrodynamics problems (Chen, Qian, et al., 2019). The over-
set mesh is based on the use of two (or more) domains. The outer one (i.e., background domain) allows the
motion of one, or more, inner domain(s) (i.e., moving domain) that contains a rigid body. The mutual
exchange of information between the two domains is achieved by interpolation. The advantage of this
approach, if compared with other methods available to simulate the interaction between a moving body
and one or more fluids in OpenFOAM®, for example, the immersed boundary method (Chen, Heller, et al.,
2019; Jasak et al., 2014), is that the resolution around the moving body is extremely accurate (i.e., body‐fitted
approach) and, which is even more important, remains constant throughout the simulation.

Themodeling of the solid boundaries on which the landslide moves is another point of novelty of the present
approach. The numerical reproduction of a body moving close to an impermeable surface is not possible by
using the overset mesh method because of the mentioned interpolation procedure. Indeed, few computa-
tional cells are needed between the body and the domain's edges. In order to overcome this requirement
of the method, the solid bodies, on which the landslide body moves, are modeled as a porous media with
a very low permeability by using the VARANS approach proposed by del Jesus et al. (2012), Lara et al.
(2012), and Losada et al. (2016). In order to validate the proposed approach against experimental data, the
numerical reproduction of the experimental benchmark described by Liu et al. (2005) for
landslide‐generated tsunamis triggered by a rigid and impermeable wedge at a sloping coast has been
carried out.

The validated numerical method has further been applied to a detailed study of the near‐field wave features
induced by submerged landslides. Parametric simulations, by varying the initial acceleration a0, have been
carried out to explore the importance of this parameter on the tsunami generation process and on the related
wave characteristics. The quantitative spatial analysis carried out in the near‐field points out the significant
influence of the initial acceleration on the tsunami wave features, also showing that “saturation” mechan-
isms (i.e., no more energy can be effectively transferred from the landslide to the water to generate larger
waves) may occur for increasing values of the initial acceleration, confirming and extending the previous
theoretical findings of Tinti and Bortolucci (2000). Furthermore, the new numerical results have been repre-
sented, together with experimental data from past works dealing with different landslide geometries and
configurations, in the form of a “nondimensional wavemaker curve” (Watts, 1998). The excellent agreement
between the previous experimental data and the numerical ones, involving wide parameter ranges, allowed
to propose a new relationship for predicting the wave characteristics in the near field, induced by rigid and
impermeable submerged landslides, as a function of the Hammack number.

The paper is structured as follows. After this introduction, the description of the numerical method is pro-
vided in section 2, while the validation of the method itself against experimental results is given in
section 3. Sections 4 and 5 show the application of the proposed approach to investigate the features of
the tsunami wave pattern induced by landslide‐generated tsunamis in the near field. Finally, section 6with
the concluding remarks closes the paper.
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2. Numerical Model

The new approach for numerically modeling tsunamis generated by rigid and impermeable landslides,
described in this paper, has been developed on the OpenFOAM® platform (Jasak, 1996). IHFOAM
(Higuera et al., 2013a, 2013b), based on interFoam of OpenFOAM®, includes wave boundary conditions
and porous media solvers for coastal and offshore engineering applications and can solve both 3‐D
Reynolds‐Averaged Navier‐Stokes equations (RANS) and Volume‐Averaged RANS equations (VARANS)
for two phase flows. In the present work both RANS and VARANS equations have been used, and solved,
coupled to the Volume of Fluid (VOF) equation and to the overset mesh method. In this section the base
equations as well as a description of the proposed method are presented.

2.1. Governing Equations

The RANS equations, which allow to model the flow at the clear fluid region, are based on the Reynolds
decomposition, which identifies an average and a fluctuating component (i.e., velocity and pressure fields
for incompressible models). These equations are represented by the mass and momentum conservation
equations, coupled to the VOF equation as follows:

∂ui
∂xi

¼ 0; (1)

∂ρui
∂t

þ uj
∂ρui
∂xj

¼−gjxj
∂ρ
∂xi

−
∂p∗

∂xi
− f σi −

∂
∂xj

μeff
∂ρui
∂xj

þ ∂ρuj
∂xi

� �
; (2)

∂α
∂t

þ ∂uiα
∂xi

þ ∂uciαð1 − αÞ
∂xi

¼ 0; (3)

where ui (m/s) are the ensemble averaged components of the velocity, xi (m) the Cartesian coordinates, gj
(m/s2) the components of the gravitational acceleration, ρ (kg/m3) the density of the fluid, p∗ the ensemble
averaged pressure in excess of hydrostatic, defined as p∗ = p−ρgjxj (Pa), being p the total pressure, α (‐) the
volume fraction (VOF indicator function), which is assumed to be 1 for the water phase and 0 for the air

phase, and fσi (N/m
3) the surface tension, defined as f σi ¼ σκ

∂α
∂xi

, where σ (N/m) is the surface tension con-

stant and κ (1/m) the curvature (Brackbill et al., 1992). μeff (Pa · s) is the effective dynamic viscosity that is
defined as μeff = μ+ρνt and takes into account the dynamic molecular (μ) and the turbulent viscosity
effects (ρνt); νt (m

2/s) is the eddy viscosity, which is provided by the turbulence closure model. Finally,

the compression velocity uci (m/s) is calculated as uci ¼min½cαjuij; maxðjuijÞ�
∂α
∂xi
∂α
∂xi

����
����
, where the compression

coefficient cα (−) is assumed to be 1 (Marschall et al., 2012; Weller, 2008).

The VARANS equations allow to model the flow inside an eventual porous material, which is modeled as a
continuous media. As shown in the following, additional terms are considered in the momentum equation
to account for frictional forces exerted by the porous media. The mass and the momentum conservation
equations, coupled to the VOF equation, read as follows:

∂
∂xi

ūi
n
¼ 0; (4)

ð1þ cÞ ∂
∂t
ρūi
n

þ ūj
n

∂
∂xj

ρūi
n

¼−gjxj
∂ρ
∂xi

−
∂p∗

∂xi
− f σi −

∂
∂xj

μeff
∂
∂xj

ρūi
n

þ ∂
∂xi

ρūi
n

� �
þ −Aūi − Bjūijūi; (5)

∂α
∂t

þ ∂
∂xi

ūiα
n

þ ∂
∂xi

ūciαð1 − αÞ
n

¼ 0; (6)

whereūi (m/s) are the volume averaged ensemble averaged velocity (or Darcy velocity) components, defined

asūi ¼ 1
Vf

∫Vf
uidV, being Vf (m

3) the fluid volume contained in the averaging volume V, n (−) is the porosity,
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defined as the volume of voids over the total volume, and p∗ (Pa) the volume averaged ensemble averaged

pressure in excess of hydrostatic defined as p∗¼ 1
Vf

∫∂Vf
p∗dS (see del Jesus et al., 2012). The coefficient A

(−) takes into account the frictional force induced by laminar Darcy‐type flow, B (−) accounts for the
frictional force induced under turbulent flow conditions, and c (−) considers the added mass. Following
the work of Engelund (1953), modified by Van Gent (1995), the expressions for A, B, and c are as follows:

A¼ a
ð1−nÞ2
n3

μ
D2
50

; (7)

B¼ b 1þ 7:5
KC

� �ð1 − nÞ
n3

ρ
D50

; (8)

c¼ γ
1 − n
n

; (9)

where D50 (m) is the mean nominal diameter of the porous material, KC (−) the Keulegan‐Carpenter
number, a (−) and b (−) are empirical nondimensional coefficients (see Lara et al., 2011; Losada et al.,
2016) and γ = 0.34 (−) is a nondimensional parameter as proposed by Van Gent (1995).

These equations have been implemented in a solver within the OpenFOAM® framework by Higuera et al.
(2014a, 2014b). The solver works as follows: At the clear fluid region (i.e., outside the porous region) the fric-
tional forces exerted by the porous media are deleted (i.e., a = b = c = 0) and n = 1; thus, the VARANS are
replaced by the RANS; inside the porous region the empirical coefficients, the parameters and the porosity
related to the porous media (i.e., a, b, c, D50, KC, and n) are defined; thus, the full set of VARANS is solved. It
should be noted that the solver supports several turbulence models (e.g., two equation models, k−ε, k−ω,
and k−ω−SST). In this study, the k−ε turbulence model has been used.

Finally, it is worth noticing that the present formulation of the VARANS equations accounts for the spatial
variation of the porous media proporties (porosity gradient), thus differing from that proposed by Jensen
et al. (2014). More details on the VARANS equations can be found in del Jesus et al. (2012), Lara et al.
(2012), and Losada et al. (2016), while for a more thorough description of their implementation in
OpenFOAM® we refer to Higuera et al. (2014a). In conclusion, the VARANS equations become RANS equa-
tions in a fluid region outside the porousmediumwhen porosity becomes 1.Within the porous medium, por-
osity takes a value lower than 1, and then additional terms are activated in momentum equation to include,
for example, the frictional forces induced by the porous medium or a decrement of mass and linear
momentum.

2.2. Overset Mesh Method

In this subsection a brief description of the overset mesh framework (also known as Chimera or overlapping
grids technique) is provided. To the knowledge of the authors, there are very few works that applied this pro-
mising technique for coastal and offshore engineering applications. This technique has mainly been used to
simulate the dynamics of floating objects and the so‐called water entry problem (e.g., Ma et al., 2018; Windt
et al., 2018). More recently, Di Paolo et al. (2018) have applied this mesh technique to simulate the dynamics
of floating bodies under the effects of waves and currents, while Chen, Qian, et al. (2019) have applied the
Overset mesh method to reproduce a numerical wave tank for modeling free‐surface hydrodynamic pro-
blems (e.g., water entry problem and dynamics of floating objects).

The overset mesh method is based on the use of two (or more) domains. The outer one (i.e., background
domain) allows themotion of one, or more, inner domain(s) (i.e., moving domain) that contains a rigid body.
Therefore, the two domains, which overlap each other, can be used to simulate a large variety of hydrody-
namics applications, especially if large displacements are considered. The left panel of Figure 2 shows a
sketch depicting the features of the method. The background domain and the moving one (blue hatching)
are represented. Within the latter the rigid body (i.e., the landslide) is modeled as a rigid and impermeable
object (red hatching). Furthermore, the same panel schematically represents the characteristics of the inter-
action between the two domains. The moving domain, containing the object, can move through the back-
ground one with six degrees of freedom. As stated, the two‐way exchange of information between the
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background mesh and the moving one, to preserve continuity in the conservation of mass and linear
momentum equations, requires interpolation of different scalar (pressure, density, turbulent kinetic
energy, etc.) and vector fields (fluid velocity). The method followed to interpolate those magnitudes is the
inverse distance method.

Conversely to other techniques (e.g., immersed boundary method or deforming mesh), this method offers
the advantage that the resolution around the moving body is extremely accurate (i.e., body‐fitted approach)
and remains constant throughout the simulation. Thus, the strength of the overset mesh method lies in its
ability to represent complex geometries while maintaining a good quality mesh, especially for large ampli-
tude body motions (Chen, Qian, et al., 2019; Ma et al., 2018). This aspect is important for the momentum
exchange between a rigid body and the water.

2.3. The New Approach for Landslide‐Generated Tsunamis

All the features described in the sections 2.1 and 2.2 have been coupled for developing a numerical tool able
to model tsunamis generated by rigid and impermeable landslides at a sloping coast. Indeed, although the
overset mesh method seems to be suitable to address this task, the numerical modeling of a body, which
is moving in contact with a solid and impermeable boundary (i.e., a sloping coast), is not possible yet because
of the interpolation, on which the implementation is based. Indeed, few computational cells are needed
between the body and the domain's boundaries. Obviously, this requirement of the overset mesh method
does not affect the hydrodynamics modeling of floating bodies that are placed in the inner part of the numer-
ical domain (i.e., far from the domain's boundaries), as shown in the cited works. Nevertheless, as far as
landslide‐generated tsunamis occurring at a sloping coast are concerned, for which the momentum transfer
between the landslide and the water takes place during the sliding of the body along the inclined surface, this
numerical implementation seems to be no longer an option.

In order to overcome this requirement of the overset meshmethod we used an innovative approach to model
the sloping coast along which the landslide moves. We modeled the sloping coast as a porous media charac-
terized by a very low permeability (i.e., porosity n<0.01) in order to simulate an impermeable surface, as
shown in the right panel of Figure 2. This panel shows that the moving domain can be partly immersed
in the porous media, completely matching the overset requirement without affecting the wave generation
processes. Therefore, the sea bottom is not modeled as a solid boundary, instead it is just a part of the back-
ground domain in which a different set of equations (i.e., the VARANS equations valid for porous media
flow) are solved. This approach allows the moving domain, which contains the landslide, to move through
the background one and, consequently, the body to move by touching the sloping coast. Obviously, as dis-
cussed later, a preliminary tuning of the numerical parameters, which characterizes the porous media flow,
is necessary to represent the sloping coast as close to an impermeable surface as possible.

Figure 2. Left panel: sketch of the features of the overset mesh method. Right panel: sketch of the proposed approach for simulating landslide‐tsunamis, that is, a
sloping coast simulated as a porous media characterized by very low permeability.
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To summarize, this approach is expected to be a powerful tool to model the phenomenon at hand (i.e., tsu-
namis generated by rigid and impermeable landslides), since, conversely to other techniques and implemen-
tations (e.g., cutting cells and immersed boundary method), it allows to resolve the boundary layer around
complex 3‐D geometries.

3. Validation Against Experimental Data

In order to validate the proposed approach and, consequently, to safely use the tool itself for the following
parametric simulations, we reproduced numerically the experiments of Liu et al. (2005), valid for
landslide‐generated tsunamis triggered by a rigid and impermeable wedge at a sloping coast. The validation
procedure is shown in this section.

3.1. Description of the Validation Case

A brief description of the experiments carried out by Liu et al. (2005) is given here, while the reader is
referred to the original paper for more details. The large‐scale experiments have been carried out in a
104.0‐m long, 3.7‐mwide, and 4.6‐mdeep wave tank by following Froude similarity laws. A plane slope, hav-
ing an angle of inclination θ with the horizontal (tanθ¼ 1/2), was located near one end of the tank and a
dissipating beach at the other end. For all experiments, the water depth in the wave tank was about 2.44
m. Liu et al. (2005) used several geometries (a wedge and a hemisphere) to represent the landslide; in this
paper only the wedge has been considered.

The wedge‐shaped slide has the following dimensions: length b = 0.9144 m, front face height a = 0.4572 m,
and width w = 0.6525m. Different initial slide positions have been used during their experiments, ranging
from subaerial to submerged. Nevertheless, it is worth noticing that in the present paper only submerged
landslides have been modeled. The slides moved down the slope by gravity, rolling on wheels. Figure 3
shows a definition sketch of the experimental setup as well as the nomenclature of the parameters used
by Liu et al. (2005). The vertical distance between the still water level and the landslide's upper face is d, fol-
lowing the nomenclature shown in the upper right panel of Figure 3. The spatial coordinate x are measured
as the seaward distance starting from the intersection of the SWL with the slope.

The runup and the free‐surface elevation time series have been recorded with wave gauges. The free‐surface
elevation time series, measured along the centerline of the landslide by three wave gauges (WG1, WG2, and
WG3), placed at xWG1 = 1.796 m, xWG2 = 2.180 m, and xWG3 = 2.564 m (see Figure 3) in a test with sub-
merged landslide (d/b = −0.33), have been used as the validation case for our numerical approach.

3.2. Landslide Motion

To date, the numerical reproduction of the landslide kinematics, although a simple geometry and a rigid and
impermeable landslide is considered, is not an easy task. The physical phenomena governing both the trig-
gering and the evolution mechanisms of a landslide (submerged or subaerial) are far from being included in
most of the numerical hydrodynamics codes, although some remarkable progresses have recently been
achieved (e.g., Clous & Abadie, 2019; Shi et al., 2016; Si et al., 2018).

Additionally, the governing equation of landslide motion has been widely used in past studies (e.g., Romano
et al., 2016, 2017), and, at least in the case of submerged landslides, analytical solutions are available (e.g.,
Pelinovsky & Poplavsky, 1996; Watts, 1998). Therefore, in this paper, we used the analytical solution pro-
vided by Pelinovsky and Poplavsky (1996), and later byWatts (1998), to reproduce themovement of the land-
slide, which has also been applied by Liu et al. (2005) to validate their large‐eddy‐simulations. The equation
of motion of a sliding rigid body reads as follows:

ðmþ Cmm0Þ d
2s

dt2
¼ ðm −m0Þgðsinθ − CncosθÞ − 1

2
CdρA

ds
dt

� �2

; (10)

where m is the landslide mass, s the landslide displacement along the slope, t the elapsed time, g the grav-
itational acceleration, θ the incline slope angle, Cn the Coulomb friction coefficient, Cm the added mass
coefficient, m0 the displaced water mass, A the main cross section of the moving landslide (i.e., perpendi-
cular to the direction of motion), ρ the water density, and Cd the global drag coefficient. In the case of sub-
merged landslides the analytical solution of Equation 10, provided by Watts (1998), is
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sðtÞ ¼ u2t
a0

log cosh
a0t
ut

� �� �
; (11)

uðtÞ ¼ dsðtÞ
dt

¼ uttanh
a0t
ut

� �
; (12)

where a0 is the initial acceleration and ut is the terminal velocity that can be easily calculated as

a0 ¼ ðm −m0Þ gðsinθ − CncosθÞ
mþ Cmm0

; (13)

u2t ¼
2ðm −m0Þ gðsinθ − CncosθÞ

CdρA
; (14)

once the hydrodynamics coefficients have been estimated. The left panel of Figure 4 shows the comparison
between the analytical solution, used in this paper, and the experimental landslide motion from one of the
experiments of Liu et al. (2005) that has been used for the validation of the new approach. In Figure 4 the
red line refers to the analytical solution, while the black markers refer to the experimental data.
Furthermore, the right panel of the figure shows the velocity of the body as obtained by Equation 10.

3.3. Numerical Setup

A numerical wave tank has been designed in order to reproduce the experiments of Liu et al. (2005). The
numerical domain and the related boundary conditions are presented in Figure 3. According to the overset
mesh method, a background domain and a moving one, containing the impermeable body (i.e., the land-
slide), have been defined. The background domain is 6.5 m long, 3.7 m wide and 4.0 m high, while the mov-
ing one is 1.3 m long, 1.1 m wide and 0.9 m high.

A preliminary grid refinement study has been carried out, following the approach described inDevolder et al.
(2017). Three different mesh configurations, called coarse (C), medium (M), and fine (F), respectively, have
been used for this purpose. The root mean‐square error (RMSE) of free‐surface elevation time series,

Figure 3. Left: side view of the experimental setup and numerical domains (background and moving). Right (upper panel): detail side view of the moving domain,
dimensions of the landslide and nomenclature of the parameters. Right (lower panel): perspective view of the numerical domain. The boundary contitions
are also specified.
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measured at WG3, has been used to quantify the discrepancies between experimental and numerical results.
A summary of the mesh resolution, number of computational cells, computational time (CT), and RMSE,
related to each preliminary case, is provided in Table 1.

The RMSEs related to the preliminary cases clearly show that the numerical results converge monotonically
towards the experimental one. The mesh labeled Fine allows to obtain an RMSE = 0.0013 m, which is very
small both in absolute and in relative (one order of magnitude smaller than the ones obtained with the two
coarser meshes) value. On the other hand, this mesh is obviously very computationally expensive (more than
85M of cells). In order to balance numerical model accuracy and computational cost, a new mesh, named
Medium‐Fine (M‐F), has been created. The characteristics of this trade‐off mesh are reported in Table 1.
It can be seen that the RMSE for the Fine (RMSE = 0.0013 m) andMedium‐Fine (RMSE = 0.0031 m) mesh
configurations is in the same order of magnitude, testifying that a further refinement would only increase
the CTs without leading to significant improvements of the results.

Thus, the chosen mesh (Medium‐Fine) for the background domain is characterized by a cell resolution of
0.025 m along the x and y directions and 0.014 m along the z direction. In the moving domain the mesh is
characterized by the same cell resolution as the background one, but the body‐fitted approach ensures a
muchmore detailedmesh resolution around the object (i.e., cell size in the order of fewmm), which is placed
in the center of the moving domain. The object has been modeled as a rigid and impermeable body. The geo-
metrical dimensions of the landslide body are exactly the same of that used by Liu et al. (2005). The water
depth h has been fixed to 2.44 m.

An active absorption boundary condition (Higuera et al., 2013a) has been applied at the right side on the
numerical wave tank, while along the solid impermeable boundaries (lateral walls, left side, roof, and bot-
tom) a no‐slip velocity condition has been imposed. Furthermore, the plane slope (i.e., the sloping coast)
along which the body slides has been modeled as a porous media characterized by a very low porosity
(i.e., hydraulic conductivity K<9.0·10−10 m/s). The moving domain (with the body contained in it) moves
through the background domain according to Equation 11 as shown on the left panel of Figure 4.

3.4. Comparison with Experimental Data and Discussion of the Results

This validation focuses on the near field only. Thus, the numerical simulation has been stopped after 1.6 s
from the beginning of the landslide's motion. Indeed, in this time window, the near‐field wave features
(i.e., first wave trough and first wave crest), evaluated by means of three free‐surface elevation time series,
are completely developed.

Figure 5 shows the comparison between numerical (red lines) and experimental (black dots) results for the
three selected wave gauges. The three panels show the high degree of agreement between the two sets of data

Figure 4. Left panel: analytical (red dashed line) and experimental (black circles) landslide motion as obtained by Liu et al. (2005). Right panel: analytical velocity
time series of the landslide.
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(RMSEηWG1 = 0.0010 m, RMSEηWG2 = 0.0027m and RMSEηWG3 = 0.0031 m). Starting from the upper
panel, referring to the first wave gauge (ηWG1), it is evident that the numerical model is able to carefully
reproduce the physics of such a complex physical phenomenon. As the submerged landslide starts to
move, a small wave trough develops. A similar behavior is shown in the middle panel (ηWG2). Looking at
the lower panel (ηWG3), the free‐surface elevation time series firstly exhibits a wave trough followed by a
wave crest, jointly induced by the rebound of the first wave trough and by the piston‐like mechanism,
which is a peculiar feature of the waves generated by submerged landslides. Moreover, Figure 6 shows a
contour plot of the free‐surface elevation, evaluated at four different time instants from the landslide
release. Figure 6 enhances the good degree of symmetry of the numerical results throughout the simulation.

In order to validate the numerical approach only the available experimental measurements (i.e., free‐surface
elevation time series) have been used, but it is clear that the great advantage of using a full‐3‐D CFD tool,
based on the Navier‐Stokes equations, lies in having the full 3‐D description (i.e., free‐surface elevation,

Table 1
Case Name, Mesh Resolution, Number of Computational Cells, Computational Times (Hours per Seconds of Simulation per Processor Element) and RMSE of the
Preliminary Numerical Cases

Object Background
Mesh Dx (m) Dy (m) Dz (m) Dx (m) Dy (m) Dz (m) # cells CT (h/s/PE) RMSE (m)

C 0.03 0.05 0.04 0.065 0.074 0.06 0.53M 31.00 0.0213
M 0.029 0.029 0.03 0.05 0.052 0.029 1.13M 82.90 0.0112
F 0.01 0.01 0.003 0.015 0.015 0.005 85.21M 8320.00 0.0013
M‐F 0.025 0.025 0.014 0.025 0.025 0.014 9.91M 995.52 0.0031

Figure 5. Comparison between experimental (black dots) and numerical (red lines) results, in terms of free‐surface elevation time series, evaluated at the
positions of the three wave gauges deployed by Liu et al. (2005).
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velocity, and pressure field) of the phenomenon in the whole numerical domain, as shown in Figure 7. In
this figure the velocity field, induced by the movement of the landslide at six selected time instants, is pre-
sented. Each row in Figure 7 refers to a different time instant, while in each column a given quantity, at
the considered time step, is presented, namely, the first column shows the overset domain that, containing
the landslide and embedded in the porous media, travels through the background one; the second and the
third columns represent the contour plot and the vectorial diagram of the velocity field, respectively.
Figure 7 shows the great potential of the numerical tool to describe the complex flow induced by landslide
motion. Indeed, the velocity field accurately depicts the tsunami generation process. As the landslide starts
to move the volume of water, placed above the moving body, points downward triggering the formation of
the characteristic wave trough, while in front of themoving body the velocity field exhibits a horizontal com-
ponent; thus, the landslide, pushing the water in front of it, triggers the piston‐like mechanism that gener-
ates the leading wave crest that propagates seaward. Furthermore, a vortex structure is generated at the very
tip of the moving body. As the time increases, this whirling structure develops moving upward and detach-
ing from the moving lanslide that continues its descent travel.

Furthermore, given that the sloping coast is modeled as a porous media characterized by a low permeability,
in which the VARANS equations are solved, it is important to confirm that the flow velocity within the por-
ous media is as small as possible (i.e., nearly zero), that the velocity profiles at the interface surface of the
porous media itself are conveniently smooth, and that the mass is conserved throughout the simulation.
In the lower panel of Figure 8, the contour plots of the velocity magnitude inside (grayscale colorbar) and
outside (red and blue colorbar) the porous media, at the time instant t = 0.75 s, are presented. It can clearly
be seen that the flow velocity within the porous media exhibits very small values, below 10−4 m/s.
Furthermore, negligible flow velocity is detectable at the interface surface of the porous media region, testi-
fying that no incoming nor outcoming water flux is observed.

The upper panel of Figure 8 presents the matching behavior of the velocity profiles at the interface surface of
the porous media. In this panel the velocity profiles (blue dots) at a given time (t = 0.75 s), measured at four
virtual gauges (VG1, VG2, VG3, and VG4, thin black lines), deployed on the symmetry plane (y = 1.85 m) and
perpendicularly crossing the porousmedia surface (i.e., the sloping coast), are represented. Note that the pre-
sented values of the profiles do not reflect the real values of the flow velocity magnitudes (shown in the sec-
ond and third columns of Figure 7 and in the lower panel of Figure 8), as they have been distorted for graphic

Figure 6. Contour plot of the free‐surface elevation evaluated at four different time instants (t = 0.25, 0.5, 1.0, 1.4 s) after the landslide release.
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needs to magnify the shape of the profiles themselves. As previously stated, the flow velocity is nearly zero
(i.e., blue dots coincide with the thin black lines) within the porous media region, and the flow transition at
the porous interface appears to be very smooth. This behavior is clearly detectable looking at VG1, VG3, and
VG4 but not for VG2 as the landslide model is passing on the virtual gauge at the considered time step. Thus,
at VG2 the velocity magnitude is zero within the porous media and, consistently, exhibits values different
from zero just above the moving body.

Moreover, the mass conservation throughout the entire simulation is discussed. To this end, themass of both
phases (air and water) has been checked during the whole simulation time, resulting in a final variation of
2.46·10−5% and 5.42·10−6% with respect to the initial fraction of water and air, respectively. To the knowl-
edge of the authors, it is the first time that mass conservation is clearly discussed and in previous studies,
where porous media solvers were used (e.g., Higuera et al., 2014a, 2014b; Jacobsen et al., 2015, 2018), the
mass was not fully conserved.

To conclude, by using this approach, the CTs can slightly increase as an additional part of the domain (i.e.,
the porous media) is taken into account. However, this increase is not significant, as the flow velocity is
almost zero within the porous region, as shown in the upper left and in the lower panels of Figure 8.

4. Description of the Parametric Simulations

As previously stated, this work aims to investigate the near‐field wave characteristics of tsunamis generated
by submerged landslides by exploring the effects of different landslide‐triggering mechanisms (i.e., change
of a0). Therefore, the new numerical approach has been applied to investigate the tsunami wave features
in the near field. Parametric simulations have been performed by varying the initial acceleration a0,

Figure 7. Moving computational grid (first column), contour plot (second column) and vectorial diagram (third column) of the magnitude of the velocity at six
selected time instants (t = 0.25, 0.50, 0.75, 1.00, 1.25, and 1.50 s, measured from the beginning of the landslide motion) evaluated along a cross section
placed at y = 1.85 m. The quantities identified by the colormap are expressed in m/s.
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aiming at investigating different landslide‐triggering mechanisms beyond pure gravity driven. Similar
experiments have been conducted in the past, although by using completely different approaches and
dealing with different layouts, by Watts (1998) and by Romano et al. (2017).

Therefore, three different sets of parametric simulations PSSj (being j = 1, 2, 3) have been carried out. For
each PSSj nine different values of initial acceleration a0 (viz., a0 = 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.0, and
8.0 m/s2) have been used, keeping constant few selected parameters (i.e., landslide dimensions b, a, and
w, initial position of the landslide, d/b ratio, and water depth h). Therefore, the nine values of a0, accordingly
with the other hydrodynamics parameters previously calculated, have been used to obtain, via Equations 11
and 12, the relative landslide motions in terms of s(t) and u(t), respectively. The nine values of initial accel-
eration have been arbitrarily chosen, by following the precise purpose of extending the range of Hammack
number (Ha0 ), defined as

Ha0 ¼
ut

ffiffiffiffiffi
gd

p
a0b

; (15)

previously explored by experimental studies (e.g., Enet & Grilli, 2007; Romano et al., 2017; Watts, 1998). In
particular, to explore those values of Ha0 that hardly can be (safely) obtained in laboratory experiments
(i.e., Ha0< 3.0 and Ha0 > 5.0).

Hence, a wide range of landslide‐triggeringmechanisms, dynamics, and rheology (i.e., rock slide, earth slide,
debris flow, liquefaction, etc.) is investigated, although a direct link between a0 and the landslide type is not
straightforward to obtain. Indeed, previous studies related to tsunamis generated by submerged landslides
(mainly gravity driven) show that a0 exhibits a wide range of values: for example, a0 up to 0.06 m/s2

Figure 8. Upper panel: velocity profiles at four virtual gauges deployed on the symmetry plane (y = 1.85m) normal to the porous slope at t = 0.75 s. Lower panel:
contour plot of the velocity magnitude inside (grayscale colorbar) and outside (red and blue colorbar) the porous media at t = 0.75 s.
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(Løvholt et al., 2015), 0.20 m/s2 (Koh et al., 2016), 0.60 m/s2 (Janin et al., 2019), 1.20 m/s2 (Enet & Grilli,
2007), and 1.50 m/s2 (Sue et al., 2011). Moreover, it is well documented that other phenomena (ground
liquefaction, thermal pressurization, etc.) can change the landslide rheology and dynamics resulting in
landslides with a higher mobility than that provided by a simple gravity‐driven instability. For instance,
during the Vajont event it is estimated that an acceleration of 2.60 m/s2 has been reached due to the
thermal pressurization (Veveakis et al., 2007).

In light of the above, the general idea of varying a0 is to investigate the possible effects, in terms of the generated
wave characteristics, of a wide range of landslide‐triggering mechanisms. The a0 values have been chosen
arbitrarily, but with the aim of pursuing two main purposes: (a) to investigate the effects of these rapidly
evolving landslide phenomena; (b) to enucleate the asymptotic physical features of landslide‐generated
tsunamis by performing a parametric analysis of a0.

The nine landslide motion curves used for each set of parametric simulations are shown in Figure 9 with
black lines. The left panel of this figure reports the time series of the landslide displacement, while the right
one shows the time series of the landslide velocity. By varying the initial acceleration, the displacement of
the landslide, at a given time instant, will change among the nine curves. Therefore, in order to compare
similar conditions, the motion of the landslide has been stopped once the body has traveled 2.9 m. This con-
dition is matched at different times depending on a0. The red dashed lines refer to the kinematic character-
istics of the landslide, namely, time series of displacement (left panel) and velocity (right panel) as from the
experiment of Liu et al. (2005). A few parameters have been changed, among different sets, to investigate a
wide range of conditions, as shown in Table 2.

5. Analysis of the Near Field: Results and Discussion

This section discusses the near‐field wave characteristics. In order to postprocess the numerical results, sev-
eral virtual wave gauges have been deployed into the domain as shown in the left panel of Figure 10. In this
panel the numerical wave gauges (which refer to PSS3) are identified by blue crosses, while the initial shore-
line and the initial landslide positions are identified by blue dashed and red continuous lines, respectively.
The adopted sensor arrays, partially resembling the sensor layout described in Romano et al. (2013) and later
in Bellotti and Romano (2017), consist of concentric circles of wave gauges, having the center in the bary-
centric position of the landslide (in its initial position).

Therefore, all the free‐surface elevation time series from virtual wave gauges have been analyzed to provide a
detailed description of the wave features in the near field. The postprocessing analysis is divided as follows:

• Time domain analysis of the free‐surface elevation time series;
• Spatial analysis of the wave characteristics;
• Analysis of the synthetic results (i.e., wave crests and troughs) and comparison with previous studies.

Figure 9. Time series of the landslide displacement (left panel) and of the landslide velocity (right panel) as a function of the initial acceleration a0. Red dashed
lines refer to the time series of the landslide displacement and velocity related to the experiment of Liu et al. (2005) used for the validation.
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5.1. Time Domain Analysis of the Free‐Surface Elevation Time Series

In this section only the results of five representative virtual wave gauges are represented for each set of simu-
lations, aiming at showing the effects induced by the variation of the initial acceleration on the generated
waves. These five wave gauges (G1, G2, G3, G4, and G5) are represented as blue circles in the right panel
of the Figure 10.

The results are shown in Figure 11. Each row of this figure reports the results of a simulation set (i.e., PSS1,
PSS2, and PSS3), while each column refers to the free‐surface elevation time series measured by one of the
five wave gauges shown on the right panel of Figure 10 (i.e., the first column refers to the results measured
by G1, while the fifth column refers to the ones measured by G5). Each panel contains nine free‐surface
elevation time series, represented with grayscale (light gray refers to small values of a0, while dark gray to
large ones).

Figure 11 fully reflects the features of the tsunami generation process. The first column shows that the
impulsive phenomenon starts with a free‐surface depression, while the second column (i.e., wave gauge
placed in the barycentric position of the landslide initial position) shows that a wave crest follows the first
large wave trough, as a consequence of the typical rebound of the free surface. The following columns show
that the tsunami signal starts with a small wave crest, produced by the landslide piston‐like mechanism,
followed by a large wave trough and a second wave crest, generally larger than the first one.

Furthermore, Figure 11 highlights the influence of a0 on the generated wave signals. As far as different
values of a0 are concerned, keeping fixed the other geometrical parameters, the characteristics of the tsuna-
mis change dramatically. The magnitude of the wave characteristics (minimum troughs and maximum
crests) increases with a0. Additionally, the rising time of the first wave trough decreases, and in general,
the wave signals exhibit a narrower and sharper shape (i.e., decreasing wave periods). These preliminary
results confirm the experimental findings of Romano et al. (2017), although a different configuration is con-
sidered here. A detailed spatial analysis of the wave characteristics is provided in the following sections.

5.2. Spatial Analysis of the Wave Characteristics

A standard time‐domain analysis (i.e., wave‐by‐wave analysis) has been applied to extract the wave charac-
teristics from each free‐surface elevation time series measured by the N virtual wave gauges shown on the
left panel of Figure 10. The wave characteristics of interest are

Table 2
Names and Parameters of the Parametric Simulations (see Figure 3 for Parameter Identification)

PSS1 PSS2 PSS3

h (m) 2.44 2.55 2.52
d (m) 0.30 0.15 0.12
d/b −0.33 −0.16 −0.13

Figure 10. Left panel: plan view of the numerical wave gauges deployed in the domain (blue crosses). Right panel: plan view of the four numerical wave gauges
used for the time domain analysis (blue circles). Note that in both panels the initial shoreline position and the initial landslide position are identified by blue
dashed and red lines, respectively.
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• ηmax−i
c : maximum wave crest detected in the ith (i = 1,2,…,N ) time series (i.e., spatial envelope of the max-
imum wave crests).

• ηmin−i
t : minimum wave trough detected in the ith (i = 1,2,…,N ) time series (i.e., spatial envelope of the

minimum wave troughs).
• ηmax

c : maximum wave crest (i.e., maximum value among the ηmax−i
c ).

• ηmin
t : minimum wave trough (i.e., minimum value among the ηmin−i

t ).
• ηmax: absolute value of the maximum free‐surface oscillation detected at the N virtual wave gauges,

defined as ηmax ¼max jηmax
c j; jηmin

t j� 	
.

• Tηmax
: wave period related to the wave containing ηmax.

• c1stt : mean wave celerity of the first wave trough (measured along the landslide path).
• η0: absolute value of the maximum free‐surface oscillation measured at the wave gauges having coordi-

nates (x0,y0), that is, the barycentric position of the landslide at its initial position, defined as η0 ¼max
jηðx0; y0; tÞjð Þ.

Figure 12 shows an example of the spatial analysis. This figure, referring to the results of PSS3 (a0 = 2.0

m/s2), represents the spatial layout of ηmax−i
c (left panel) and ηmin−i

t (right panel). In both panels the initial

Figure 11. Free‐surface elevation time series as a function of the initial acceleration a0. Note that the rows of the figure (from up to down) refer to PSS1, PSS2, and
PSS3, respectively, while the columns of the figure (from left to right) refer to the measurements of the virtual wave gauges reported in the right panel of Figure 10
(from left to right). Each panel contains nine curves referring to a0 = 0.5, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.0, 8.0 m/s2; light gray refers to small values of a0, while
dark gray to large ones.
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shoreline and the initial position of the landslide are identified by blue and black dashed lines, respectively.

It is worth noticing that ηmax−i
c and ηmin−i

t do not necessarily occur simultaneously. Moreover, Figure 12
shows that the numerical results exhibits a very good spatial symmetry around the symmetry plane at
y0 = 1.85 m, even considering that the represented quantities are not synchronous. Additionally, both
panels emphasize the lack of transversal modes; this is expected as the numerical wave tank is not
narrow, especially if compared with the landslide width. Therefore, to simplify the comparison of the
wave characteristics in the same plot, as well as to minimize the number of figures, the spatial

representation of ηmax−i
c and ηmin−i

t has been performed by splitting each contour plot into two parts as

follows: above the symmetry plane the spatial layout of ηmax−i
c is represented, while below the symmetry

plane the spatial layout of ηmin−i
t is plotted.

Figures 13, 14, and 15 show the results of the spatial analysis of ηmax−i
c and ηmin−i

t as obtained for the para-
metric simulations PSS1, PSS2, and PSS3, respectively. To allow the comparison of the wave characteristics
between different simulations and different sets of simulations, a single color bar, spanning between −0.20
m and +0.20 m, has been used for all plots.

The nine panels of Figure 13 clearly show that PSS1 exhibits the smallest wave characteristics of the three
considered sets. The large d/b ratio (d/b = −0.33), together with the small values of the landslide initial
accelerations a0 (first row of the figure), results in small tsunamis, typically characterized by significantly lar-
ger troughs than crests. Nevertheless, as the initial acceleration increases (second and third rows of the fig-
ure), the generated tsunamis, and accordingly the wave characteristics, increase as well. Minimum wave
troughs are always larger (up to two times) than the maximum wave crests, as expected from submerged
landslide tsunamis. Furthermore, from the fifth initial acceleration (a0 = 3.0 m/s2), the minimum wave
trough starts to have significant values shoreward from the initial landslide position, that is, close to the
shoreline. Finally, it can be seen that from the sixth initial acceleration (a0 = 4.0 m/s2), some reflection phe-
nomena, between the wave trough and the numerical wave tank walls, occur. These phenomena, detected
throughout all the simulation sets for increasing a0, are within the time window used for the presented ana-
lysis, limited to the portion of domain adjacent to the tank walls and do not contaminate the near‐field wave
characteristics.

Similar considerations arise from Figures 14 and 15 for PSS2 and PSS3, respectively. In these cases, the con-
tour plots show that larger tsunamis, if compared with those of PSS1, characterize these two sets. This is
expected, as d/b is smaller than that of PSS1 (d/b = −0.16 for PSS2 and d/b = −0.13 for PSS3). The first initial
acceleration a0 = 0.5 m/s2 produces small tsunamis. Starting from the second value of a0 the tsunami crests
and troughs exhibit larger values throughout the domain. No significant differences can be detected among
the two simulation sets. Furthermore, the figures show some wave reflection, between the wave trough and
the numerical wave tank walls, without contaminating the near‐field wave features. The spatial analysis of
the parametric simulations, shown in Figures 13, 14, and 15, confirms that the influence of the initial accel-
eration a0 on the tsunami generation mechanisms and on the near‐field wave features is significant.

Figure 12. Spatial layout ofηmax−i
c (left panel) andηmin−i

c (right panel) obtained from one simulation of PSS3 (a0 = 2.0 m/s2). In each panel the initial shoreline, the
initial landslide, and the initial landslide's barycentric positions are identified by blue dashed lines, black dashed lines, and black crosses, respectively.
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Figure 16 is made of two panels representing the following quantities as a function of a0: ηmax
c and ηmin

t

(square and diamond markers, respectively) in the left panel; ηmax (circle markers) in the right panel.
Note that in the figure redmarkers refer to the results of PSS1, while blue and blackmarkers refer to the ones

of PSS2 and PSS3, respectively. As a0 increases, ηmax
c increases and ηmin

t descreases. This rate of increase (and
decrease) appears to be less than linear for all the considered sets. Furthermore, as previously argued, the
minima wave troughs are always larger (in modulus) than the maxima wave crests, up to two times. Both

ηmax
c and ηmin

t seem to approach an asymptotic value for a0 > 4.0 m/s2. This behavior suggests that, for fixed
sets of governing parameters, even by increasing a0 the maxima wave crests (and minima wave troughs) are
not further increasing (or decreasing). A saturation effect on the tsunami generationmechanism is observed.
This effect is confirmed by previous studies. Indeed, Tinti and Bortolucci (2000) pointed out a similar beha-
vior by introducing the Froude number of the landslide to quantify the saturation. Nevertheless, they have
evaluated mainly the landslide velocity and the duration of the movement, while here with a0 a different
descriptor of the landslide kinematics has been investigated. In addition, similar saturation has also been
observed experimentally for edge waves, induced by subaerial landslides (Di Risio, De Girolamo, et al.,
2009; Heller & Spinneken, 2015), which are known to play a crucial role in the tsunami alongshore propaga-
tion and interaction with the coast (Romano et al., 2013).

In the right panel of Figure 16 ηmax is plotted as a function of a0, where red markers refer to PSS1, while blue

and black markers refer to PSS2 and PSS3, respectively. Consistently to what was discussed forηmax
c and ηmin

t ,
the smallest values of ηmax refer to PSS1, while larger values characterize PSS2 and PSS3. The behavior of
ηmax, as a function of a0, clearly resembles the one observed in the left panel of Figure 16. As a0 increases,
ηmax increases as well, with a rate of increase less than linear for all the considered sets, approaching to
asymptotic values. Thus, the saturation effect is noticeable also for ηmax. Indeed, also this important para-
meter exhibits a decrease of the growth rate for increasing values of a0. Moreover, ηmax never occurs in

Figure 13. Spatial layout of ηmax−i
c (upper part of each panel) and ηmin−i

c (lower part of each panel) obtained from the nine parametric simulations of PSS1. In each
panel the initial shoreline, the initial landslide, and the initial landslide's barycentric positions are identified by blue dashed lines, black dashed lines, and
black crosses, respectively.
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correspondence of the barycentric coordinates of the landslide evaluated at the initial position, which can
also be seen in Figures 13, 14, and 15.

The left panel of Figure 17 represents the wave periodTηmax
as a function of a0 with the common notation. As

previously outlined, Tηmax
has been obtained by carrying out a zero‐crossing analysis on the apparent wave

(i.e., the portion of the free‐surface elevation time series) that contains ηmax. The left panel of Figure 17
shows that Tηmax

decreases as a0 increases. This aspect confirms what has been proposed based on

Figure 11. The wave periods exhibit an average value of about 2.0 s for the smallest a0, while for increasing
a0, the values of Tηmax

decrease less than linearly, reaching on average an asymptotic value of about 1.0 s.

Therefore, a saturation mechanism can also be noticed for Tηmax
, confirming that, for increasing a0, no more

energy can be effectively transferred to the water to generate larger waves. Finally, small differences inTηmax

are detected among the three sets of simulations, among which only d/b changes. Nevertheless, it should be
noticed that the largest wave periods pertain to PSS1.

The right panel of Figure 17 shows the mean celerity of the first wave trough c1stt with the common notation
and the mean velocity of the landslide body ul (red triangles) as a function of the initial acceleration a0. Note
that themean celerities of the first wave trough have been calculated by using the free‐surface elevation time
series measured by those wave gauges placed parallel to the landslide path, starting from the barycentric
position of the landslide. This panel shows that also the mean celerities of the first wave trough saturate,
similar to the wave periods and wave crests/troughs. For the smaller values of a0, c1stt is in the order of 0.8
m/s (for all the tested configurations). As a0 increases, the mean celerities of the first wave trough increase
less than linearly, reaching a maximum value of about 1.6 m/s. Negligible differences in c1stt can be detected

among the three sets of simulations. c1stt for the four smaller values of a0 is on average identical to ul. Starting

from the fifth value of a0 these two parameters start to diverge, as ul is always larger than c1stt . In other words,

ul starts to be larger than c1stt approximately as the saturation region begins.

Figure 14. Spatial layout of ηmax−i
c (upper part of each panel) and ηmin−i

c (lower part of each panel) obtained from the nine parametric simulations of PSS2. In each
panel the initial shoreline, the initial landslide, and the initial landslide's barycentric positions are identified by blue dashed lines, black dashed lines, and
black crosses, respectively.
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Another parameter of interest, widely used in the scientific literature (e.g., Enet &Grilli, 2007; Romano et al.,
2017; Watts, 1998) to describe the wave features of the tsunamis generated by submerged landslides, is η0.
This parameter is crucial to describe the tsunami wave properties in the near field as it represents the max-
imum free‐surface oscillationmeasured at the barycentric position of the landslide. In Figure 18 the values of
η0, related to each set of parametric simulations, are reported as a function of a0 (circle markers). The

Figure 15. Spatial layout of ηmax−i
c (upper part of each panel) and ηmin−i

c (lower part of each panel) obtained from the nine parametric simulations of PSS3. In each
panel the initial shoreline, the initial landslide, and the initial landslide's barycentric positions are identified by blue dashed lines, black dashed lines, and
black crosses, respectively.

Figure 16. Left panel: ηmax
c (square markers) and ηmin

t (diamond markers) as a function of the initial acceleration a0. Right panel: ηmax (circle markers) as a
function of the initial acceleration a0.
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smallest values of η0 are observed for PSS1, while as PSS2 and PSS3 are considered, similar values of η0 occur.
Figure 18, in analogy to Figure 16 for ηmax

c and ηmin
t , and Figure 17 for Tηmax

and c1stt , confirms the general

behavior of the wave characteristics described so far. Indeed, Figure 18 shows that η0, for all the investigated
simulation sets, increases as a0 increases, exhibiting a less than linear growth that approaches asymptotic
values for increasing values of a0 (i.e., saturation), resembling the behavior of ηmax (right panel of
Figure 16). The spatial analysis shown so far confirms and extends the findings of previous works on tsuna-
mis generated by submarine landslides (Enet & Grilli, 2007; Romano et al., 2017; Tinti & Bortolucci, 2000;
Watts, 1998). Therefore, in order to further improve the understanding of the effect of a0 on the tsunami
wave properties in the near field, a comparison between present results and results from previous studies
is presented in the following section.

5.3. Analysis of the Synthetic Results

In this section the analysis of the synthetic results is presented. The wave characteristics, obtained from the
numerical results and discussed in the previous section, have been analyzed and presented in the form of a

Figure 17. Left panel: wave period Tηmax
as a function of the initial acceleration a0. Right panel: mean celerity of the first wave trough c1stt (circle empty markers)

and mean velocity of the landslide body ul (red triangles) as a function of the initial acceleration a0.

Figure 18. η0 as a function of the initial acceleration a0.
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so‐called “nondimensional wavemaker curve,” as carried out by Watts (1998) for 2‐D experimental data
obtained for a wedge‐shaped body sliding on a 45° incline (see Figure 6 of Watts, 1998). The wavemaker
curve has been created by representing themaximum nondimensional wave amplitudeη0a0=u

2
t as a function

of the Hammack number Ha0 .

The dimensionless wave amplitudes, calculated from the numerical simulation results, are reported in the
left panel of Figure 19 with empty black circles. The range 0.3 ≤ Ha0 ≤ 7.5 has been investigated. The
arrangement of the numerical data exhibits a power law decay that closely resembles the behavior identified
by Watts (1998) on the basis of laboratory tests. Further experimental data have been analyzed in this form
and reported on the right panel of Figure 19. Firstly, the 2‐D experimental results obtained by Watts (1998)
are plotted as empty blue triangles, together with the fitting curve represented as a continuous blue line,
within the experimental range 3.0 ≤ Ha0 ≤ 4.5, and as a dashed blue line, outside the experimental range.
It can be seen that the present numerical results lie at a different position with respect to those by Watts
(1998), although the general arrangement of the two data sets is very similar. The data obtained by Watts
(1998) are 2‐D. Therefore, in order to directly compare the 2‐D data set with the 3‐D one, a correction for-
mula has been applied to the 2‐D data and to the relative fitting curve. The correction formula, provided
by Watts et al. (2005), reads as follows:

η0;3D ¼ η0;2D
w

wþ λ0

� �
; (16)

where w is the landslide width and λ0 ¼ ut
ffiffiffiffiffi
gd

p
=a0 , although it is worth noticing that Heller and

Spinneken (2015) pointed out that Equation 16 may give rise to small conversion factors, at least if subaer-
ial slides are considered. The corrected data are presented in the right panel of Figure 19 as empty gray
triangles, while the fitting curve is shown in the same plot as a continuous red line, within the experimen-
tal range of Ha0 , and as a dashed red line, outside the experimental range. Within the Hammack number
range investigated by Watts (1998), the numerical and experimental data are in a very good agreement
(RMSE = 0.5 ·10−4), while outside the considered range the numerical results slightly deviate from the
fitting curve for Ha0< 3.0 and still remain in good agreement with the fitting curve for Ha0 > 4.5.

The data described so far (both numerical and experimental), and presented on the right panel of Figure 19,
refer to similar geometries of the problem, that is, wedge‐shaped landslides sliding on plane slopes, although

Figure 19. Dimensionless wavemaker plot, as a function of the Hammack number Ha0 , obtained by the numerical simulations (left panel). Zoom of the
dimensionless wavemaker plot by using several sources of data: new numerical parametric simulations, empty black circles; 2‐D‐ and 3‐D‐corrected
experimental data of Watts (1998), empty blue and gray triangles respectively; 2‐D‐ and 3‐D‐corrected best fitting curves obtained by Watts (1998), blue and red
lines, respectively; experimental data of Enet and Grilli (2007), empty gray squares; 3‐D experimental data of Romano et al. (2017), empty gray diamonds (right
panel). Note that dashed lines refer to the fitting curves evaluated outside the experimental range.
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having different inclination angles, namely, 45° (Watts, 1998) and
26.56° (present study). It is interesting to extend the current representa-
tion to completely different geometries and landslide shapes. The two
3‐D data sets from Enet and Grilli (2007) and Romano et al. (2017) are
therefore introduced. Specifically, the experiments carried out by Enet
and Grilli (2007) refer to a smooth Gaussian‐shaped landslide body sliding
on a 15° inclined plane slope, while the experiments carried out by
Romano et al. (2017) refer to a semi‐ellipsoidic‐shaped landslide body slid-
ing along a 18° inclined flank of a conical island. These data have been
added on the right panel of Figure 19 as empty gray squares (Enet &
Grilli, 2007) and empty gray diamonds (Romano et al., 2017), respectively.

These additional data are in good agreement with the previously discussed
ones, exhibiting the characteristic power law decay. The Hammack num-
ber experimental range, related to these extra sources of data, spans in the
interval 1.9 ≤ Ha0 ≤ 7.5, thus wider than that explored by Watts (1998)
but narrower than that investigated in the present study. Therefore, the
considered sources of data, obtained by using different techniques, geo-
metries, and configurations, form an extended data set spanning a wider
range of Ha0 (i.e., 0.3 ≤ Ha0 ≤ 7.5). Moreover, looking at the right panel
of Figure 19, it can be seen that the fitting law proposed by Watts (1998) is
obviously not adequate to predict the nondimensional wave amplitude
out of the tested experimental range, in particular if small values of the
Hammack number (i.e., Ha0< 3.0) are considered.

In light of the above, this extended data set has been used to obtain a new
fitting function in the form of a power law, following the approach by
Watts (1998), as follows:

η0a0
u2t

¼ eαH˜β
a0 ; (17)

where eα ¼ 0.04263 and eβ ¼− 1.596. The proposed fitting curve, together with the extended database, is
presented in Figure 20 with the blue dashed line and black empty circles, respectively. Figure 20 shows
that the proposed fitting law is able to describe the arrangement of the fitted data with an excellent accu-
racy. This is also confirmed by the large coefficient of determination (R2 = 0.9967). Indeed, all the points
that form the database exhibit a very small scatter from the new fitting line. Furthermore, in the same
plot, the fitting law proposed by Watts (1998) is represented with a red dashed line. The nondimensional
wavemaker curve obtained by Watts (1998) appears to be very accurate in describing the experimental and
numerical results for Ha0 ≥ 3.0, even for values of the Hammack number larger than that explored by
Watts (1998). While for smaller values of Ha0 the fitting law obtained by Watts (1998) is not able to accu-
rately predict the nondimensional tsunami wave amplitude. On the contrary, the proposed fitting curve
obtained with an extended database is more effective in predicting the nondimensional wave amplitude
in the near field, especially for large initial accelerations (Ha0< 3.0).

6. Concluding Remarks and Ongoing Research

In this paper a detailed numerical analysis of the near‐field wave characteristics of tsunamis generated by
submerged landslides has been presented. A new method for numerically modeling tsunamis generated
by rigid and impermeable submerged landslides with OpenFOAM® has been presented and validated. The
proposed method consists in coupling the overset mesh technique, which is a new and promising method
in the coastal engineering field, with the well‐known porous media approach currently implemented in
IHFOAM. This coupling allows to overcome a restriction of the overset mesh method that does not allow
the modeling of a rigid body moving in touch with an impermeable surface. The excellent agreement
between the numerical results and the experimental data of Liu et al. (2005) highlights the ability of the pro-
posed approach in reproducing such a complex phenomenon.

Figure 20. Dimensionless wavemaker curve, as a function of the Hammack
number Ha0 , with the extended data set, based on different experimental
and numerical results (empty black circles). The new (present work)
and the previous (Watts, 1998) best fitting curves are represented
by blue and red dashed lines, respectively.
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The numerical method, validated against experimental data, has been applied to perform an extensive set of
new parametric simulations aimed at exploring the influence of the landslide‐triggering mechanisms on the
generated wave characteristics. The same configuration as for the validation has been used. Three sets of
parametric simulations, each one characterized by a different value of d/b (i.e., the ratio of the vertical dis-
tance between the still water level and the landslide's upper face d to the length of the landslide b, d/b =
−0.33,−0.16,−0.13), have been carried out by varying the initial acceleration a0, in order to explore different
landslide‐triggering mechanisms. The numerical results allowed to perform a quantitative and detailed ana-
lysis of the tsunami properties in the near field. The new numerical results, which are in good agreement
with previous experimental studies (e.g., Romano et al., 2017), have shown that, in general, the wave char-
acteristics in the near field vary as a function of a0. In particular, for increasing values of a0, the wave crests
and troughs tend to increase, the wave periods tend to decrease, and the mean celerities of the first wave
troughs tend to increase. All the mentioned quantities suffer a saturation mechanism for increasing values
of a0 (i.e., no more energy can be effectively transferred from landslide to water to generate larger waves),
confirming the findings of Tinti and Bortolucci (2000).

Furthermore, the numerical data have been represented, together with previous experimental ones obtained
for different geometries and configurations, in the form of a “nondimensional wavemaker curve,” as pro-
posed by Watts (1998). The very good agreement among these different sources of data, together with the
extended data set provided by the new numerical simulations that consider a wider range of the governing
parameters (i.e., 0.3 ≤ Ha0 ≤ 7.5), allowed to obtain a new fitting curve for predicting the wave character-
istics in the near field, induced by rigid and impermeable submerged landslides, as a function of the
Hammack numberHa0 . In the present work only tsunamis generated by rigid and impermeable submerged
landslides have been considered. Although this represents an approximation of the real submerged landslide
behavior, it is well demonstrated in the scientific literature (Grilli et al., 2009) that the landslide deformation
does not play a significant role on submarine landslide tsunami features in the slide early time kinematics,
which at short time scales is mainly governed by the initial acceleration. Nevertheless, as far as ongoing
research is concerned, the effects of the landslide deformation and porosity have to be introduced and mod-
eled, especially if subaerial landslides are considered.
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