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Abstract—The recent destructive landslide tsunamis, such as

the 2018 Anak Krakatau event, were fresh reminders for devel-

oping validated three-dimensional numerical tools to accurately

model landslide tsunamis and to predict their hazards. In this study,

we perform Three-dimensional physical modelling of waves gen-

erated by subaerial solid-block landslides, and use the data to

validate two numerical models: the commercial software FLOW-

3D HYDRO and the open-source OpenFOAM package. These

models are key representatives of the primary types of modelling

tools—commercial and open-source—utilized by scientists and

engineers in the field. This research is among a few studies on 3D

physical and numerical models for landslide-generated waves, and

it is the first time that the aforementioned two models are sys-

tematically compared. We show that the two models accurately

reproduce the physical experiments and give similar performances

in modelling landslide-generated waves. However, they apply

different approaches, mechanisms and calibrations to deliver the

tasks. It is found that the results of the two models are deviated by

approximately 10% from one another. This guide helps engineers

and scientists implement, calibrate, and validate these models for

landslide-generated waves. The validity of this research is confined

to solid-block subaerial landslides and their impact in the near-field

zone.

Keywords: Tsunami, subaerial landslide, physical modelling,

open FOAM, FLOW-3D HYDRO.

1. Introduction and Literature Review

Subaerial landslide-generated waves represent

major threats to coastal areas and have resulted in

destruction and casualties in several locations

worldwide (Heller et al., 2016; Paris et al., 2021).

Interest in landslide-generated tsunamis has risen in

the last decade due to a number of devastating events,

especially after the December 2018 Anak Krakatau

tsunami which left a death toll of more than 450

people (Grilli et al., 2021; Heidarzadeh et al., 2020a).

Another significant subaerial landslide tsunami oc-

curred on 16 October 1963 in Vajont dam reservoir

(Northern Italy), when an impulsive landslide-gen-

erated wave overtopped the dam, killing more than

2000 people (Heller & Spinneken, 2013; Panizzo

et al., 2005). The largest tsunami run-up (524 m) was

recorded in Lituya Bay landslide tsunami event in

1958 where it killed five people (Fritz et al., 2009).

To achieve a better understanding of subaerial

landslide tsunamis, laboratory experiments have been

performed using two- and three-dimensional (2D,

3D) set-ups (Bellotti & Romano, 2017; Di Risio

et al., 2009; Fritz et al., 2004; Romano et al., 2013;

Sabeti & Heidarzadeh, 2022a). Results of physical

models are essential to shed light on the nonlinear

physical phenomena involved. Furthermore, they can

be used to validate numerical models (Fritz et al.,

2009; Grilli & Watts, 2005; Liu et al., 2005; Taka-

batake et al., 2022). However, the complementary

development of numerical tools for modelling of

landslide-generated waves is inevitable, as these

models could be employed to accelerate understand-

ing the nature of the processes involved and predict

the detailed outcomes in specific areas (Cremonesi

et al. 2011). Due to the high flexibility of numerical

models and their low costs in comparison to physical

models, validated numerical models can be used to

replicate actual events at a fair cost and time (e.g.,

Cecioni et al., 2011; Grilli et al., 2017; Heidarzadeh
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et al., 2020b, 2022; Horrillo et al., 2013; Liu et al.,

2005; Løvholt et al., 2005; Lynett & Liu, 2005).

Table 1 lists some of the existing numerical models

for landslide tsunamis although the list is not exhaus-

tive. Traditionally, Boussinesq-type models, and

Shallow water equations have been used to simulate

landslide tsunamis, among which are TWO-LAYER

(Imamura and Imteaz,1995), LS3D (Ataie-Ashtiani &

Najafi Jilani, 2007), GLOBOUSS (Løvholt et al.,

2017), and BOUSSCLAW (Kim et al., 2017).

Numerical models that solve Navier–Stokes equations

showed good capability and reliability to simulate

subaerial landslide-generated waves (Biscarini, 2010).

Considering the high computational cost of solving the

full version of Navier–Stokes equations, a set of

methods such as RANS (Reynolds-averaged Navier–

Stokes equations) are employed by some existing

numerical models (Table 1), which provide an

approximate averaged solution to the Navier–Stokes

equations in combination with turbulent models (e.g.,

k–e, k–x). Multiphase flow models were used to sim-

ulate the complex dynamics of landslide-generated

waves, including scenarios where the landslide mass is

treated as granular material, as in the work by Lee and

Huang (2021), or as a solid block (Abadie et al., 2010).

Among the models listed in Table 1, FLOW-3D

HYDRO and OpenFOAM solve Navier–Stokes equa-

tions with different approaches (e.g., solving the

RANS by IHFOAM) (Paris et al., 2021; Rauter et al.,

2022). They both offer a wide range of turbulent

models (e.g., Large Eddy Simulation—LES, k–e, k–x
model with Renormalization Group—RNG), and they

both use the VOF (Volume of Fluid) method to track

the water surface elevation. These similarities are one

of the motivations of this study to compare the per-

formance of these two models. Details of governing

equations and numerical schemes are discussed in the

following.

In this work, we apply two Computational Fluid

Dynamic (CFD) frameworks, FLOW-3D HYDRO,

and OpenFOAM to simulate waves generated by

solid-block subaerial landslides in a 3D set-up. We

calibrate and validate both numerical models using

our physical experiments in a 3D wave tank and

compare the performances of these models system-

atically. These two numerical models are selected

among the existing CFD solvers because they have

been reported to provide valuable insights into land-

slide-generated waves (Kim et al., 2020; Romano

et al., 2020a, b ; Sabeti & Heidarzadeh, 2022a). As

there is no study to compare the performances of

these two models (FLOW-3D HYDRO and Open-

FOAM) with each other in reproducing landslide-

generated waves, this study is conducted to offer such

a comparison, which can be helpful for model

selection in future research studies or industrial pro-

jects. In the realm of tsunami generation by subaerial

landslides, the solid-block approach serves as an

effective representative for scenarios where the

landslide mass is more cohesive and rigid, rather than

granular. This methodology is particularly relevant in

cases such as the 2018 Anak Krakatau or 1963 Vajont

landslides, where the landslide’s nature aligns closely

with the characteristics simulated by a solid-block

model (Zaniboni & Tinti, 2014; Heidarzadeh et al.,

2020a, 2020b).

The objectives of this research are: (i) To provide

a detailed implementation and calibration for simu-

lating solid-block subaerial landslide-generated

waves using FLOW-3D HYDRO and OpenFOAM,

and (ii) To compare the performance of these two

numerical models based on three criteria: free surface

elevation of the landslide-generated waves, capabili-

ties of the models in simulating 3D features of the

waves in the near-field, velocity fields, and velocity

variations at different locations. The innovations of

this study are twofold: firstly, it is a 3D study

involving physical and numerical modelling and thus

the data can be useful for other studies, and secondly,

it compares the performance of two popular CFD

models in modelling landslide-generated waves for

the first time. The validated models such as those

reported in this study and comparison of their per-

formances can be useful for engineers and scientists

addressing landslide tsunami hazards worldwide.

2. Data and Methods

2.1. Physical Modelling

To validate our numerical models, a series of

three-dimensional physical experiments were carried

out at the Hydraulic Laboratory of the Brunel
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University London (UK) in a 3D wave tank 2.40 m

long, 2.60 m wide, and 0.60 m high (Figs. 1 and 2).

To mitigate experimental errors and enhance the

reliability of our results, each physical experiment

was conducted three times. The reported data in the

manuscript reflects the average of these three trials,

assuming no anomalous outliers, thus ensuring an

accurate reflection of the experimental tests. One

experiment was used for validation of our numerical

models. The slope angle (a) and water depth (h) were

45� and 0.246 m, respectively for this experiment.

The movement of the sliding mass was recorded by a

digital camera with a sampling frequency of 120

frames per second, which was used to calculate the

slide impact velocity (vs). The travel distance (D),

defined as the distance from the toe of the sliding

Table 1

Some of the existing numerical models for simulating landslide-generated waves

Numerical models Approach Developer

FLOW-3D HYDRO This CFD package solves Navier–Stokes equations using finite-

difference and finite volume approximations, along with

Volume of Fluid (VOF) method for tracking the free surface

Flow Science, Inc. (https://www.flow3d.com/)

MIKE 21 This model is based on the numerical solution of 2D and 3D

incompressible RANS equations subject to the assumptions

of Boussinesq and hydrostatic pressure

Danish Hydraulic Institute (DHI) (https://www.

mikepoweredbydhi.com/products/mike-21-3)

OpenFOAM (IHFOAM

solver)

IHFOAM is a newly developed 3D numerical two-phase flow

solver. Its core is based on OpenFOAM�. IHFOAM can also

solve two-phase flow within porous media using RANS/

VARANS equations

IHCantabria research institute (https://ihfoam.

ihcantabria.com/)

NHWAVE NHWAVE is a 3D shock-capturing non-Hydrostatic model

which solves the incompressible Navier–Stokes equations in

terrain and surface-following sigma coordinates

Kirby et al. (2022) (https://sites.google.com/site/

gangfma/nhwave, https://github.com/

JimKirby/NHWAVE)

GLOBOUSS GloBouss is a depth-averaged model based on the standard

Boussinesq equations including higher order dispersion

terms, Coriolis terms, and numerical hydrostatic correction

terms

Løvholt et al. (2022) (https://www.duo.uio.no/

handle/10852/10184)

BOUSSCLAW BoussClaw is a new hybrid Boussinesq type model which is an

extension of the GeoClaw model. It employs a hybrid of

finite volume and finite difference methods to solve

Boussinesq equations

Clawpack Development Team (http://www.

clawpack.org/)

Kim et al. (2017)

THETIS-MUI THETIS is a multi-fluid Navier–Stokes solver which can be

considered 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 fluids (water, air, and slide). It applies VOF

method

TREFLE department of the I2M Laboratory at

Bordeaux, France (https://www.i2m.u-

bordeaux.fr/en)

LS3D A 2D depth-integrated numerical model which applies a fourth-

order Boussinesq approximation for an arbitrary time-

variable bottom boundary

Ataie-Ashtiani and Najafi Jilani (2007)

LYNETT- Mild-Slope

Equation (MSE)

MSE is a depth-integrated version of the Laplace equation

operating under the assumption of inviscid flow and mildly

varying bottom slopes

Lynett and Martinez (2012)

Tsunami 3D A simplified 3D Navier–Stokes model for two fluids (water and

landslide material) using VOF for tracking of water surface

Horrillo et al. (2013)

Kim et al. (2020)

(Cornell Multi-grid

Coupled Tsunami

Mode (COMCOT)

COMCOT adopts explicit staggered leap-frog finite difference

schemes to solve Shallow Water Equations in both Spherical

and Cartesian Coordinates

Liu et al. (1998); Wang and Liu (2006)

TWO-LAYER A mathematical model for a two-layer flow along a non-

horizontal bottom. Conservation of mass and momentum

equations are depth integrated in each layer, and nonlinear

kinematic and dynamic conditions are specified at the free

surface and at the interface between fluids

Imamura and Imteaz (1995)
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mass to the water surface, was D=0.045 m. The

material of the solid block used in our study was

concrete with a density of 2600 kg/m3. Table 2

provides detailed information on the dimensions and

kinematics of this solid block used in our physical

experiments.

We took scale effects into account during physical

experiments by considering the study by Heller et al.

(2008) who proposed a criterion for avoiding scale

effects. Heller et al. (2008) stated that the scale

effects can be negligible as long as the Weber number

(W ¼ qgh2=r; where r is surface tension coefficient)

is greater than 5.0 � 103 and the Reynolds number

(R ¼ g0:5h1:5=m; where m is kinematic viscosity) is

greater than 3.0 � 105 or water depth (h) is

approximately above 0.20 m. Considering the water

temperature of approximately 20 �C during our

experiments, the kinematic viscosity (m) and surface

tension coefficient (r) of water become 1.01 � 10–6

m2/s and 0.073 N/m, respectively. Therefore, the

Reynolds and Weber numbers were as R ¼ 3.8 � 105

and W ¼ 8.1 � 105, indicating that the scale effect

can be insignificant in our experiments. To record the

waves, we used a twin wire wave gauge provided by

HR Wallingford (https://equipit.hrwallingford.com).

This wave gauge was placed at X = 1.03 m,

Y = 1.21 m based on the coordinate system shown in

Fig. 2a.

2.2. Numerical Simulations

The numerical simulations in this work were

performed employing two CFD packages FLOW-3D

HYDRO, and OpenFOAM which have been widely

used in industry and academia (e.g., Bayon et al.,

2016; Jasak, 2009; Rauter et al., 2021; Romano et al.,

2020a, b; Yin et al., 2015).

2.2.1 Governing Equations and Turbulent Models

2.2.1.1 FLOW-3D HYDRO The FLOW-3D

HYDRO solver is based on the fundamental law of

mass, momentum and energy conservation. To esti-

mate the influence of turbulent fluctuations on the

flow quantities, it is expressed by adding the diffusion

Figure 1
The geometrical and kinematic parameters of a subaerial landslide tsunami. Parameters are: h, water depth; aM , maximum wave amplitude; a,

slope angle;vs, slide velocity; ls, length of landslide; bs, width of landslide; s, thickness of landslide; SWL, still water level; D, travel distance

(the distance from the toe of the sliding mass to the water surface); L, length of the wave tank; and W , width of the wave tank and H, is the

hight of the wave tank

R. Sabeti et al. Pure Appl. Geophys.
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terms in the following mass continuity and momen-

tum transport equations:

VF
oq
ot

þ o

ox
quAxð Þ þ n

quAx

x
¼ RDIF þ RSOR ð1Þ

RDIF ¼ o

ox
UqAx

oq
ox

� �
þ n

UqAx

x

oq
ox

ð2Þ

RSOR

q
¼ o

ox
uAxð Þ þ n

uAx

x
ð3Þ

Equation (1) is the general mass continuity equa-

tion, where u is fluid velocity in the Cartesian

coordinate directions (x), Ax is the fractional area

open to flow in the x direction, VF is the fractional

volume open to flow, q is the fluid density, R and n
are coefficients that depend on the choice of the

coordinate system. When Cartesian coordinates are

used, R is set to unity and n is set to zero. RDIF and

RSOR are the turbulent diffusion and density source

terms, respectively. Uq ¼ Scl�=q, in which Sc is the

turbulent Schmidt number, l� is the dynamic viscos-

ity, and q is fluid density. RSOR is applied to model

mass injection through porous obstacle surfaces.

Figure 2
a Wave tank setup of the physical experiments of this study. b Numerical simulation setup for the FLOW-3D HYDRO Model. c The

numerical set-up for the OpenFOAM model. The location of the physical wave gauge (represented by numerical gauge WG-3 in the numerical

simulations) is at X = 1.03 m, Y = 1.21 m, and Z = 0.046 m. d Top view showing the locations of numerical wave gauges (WG-1, WG-2,

WG-3, WG-4, WG-5)
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The 3D equations of motion are solved with the

following Navier–Stokes equations with some addi-

tional terms:

ou

ot
þ 1

VF
uAx

ou

ox

� �
� n

Ayv2

xVF

¼ � 1

q
op

ox
þ Gx þ f x � bx �

RSOR

qVF
ðuÞ ð4Þ

where t is time, Gx is accelerations due to gravity, f x

is viscous accelerations, and bx is the flow losses in

porous media.

According to Flow Science (2022), FLOW-3D

HYDRO’s turbulence models differ slightly from

other formulations by generalizing the turbulence

production with buoyancy forces at non-inertial

accelerations and by including the influence of

fractional areas/volumes of the FAVOR method

(Fractional Area-Volume Obstacle Representation)

method. Here we use k–x model for turbulence

modelling. The k–x model demonstrates enhanced

performance over the k-e and Renormalization-Group

(RNG) methods in simulating flows near wall

boundaries. Also, for scenarios involving pressure

changes that align with the flow direction, the k–x
model provides more accurate simulations, effec-

tively capturing the effects of these pressure

variations on the flow (Flow Science, 2022). The

equations for turbulence kinetic energy are

formulated as below based on Wilcox’s k–x model

(Flow Science, 2022):

okT

ot
þ 1

VF
uAx

okT

ox

� �
¼ PT þ GT þ Diff KT

� b�qx

ð5Þ

where kT is turbulent kinetic energy, PT is the tur-

bulent kinetic energy production, Diff KT
is diffusion

of turbulent kinetic energy, GT is buoyancy produc-

tion, b�=0.09 is closure coefficient, and x is turbulent

frequency.

2.2.1.2 OpenFOAM For the simulations conducted

in this study, OpenFOAM utilizes the Volume-

Averaged RANS equations (VARANS) to enable the

representation of flow within porous material, treated

as a continuous medium. The momentum equation

incorporates supplementary terms to accommodate

frictional forces from the porous media. The mass

and momentum conservation equations are linked to

the VOF equation (Jesus et al., 2012) and are

expressed as follows:

oui

oxin
¼ 0 ð6Þ

1 þ cð Þ oqui

otn
þ uioqui

oxjn
¼ �gjxj

oq
oxi

� oP�

oxi
� f ri

� o

oxj
leff

oqui

oxjn
þ oqui

oxin

� �

� Aui � B uij jui

ð7Þ

os
ot

þ ouis
oxin

þ ouicsð1 � sÞ
oxin

¼ 0 ð8Þ

where the gravitational acceleration components are

denoted bygj. The term ui ¼ 1
Vf

R 0

Vf
ujdV represents

the volume averaged ensemble averaged velocity (or

Darcy velocity) component, Vf is the fluid volume

contained in the average volumeV ,s is the surface

tension constant (assumed to be 1 for the water phase

and 0 for the air phase), and f ri is surface tension,

defined as f ri ¼ rj oa
oxi

, where r (N/m) is the surface

tension constant and j (1/m) is the curvature

(Brackbill et al., 1992). leff is the effective dynamic

viscosity that is defined as leff ¼ lþ qmt and takes

into account the dynamic molecular (l) and the tur-

bulent viscosity effects (qmt). mt is eddy viscosity,

Table 2

Geometrical and kinematic information of the sliding mass used for

physical experiments in this study

Parameter, unit Value/type

Slide width (bs), m 0.26

Slide length (ls), m 0.20

Slide thickness (s), m 0.10

Slide volume (V), m3 2.60 � 10–3

Specific gravity, (cs) 2.60

Slide weight (ms), kg 6.86

Slide impact velocity (vs), m/s 1.84

Slide Froude number (Fr) 1.18

Material Concrete

The slide Froude number (Fr) is calculated by using the following

equation: Fr ¼ vs=
ffiffiffiffiffi
gh

p
; here vs is slide impact velocity, g is

gravitational acceleration, and h is water depth (h = 0.246 m in our

physical experiments)

R. Sabeti et al. Pure Appl. Geophys.



which is provided by the turbulence closure model. n

is the porosity, defined as the volume of voids over

total volume, and P� ¼ 1
Vf

R 0

oVf
P�dS is the ensemble

averaged pressure in excess of hydrostatic pressure.

The coefficient A accounts for the frictional force

induced by laminar Darcy-type flow, B considers the

frictional force under turbulent flow conditions, and c

accounts for the added mass. These coefficients (A,B,

and c) are defined based on the work of Engelund

(1953) and later modified by Van Gent (1995) as

given below:

A ¼ a
ð1 � nÞ2l

n3D50
2

ð9Þ

B ¼ bð1 þ 7:5

KC
Þ ð1 � nÞq

n3D50

ð10Þ

c ¼ c
1 � n

n
ð11Þ

where D50 is the mean nominal diameter of the por-

ous material, KC is the Keulegan–Carpenter number,

a and b are empirical nondimensional coefficients

(see Lara et al., 2011; Losada et al., 2016) and c =

0.34 is a nondimensional parameter as proposed by

Van Gent (1995). The k-x Shear Stress Transport

(SST) turbulence is employed to capture the effect of

turbulent flow conditions (Zhang & Zhang, 2023)

with the enhancement proposed by Larsen and

Fuhrman (2018) for the over-production of turbu-

lence beneath surface waves. Boundary layers are

modelled with wall functions. The reader is referred

to Larsen and Fuhrman (2018) for descriptions, val-

idations, and discussions of the stabilized turbulence

models.

2.2.2 FLOW-3D HYDRO Simulation Procedure

In our specific case in this study, FLOW-3D HYDRO

utilizes the finite-volume method to numerically

solve the equations described in the previous

Sect. 2.2.1.1, ensuring a high level of accuracy in

the computational modelling. The use of structured

rectangular grids in FLOW-3D HYDRO offers the

Figure 3
a, b Sensitivity of numerical simulations to the sizes of the mesh (Dx) for FLOW-3D HYDRO, and OpenFOAM, respectively. The location of

the wave gauge 3 (WG-3) is at X = 1.03 m, Y = 1.21 m, and Z = -0.55 m (see Fig. 2d)

Figure 4
Validation of the simulated waves (brown line for FLOW-3D

HYDRO and green line for OpenFOAM) using the laboratory-

measured waves (black solid diamonds). This physical experiment

was conducted for wave gauge 3 (WG-3) located at X = 1.03 m,

Y = 1.21 m, and Z = -0.55 m (see Fig. 2d). Here, e shows the

errors between simulations and actual physical measurements using

Eq. (13)
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advantages of easier development of numerical

methods, greater transparency in their relation to

physical problems, and enhanced accuracy and sta-

bility of numerical solutions. (Flow Science, 2022).

Curved obstacles, wall boundaries, or other geometric

features are embedded in the mesh by defining the

fractional face areas and fractional volumes of the

cells that are open to flow (the FAVOR method). The

VOF method is employed in FLOW-3D HYDRO for

accurate capturing of the free-surface dynamics (Hirt

and Nichols 1981). This approach then is upgraded to

method of the TruVOF which is a split Lagrangian

method that typically produces lower cumulative

volume error than the alternative methods (Flow

Science, 2022).

For numerical simulation using FLOW-3D

HYDRO, the entire flow domain was 2.60 m wide,

0.60 m deep and 2.50 m long (Fig. 2b). The specific

gravity (cs) for solid blocks was set to 2.60 in our

model, aligning closely with the density of the actual

sliding mass, which was approximately determined in

our physical experiments. The fluid medium was

modelled as water with a density of 1000 kg/m3 at

20 �C. A uniform grid comprising of one single mesh

plane was applied with a grid size of 0.005 m. The

top, front and back of the mesh areas were defined as

Figure 5
Comparison between the simulated waveforms by FLOW-3D HYDRO (black) and OpenFOAM (red) at four different locations in the near-

field zone (WG-1,2,4 and 5). WG is the abbreviation for wave gauge. The mismatch (D) between the two models at each wave gauge is

calculated using Eq. (14)

R. Sabeti et al. Pure Appl. Geophys.



symmetry, and the other surfaces were of wall type

with no-slip conditions around the walls.

To simulate turbulent flows, k-x model was used

because of its accuracy in modelling turbulent flows

(Menter 1992). Landslide movement was replicated

in simulations using coupled motion objects, which

implies that the movement of landslides is based on

gravity and the friction between surfaces rather than a

specified motion in which the model should be

provided by force and torques. The time intervals of

the numerical model outputs were set to 0.02 s to be

consistent with the actual sampling rates of our wave

gauges in the laboratory. In order to calibrate the

FLOW-3D HYDRO model, the friction coefficient is

set to 0.45, which is consistent with the Coulombic

friction measurements in the laboratory. The Courant

Number (C ¼ UDt
Dx ) is considered as the criterion for

the stability of numerical simulations which gives the

Figure 6
Comparison of water surface elevations produced by solid-block subaerial landslides for the two numerical models FLOW-3D-HYDRO (a–

c) and OpenFOAM (e–g) at different times

Three-Dimensional Simulations of Subaerial Landslide-Generated Waves



maximum time step (Dt) for a prespecified mesh size

(Dx) and flow speed (U). The Courant number was

always kept below one.

2.2.3 OpenFOAM Simulation Procedure

OpenFOAM is an open-source platform containing

several C?? libraries which solves both 3D Rey-

nolds-Averaged Navier–Stokes equations (RANS)

and Volume-Averaged RANS equations (VARANS)

for two-phase flows (https://www.openfoam.com/

documentation/user-guide). Its implementation is

based on a tensorial approach using object-oriented

programming techniques and the Finite Volume

Method (McDonald 1971). In order to simulate the

subaerial landslide-generated waves, the IHFOAM

solver based on interFoam (Higuera et al.,

2013a, 2013b), and the overset mesh framework

method are employed. The implementation of the

overset mesh method for porous mediums in

Figure 7
Snapshots of the simulations at different times for FLOW-3D HYDRO (a–c) and OpenFOAM (e–g) showing velocity fields (colour maps and

arrows). The colormaps indicate water particle velocity in m/s, and the lines indicate the velocities of water particles
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OpenFOAM is described in Romano et al. (2020a, b)

for submerged rigid and impermeable landslides.

The overset mesh technique, as outlined by

Romano et al. (2020a, b), uses two distinct domains:

a moving domain that captures the dynamics of the

rigid landslide and a static background domain to

characterize the numerical wave tank. The overlap-

ping of these domains results in a composite mesh

that accurately depicts complex geometrical transfor-

mations while preserving mesh quality. A porous

media with a very low permeability (n = 0.001) was

used to simulate the impermeable sliding surfaces.

RANS equations were solved within the porous

media. The Multidimensional Universal Limiter with

Explicit Solution (MULES) algorithm is employed

for solving the (VOF) equation, ensuring precision in

tracking fluid interfaces. Simultaneously, the PIM-

PLE algorithm is employed for the effective

resolution of velocity–pressure coupling in the

Eqs. 7 and 8. A background domain was created to

reproduce the subaerial landslide waves with dimen-

sions 2.50 m (x-direction) 9 2.60 m (y-

direction) 9 0.6 m (z-direction) (Fig. 2c). The grid

size is set to 0.005 m for the background mesh. A

moving domain was applied in an area of 0.35 m (x-

direction) 9 0.46 m (y-direction) 9 0.32 m (z-direc-

tion) with a grid spacing of 0.005 m and applying a

body-fitted mesh approach, which contains the rigid

and impermeable wedges. Wall condition with No-

slip is defined as the boundary for the four side walls

(left, right, front and back, in Fig. 1). Also, a non-slip

boundary condition is specified to the bottom,

whereas the top boundary is defined as open. The

experimental slide movement time series is used to

model the landslide motion in OpenFOAM. The

applied equation is based on the analytical solution

by Pelinovsky and Poplavsky (1996) which was later

elaborated by Watts (1998). The motion of a sliding

rigid body is governed by the following equation:

m þ Cmm0ð Þ d2s

dt2
¼ m � m0ð Þg sinh� Cncoshð Þ

� 1

2
CdqAðds

dt
Þ

2

ð12Þ

where, m represents the mass of the landslide, s is the

displacement of the landslide down the slope, t is

time elapsed, g stands for the acceleration due to

gravity, h is the slope angle, Cf is the Coulomb

friction coefficient, Cm is the added mass coefficient,

m0 denotes the mass of the water displaced by the

moving landslide, A is the cross-sectional area of the

landslide perpendicular to the direction of motion, q
is the water density, and Cd is the drag coefficient.

2.2.4 Mesh Sensitivity Analysis

In order to find the most efficient mesh size, mesh

sensitivity analyses were conducted for both numer-

ical models (Fig. 3). We considered the influence of

mesh density on simulated waveforms by considering

three mesh sizes (Dx) of 0.0025 m, 0.005 m and

0.010 m. The results of FLOW-3D HYDRO revealed

that the largest mesh deviates 9% (Fig. 3a, Dx =

0.0100 m) from two other finer meshes. Since the

simulations by FLOW-3D HYDRO for the finest

mesh (Dx = 0.0025 m) do not show any improve-

ments in comparison with the 0.005 m mesh,

therefore the mesh with the size of Dx = 0.0050 m

is used for simulations (Fig. 3a). A similar approach

was followed for mesh sensitivity of OpenFOAM

mesh grids. The mesh with the grid spacing of Dx =

0.0050 m was selected for further simulations since a

satisfactory independence was observed in compar-

ison with the half size mesh (Dx = 0.0025 m).

However, results showed that the mesh size with the

double size of the selected mesh (Dx = 0.0100 m) was

not sufficiently fine to minimize the errors (Fig. 3b).

In terms of computational cost, the time required

for 2 s simulations by FLOW-3D HYDRO is approx-

imately 4.0 h on a PC Intel� CoreTM i7-8700 CPU

with a frequency of 3.20 GHz equipped with a 32 GB

Figure 8
Comparison of velocity variations at (WG-3) for FLOW-3D

HYDRO (light blue) and OpenFOAM (brown)
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RAM. OpenFOAM requires 20 h to run 2 s of

numerical simulation on 2 processors on a PC Intel�

CoreTM i9-9900KF CPU with a frequency of

3.60 GHz equipped with a 364 GB RAM. Differ-

ences in computational time for simulations run with

FLOW-3D HYDRO and OpenFOAM reflect the

distinct characteristics of each numerical methods,

and the specific hardware setups.

2.2.5 Validation

We validated both numerical models based on our

laboratory experimental data (Fig. 4). The following

criterion was used to assess the level of agreement

between numerical simulations and laboratory

observations:

e ¼ Obsi � Simi

Obsi

����
����� 100 ð13Þ

where e is the mismatch error, Obsi is the laboratory

observation values, Simi is the simulation values, and

the mathematical expression Xj j represents the

absolute value of X. The slope angle (a), water depth

(h) and travel distance (D) were: a = 45�,
h = 0.246 m and D = 0.045 m in both numerical

models, consistent with the physical model. We find

the percentage error between each simulated data

point and its corresponding observed value, and

subsequently average these errors to assess the

overall accuracy of the simulation against the

observed time series. Our results revealed that the

mismatch errors between physical experiments and

numerical models for the FLOW-3D HYDRO and

OpenFOAM are 8% and 18%, respectively, indicat-

ing that our models reproduce the measured

waveforms satisfactorily (Fig. 4). The simulated

waveform by OpenFOAM shows a minor mismatch

at t = 0.76 s which resulted from a droplet immedi-

ately after the slide hits the water surface in the splash

zone. In term of the maximum negative amplitude,

the simulated waves by OpenFOAM indicates a rel-

atively better performance than FLOW-3D HYDRO,

whereas the maximum positive amplitude (aM) sim-

ulated by FLOW-3D HYDRO is closer to the

experimental value. The recorded maximum positive

amplitude in physical experiment is 0.022 m,

whereas it is 0.020 m for FLOW-3D HYDRO and

0.017 m for OpenFOAM simulations. In acknowl-

edging the deviations observed, it is pertinent to

highlight that while numerical models offer robust

insights, the difference in meshing techniques and the

distinct computational methods to resolve the gov-

erning equations in FLOW-3D HYDRO and

OpenFOAM have contributed to the variance.

Moreover, the intrinsic uncertainties associated with

the physical experimentation process, including the

precision of wave gauges and laboratory conditions,

are non-negligible factors influencing the results.

3. Results

Following the validations of the two numerical

models (FLOW-3D HYDRO and OpenFOAM), a

series of simulations were performed to compare the

performances of these two CFD solvers. The gener-

ation process of landslide waves, waveforms, and

velocity fields are considered as the basis for com-

paring the performance of the two models (Figs. 5, 6,

7 and 8).

3.1. Comparison of Waveforms

Five numerical wave gauges were placed in our

numerical models to measure water surface oscilla-

tions in the near-field zone (Fig. 5). These gauges

offer an azimuthal coverage of 60� (Fig. 2d). Fig-

ure 5 reveals that the simulated waveforms from two

models (FLOW-3D HYDRO and OpenFOAM) are

similar. The highest wave amplitude (aM) is recorded

at WG-3 for both models, whereas the lowest

amplitude is recorded at WG-5 and WG-1 which

can be attributed to the longer distances of these

gauges from the source region as well as their lateral

offsets, resulting in higher wave energy dissipation at

these gauges. The sharp peaks observed in the

simulated waveforms, such as the red peak between

0.8–1.0 s in Fig. 5a from OpenFOAM, the red peak

between 0.6–0.8 s in Fig. 5b also from OpenFOAM,

and the black peak between 1.4–1.6 s in Fig. 5d from

FLOW-3D HYDRO, are due to the models’ spatial

and temporal discretization. They reflect the sensi-

tivity of the models to capturing transient

phenomena, where the chosen mesh and time-
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stepping intervals are key factors in the models’

ability to track rapid changes in the flow field. To

quantify the deviations of the two models from one

another, we apply the following equation for mis-

match calculation:

D ¼ Sim1 � Sim2

Sim1

����
����� 100 ð14Þ

where D is the mismatch error, Sim1 is the simulation

values from FLOW-3D HYDRO, Sim2 is the simu-

lation values from OpenFOAM, and the

mathematical expression Xj j implies the absolute

value of X. We calculate the percentage difference for

each corresponding pair of simulation results, then

take the mean of these percentage differences to

determine the average deviation between the two

simulation time series. Using Eq. (14), we found a

deviation range from 9 to 11% between the two

models at various numerical gauges (Fig. 5), further

confirming that the two models give similar simula-

tion results.

3.2. Three-Dimensional Vision of Landslide

Generation Process by Numerical Models

A sequence of four water surface elevation

snapshots at different times is shown in Fig. 6 for

both numerical modes. In both simulations, the

sliding mass travels a constant distance of 0.045 m

before hitting the water surface at t = 0.270 s which

induces an initial change in water surface elevation

(Figs. 6a and e). At t = 0.420 s, the mass is fully

immersed for both simulations and an initial dipole

wave is generated (Figs. 6b and f). Based on both

numerical models, the maximum positive amplitude

(0.020 m for FLOW-3D HYDRO, and 0.017 m for

OpenFOAM) is observed at this stage (Fig. 6). The

maximum propagation of landslide-simulated waves

along with more droplets in the splash zone could be

seen at t = 0.670 s for both models (Fig. 6c and g).

The observed distinctions in water surface elevation

simulations as illustrated in Fig. 6 are rooted in the

unique computational methodologies intrinsic to each

model. In the OpenFOAM simulations, a more

diffused water surface elevation profile is evident.

Such diffusion is an outcome of the simulation’s

intrinsic treatment of turbulent kinetic energy

dissipation, aligning with the solver’s numerical

dissipation characteristics. These traits are influenced

by the selected turbulence models and the numerical

advection schemes, which prioritize computational

stability, possibly at the expense of interface sharp-

ness. The diffusion in the wave pattern as rendered by

OpenFOAM reflects the application of a turbulence

model with higher dissipative qualities, which serves

to moderate the energy retained during wave prop-

agation. This approach can provide insights into the

potential overestimation of energy loss under specific

simulation conditions. In contrast, the simulations

from FLOW-3D HYDRO depict a more localized

wave pattern, indicative of a different approach to

turbulent dissipation. This coherence in wave fronts

is a function of the model’s specific handling of the

air–water interface and its targeted representation of

the energy dynamics resulting from the landslide’s

interaction with the water body. They each have

specific attributes that cater to different aspects of

wave simulation fidelity, thereby contributing to a

more comprehensive understanding of the phenom-

ena under study.

3.3. Wave Velocity Analysis

We show four velocity fields at different times

during landslide motion in Fig. 7 and one time series

of velocity (Fig. 8) for both numerical models. The

velocity varies in the range of 0–1.9 m/s for both

models, and the spatial distribution of water particle

velocity appears to be similar in both. The models

successfully reproduce the complex wavefield around

the landslide generation area, which is responsible for

splashing water and mixing with air around the

source zone (Fig. 7). The first snapshot at t = 0.270 s

(Fig. 7a and e) shows the initial contact of the sliding

mass with water surface for both numerical models

which generates a small elevation wave in front of the

mass exhibiting a water velocity of approximately

1.2 m/s. The slide fully immerses for the first time at

t = 0.420 s producing a water velocity of approxi-

mately 1.5 m/s at this time (Fig. 7b and f). The last

snapshot (t = 0.670 s) shows 1.20 s after the slide

hits the bottom of the wave tank. Both models show

similar patterns for the propagation of the waves

towards the right side of the wave tank. The
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differences in water surface profiles close to the slope

and solid block at t = 0.67 s, observed in the FLOW-

3D HYDRO and OpenFOAM simulations (Figs. 6

and 7), are due to the distinct turbulence models

employed by each (RNG and k-x SST, respectively)

which handle the complex interactions of the land-

slide-induced waves with the structures differently.

Additionally, the methods of simulating landslide

movement further contribute to this discrepancy, with

FLOW-3D HYDRO’s coupled motion objects possi-

bly affecting the waves’ initiation and propagation

unlike OpenFOAM’s prescribed motion from exper-

imental data. In addition to the turbulence models, the

variations in VOF methodologies between the two

models also contribute to the observed discrepancies.

For the simulated time series of velocity, both

models give similar patterns and close maximum

velocities (Fig. 8). For both models the WG-3 located

at X = 1.03 m, Y = 1.21 m, and Z = - 0.55 m

(Fig. 2d) were used to record the time series. WG-3

is positioned 5 mm above the wave tank bottom,

ensuring that the measurements taken reflect veloc-

ities very close to the bottom of the wave tank. The

maximum velocity calculated by FLOW-3D HYDRO

is 0.162 m/s while it is 0.132 m/s for OpenFOAM,

implying a deviation of approximately 19% from one

another. Some oscillations in velocity records are

observed for both models, but these oscillations are

clearer and sharper for OpenFOAM. Although it is

hard to see velocity oscillations in the FLOW-3D

HYDRO record, a close look may reveal some small

oscillations (around t = 0.55 s and 0.9 s in Fig. 8). In

fact, velocity oscillations are expected due to the

variations in velocity of the sliding mass during the

travel as well as due to the interferences of the initial

waves with the reflected wave from the beach. In

general, it appears that the velocity time series of the

two models show similar patterns and similar max-

imum values although they have some differences in

the amplitudes of the velocity oscillations. The

differences between the two curves are attributed to

factors such as difference in meshing between the two

models, turbulence models, as well as the way that

two models record the outputs.

4. Discussions

An important step for CFD modelling in academic

or industrial projects is the selection of an appropriate

numerical model that can deliver the task with sat-

isfactory performance and at a reasonable

computational cost. Obviously, the major drivers

when choosing a CFD model are cost, capability,

flexibility, and accessibility. In this sense, the existing

options are of two types as follows:

• Commercial models, such as FLOW-3D HYDRO,

which are optimised to solve free-surface flow

problems, with customer support and an intuitive

Graphical User Interface (GUI) that significantly

facilitates meshing, setup, simulation monitoring,

visualization, and post-processing. They usually

offer high-quality customer support. Although

these models show high capabilities and flexibil-

ities for numerical modelling, they are costly, and

thus less accessible.

• Open-source models, such as OpenFOAM, which

come without a GUI but with coded tools for

meshing, setup, parallel running, monitoring, post-

processing, and visualization. Although these mod-

els offer no customer support, they have a big

community support and online resources. Open-

source models are free and widely accessible, but

they may not be necessarily always flexible and

capable.

OpenFOAM provides freedom for experimenting

and diving through the code and formulating the

problem for a user whereas FLOW-3D HYDRO

comes with high-level customer supports, tutorial

videos and access to an extensive set of example

simulations (https://www.flow3d.com/). While

FLOW-3D-HYDRO applies a semi-automatic mesh-

ing process where users only need to input the 3D

model of the structure, OpenFOAM provides mesh-

ing options for simple cases, and in many advanced

cases, users need to create the mesh in other software

(e.g., ANSYS) (Ariza et al., 2018) and then convert it

to OpenFOAM format. Auspiciously, there are

numerous online resources (https://www.openfoam.

com/trainings/about-trainings), and published exam-

ples for OpenFOAM (Rauter et al., 2021; Romano

et al., 2020a, b; Zhang & Zhang, 2023).
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The capabilities of both FLOW-3D HYDRO and

OpenFOAM to simulate actual, complex landslide-

generated wave events have been showcased in sig-

nificant case studies. The study by Ersoy et al. (2022)

applied FLOW-3D HYDRO to simulate impulse

waves originating from landslides near an active fault

at the Çetin Dam Reservoir, highlighting the model’s

capacity for detailed, site-specific modelling. Con-

currently, the work by Alexandre Paris (2021)

applied OpenFOAM to model the 2017 Karrat Fjord

landslide tsunami events, providing a robust valida-

tion of OpenFOAM’s utility in capturing the

dynamics of real-world geophysical phenomena.

Both instances exemplify the sophisticated compu-

tational approaches of these models in aiding the

prediction and analysis of natural hazards from

landslides.

As for limitations of this study, we acknowledge

that our numerical models are validated by one real-

world measured wave time series. However, it is

believed that this one actual measurement was suffi-

cient for validation of this study because it was out of

the scope of this research to fully validate the FLOW-

3D HYDRO and OpenFOAM models. These two

models have been fully validated by more actual

measurements by other researchers in the past (e.g.,

Sabeti & Heidarzadeh, 2022b). It is also noted that

some of the comparisons made in this research were

qualitative, such as the 3D wave propagation snap-

shots, as it was challenging to develop quantitative

comparisons for snapshots. Another limitation of this

study concerns the number of tests conducted here.

We fixed properties such as water depth, slope angle,

and travel distance throughout this study because it

was out of the scope of this research to perform

sensitivity analyses.

5. Conclusions

We configured, calibrated, validated and com-

pared two numerical models, FLOW-3D HYDRO,

and OpenFOAM, using physical experiments in a 3D

wave tank. These validated models were used to

simulate subaerial solid-block landslides in the near-

field zone. Our results showed that both models are

fully compatible with investigating waves generated

by subaerial landslides, although they use different

approaches to simulate the phenomenon. The prop-

erties of solid-block, water depth, slope angle, and

travel distance were kept constant in this study as we

focused on comparing the performance of the two

models rather than conducting a full sensitivity

analysis. The findings are as follows:

• Different settings were used in the two models for

modelling landslide-generated waves. In terms of

turbulent flow modelling, we used the Renormal-

ization Group (RNG) turbulence model in FLOW-

3D HYDRO, and k-x (SST) turbulence model in

OpenFOAM. Regarding meshing techniques, the

overset mesh method was used in OpenFOAM,

whereas the structured cartesian mesh was applied

in FLOW-3D HYDRO. As for simulation of

landslide movement, the coupled motion objects

method was used in FLOW-3D HYDRO, and the

experimental slide movement time series were

prescribed in OpenFOAM.

• Our modelling revealed that both models success-

fully reproduced the physical experiments. The two

models deviated 8% (FLOW-3D HYDRO) and

18% (OpenFOAM) from the physical experiments,

indicating satisfactory performances. The maxi-

mum water particle velocity was approximately

1.9 m/s for both numerical models. When the

simulated waveforms from the two numerical

models are compared with each other, a deviation

of 10% was achieved indicating that the two

models perform approximately equally. Comparing

the 3D snapshots of the two models showed that

there are some minor differences in reproducing

the details of the water splash in the near field.

• Regarding computational costs, FLOW-3D

HYDRO was able to complete the same simula-

tions in 4 h as compared to nearly 20 h by

OpenFOAM. However, the hardware that were

used for modelling were not the same; the com-

puter used for the OpenFOAM model was stronger

than the one used for running FLOW-3D HYDRO.

Therefore, it is challenging to provide a fair

comparison for computational time costs.

• Overall, we conclude that the two models give

approximately similar performances, and they are

both capable of accurately modelling landslide-
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generated waves. The choice of a model for

research or industrial projects may depend on

several factors such as availability of local knowl-

edge of the models, computational costs,

accessibility and flexibilities of the model, and

the affordability of the cost of a license (either a

commercial or an open-source model).
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(2016). Performance assessment of OpenFOAM and FLOW-3D

in the numerical modeling of a low Reynolds number hydraulic

jump. Environmental Modelling & Software, 80, 322–335.

https://doi.org/10.1016/j.envsoft.2016.02.018

Bellotti, G., & Romano, A. (2017). Wavenumber-frequency anal-

ysis of landslide-generated tsunamis at a conical island. Part II:

EOF and modal analysis. Coastal Engineering, 128, 84–91.

https://doi.org/10.1016/j.coastaleng.2017.07.008

Biscarini, C. (2010). Computational fluid dynamics modelling of

landslide generated water waves. Landslides, 7(2), 117–124.

https://doi.org/10.1007/s10346-009-0194-z

Brackbill, J. U., Kothe, D. B., & Zemach, C. (1992). A continuum

method for modeling surface tension. Journal of computational

physics, 100(2), 335–354.

Cecioni, C., Romano, A., Bellotti, G., Di Risio, M., & De Giro-

lamo, P. (2011). Real-time inversion of tsunamis generated by

R. Sabeti et al. Pure Appl. Geophys.

https://flow3d.co.uk/
https://flow3d.co.uk/
https://equipit.hrwallingford.com
https://equipit.hrwallingford.com
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.coastaleng.2010.04.002
https://doi.org/10.1002/ceat.201700455
https://doi.org/10.1002/ceat.201700455
https://doi.org/10.1002/fld.1354
https://doi.org/10.1016/j.envsoft.2016.02.018
https://doi.org/10.1016/j.coastaleng.2017.07.008
https://doi.org/10.1007/s10346-009-0194-z


landslides. Natural Hazards & Earth System Sciences, 11(9),

2511–2520. https://doi.org/10.5194/nhess-11-2511-2011

Cremonesi, M., Frangi, A., & Perego, U. (2011). A Lagrangian

finite element approaches the simulation of water-waves induced

by landslides. Computers & Structures, 89(11–12), 1086–1093.

Del Jesus, M., Lara, J. L., & Losada, I. J. (2012). Three-dimen-

sional interaction of waves and porous coastal structures: Part I:

Numerical model formulation. Coastal Engineering, 64, 57–72.

https://doi.org/10.1016/J.COASTALENG.2012.01.008

Di Risio, M., De Girolamo, P., Bellotti, G., Panizzo, A., Aris-

todemo, F., Molfetta, M. G., & Petrillo, A. F. (2009). Landslide-

generated tsunamis runup at the coast of a conical island: New

physical model experiments. Journal of Geophysical Research:

Oceans. https://doi.org/10.1029/2008JC004858

Engelund, F., & Munch-Petersen, J. (1953). Steady flow in con-

tracted and expanded rectangular channels. La Houille Blanche,

(4), 464–481.
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Université de Pau et des Pays de l’Adour.

Paris, A., Heinrich, P., & Abadie, S. (2021). Landslide tsunamis:

Comparison between depth-averaged and Navier–Stokes models.

Coastal Engineering, 170, 104022. https://doi.org/10.1016/j.

coastaleng.2021.104022

Pelinovsky, E., & Poplavsky, A. (1996). Simplified model of tsu-

nami generation by submarine landslides. Physics and Chemistry

of the Earth, 21(1–2), 13–17. https://doi.org/10.1016/S0079-

1946(97)00003-7

Rauter, M., Hoße, L., Mulligan, R. P., Take, W. A., & Løvholt, F.

(2021). Numerical simulation of impulse wave generation by

idealized landslides with OpenFOAM. Coastal Engineering, 165,

103815. https://doi.org/10.1016/j.coastaleng.2020.103815
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