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Abstract
Subaerial landslide-generated waves (SALGWs) are among destructive hazards which have
been not often studied in comparison with earthquake-generated tsunamis and submarine
landslide-generated waves. This paper represents a brief review of the physical and
numerical studies on SALGWs. Samples of the laboratory experiments are provided and it
is highlighted that all the available data should be combined and studied collectively to
overcome the discrepancies and improve our understandings of SALGWs. Commonly
applied numerical approaches to simulate SALGWs are discussed. A Boussinesq-type
model (LS3D) considering landslide as a rigid body, and a two-layer shallow-water type
model (2LCMFlow) considering landslide as a layer of a Coulomb mixture are utilized to
investigate the effects of landslide deformations on the characteristics of the
landslide-generated waves (LGWs) based on a set of available experimental data. With a
rigid landslide assumption, the maximum height of LGW is about 16% overstimated.
Dense material deformes into a thick front—thin tail profile and induce a LGW consists of
a larger wave crest than the wave trough while loose material shows a dam-break type
behaviour with a LGW having a larger wave trough. A real case of SALGW is simulated by
both models. The maximum LGW height predicted by the 2LCMFlow model which is
closer to the physics is about 14% less than the equivalent value predicted by the LS3D
model. On the other hand, the LS3D model, with the 4th order of accuracy of wave
dispersion, simulates the LGW propagation stage more efficiently and with around 30%
less runtime. Assessing the effects of the landslide initial submergence on the LGW
characteristics shows that a semi-submerged, a submarine, and a subaerial landslides induce
the largest wave crest, wave trough, and landslide runout distance, respectively. Combining
different conceptual and mathematical models at the various stages of SALGWs initiation,
propagation, transformations and runup can advance the current numerical practice, in this
field, both from accuracy and computational efficiency point of views.
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Nomenclature
A Constant rðr � u0Þ
a Wave amplitude
a0 Characteristic wave amplitude
anm Maximum negative wave amplitude
apm Maximum positive wave amplitude
B Parameter r � hu0ð Þþ ht=e
b Bottom topography
C Parameter f ðA;BÞ
g Gravitational acceleration
H Wave height
h Water depth
h0 Still water depth
h1 Water layer depth
h2 Landslide layer depth
K Earth pressure coefficient
L Wave length
l0 Characteristic length
lS Landslide length
P Pressure
Pzz Normal pressure
q Discharge hu
r Relative density q2=q1
S Slide initial distance from water surface
T Wave period
TS Landslide thickness
t Time
US Rigid landslide velocity vector
u Horizontal velocity vector (u, v)
u Velocity component in x direction
u0 Constant
u1 Constant
u2 Constant
VS Landslide volume
v Velocity component in y direction
w Velocity component in z direction
wS Landslide width
x Cartesian coordinate component
y Cartesian coordinate component
z Cartesian coordinate component
za A distinct water depth
zb A distinct water depth
zS Slide initial height due to water surfaceez Characteristic depth
b Weighting parameter
d Basal friction angle
d0 Angle of repose
dmod Modified d
e Wave nonlinearity index a0=h0
f Water surface fluctuations
h Slope angle
K1 Parameter k1 þKð1� k1Þ
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K2 Parameter rk2 þKð1� rk2Þ
k0 Constant parameter
k1 Constitutive coefficient
k2 Constitutive coefficient
l Wave dispersion index h0=l0
q Density
rc Critical basal stress
/ Internal friction angle
= Coulomb friction term
r Gradient vector ð@=@x; @=@yÞ
Dt Time step
Dx Grid size in x direction
Dy Grid size in y direction

Introduction

Impacts of earthquakes, landslides, volcanic eruptions and
meteorites, into a water body such as lakes, reservoirs, and
oceans generate impulsive gravity water waves. The most
common cause of such impulsive wave events is seismic dis-
placements of the seafloorwhich initiate earthquake-generated
waves (EGWs)or tsunamis.Tsunamisaredevastatingdisasters
with fatal consequences due to overtopping dams, shorelines,
and their defensive structures, and subsequent flooding.
Landslide-generated waves (LGWs) are gravity waves gener-
ated by the impulsive impacts of a submarine or subaerial
landslide into a water body. In some cases, a combination of
seismicdisplacements andmass failures are required toexplain
the large values of the observed induced wave heights and
run-ups (Watts and Borrero 2001). Large-scale LGWs are
extreme natural hazards with destructive and fatal conse-
quences on infrastructures and communities.

Landslides and volcanos are the most common sources of
tsunamis after earthquakes (Yavari-Ramshe and
Ataie-Ashtiani 2016). LGWs are the sources of the biggest
tsunami hazards to the US Atlantic coast even though EGWs
are more often (ten Brink et al. 2014). The term “landslide”
includes all types of natural gravity mass movements
mobilizing soil, rock, lava, ice, pyroclastic material, and
snow (Hungr et al. 2001). When a landslide is initially
located beneath the water surface it is called submarine
landslide (SML) and when a landslide starts its motion
outside the water, it is a subaerial landslide (SAL).

For the past decades, engineers and researchers have
investigated various aspects ofLGWphenomena including the
LGW generation, propagation, and other related conse-
quences. Two recent samples of the endeavors to describe the
state of the art regarding the tsunami waves in general and
LGWs are pointed out in the following. The October 2015
Theme issue ofPhilosophical Transactions of Royal Society A
was devoted to the “Tsunamis: bridging science, engineering

and society” (Kanoglu et al. 2015). In a decade after 2004
Boxing Day tsunami, the issue presented the advances in tsu-
nami science, including methodologies, standards for warn-
ings, and challenges. A recent issue of Landslides was
published as a thematic issue “Landslide-generated tsunami
waves” (Ataie-Ashtiani 2016). The issue consisted of papers
regarding LGWs and the interactions between landslide and
water body. The issue presented the laboratory experiment
investigations, review of the numerical and analytical aspects
of the LGWs modelling, and application of numerical simu-
lation inassociationwithfieldmeasurementsandexaminations
of LGW events and case studies.

The 2004 Indian Ocean earthquake and tsunami with
280,000 casualties is the deadliest natural disaster since
2000. Due to the catastrophic impacts of tsunami events in
the coastal area, a major part of the available technical lit-
erature emphasis on the submarine landslide generated
waves (SMLGWs). The study of LGW processes, e.g. slides
initiation (or triggering), motion, interaction with water and
air, impulsive wave generation, propagation, run-up, over-
topping, and inundation, is a multidisciplinary and chal-
lenging task and is a vital venture for the informed
assessment and management of the LGW risks. The objec-
tive of this work is to provide a brief review of the recent
developments regarding subaerial landslide generated tsu-
nami waves (SALGWs). This work does not aim to provide
a comprehensive review, though to present some samples
from applications of different tools and methods that have
been applied so far, and a particular emphasize is given to
the authors’ previous experiences and works and their
research prospects.

Subaerial Landslide-Generated Waves

When a SAL moves into a water body, it generates
SALGWs. The wave characteristics (e.g. amplitudes,
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velocity, wavelength and period) are governed by the water
body geometry, depth, volume, and dimensions as well as
the slide characteristics, and the slope angle (Fritz et al.
2003; Panizzo et al. 2005a; Zweifel et al. 2006; Najafi-Jilani
and Ataie-Ashtiani 2008). A schematic of a typical SALGW
development at different stages of impulsive wave genera-
tion, propagation, runup, overtopping, and inundation is
shown in Fig. 1. The impact of SAL initiates a violent flow
mixed of slide, water, and air which is shown as splash zone
in Fig. 1. The generated waves, due to the impact, propagate
into the water body (e.g., ocean, dam reservoir) and are
subjected to wave transformations. Finally, LGW run-up and
the following inundation may cause destructive damages in
the downstream.

Some examples of the most catastrophic historical
SALGW events are mentioned here. An earthquake with a
moment magnitude of Mw 7.8 triggered a rockslide of
30 million cubic Meters to fall from several hundred Meters
into the narrow inlet of Lituya Bay, Alaska in 1958. The
rockslide initiates the largest recorded tsunami in the world
with the maximum runup of about 520 m (Miller 1960). The
largest SALGW event occurred in 1963 in Italy as 260
million cubic Meters of rock fell into the reservoir of the
Vajont Dam, built in 1959, producing an enormous flooding
due to at least 50 million cubic Meters of water. The dam did
not suffer any serious damage, but flooding due to the
overtopping height of about 245 m above the dam crest
destroyed several villages in the valley and killed almost
2000 people. (Fritz et al. 2001). The 1792 Unzen–
Mayuyama megaslide (3.4 � 108 m3) was the greatest LGW
disaster in the history of Japan with 15,000 fatalities (Unzen
Restoration Office of the Ministry of Land, Infrastructure
and Transport of Japan 2002). Roberts et al. (2014) compiled
a global catalogue of LGWs caused by SALs including 254
events from the fourteenth century AD to 2012. Norway, one
of the most hazardous area in the world regarding SAL
events, has endured three major rockslide-generated tsuna-
mis of Leon, at 1905 and 1936, and Tafjord, at 1934, with
total 174 fatalities (Harbitz et al. 2014).

Yavari-Ramshe and Ataie-Ashtiani (2016) presented a list
of 34 cases of the historical LGW hazards and their prop-
erties. Based on their work, the slide volume varies from
small amounts of about 105 m3 to large values of more than
100 km3. Figure 2 shows that more than 55% (18 events) of
these cases have a slide volume less than 0.1 km3. More than
25% of death toll due to LGW hazards is due to the landslide
events with a volume less than 0.1 km3 and landslides with
the volume of 1.0–100 km3 are caused 38,200 fatalities,
about 51% of the total loss of life due to LGW events. 75%
of these events are caused by SALs.

Laboratory Studies

Physical models are generally used to gain a better intuition
of LGW behaviour and to identify the influential parameters
on LGW characteristics such as the slide geometrical,
geomechanical, and dynamic parameters, the slope angle,
and water body depth and geometry and to develop pre-
dictive equations as a function of such factors. Noda (1970)
was among the first researchers who experimentally studied
SALGWs caused by solid blocks. He categorized SALGWs

Fig. 1 A schematic of different
stages involved in a SALGW
event
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Fig. 2 Landslide volume distributions (%) for historical LGW events
with the recorded number of fatalities for each category
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into four different patterns as nonlinear oscillatory, nonlinear
transition, solitary-like, and dissipative transient bore which
are schematically shown in Fig. 3. These four LGW types
consist of several waves with respectively a symmetrical
wave profile, a longer wave through than the wave crest, one
dominant wave crest, and one dominant wave containing a
large amount of air in the wave front (Heller and Hager
2011). They also hold the smallest to the largest amounts of
mass transports, respectively (Di Risio et al. 2011).

The laboratory investigations of Kamphuis and Bowering
(1970) on SALGWs showed that the LGW characteristics
were mainly a function of the slide volume and the Froude
number of the slide upon impact with the water. Moreover,
the wave propagation speed can be approximated based on
the solitary wave theory. Huber and Hager (1997) carried out
a set of three-dimensional experiments using granular land-
slide falling into a water tank; they suggested the depen-
dence of wave height to the values of the non-dimensional
landslide volume. Walder et al. (2003) studied the near-field
characteristics of SALGWs by solid blocks in a
two-dimensional physical model. It was displayed that the
quantities controlling near-field wave properties were
non-dimensional landslide volume per unit width,
non-dimensional submerged time of motion and
non-dimensional vertical impact speed. Fritz et al. (2004)
performed elegant two-dimensional laboratory experiments
with granular materials. They presented empirical equations
for predicting pattern of LGWs based on the slide properties
and also presented empirical equations for predicting energy
conservation from the slide to water. Panizzo et al. (2005b)
carried out three-dimensional experiments and concluded
that the maximum generated wave height was influenced
predominantly by a non-dimensional time of underwater
landslide motion and the surface of the landslide front.

A dependence on the inclination angle of the landslide
movement was also observed.

The effects of bed slope angle, water depth, slide impact
velocity, geometry, shape and deformation on impulse wave
characteristics were inspected by Ataie-Ashtiani and
Nik-Khah (2008). The experimental work of Ataie-Ashtiani
and Nik-Khah (2008) is explained briefly as a sample of the
experimental set-ups here. They performed 120 laboratory
tests using rigid, confined and deformable slide masses.
Their experimental set-up is shown in Fig. 4. The impulse
wave features such as amplitude, period and also energy
conversion were studied. Recorded data at near-field and
far-field showed a general pattern of SALGW consists of a
wave train with positive leading wave amplitude. The sec-
ond wave crest of this train has the maximum amplitude
which is followed by smaller oscillatory waves.

Figure 5 demonstrates a sample of the SALGW patterns
features based on the experimental data. The maximum
wave crest amplitude, apm was strongly affected by bed slope
angle, landslide impact velocity, thickness, kinematics and
deformation and weakly by landslide shape. Slide defor-
mation made a maximum reduction in wave crest amplitude
down to 35% and a maximum increasing up to 30% on
period. Slide shape was not strongly affecting the general
feature of impulse wave and at most the amplitude. The
energy transfer from landslide into the wave was generally
increased where the slide Froude number of landslide
decreases. Increasing of slide rigidity caused similar effects.
The experimental data of Ataie-Ashtiani and Nik-Khah
(2008) has been used for the benchmarking SALGW sim-
ulations by numerical models such as LS3D (Ataie-Ashtiani
and Najafi-Jilani 2007) and 2LCMFlow (Yavari-Ramshe and
Ataie-Ashtiani 2015), as will be described in the following
section.

Mohammed and Fritz (2012) physically modelled
SALGWs using deformable granular landslides in a
three-dimensional wave basin. It was shown that the wave
characteristics are dominantly controlled by the landslide
Froude number. In their study, 1–15% of the landslide
kinetic energy at impact was converted into the wave energy.
Heller and Spinneken (2013) conducted tests to study the
influences of the slide Froude number, the relative slide
thickness, and the relative slide mass on SALGW charac-
teristics. Their experiments showed that block slides do not
necessarily generate larger waves than granular slides, in
disagreement with Ataie-Ashtiani and Nik-Khah (2008).
However, they found both the wave amplitude and period in
agreement with the findings of Ataie-Ashtiani and Nik-Khah
(2008). Heller and Spinneken (2015) investigated the effects
of the water body geometry on the wave characteristics in
the near- and far-field, using both two- and
three-dimensional physical models. It was observed that for

Fig. 3 A schematic of the four different patterns of SALGWs
proposed by Noda (1970)
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a small slide Froude number, relative slide thickness and
relative slide mass, the three-dimensional wave heights were
considerably smaller both in the near- and far-field, com-
pared to those for two-dimensional. Recently, Lindstrøm
(2016) investigated SALGWs experimentally in a
two-dimensional wave tank. Five different slide materials
including block slide and four granular slides with grain
diameter ranging from 3 to 25 mm were employed. It was
perceived that block slide generated waves showed ampli-
tudes which were considerably larger than LGW amplitudes
caused by granular slides, similar to Ataie-Ashtiani and
Nik-Khah (2008) observations. Table 1 summarizes some of
the most important previous laboratory studies that have
performed for SALGWs.

Although, there is still a necessity for further detailed
experimental investigations in well-controlled
laboratory-scale (Yavari-Rameshee and Ataie-Ashtiani
2016), the first step is to make the best use of the avail-
able data. All the available experimental data should be
collected and compiled together to provide a more consistent
and improved understanding of the physics of LGWs based

on the collective analysis of all these data in order to
advance our capability of hazard assessment for potential
landslides. This is a research front that the authors are cur-
rently working on.

Numerical Modelling

Numerical models are essential tools to simulate and predict
the LGW initiation, propagation, transformations, and to
manage LGW consequences and hazards. Recently,
Yavari-Ramshe and Ataie-Ashtiani (2016) presented a
comprehensive review of numerical modelling of subaerial
and submarine landslide generated tsunami waves and
scrutinized the recent advances and future challenges. They
discussed conceptual, mathematical, and numerical struc-
tures of LGW numerical modelling.

Yavari-Ramshe and Ataie-Ashtiani (2016) categorized
the numerical simulation of LGWs into three general
approaches. In the first approach, models impose the effects
of landslide motion as an equivalent water surface initial
condition or an ad hoc boundary condition and then simulate
the water wave propagation in the considered domain. In
other words, this approach solely simulates water wave
propagation. The second approach applies a single LGW
numerical model which simulates the combination of land-
slide and water. These models can conceptualize landslide as
a rigid or a deformable moving slide. In the third approach,
more than one model is applied and each one simulates a
part of the involved processes. In this approach, wave gen-
eration is simulated using a more accurate model and beyond
the wave generation area where the LGWs enter the long
wave interval, a simpler model is applied to simulate
far-field wave propagation rather than a full
three-dimensional model. The results of each model are
applied as the initial conditions of the following model.

LGW phenomena are involved with the flow of a
three-phase (water-grain-air) mixture, large deformations of
moving free surfaces, and water splashes. Accordingly,
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Lagrangian mesh-less approaches such as smooth particles
hydrodynamics (SPH) seems to be more adequate than
Eulerian’s for numerical modelling of such hazards (e.g.
Ataie-Ashtiani and Shobeyri 2008; Ataie-Ashtiani and
Mansour-Rezaei 2009; Pastor et al. 2009; Capone et al.
2010; Gómez-Gesteira et al. 2012a, b; Heller et al. 2016).
However, particle-based methods are computationally cum-
bersome due to the large number of domain particles. This
makes SPH type approaches inefficient for a real-scale
problem (Xie et al. 2013). Among Eulerian approaches,
finite difference method (FDM) and finite volume method
(FVM) are the most frequent and the most recently applied
methods, respectively (Yavari-Ramshe and Ataie-Ashtiani
2016). Mesh-based Eulerian methods improve the short-
comings regarding moving free surfaces and nearshore
hydrodynamics processes using non-hydrostatic pressure
assumption (Young and Wu 2009; Zijlema and Stelling
2008) and interface tracking techniques (e.g. Harlow and
Welch 1965; Hirt and Nichols 1981; Osher and Fedkiw
2003).

Regarding the mathematical formulations, based on the
Yavari-Ramshe and Ataie-Ashtiani (2016) categorization,
researchers either apply the direct solution of Navier-Stocks
equations (NSEs) or most commonly the depth-averaged
approximation of NSEs including Boussinesq-type wave
equations (BWEs) and Shallow water type equations
(SWEs). NSEs have the drawback of extensive memory
usage and computational costs, especially for real-scale
cases. A number of models such as NHWAVE (Ma et al.

2012), TSUNAMI 3D (Horrillo et al. 2013), and Dual-
SPHysics (Crespo 2015) apply advanced techniques such as
parallel processing and GPU accelerator to provide the
prospects for real-scale and real-time simulation of LGWs
and related hazards.

The numerical models developed based on the DAEs are
the most commonly applied models to simulate LGW haz-
ards. Table 2 provides a categorized list of numerical models
for the simulation of SALGWs considering rigid and
deformable landslides. The table is an extract of
Yavari-Ramshe and Ataie-Ashtiani (2016) review article. As
it can be observed in Table 2, BWEs have been only applied
in SALGW numerical models which consider a rigid land-
slide. The numerical models with a deformable landslide
consideration solve either NSEs for a multi-phase flow or
SWEs for a two-layer flow where each layer may contain a
single-, two-, or three-phase fluid. In the following sections,
two examples of the depth-averaged models, based on the
authors’ previous works, are presented. The first model
describes landslide as a rigid body and the second one
consider the effects of landslide deformations on LGW
characteristics.

Depth-Averaged Models

Boussinesq-Type Model with Solid Landslide
Boussinesq-type formulations for water waves are developed
by considering a polynomial approximation of the vertical

Table 1 Specification of some of the previous laboratory investigations on SALGWs

Reference Tank dimension Bed slope
(°)

Slide mass specifications Model
dim.

Wave
stageL

(m)
W (m) H (m)

Noda (1970) Shallow water tank – Solid rectangular box – G

Kamphuis and Bowering (1970) 45 1 0.23–
0.46

45 Steel box 2VD G

Huber and Hager (1997) 30.33 0.5 0.5 28–60 Granular material 3D G, P

Walder et al. (2003) 3.0 0.285 1.0 10–20 Hollow rectangular Nylon
Box

2VD G

Fritz et al. (2004) 11 0.5 1.0 45 Granular material and PLG 2VD G, P

Panizzo et al. (2005b) 11.5 6 0.8 16–36 Solid rectangular box 3D G, P

Ataie-Ashtiani and Nik-Khah
(2008)

3.6 2.5 0.8–0.5 15–60 Solid, confined, and
granular

2VD G, P

Mohammed and Fritz (2012) 48.8 26.5 0.3–1.2 27.1 Granular 3D G, P

Heller and Spinneken (2013) 24.5 0.6 0.3, 0.6 45 Solid 2D G, P

Heller and Spinneken (2015) 21,20 0.6,7.4 0.24,
0.48

45 Solid 2D, 3D G, P

Lindstrøm (2016) 7.3 0.2 0.1 35 Solid, and granular 2D G, P

2VD two-vertical dimensional; 3D three dimensional; PLG pneumatic landslide generator; G generation of impulse wave; P propagation of
impulse wave; Dim dimensions
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profile of horizontal flow velocities. The classic Boussinesq
equations are derived assuming a second-order variation of
velocity in vertical direction (Peregrine 1967). Classic
Boussinesq-type formulations are usually restricted to weak
dispersion and nonlinearity (Ataie-Ashtiani and Najafi-Jilani
2007).

The extended Boussinesq formulations have developed to
address the shortcomings of classic Boussinesq formulations
with higher accuracy of wave nonlinearity and dispersion.
Ataie-Ashtiani and Najafi-Jilani (2007) developed a
fourth-order Boussinesq approximation for the simulation of
SMLGW. Higher-order perturbation analyses were applied
to derive the mathematical formulations. The final system of
model equations was derived as follow.

Equation (1) represents the continuity equation and
Eq. (2), which is a two-component vector equation, repre-
sents the depth-averaged momentum equations in the two
horizontal x and y directions. e ¼ a0

h0
and l ¼ h0

l0
are two

indexes indicating wave nonlinearity and dispersive beha-
viour. a0, l0, and h0 stand for a characteristic wave ampli-
tude, wave length and water depth, respectively. The
subscripts represent the partial derivative (e.g. ht ¼ @h

@t). t is
time, h water depth, f the water surface fluctuations, p the

water pressure, and r ¼ @
@x ;

@
@y

� �
the horizontal gradient

vector. The velocity domain components u ¼ ðu; vÞ and w

which respectively represent the vector of the horizontal
velocity components and the vertical velocity component in
the z direction, are expanded into

u ¼ u0 þ l2 � u1 þ l4 � u2 ð3Þ

w ¼ l2 � w1 þ l4 � w2 ð4Þ

in perturbation analysis with l2 as the basic small parameter.ez is a characteristic variable depth defined as a weighted
average of two distinct water depths za and zb based onez ¼ ½b � za þ 1� bð Þ � zb�. b is an optimized weighting
parameter. Moreover, A ¼ rðr � u0Þ, B ¼ r � hu0ð Þþ 1

e ht,
and C ¼ f ðA;BÞ.

A sixth-order multi-step finite difference method was
utilized for spatial discretization and a sixth-order Runge–
Kutta method was implemented for temporal discretization
of the higher-order depth-integrated governing equations and
boundary conditions. This model (LS3D) describes landslide
as a rigid body with a hyperbolic-shape geometry which its
effects is inserted in the model equations as a time variable
bottom boundary condition (Ataie-Ashtiani and Najafi-Jilani
2007). The LS3D model parameters are schematically
illustrated in Fig. 6.

Ataie-Ashtiani and Yavari-Ramshe (2011) extended the
LS3D model to handle SALGW cases and successfully
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þ l4 u2tjz¼0 þ eðr u2jz¼0

� �Þu0 þ eðr � u1jz¼0

� �Þ u1jz¼0

� �þ eðr � u0Þ u2jz¼0

� ��
þ e w2jz¼0

� �
u1zjz¼0

� �þ w1jz¼0

� �
u2zjz¼0

� ��
þr Pjz¼0

� � ¼ Oðe6; l6Þ

ð2Þ
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Table 2 An overview of the numerical models of SALGWs

Slide type No Developer Model name Governing
equations

Num.
method

Model
dim.

Wave
simulation
stage

Real case study

Rigid
landslide

1 Monaghan and
Kos (2000)

– SWE SPH DA G, P –

2 Fine et al. (2003) – SWE FDM DI G, P, R –

3 Lynett and Liu
(2005)

COULWAVE BWE FDM DA G, P, R –

4 Yuk et al. (2006) COBRAS RANS FDM 1D G, P –

5 Koo and Kim
(2008)

– PFE BEM 2D G, P, R –

6 Ataie-Ashtiani
and
Yavari-Ramshe
(2011)

LS3D BWE FDM DI G, P Maku dam reservoir

7 Bosa and Petti
(2011)

– SWE FVM DA G, P, R Vajont reservoir

8 Gómez-Gesteira
et al. (2012a, b)

SPHysics NSE SPH 1D G, P, R –

9 Huang et al.
(2013)

– PFE FDM/Lg WA G, P, R –

Deformable
landslide

10 Gittings (1992) SAGE NSE FVM 3D G, P Cumbre Vieja
Volcano

11 Imran et al. (2001) BING-1D SWE FDM 1D G –

12 Thomson et al.
(2001)

– SWE FDM 3D G, P Skagway, Alaska

13 Fine et al. (2003,
2005)

– SWE FDM DA G, P, R Grand Banks,
Canada

14 Quecedo et al.
(2004)

– NSE FEM 3D G, P, R Lituya Bay

15 Shigihara et al.
(2006)

– SWE FDM DA G, P –

16 Pasenow et al.
(2008)

– NSE FEM 3D G, P –

17 Abadie et al.
(2008, 2010)

THETIS NSE FVM/Lg WA G Cumbre Vieja
Volcano

18 Fernández-Nieto
et al. (2008)

– SWE FVM 1D G, P, R –

19 Biscarini (2010) FLUENT NSE FVM 3D G, P Lituya Bay

20 Kelfoun et al.
(2010)

VolcFlow SWE FDM DA G, P Réunion Islands,
Gulmar flank,
Canary Islands

21 Davies et al.
(2011)

Fluidity NSE FEM 3D G, P Storegga slide

22 Pudasaini and
Miller (2012a, b)

– SWE FVM 1D G, P, R –

23 Horrillo et al.
(2013)

TSUNAMI3D NSE FDM 3D G, P, R Gulf of Mexico

24 Zhao et al. (2015) – NSE FEM 3D G, P, R Lituya Bay

25 Yavari-Ramshe
and
Ataie-Ashtiani
(2015)

2LCMFlow SWE FVM 1D G, P, R –

(continued)
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validated the model versus experimental data of
Ataie-Ashtiani and Nik-Khah (2008). They applied the new
LS3D model to a real case to study SALGWs in the Maku
dam reservoir located in the north of Iran. Further explana-
tions are provided in the “Sensitivity analysis” and “Case
study” sections.

Shallow-Water Type Model with Deformable
Landslide
Depth-averaged equations (DAEs) have been frequently
applied to simulate SMLs (Yavari-Ramshe and
Ataie-Ashtiani 2016) with considering a solid landslide. To
consider the slide deformations, especially for SALs which
are more complicated in the wave generation zone, solving
NSEs is a typical option (Biscarini 2010). An alternative
which is also frequently applied by researchers is solving
SWEs for a two-layer flow including a layer of granular

material moving beneath a layer of water (e.g. Fernández--
Nieto et al. 2008; Kelfoun et al. 2010; Yavari-Ramshe and
Ataie-Ashtiani 2015; Macías et al. 2015; Ma et al. 2015).

The two-layer flow model of Yavari-Ramshe and
Ataie-Ashtiani (2015) solves the incompressible Euler
equations based on a state of the art Roe-type finite volume
method introduced by Yavari-Ramshe et al. (2015). The
computational domain considered in the 2LCMFlow model
is illustrated in Fig. 7 including the schematic definition of
the model parameters. The sliding mass is described as a
Coulomb mixture; a two-phase mixture of water and solid
grains where its interaction with the bottom follows a
Coulomb-type friction law and the normal and longitudinal
stresses of the solid phase are related with a coefficient
K. The final system of mathematical equations for this model
which is called the two-layer Coulomb mixture flow
(2LCMFlow) model is:

Table 2 (continued)

Slide type No Developer Model name Governing
equations

Num.
method

Model
dim.

Wave
simulation
stage

Real case study

26 Macías et al.
(2015)

HySEA SWE FVM 2D G, P, R Al-Borani

27 Fu and Jin (2015) – NSE Lg/MPS 3D G, P, R –

28 Ma et al. (2015) – SWE FVM DI G, P, R –

NHWAVE NSE 3D

SWE shallow water equations, SPH smoothed particle hydrodynamics, MPS moving particle semi-implicit, G generation stage
BWE Boussinesq wave equations, FDM finite difference method, Lg Lagrangian, P propagation stage
RANS Reynolds-Averaged NSE, BEM boundary element method, DA depth-averaged, R runup stage
PFE potential flow equations, FVM finite volume method, DI depth-integrated, Num numerical
NSE Navier-Stokes equations, FEM finite element method, 1D one-dimensional, Dim dimensions

Fig. 6 Schematic definition of
the LS3D model parameters and
assumptions
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where subscript 1 and 2 stands for the water and the granular
layers, respectively. h is the local bed slope and b xð Þ rep-
resents the bottom topography. Moreover, q ¼ hu,
K1 ¼ k1 þKð1� k1Þ, and K2 ¼ rk2 þKð1� rk2Þ where

K ¼ 2 1� sgn u2xð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos/

cosdmod

� �2r !
=cos2/� 1 is the

coefficient of the earth pressure and
tan dmod ¼ tan d� k0Kh2x. r ¼ q2

q1
is the relative density of

the landslide.
/ and d represent the internal and the basal friction angles

of the sliding mass, respectively. dmod is the dynamically
modified basal friction angle. q1 and q2 are the water and the

landslide densities, respectively and k
0
is a constant. Finally,

= stands for the Coulomb friction term defined as:

= ¼ �ðg 1� rð Þh2cos2hþ h2u22cosh� ðsinhÞxÞ q2
q2j j tandmod =j j� rc

q2 ¼ 0 =j j\rc

(
ð6Þ

where rc ¼ gð1� rÞh2cos h tan d0 is a basal critical stress
which is defined based on d0, the angle of repose of the
granular material. Accordingly, the sliding mass stops
moving when its angle is less than the angle of repose. The
constitutive structure of the sliding material is defined based
on Eq. (7) with the two parameters k1 and k2 which dis-
tribute the water layer pressure between the solid and the
fluid phases of the second layer on the interface and along

the second layer, respectively (Yavari-Ramshe and
Ataie-Ashtiani 2015).

Pf
2zz ¼ k1q1h1coshþ k2q1 h2 � zð Þcosh

Ps
2zz ¼ ð1� k1Þq1h1coshþðq2 � k2q1Þ h2 � zð Þcosh

(
ð7Þ

In this equation, Pzz is the normal stress and the super-
scripts f and s stands for the fluid and the solid phases of the
second layer (the sliding mass), respectively. The
2LCMFlow is able to capture the simultaneous appearance
of the static/flowing regions within the landslide path. The
model is also capable of simulating the interactions between
water and a variety of granular material with different water
content from rockslide and dry cohesion-less material to
loose and muddy flows and even sediment transport based
on the considered rheological structure for landslide. The
finite volume structure of the model applies a well-balanced
second-order Roe-type scheme to solve the model equations
in a conservative form.

Sensitivity Analysis

Model Validation

The experimental measurements of Ataie-Ashtiani and
Nik-Khah (2008) are applied to assess the ability of both

Fig. 7 Schematic definition of
the 2LCM Flow model
parameters and assumptions

h1t þ q1coshð Þx¼ 0

q1t þ h1u21coshþ g
h21
2 cos

3h
� �

x
¼ �gh1coshbx þ ghx

h21
2 sinhcos

2h� gh1cosh h2cos2hð Þx
h2t þ q2coshð Þx¼ 0

q2t þ h2u22coshþ gK2
h22
2 cos

3h
� �

x
¼ �gh2coshbx þ ghx

h22
2 sinhcos

2h� rgh2K1cosh h1cos2hð Þx þ =
cosh

8>>>><>>>>: ð5Þ
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LS3D and 2LCMFlow models in simulating SALGWs. Two
groups of solid and deformable masses are considered in
these experiments. The deformable landslides include two
kinds of material; confined and unconfined masses of sand
with the density of 1900 kg/m3 representing cohesive and
non-cohesive material, respectively (Yavari-Ramshe and
Ataie-Ashtiani 2015). All the deformable masses have an
initial triangular geometry which is schematically shown in
Fig. 8a. The experiments 5, 104, and 113 of Ataie-Ashtiani
and Nik-Khah (2008) are selected to be simulated by both
LS3D and 2LCMFlow models. These experiments have the
same initial and boundary conditions, which is shown in
Fig. 8c, but different landslide rigidity including a rigid, an
unconfined, and a confined landslide, respectively. The
wedge-shaped landslide is released from the initial vertical
distance of 0.15 m due to the water level surface. The sliding
slope and the water depth are 30° and 0.8 m, respectively.

The time history of water surface fluctuations at the wave
generation stage recorded by the first gauge (ST. 1) in Fig. 4
are shown in Fig. 9. This graph includes the recorded water
surface fluctuations at ST. 1 for tests no. 5, 104, and 113 and
the equivalent values estimated by LS3D and 2LCMFlow
models. As it can be observed in this figure, the estimated
LGWs by LS3D model are closer to the experimental
measurements of test 5 with a rigid landslide. The compu-
tational error is less than 8%. The rigid landslide in the
LS3D model is considered to have a hyperbolic-shaped
geometry while in experiment 5 the sliding mass has a

wedge-shaped form. This fact results in a higher difference
between the experimental and the numerical LGWs. On the
other hand, the numerical results of 2LCMFlow model are in
a better agreement with the experimental measurements of
test 104 with an unconfined mass of sand. The computa-
tional error for this case is less than 5%. Comparison
between the numerical results of LS3D and 2LCMFlow
models in Fig. 9 demonstrates that with considering a rigid
landslide the maximum generated wave is commonly over-
estimated. The maximum wave height of test 104,
Hmax ¼ apm þ anm ¼ 0:11m, is overstimated by the LS3D
model with a relative error of about 16% while the
2LCMFlow model predicted Hmax as 0.1094 m which has a
relative error of around 0.51% with the equivalent experi-
mental measurment.

With comparing the numerical results of LS3D and
2LCMFlow models with the equivalent experimental
measurements at higher times, the ability of each model in
simulating the wave dispersion will be evaluated. Fig-
ure 8b reveals up to 8% time phase difference between the
numerical results of LS3D and the experimental data of
test 5. This time difference which is probably caused by
the combination effects of numerical dispersion and
depth-averaged modelling of real three-dimensional
experiments gradually makes the numerical LGWs far
from the experimental LGWs. The LGWs predicted by
LS3D model disperse faster than the experimental LGWs.
2LCMFlow solves the non-dispersive Euler equations. As
a result, it can be observed in Fig. 9 that the LGWs
estimated by 2LCMFlow moves ahead the experimental
LGWs of test 104. It means that the numerical LGWs are
dispersing and descending slower than the equivalent
experimental LGWs.

Predicting the topographic changes of the bottom and
observing the simultaneous interactions between water sur-
face fluctuations and landslide deformations are among the
advantages of considering the rheological behaviour of
landslide in LGW modelling. Figure 8b shows the landslide
profiles and the water surface elevations predicted by
2LCMFlow model 0.4 and 1.7 s after releasing the sliding
mass. Landslide deposit is also illustrated in Fig. 8a. As it
can be observed in Fig. 8b at t = 0.4 s, the impacts of the
sliding mass within its intrusion into the water generate a
series of wave crests which move towards the runup surface.
Landslide moves and elongates along the sliding surface
until it is completely beneath the water surface. Afterwards,
as it is shown in Fig. 8b at t = 1.7 s, a wave trough starts to
shape due to the motion of the submerged landslide. These
interactions between the water body and the landslide stops
when the sliding mass comes to rest and forms its final
deposit as shown in Fig. 8c.

Fig. 8 a Landslide initial geometry, b landslide profiles and water
surface elevations at t ¼ 0:4 s and t ¼ 1:7 s, and c the initial conditions
and the final landslide deposit
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Sensitivity Analysis

Yavari-Ramshe and Ataie-Ashtiani (2015) performed a ser-
ies of sensitivity analysis on the effects of landslide consti-
tutive structure and landslide rigidity on both the sliding
mass deformations and the water surface fluctuations. The
authors demonstrated the importance of landslide rheologi-
cal behaviour, constitutive structure and deformations on
LGW characteristics based on the comparison of 2LCMFlow
numerical results with two sets of experimental data on
SMLs (Ataie-Ashtiani and Najafi-Jilani 2008) and SALs
(Ataie-Ashtiani and Nik-Khah 2008). The key results of
their simulations are schematically illustrated in Figs. 10 and
12.

The 2LCMFlow model is able to simulate the interactions
between water and a variety of the sliding material from
dense and dry material to loose and saturated masses
(Yavari-Ramshe and Ataie-Ashtiani 2015). This ability is
based on applying different values of landslide constitutive
parameters, k1 and k2, in Eq. (7). As it can be observed
Fig. 10, dense material deforms into a thick front and thin
tail profile and initiates a LGW consist of a larger wave crest

than the wave trough. Dense material which are defined by
low values of k1 and k2 implies a stronger impact to the
water surface which results in a larger wave crest. On the
other hand, loose material has a dam break behaviour; a
sudden withdrawal which forms a thin front and thick tail
profile. Due to the sudden reduction of the landslide layer
thickness beneath the water layer, the resulting LGW has a
large wave trough accompanied with a smaller wave crest.
Moreover, landslides with loose material elongate faster than
dense masses.

The LS3D model considers a hyperbolic-shaped geometry
for the rigid landslide (Ataie-Ashtiani and Najafi-Jilani 2008).
The same assumption has been also considered by some other
researchers such as Grilli et al. (2002) and Lynett and Liu
(2004). Our sensitivity analysis propose that landslide grad-
ually deforms to a hyperbolic-shaped geometry along its
runout path if it moves on a smooth surface with averaged
values of k1 and k2. For example, Fig. 11 illustrates the
deformed shape of a landslide for different values of k1 and k2,
0.8 s after its motion. As it can be observed, the initial
wedge-shaped geometry of the landslide has gradually
deformed to a hyperbolic-shaped geometry for k1 ¼ k2 ¼ 0:5.
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Fig. 9 Time histories of the
water surface fluctuations at the
wave generation stage recorded at
ST.1 for tests no. 5, 104, and 113
of Ataie-Ashtiani and Nik-Khah
(2008) accompanied with the
equivalent values predicted by
LS3D and 2LCMFlow models

Fig. 10 A schematic of the
landslide deformation and the
SALGW formation patterns for
different landslide material
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However, for k1 ¼ 0:1 and k2 ¼ 0:2 the sliding mass has a
thick front and thin tail and for k1 ¼ 0:8 and k2 ¼ 0:7 the
sliding mass tail is thicker than its front. Moreover, the
assumption of a hyperbolic-shaped landslide is not applicable
for a general topography having a rough surface. The water
surface fluctuations are also shown in Fig. 11.When k1 ¼ 0:1
and k2 ¼ 0:2, the generated LGW has a larger wave crest than
wave trough and moves faster due to the more strenght of the
landslide impact. With increasing k1 and k2, the generated
wave consists of a wave trough larger than the wave crest
which moves slower.

Figure 12 illustrates a schematic of the key numerical
results regarding the effects of landslide rigidity on the LGW
characteristics based on the comparison between the exper-
imental measurements (Ataie-Ashtiani and Nik-Khah 2008)
and the 2LCMFLow (Yavari-Ramshe and Ataie-Ashtiani
2015) and the LS3D (Ataie-Ashtiani and Yavari-Ramshe
2011) simulations. A more rigid landslide initiates a larger

LGW which moves faster. Confined material represents
cohesive masses such as saturated muds and clays. On the
other hand, unconfined material exemplifies the sliding mass
with negligible cohesion such as rockfalls and loose sands.
Cohesion-less material moves faster than cohesive masses
and imposes a stronger impact to the water body which
results in a larger LGW. Cohesion may play an important
role in the landslide triggering mechanism. Although, the
cohesive interconnects between the slide grains gradually
fail as it starts its movement such that cohesion almost dis-
appears within the collapsed parts of the sliding mass, even
for clay-rich soils (Skempton 1964, 1985). Therefore, as it is
also demonstrated by Iverson and Vallance (2001), the
cohesion-less Coulomb law applied in 2LCMFlow model is
an optimal choice for describing the dynamic behaviour of
the granular type flows.

In the next section, the application of LS3D and
2LCMFlow models for a real case study will be explained

Fig. 11 Landslide profiles and
water surface elevations for
different values of k1 and k2

Fig. 12 A schematic of the
SALGW formation patterns for
different landslide rigidity
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and the advantages and disadvantages of each one are
examined.

Case Study

Maku Dam Reservoir

The Maku dam is located in the southern part of the Maku
town, West Azarbaijan province, Iran, on the Zangmar
River. The Zangmar River originates in the mountains above
the Maku town, along the Turkish–Iranian border, not far
from Mount Ararat and flows south and east into the Araxes
River at the town of Pol-Dasht (Fig. 13). The Maku dam is a
75 m high earth dam with a reservoir capacity of 135 M m3

having the average length, width, and water depth of about
510, 185, and 50 m respectively (Ataie-Ashtiani and
Yavari-Ramshe 2011). The length and width of the dam are
350 and 10 m, respectively. The dam crest level is 1690 m
from the sea level (Mahab Ghods 1999).

Geological investigations (Mahab Ghods 1999) have
identified a large number of tensile cracks along the reservoir
borders forming some areas of instability. One of the most
hazardous SAL scenarios is selected for the following
numerical simulation; a circular-shape instability located on
the Eastern beach with the horizontal distance of 230 m from
the dam axis (Ataie-Ashtiani and Yavari-Ramshe 2011). The
potential SAL characteristics are summarized in Table 3.

Numerical Simulations

Ataie-Ashtiani and Yavari-Ramshe (2011) applied the LS3D
model (Ataie-Ashtiani and Najafi-Jilani 2008), to simulate
the potential SALGWs in the Maku dam reservoir. The
model parameters are available in Table 3. Figure 14 illus-
trates the first generated SALGW and its characteristics
estimated by the LS3D model for this scenario. Based on
this figure, a 18 m LGW, with a maximum positive wave
amplitude, apm, of about 10.1 m and a maximum negative

Fig. 13 Geographical location
of the Maku dam reservoir
(Google earth map)
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wave amplitude, anm, of about 7.2 m, will be triggered and
propagate towards the reservoir shorelines and dam axis.

A cross section of the Maku dam reservoir (Fig. 15a) is
considered to simulate the same potential SALGW with
2LCMFlow. The topographic map of the Maku dam reser-
voir and the location of the potential SAL are illustrated in
Fig. 15a. As it can be observed, the east bank of the lake has
a mild slope of about 30° while the west bank is steeper
(about 45°–60°) and the average width of the lake is around
185 m. Accordingly, a basin with a 30° slipping surface and
a 45° runup surface is considered as the computational
domain for the following simulations. The still water depth
is considered to be the same as the average water depth of
the Maku dam lake of about 50 m. The resulting computa-
tional domain is illustrated in Fig. 15b.

The sliding material consists of cohesion-less debris
deposits and rock fragments with the volume of several
cubic meters on an impermeable bed of marl (Mahab Ghods
1999). As a result, water infiltration is probably the main
factor in triggering the potential landslides. The permeated

water traps and flows along the impermeable interface of
debris deposits and marl bed and initiates a landslide with
decreasing the frictional resistance of the contact surface.
Therefore, the basal friction angle is considered to have the
small value of about d ¼ 10�. The internal friction angle is
also supposed to be / ¼ 38� (Denlinger 2007). The geo-
logical investigations have estimated the porosity of land-
slide material to be about 0.4% (Mahab Ghods 1999).
Accordingly, both constitutive coefficients of k1 and k2 are
considered to have the same value of 0.4. As it is illustrated
in Fig. 15b, the sliding mass is supposed to have an initial
wedge-shaped geometry with the density of
q2 ¼ 1900 kg=m3, the length of ls ¼ 26m, and the maxi-
mum thickness of TS ¼ 15m.

We have applied this cross section of the Maku dam
reservoir to simulate the generation stage of its potential
SAL with both the LS3D and the 2LCMFlow models. The
grid size and the time step are supposed to be Dx ¼ 1:0m
and Dt ¼ 0:1 s in both models. The time history of water
surface fluctuations close to the impact area is shown in
Fig. 16. As it is expected, the first LGW estimated by the
LS3D is about 14% larger than the first LGW predicted by
the 2LCMFlow due to considering a rigid landslide. The
LS3D model simulates wave dispersion more accurately
because of solving the 4th order Boussinesq-type equations.
This explains the up to 5% phase difference between the
numerical results of LS3D and 2LCMFlow which steadily
makes the predicted LGWs by LS3D far from the estimated
LGWs by 2LCMFlow. Moreover, higher accuracy of wave
dispersion in the LS3D model makes the wave amplitudes to
be diminished faster in comparison with the wave ampli-
tudes in 2LCMFlow such that after about 15 s the maximum
positive LGW amplitude, apm, has around 25 and 50%
reduction based on the 2LCMFlow and the LS3D results,
respectively. This demonstrates that considering a rigid
landslide is not always a conservative choice. The maximum
LGW may be estimated conservatively, but the wave dis-
persion may also be overestimated numerically
(Ataie-Ashtiani and Yavari-Ramshe 2011) which result in

Table 3 The input data of the
LS3D model for simulating the
potential SALGW of the Maku
dam reservoir

SAL characteristics Length ls ðmÞ 60

Thickness Ts ðmÞ 10

Width ws ðmÞ 250

Volume Vs ðMm3Þ 0.15

Density qs (gr/cm
3) 1.9

Initial height zs ðmÞ 5

Sliding slope hð�Þ 32

Model parameters Grid size in x direction Dx ðmÞ 5

Grid size in y direction Dy ðmÞ 5

Time step Dt ðsÞ 0.05

Fig. 14 The first LGW caused by the SAL scenario of the Maku dam
reservoir and its characteristics, predicted by the LS3D model with a
solid landslide consideration
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the underestimation of propagated wave amplitudes, wave
runups, overtopping heights, and flood volumes.

The wave formation pattern predicted by the 2LCMFlow
model is closer to the physics of the phenomena due to
considering the effects of landslide deformations
(Yavari-Ramshe and Ataie-Ashtiani 2015). As it can be
observed in Fig. 16, a rigid landslide, considered by LS3D
model, imposes a single impact at the moment of its intru-
sion into the water and consequently generates a single wave
crest. On the other hand, with considering a deformable
landslide in the 2LCMFlow model, a set of consecutive
wave crests are originated due to the successive impacts of
the landslide trailing with different speeds.

Figure 17 illustrates the simultaneous interactions
between the water surface fluctuations and the landslide
deformations predicted by the 2LCMFlow model at several

times after releasing the SAL. The sliding mass continuously
elongates towards the reservoir bottom. As it can be
observed in Fig. 17 for example at t ¼ 2:2 s, the 2LCMFlow
model has properly captured the sudden appearance of the
flowing/static regions along the landslide path
(Yavari-Ramshe and Ataie-Ashtiani 2015). The generated
waves have grown close to the opposite side of the lake due
to the topographic changes of the seafloor and the shallow-
ness of the coastline (See Fig. 17 at t ¼ 2:2 s). Then, the
enhanced wave has run up with a vertical runup height of
about 10 m along the water side (Fig. 17 at t ¼ 3 s).

The final landslide deposition can be observed in Fig. 17
at t ¼ 20 s. After deposition, landslide profile gradually
deforms until it forms a stable geometry based on the angle
of repose of the sliding material (Yavari-Ramshe and
Ataie-Ashtiani 2015). Predicting the topographic changes of

Fig. 15 a The topographic map
of the Maku dam reservoir, and
b a cross section of the Maku dam
reservoir as the considered
computational domain in
2LCMFlow and LS3D models
including the initial geometry and
location of the Potential SAL

Fig. 16 Time history of water
surface fluctuations close to the
impact area predicted by LS3D
and 2LCMFlow models for the
potential SAL of the Maku dam
reservoir
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the seafloor after a landslide is one of the advantages of the
numerical models such as 2LCMFlow which consider a
deformable landslide.

Based on the comparison of the numerical results of
2LCMFlow and LS3D models with the laboratory

measurements of Ataie-Ashtiani and Nik-Khah (2008) for
SALGWs, Yavari-Ramshe and Ataie-Ashtiani (2015)
demonstrated that the 2LCMFlow is more accurate in esti-
mating the characteristics of the first generated LGW and the
LS3D model better estimates the wave propagation stage.

Fig. 17 Landslide profiles and
water level elevation predicted by
2LCMFlow model at different
times for the potential SAL of the
Maku dam reservoir
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These facts are also confirmed based on the present simu-
lations. Both models are easy to apply and need reasonable
input data for running. The LS3D takes around 30% less
computational time than the 2LCMFlow. This is because the
later model solves a coupled system of model equations in a
finite volume framework while the former one applies a
finite different method to solve a system of BWEs.

Research Prospect

Authors are extending the results of these preliminary
comparisons to a comprehensive sensitivity analyses on the
influences of the physical parameters and numerical
approaches in their future research efforts. In this section, a
sample case of these sensitivity analysis is represented which
describes the effects of the landslide initial submergence on
the characteristics of the generated landslide tsunamis.

The sensitivity analysis are conducted on the same
computational domain described in Fig. 15b. The sliding
mass has the same geometrical and geotechnical parameters
as the potential SAL of the Maku dam reservoir but three
different initial locations including S1 ¼ 15m, S2 ¼ �5m,
and S3 ¼ �25m which indicate a SAL, a semi-submerged
landslide (SSL), and a SML, respectively. The initial situa-
tions of these landslide scenarios are shown in Fig. 18.
Parameter S which is schematically defined in Fig. 15b

represents the bottom-ward distance of the landslide due to
the still water surface. The model parameters are chosen to
have the same values of Dx ¼ 1:0m and Dt ¼ 0:1 s.

Figure 19 illustrates the time histories of the LGWs in the
near-field (wave generation stage) for all three cases esti-
mated by the 2LCMFlow model. This figure illustrates the
predicted values of the water surface fluctuations at x ¼
70m shown as the wave gauge location in Fig. 18. As it can
be observed in this figure, the largest wave crest is about
6.9 m and is generated by the SSL. apm for SSL is less than
21% larger than the equivalent value generated by the
motion of SAL. As it is illustrated in Fig. 17 for t ¼ 0:4 s,
the SAL spreads and deforms before reaching to the water
surface. As a result, the impacts induced by the SSL to the
water is probably stronger than the impacts of the SAL and
subsequently induce a larger wave crest. The deepest wave
trough is on the other hand induced by the SML due to the
sudden loss of the landslide layer thickness beneath the
water layer which is caused by the instantaneous discharge
of the SML material. This maximum anm is about 6.03 m
and happens at x ¼ 57m which is closer to the beach
compared to the location of the considered wave gauge in
Fig. 18. The maximum anm is about 24.5% larger than the
anm of the SAL.

The landslide profile of each scenario at t ¼ 10 s is illus-
trated in Fig. 18. Based on this figure, the SAL and the SSL
have a longer runout distance. They both move up the 45°

Fig. 18 The initial situations of
three landslide scenarios, the
location of the considered wave
gauge, and landslide profiles after
10 s
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Fig. 19 Time histories of water
surface fluctuations predicted by
2LCMFlow model for three SAL,
SSL, and SML scenarios of
Fig. 18 at x ¼ 70m
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runup surface and reach to the vertical elevations of about 21
and 14 m, respectively. However, the SML reaches a small
vertical distance of about 2 m along the runup surface.

Conclusions
An overview of the laboratory and numerical investiga-
tions of the SALGWs are provided with an explicit
consideration to the previous works of the authors.
Although a wide ranges of physical factors and methods
have been applied in related experimental studies so far,
still there is a need for further laboratory works on this
subject and more immortally, the available laboratory
measurements on SALGWs should be unified to achieve
a standard catalogue on the LGW characteristics based on
the effective parameters such as the landslide geometrical,
geological, and geotechnical properties and water body
geometry.

SALGWs are multi-phase in nature and are nonlinear
and dispersive waves. As a result, the computational costs
and the accuracy of wave nonlinearity and dispersion are
among important factors in numerical modelling of such
events. NSEs are computationally expensive and require
advanced techniques such as parallel processing and GPU
accelerator to practically be applied for real cases. DAEs
are commonly applied to simulate LGWs. Two numerical
models based on the general approaches of
Boussinesq-type equations with considering a rigid
landslide (LS3D model) and two-layer shallow-water
type equations with assuming landslide as a layer of
granular flow (2LCMFlow model) are considered and
utilized in this study.

These two models are validated based on the experi-
mental data of Ataie-Ashtiani and Nik-Khah (2008) on
SALGWs. Based on the comparisons between the
experimental measurments and the numerical results, the
LS3D model overstimate the characteristics of LGWs due
to considering a rigid landslide. Besides, because of
considering a solid hyperbolic shape for the rigid slide,
LS3D results in a more than 7% computational error in
estimating the characteristics of LGWs caused by a rigid
box with different geometry. On the other hand,
2LCMFlow is able to estimate the characteristics of both
rigid and deformable landslides appropriately with proper
definition of k1 and k2. Considering the deformability of a
landslide has also the advantage of predicting the topo-
graphic changes of the sea bottom.

These two approaches are compared based on simu-
lating a potential SAL in the Maku dam reservoir located
in the West Azerbaijan province, Iran. The 2LCMFlow
model is more realistic in estimating the formation pattern
and the characteristics of the first LGW. The maximum

LGW height approximated by 2LCMFlow model is about
14% less than the equivalent value estimated by LS3D.
However, LS3D is more accurate in modeling wave
dispersion in the LGW propagation stage. During the 15–
20 s after triggering the potential SAL, the LGW height
reduced as much as the 50–60% of the maximum gen-
erated LGW height by LS3D while this value is about
25–30% for 2LCMFlow. Besides, an up to 5% time phase
difference gradually appears between numerical LGWs of
LS3D and 2LCMFlow. LS3D is more efficient than
2LCMFlow computationally with around 30% less
runtime.

Authors are also working on the effects of landslide
characteristics including the initial geometry, initial sub-
mergence, and its geotechnical and constitutive parame-
ters on the LGW characteristics. An example of the
effects of landslide initial submergence is included in the
last section of this paper. The SSL induces the largest
wave crest which is about 21% larger than the apm caused
by the impacts of the SAL. The largest wave trough,
which is about 24.5% larger than the anm of SAL, is
induced by the sudden motion of the SML. The run out
distances of the SAL and the SSL scenarios are longer
than the SML. The longest runout distance is travelled by
the SAL. The SML almost stop its motion on the flat part
of the flume with a vertical motion of around 2 m along
the 45° runup surface.

Based on the comparisons between the numerical
results of both models, the most efficient tactic is apply-
ing the models coupling which is one of the author’s
research fronts. The LGW generation stage can be esti-
mated using the 2LCMFlow model and then the results
can be applied as the input data for LS3D model to
predict the LGW propagation. Moreover, the available
laboratory measurements need detailed processing and
analyses to provide a standard and worldwide database
for SALGWs.
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