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1. Introduction

Impulsive water waves generated by aerial or sub-
merged landslides can exert considerable damage on
coastal areas. These landslides frequently occur in
dam reservoirs, lakes, and oceans. Saving the lives
of local people and reinforcing the structures in these
areas, because of the detrimental effects of impulsive
waves, has turned into a major issue for coastal

authorities.

Abstract. Impulsive water waves generated by landslides impose severe damage on
coastal areas. Very large mass flows in the ocean can generate catastrophic tsunamis.
Preventing damage to dams and coastal structures, and saving the lives of local people
against landslide-generated waves, has become an increasingly important issue in recent
years. Numerical modeling of landslide-generated waves is a challenging subject in CFD.
The reason lies in the difficulty of determining the interaction between the moving solids
and sea water, which causes complicated turbulent regimes around the moving mass and
at the water surface. Submarine or aerial types of landslide can further complicate the
problem. Up to now, a number of numerical approaches have been proposed for predicting
the behavior of flow during and after mass movement. In this study, a Lattice Boltzmann
Method (LBM) based-code is employed for analyzing and simulating the impulsive water
waves generated by landslides. Four experimental cases of submerged and aerial landslides
have been modeled to investigate the efficiency and accuracy of the LBM code, and the
obtained results are verified against experimental observations. The results indicate the
capability of LBM in simulating complicated flow fields and demonstrate its superiority
over numerical methods used so far, such as SPH and RANS.
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Studies show that a complex nonlinear interaction
occurs between the surface waves and the motion of
the sliding body.

Until now, two major numerical schemes have
been utilized to model impulsive waves generated by
landslides. The first class contains the conventional
CFD method, founded on solving Navier-Stokes and
VOF equations, which is an Eulerian and macroscopic
approach. Rzadkiewicz et al. [7], Titov [§], Imran et
al. [9], and Pak and Sarfaraz [10] are some examples of

A number of laboratory tests have been conducted
to study aerial and submerged landslides, e.g. Hein-
rich [1], Walder et al. [2], Fritz et al. [3], Grilli and
Watts [4], Panizzo et al. [5], and Ataie and Najafi [6].
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applying this method.

This method has some drawbacks when it is used
to simulate the severe interaction between water and
sliding material. The VOF scheme adds an additional
transport equation and an artificial diffusion to the
interface profile [11]. Coupling fluid flow with the
moving boundaries of the sliding block is challenging
and difficult using the Eulerian method [12]. Also,
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this method suffers from instability, extensive compu-
tational time and poor scalability [13].

In the second approach, SPH, a macroscopic
scheme, is employed to model the motion of the
landslides in water. Due to its Lagrangian scheme,
it has been used vastly by researchers in studying
landslides, e.g. Monaghan and Kos [14], Gotoh et
al. [15], Lo and Shao [16], Shao and Lo [17], Shao
and Gotoh [18], Ataie and Shobeyri [19], and Mansour-
Rezaei and Ataie [20].

The stability, accuracy, and speed of SPH depend
on its smoothing kernel, which should be chosen care-
fully for each specific problem [13,21]. In particular,
a unique kernel function has not been proposed as
suitable for all landslide problems, including different
geometrical and physical parameters [19]. Incompress-
ibility cannot be strictly assured in commonly used
SPH codes, because, in these codes, a relation between
pressure and density is assumed [13]. Boundaries are
not modeled well in SPH. The particles at the edge
of the objects have no neighbors outside, so, their
densities are less than those of internal particles [22].
In most of the developed codes, e.g. [19,20,23], SPH
was not used to model the landslide motion through a
fully-coupled interaction with water, i.e. a prescribed
relation obtained by physical tests was implemented for
the velocity of the solid. Yim et al. [23] reported that
the accuracy of SPH was less than that of the Eulerian
approach.

Apart from the Eulerian and SPH approaches,
the Lattice Boltzmann Method (LBM) has become
proficient in solving a variety of complex and difficult
fluid dynamic problems over the last 15 years. The
fundamental idea of the LBM is to construct sim-
plified kinetic models that incorporate the essential
physics of microscopic or mesoscopic processes, so that
the microscopic averaged properties obey the desired
macroscopic equations [24].

In LBM, the spatial space is discretized in such
a way that it is consistent with the kinetic equa-
tion. LBM is a mesoscopic model simulating flow
phenomenon through tracking fluid particle packs that
move and collide in space under the rules in which
collision does not result in mass and momentum
changes [25]. Space is divided into regular lattices and,
at each lattice site, a particle distribution function, f,,
is defined, which is equal to the expected number of
particles of fluid in the direction of . During each
discrete time step of the simulation (At), fluid particles
move to the nearest lattice site along their direction
of motion, with different velocities of e,, where they
“collide” with other fluid particles that arrive at the
same site. The outcome of the collision is determined
by solving the kinetic (Boltzmann) equation for the
new particle distribution function at that site, and the
particle distribution function is updated [24].

LBM has been employed to model complicated
flow, such as turbulent and free surface flows, ac-
curately [26,27]. The parallelism of the algorithm,
simplicity of programming and possibility of modeling
complex geometrical flow problems are remarkable
advantages of LBM [27]. A single LB time-step is
significantly faster than a single step of an Eulerian
solver [13]. Hence, time dependent flow modeling is
straightforward, especially in 3D, whereas it is costly
in the Eulerian approach [25]. Also, LBM exhibits good
stability for unsteady problems [27].

This paper aims to simulate impulsive waves
generated by aerial and submarine landslides, using
LBM to exhibit its accuracy and efficiency in modeling
this complicated free-surface problems. According to
the authors’ knowledge, this is the first research that
uses LBM to simulate the impulsive waves generated

by landslides.

2. Numerical formulation

In this paper, the Single Relaxation Time (SRT) ap-
proximation with the Bhantager-Gross-Krook (BGK)
collusion rule is adopted to discretize the Boltzmann
equation. For the D2Q9 model (Figure 1), it is given
by [28]:

fol@ + €30t t + At) — fo(775,1) =

_ fa(‘f;ivt) B fzq(‘ﬂiat)

T

+ Fa, (1)

where x;, e, At, fo, fo2 and F,, are the position of
the point in the discretized space, the discrete particle
velocity, the time step, the distribution function, the
corresponding equilibrium distribution function and
the body force (e.g. gravity) function, respectively.

Figure 1. D2Q9 lattice scheme.
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To satisfy the incompressible flow limit, according to
the Navier-Stokes equation, by adopting the Chapman-
Enskog expansion, the relaxation time (7) is related to
the fluid viscosity (v), as [29]:

v =

(r— 5t (2)

Wi =

The equilibrium distribution is of the form [29]:
e = pug (1 + €0 + 4.5(eg,. i) — 1.5@.@), (3)

where u is the fluid velocity, and w, is defined as:

16/36 a =0
wa=144/36 a=1,3,57 (4)
1/36  a=2,4,6,8

Gravity vector (g) for free surface modeling is consid-
ered as [30]:

F,= 3wap[(e} - E) + (6_&17)62]5 (5)

Deunsity (p) and momentum fluxes (pu) are evaluated
by:

8

p:Zfa:Z ol (6)

a=0

8 8
pil =" €fo=Y Enfl (7)
a=0 a=0

For three-dimensional problems in this study, the
D3Q19 model was implemented. The reader is referred
to [11] for related formulation.

Due to the highly turbulent nature of the flow
field generated by landslides, it is necessary to use a
turbulence model. The role of this procedure is to
parameterize the turbulent energy dissipation, where
larger eddies extract energy from the mean flow and
transfer some of it to smaller eddies [31]. In this paper,
the Wall-Adapting Local Eddy-viscosity (WALE), an
LES category, is adopted. This model has good
properties both near to and far from the wall, with
laminar and turbulent flows. This model recovers the
asymptotic behavior of the turbulent boundary layer
when this layer can be directly solved, and it does not
add artificial turbulent viscosity in the shear regions
out of the wake. The WALE model is formulated
as [32]:

=3 (v + CfAng) +0.5, (8)

where C; is equal to 0.5 and A denotes the filter

width, which is set to lattice spacing (resolution). ¢
is described as:

7= (9i,;9i.)"° )
(Si,j Si,j)2'5(gi,jgi,j)1'25 ?
1 . .
Gij = S@ksk’j + Qi’kSk,j — *(51'7]'(52 - Qz). (10)

3

The shear stress tensor (S) and rotational stress tensor
(1) are described as:

g | 9uj

Sij = vp (ax,- + 8z]) J (11)
T

Qi =vp (55 - 52) (12)

where w is the spatially-filtered velocity calculated
by [33]:

a(z) = /U(I)G(I,x')daﬂ, (13)

Gla.2') = A7 Jx -2 <0.5A
’ B 0, otherwise

(14)
In this work, a central difference scheme is implemented
to compute S and 2, as proposed by Weickert et
al. [32].

There are different proposed ways to model free
surface flows in LBM [34-36]. In this study, the model
presented by Koérner et al. [36] is used, in which, the
movement of the fluid interface is tracked by calculation
of the mass contained in each lattice. This requires two
additional values to be stored for each lattice: mass,
m, and fluid fraction, €. The fluid fraction is computed
with lattice mass and density:

e=m/p. (15)

As the particle distribution functions correspond to
a certain number of particles, the change of mass is
directly computed from the values that are streamed
between two adjacent lattices for each of the directions
in the model. For an interface lattice (partially filled)
and a fluid lattice at (« + At e, ), this is given by:

Amg (Z,t+ At) = fol@ + At €4,t) — fold, ). (16)

The first particle distribution function is the amount of
fluid entering this lattice in the current time step, and
the second one is the amount leaving the lattice.

The mass exchange for two interface lattices has
to take into account the area of the fluid interface
between the two lattices. It is approximated by
averaging the fluid fraction values of the two lattices.
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Thus, Eq. (16) becomes:
Ama (Tt + At) ={fa(z + At €, 1) — ful(T, 1)}

e(Z+ At ea,t) + (2, t)
5 i

(17)

For interface lattices with neighboring fluid lattices, the
mass change has to conform to the particle distribution
functions exchanged during streaming, as fluid lattices
do not require additional computation. Their fluid
fraction is always equal to one, and their mass equals
their current density. The mass change values for all
directions are added to the current mass for interface
lattices, resulting in the mass for the next time step:

m(T,t+ At) =m(T, ) + Y Ama (Tt + At).  (18)

For more details, see [36,37].

For all cases in this work, the no-slip boundary
condition (so-called the bounce-back rule) is used. The
basic idea is that the incoming distribution functions
at a wall node are reflected back, and rotated by
« radians. The improvement suggested by Ziegler [38]
was employed, considering the wall-fluid interface to
be located halfway between the wall and fluid nodes,
which has second-order accuracy for straight walls [29].

By using this rule, during the streaming step,
the distribution functions are reflected at the obstacle
surface. The stream step can be written as Eq. (19) for
lattices where the neighbor at x + e, is located as an
obstacle:

fo(Z t + At) = f4(2,1), (19)

where fs denotes the distribution function along the
inverse velocity vector of f,, therefore ez = —e,.

For moving obstacles (landslide blocks), the mo-
mentum of the movement should be transferred to the
fluid. For this purpose, an additional forcing term is
added to Eq. (19) during streaming:

fo(Z t+ At) = fa(Z,t) + 6wa pea.1ip, (20)

where wuo is the obstacle velocity at the obstacle
boundary.

The momentum exchange method was utilized to
compute the exerted fluid-forces to the landslide block.
The total force is computed by [29]:

F= YN e (fa(fb, t) + fa(@h + E2AL, t))
all z, a=1

where z, denotes lattice nodes on the Sqlid side and
e is the bounce-back particle velocity. f, stands for

post-collision distribution function. W}Z is an indicator,
which is O at lattice nodes on the fluid side next to the
solid boundary and is 1 at zy.

By using Eq. (20), fluid to obstacle coupling is
computed, while its combination with Eq. (21) enables
full two-way coupled fluid simulations that can be
applied to study the landslide movement inside water.
It is noted that the applied force to the obstacle, by
applying Eq. (21), is used in Newton’s second law to
compute the obstacle velocity (ug) in Eq. (20).

The aforementioned formulae are coded in the
software, XFlow [39], that is used in this study.

3. Validation test cases

In this part, four physical tests are simulated by the
LBM code. The experimental work includes both
aerial and submerged rigid landslides. The tests were
also numerically modeled using the Eulerian or SPH
methods by other researchers, and are compared with
the results of LBM.

3.1. 2D Submerged landslide (Heinrich [1])
The work was done in a flume of 20 m long and
0.5 m wide. A triangular rigid wedge with a density of
2036.4 kg/m? and a cross section area equal to 0.125 m?
was allowed to slide freely on an inclined frictionless
shoreline of 45° to horizontal. Water depth was 1.0 m
and the wedge was initially 1.0 cm below the water
surface. Figure 2 demonstrates the initial physical
model configuration. The computational domain was
the same as the physical model and a resolution (lattice
dimension) of 0.03 m was used.

Pak and Sarfaraz [10] numerically modeled this
case using FLOW-3D software. They applied three
turbulence models of standard & — ¢, RNG k — ¢,
and LES, and reported that LES results were more
accurate.

In Figure 3, experimental surface wave profiles
are demonstrated and compared with LBM results.
Also, the numerical results of this problem, using
the Eulerian approach by Pak and Sarfaraz [10], and
applying the LES turbulence model, are included and
compared. The figure shows that the LBM-based code

Figure 2. Initial configuration of the experimental work,
case 1 (in meters).
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Figure 3. Experimental and numerical wave profiles at different times, case 1.

is successful and capable of tracking wave generation,
due to the movement of the solid wedge, and is more
accurate than the Eulerian results, according to its
lower RMSE (Root Mean Square Error) values. Also,
LBM proves its accuracy in capturing the configuration
of highly turbulent flow near the beach.

Figure 4 displays and compares experimental and
numerical wave amplitudes at z = 4, 8, 12 m over
time. It is understood that LBM is well capable of
predicting wave propagation due to the movement of
the solid wedge in water. RMSE values indicate that
the LBM-based code is more accurate than the Eulerian
approach for computing the time history of free surface
elevation due to wave propagation.

As indicated in the introduction section, equa-
tions within the Eulerian approach are complex and
consist of high-order derivation terms, whose dis-
cretization will generate numerical errors. LBM can
overcome these issues, as it contains a simple formu-
lation and is straightforward in coupling the flow field
with moving obstacles. Furthermore, LBM does not
suffer from numerical issues such as instability. So,
in this validation case, LBM provides more accurate
results than the Eulerian technique.

In Figure 5, the velocity field and assigned vectors
are presented at different times, showing the stability
of the model in simulating the problem after the time
at which the wedge has reached the bottom. As the
wave propagates towards the right, a clockwise vortex
is generated above the wedge, which resists coming
down the run-up water. Also, the maximum velocity
magnitude of these vortexes decreases over time.

3.2. 2D Partially submerged landslide (Yim et
al. [23])
In this section, a solitary wave generated by the vertical
falling of a partially submerged block into water (so-
called Scott Russell’s wave generator) is considered,
and was carried out both physically and numerically
(RANS and SPH) by Yim et al. [23]. The experi-
ment was performed in a 12 m long flume, with a
rectangular rigid block weighted 13.3 kg per width,
having dimensions of 0.1 m. The flume contained
0.1 m depth of water and the bottom of the block was
initially 3 cm below the still water level (Figure 6). The
computational domain was the same as the physical
model and a resolution of 4 mm was selected for
lattices. The dynamic coeflicient of friction between
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Figure 4. Experimental and numerical time history of
wave amplitudes at different locations, case 1.

the block and vertical walls of the flume was equal to
1q = 0.66, as proposed in [23].

Figure 7 displays the experimental and computa-
tional position of the block mass center (yog). The
RANS simulation by Yim et al. [23] was not stable
after the block reached the bottom of the flume. Also,
experimental values of yog were used in their SPH
code for tracking the motion of the block. This
figure indicates very good agreement between the LBM
results and experimental data. The figure displays that
the block does not meet the bottom of the flume for a
time less than 1 s, which may be due to selecting a
large friction coefficient.

The computational and experimental time history
of free surface elevation at * = 0.4 and 0.85 m are
shown in Figure 8. This figure shows that the wave

Figure 5. Velocity field with vectors at different times,
case 1.

Figure 6. Initial configuration of experimental work, case
2 (in meters).

propagates like a solitary wave, and RMSE values show
that LBM is more accurate than SPH and RANS in
predicting both the amplitude and phase of the wave.
However, because of assuming a smooth surface for
the flume bed, the simulated wave propagates slightly
faster with slightly higher amplitude.

As it was explained before, boundaries are not
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Figure 7. Experimental and computational time history
of mass center position of block, case 2.

Figure 8. Experimental and computational time history
of free surface elevation, case 2.

usually modeled well in SPH. Also, in common SPH
codes, flow incompressibility cannot be guaranteed.
Selecting an appropriate smoothing kernel is essential
for the accuracy and stability of this method and is
not unique for all landslide problems. Unlike the
SPH method, boundaries are modeled in a logical way
in LBM. Moreover, it does not need user-dependent
parameters, e.g. smoothing kernel functions, and,
therefore, LBM provides more accurate results in
comparison with SPH.

The location of the falling block, with the velocity

Figure 9. Velocity field with vectors at different times,
case 2.

field and vectors, are presented in Figure 9 for different
times. While the block is falling, a counterclockwise
vortex develops near the right face of the block and
is advected downstream with a slower speed than the
phase speed of the generated wave. When the block
reaches the bottom, the velocity magnitude tends to
decrease and some small vortexes appear, caused by
interaction between the propagated wave and run-up
water near the block.

3.3. 2D Aerial landslide (Yim et al. [23])
The same materials and method as in the previous case
are used in this case, except that the block was kept
3 cm initially above the still water with a depth of
0.18 m in the flume. Figure 10 shows the experimental
and computed mass center position of the block, which
exhibits good agreement between LBM results and
experimental data. Before the block meets water, no
friction was assumed in the code; hence, it compensates
the large pq selected in the previous case.

The amplitudes and phase of the generated wave
are well computed by LBM at £ = 0.4 and 0.85 m
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Figure 10. Experimental and computational time history
of mass center position of block, case 3.

Figure 11. Experimental and computational time history
of free surface elevation, case 3.

(see Figure 11). It is worth noting that since the
still water depth is more than in the previous case,
bed friction has less effect on the propagated wave;
the phase difference between LBM and experimental
data is negligible. There exists noticeable disagreement
between the experimental and computed results by
RANS and SPH after t = 1.5 s.

Figure 12 depicts the block location at different
times, together with the velocity field and vectors. In
view of the fact that the still water depth is more than
the block height, water overtops the block, and then
reflects back towards the flume. Since the block accel-

Figure 12. Velocity field with vectors at different times,
case 3.

erates before going through the water, flow separation
is observed near the right end of the block at ¢t = 0.2 s.
Similar to the previous case, a counterclockwise vortex
appears and is advected with wave propagation, but is
more stretched along the flume direction.

3.4. 8D Submerged landslide (Ataie and
Najafi [6])

This part discusses the applicability and efficiency of

the LBM method for modeling 3D landslide problems.

A rigid rectangular block, with a weight of 14.82 kg,

0.3 m in length, 0.2 m in width and 0.13 m in height,

was submerged initially on a 30° sloping beach with
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a 0.5 m depth of still water (see Figure 13). All
surfaces were lubricated to eliminate friction and the
test was repeated two times. The flume width was
2.5 m; therefore, it simulates a 3D landslide, as happens
in the real world. In this experimental work, water
elevation towards the centerline of the flume (along the
x axis) was measured at different positions [6].

The computational domain was the same as the
physical model, and a resolution of 8 mm was selected.
Mansour-Rezaei and Ataie [20] simulated the same
problem using SPH in the 3D space using different
kernel functions. Experimental and computational
values of free surface elevation at x = 1.13 and 2.03 m
are shown in Figure 14. It is proved that LBM success-

Figure 13. Initial configuration of experimental work,
case 4 (in meters).

Figure 14. Experimental and computational time history
of free surface elevation, case 4.

fully overcomes the problems encountered to model the
propagated wave in both amplitude and speed.

The predicted wave by LBM has slightly more
speed, which may be due to existing friction between
the block and surface of the beach. The amplitude of
the first trailing is a little under-predicted, which is
possibly caused by using a coarse resolution of lattices.
The figure points out that the calculated wave by SPH
has a considerable phase lag and smaller amplitudes,
exhibiting a dissipative manner.

Velocity fields with vectors along the z-axis at
different times are shown in Figure 15. While the
block slides down, water overtops and pushes the block
to the right side. Also a counterclockwise vortex is
observed on top of the block, which moves upwards
and dissipates during the course of sliding.

Figure 16 presents the velocity field and vectors
over a plane cutting the y-axis at y = 0.43 m. Half the

Figure 15. Velocity field with vectors along z-axis at
different times, case 4.
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Figure 16. Velocity field with vectors at y = 0.43 m for
different times, case 4.

domain is shown due to its symmetry. It is observed
that a strong 3D wave generation and propagation
pattern exists. By sliding the block, counterclockwise
vortexes appear near the top side of the block, which
are advected towards the flume walls. The figure
exhibits a very complex flow field in the 3D case, which
needs further investigations.

4. Conclusion

In this work, a novel approach, based on the Lattice
Boltzmann Method (LBM), incorporated with the
WALE turbulence model, was introduced to simulate
impulsive waves generated by landslides, which is a
complex problem regarding the free surface. The
proposed LBM code takes the coupling between the
motion of the landslide and variation of the flow
field into account to predict the propagated impulsive
waves. Validation of the LBM code was carried out by
simulating a 2D submerged aerial, and a 3D submerged
rigid landslide. The predicted results showed good
agreement with recorded data. The LBM results were
more accurate, in comparison with the Eulerian and
SPH schemes, in predicting the amplitude and phase
of the generated impulsive wave. The beneficial char-
acteristics of LBM coding (simple formulation, easy
coupling interaction, and stable and non-challenging
numerical discretization) can overcome and eliminate
Eulerian and SPH difficulties for accurate modeling
of complex and non-linear interaction between the
generated wave and the sliding obstacle. Extension of
this work would be advantageous to wave-structure in-
teraction problems in offshore and coastal frameworks
which is currently in the authors’ research program.
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