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Abstract: A three-dimensional (3D) non-hydrostatic model for simulating nonlinear
and dispersive waves is extended to compute submarine-landslide-generated waves.
The model uses a projection method to solve the 3D Navier-Stokes equations on a 3D
grid system built from a two-dimensional (2D) horizontal mesh by adding several
horizontal layers in the vertical direction. The free surface is efficiently captured by
the so-called free surface equation. The bottom movement is incorporated in the
model by specifying the kinematic boundary condition at the impermeable bottom.
The extension does not alter the property of the discretized Poisson equation for
non-hydrostatic pressure correction terms. Thus, it can be also solved efficiently by
the preconditioned conjugate gradient method. A wide range of tests including 2D and
3D landslide waves are simulated. Comparisons between numerical results and
experimental data and/or other model results are presented. It is found that a good
agreement has been obtained for a range of landslide waves using a very small
number of horizontal layers (e.g. three or five layers) and the proposed model can be
considered as an attractive alternative to simulating submarine-landslide-generated
waves.

Keywords: Three-dimensional; Non-hydrostatic; Submarine landslide; Tsunami waves;

Navier-Stokes equations
1. Introduction

It is well-known that submarine landslide is one of the mechanisms contributing to



the formation of tsunami waves, whether in coastal areas or in closed water basins
such as bays and lakes. They usually have destructive effects on human communities
and vital infrastructures and have been studied by a large number of physical
experiments. Many early numerical models for tsunami waves are developed based on
shallow water theory [1]. However, with the availability of fast computers, many
efforts have been sought to obtain nonlinear and dispersive numerical models,
because nonlinearity and dispersion play very important roles in the generation and
propagation of tsunami waves [1-3].

The existing numerical models for predicting landslide-generated dispersive
waves can be mainly classified into three groups: Boussinesq-type models [2,4,5],
potential flow models [6-9], and models based on the Navier-Stokes equations (NSE)
[10-16]. Boussinesq-type models are depth-integrated and thus can be solved
efficiently across a large spatial domain. Nevertheless, the feature of high-order,
mixed derivative terms in these models complicates the discretized methods,
particularly in complex spatial domains. Potential flow models are derived from the
incompressible NSE, but they have limited application due to the assumption of
perfect fluid and irrotational motion. Although numerical results based on the
Boussinesq-type models and the potential flow models have been shown to give
generally good predictions for a range of tsunami waves generated by landslides,
models based on NSE are the most advanced numerical models and have the potential
for accurately simulating tsunami waves by incorporating complicated turbulence
models. However, large computational expense is the key problem to be solved for
NSE-based models.

At present, most NSE-based numerical models for landslide tsunami waves
employ the volume of fluid (VOF) method [10,12-14] or smoothed particle
hydrodynamics (SPH) method [11,15,16] to capture the free surface. These models
are capable of predicting overturning free surface flows, but their further applications
are limited by the high computational expense. As for free surface flows in which the
free surface elevation can be defined as a single-valued function of horizontal
positions, the so-called free surface equation can be used to calculate the moving
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surface, which is used in non-hydrostatic models. Thus with relatively small
computational expense, these models are capable of accurately predicting a wide
variety of wave motions.

Non-hydrostatic models for water wave dynamics have been used [17-24] for
nearly 20 years. These models can be applied to simulate various problems involving
dispersive waves or non-hydrostatic effects. The tsunami wave generated by
submarine landslides is one of these problems. In this paper, we will extend our
non-hydrostatic model [18] to simulate submarine-landslide-generated waves and
validate the developed model for a wide range of test cases. The previous
non-hydrostatic model [18] employs a novel grid arrangement, which renders the
Poisson equation efficiently solvable. Moreover, the model is capable of accurately
resolving nearshore wave breaking and run-up [17] and even the focusing of wave
groups [19]. The extension of the previous model [18] is carried out by incorporating
the bottom movement to predict the moving landslide. The discretized Poisson
equation for the developed model is still symmetric and can be solved efficiently by
the preconditioned conjugate gradient method. To the best of our knowledge, several
attempts have been made to apply non-hydrostatic models for simulating tsunami
waves generated by landslides. One application was initiated by [22], who presented a
shock-capturing non-hydrostatic model for the simulation of dispersive waves and
validated it by only one case of landslide-generated tsunami. Ruffini et al. [25]
investigated the effect of the water body geometry on landslide-tsunami propagation
in the far field by using SWASH [24]. Hill et al. [26] predicted the Storegga Slide
tsunami by using a non-hydrostatic developed model on a highly flexible
finite-element/control-volume modelling framework. Pan et al. [27] presented two
finite element non-hydrostatic models to simulate an example of 3D
landslide-generated tsunami. In addition, there are also several non-hydrostatic
models aimed at the prediction of tsunami waves generated by deformable [28, 29] or
granular landslides [30, 31]. Grilli et al. [32] presented numerical simulations of the
tsunami from the December 22, 2018 lateral collapse of Anak Krakatau volcano in the
Sunda Straits, Indonesia with NHWAVE [22, 28, 30]. The main advantage of the
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present non-hydrostatic model is that it can be solved efficiently because of the
symmetric property of the Poisson equation.

The remainder of this paper is organized as follows. Section 2 presents the
governing equations. The numerical algorithm used to solve the non-hydrostatic
model is described in Section 3. Numerical validations and conclusions are provided

in Section 4 and 5, respectively.

2. Governing equations

The 3D incompressible NSE are derived from the conservation of mass and

momentum and can be expressed in the following form:

ou 0Ov ow
—+—+—=0 (1)
ox 0Oy 0Oz
ou Ou® Ouv ouw On Oq o’'u 0°u 0u
—+ + + tg—+——=V| St —=+t (2)
o ox oy 0Oz ox Ox ox~ oy- Oz
ov ouv OV Ovw on 0Oq o’v o’v 0%
—+ + + tg—+—=V| S+t (3)
o ox oy 0z oy Oy ox~ oy~ Oz
ow Ouw oww ow' Oq o'w o*w O’w
—+ + + +—==v, >t (4)
o0 ox oy 0z Oz ox~ oy° 0Oz

where ¢ is the time; u, v and w are the velocity components in the horizontal
x, y, and vertical z directions, respectively; p=g(n—z)+¢q is the normalized
pressure divided by a constant reference density and splitted into hydrostatic and

non-hydrostatic ones; 7 is the free surface elevation; ¢ is the non-hydrostatic

pressure component; g is the gravitational acceleration; and v, is the eddy

viscosity.
To predict submarine-landslide-generated waves, a moving bottom boundary is

considered in the model and the vertical velocity component at the impermeable

bottom z=-h(x,y,t) is specified by the following kinematic bottom boundary

condition:



Woy=———u——v— )

At the moving free surface z=7n(x,y,t), the kinematic boundary condition is

expressed as:

W, =——+u—+v— (6)

Integrating the continuity equation (1) over the water column and applying the
kinematic boundary conditions (5) and (6), the following so-called free-surface

equation is obtained:

on+h)

+3j”udz+ij"vdz=o (7)
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Notably, —h(x,y,t) is a function of time and is determined by the pre-defined

landslide motion.

The eddy viscosity v, is determined by the following Smagorinsky model [33]:
v, =v+(CAY[2S,S,)?,  A=(AxayAn)” )

where v is the molecular viscosity; C, =0.2 is used in this study; Ax, Ay and

s

Az are grid sizes inthe x, y and z directions, respectively; S is the rate of

strain. Notably, the Smagorinsky model is just used for numerical stability in this

study.
3. Numerical algorithms

Following Ai et al. [18], a projection method is firstly used to solve Egs. (1)-(4) in
this model. This step can be divided into two stages. The first stage is performed by

solving Egs. (2)-(4) to get the intermediate velocities #"*"'*, v"*"* and w"""?. In

this stage, all the terms containing the non-hydrostatic pressure are discretized
explicitly by means of finite difference and finite volume methods.

In the second stage, the discretized Poisson equation for non-hydrostatic pressure



correction terms is derived and solved. It is worth mentioning that the incorporation of
the moving bottom boundary Eq. (5) in the model does not alter the property of the
discretized Poisson equation. It is also symmetric and is solved efficiently by the

preconditioned conjugate gradient method. Once the non-hydrostatic pressure

correction term Ag is obtained, the new velocities "', V"' and w""' are

computed by correcting the intermediate values after including Agq.

In the following step, the time derivative term of bottom topography % is

calculated according to the motion of the landslide. Then, based on the new velocity

n+l |

field, the vertical velocity component at the impermeable bottom w , and the

new water surface elevation 7" are updated by applying finite volume

discretizations to solve Egs. (5) and (7), respectively. For more details about the
numerical discretization, the reader is referred to Ai et al. [18].

In addition, it should be mentioned that the 3D grid system used in this model is
built from a 2D horizontal structured mesh by just adding several vertical layers. A
schematic diagram about the vertical grid system is illustrated in Fig. 1. In the vertical
direction, to better fit the moving free surface and the complex bathymetry, a
boundary-fitted coordinate system is employed. Therefore, the interface between two

layers is defined as follows:
Zk+1/2(x9y9t):Zk—l/2(x9y71)+[n(x:yat)+h(xayvt)]/Nzﬁ k:Ov"oNz (9)

where k& 1is the layer index; N, is the number of vertical layers; z,,, =—h(x, y,t)

and zy ., =1(x,»,1).
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Fig. 1. The vertical boundary-fitted coordinate system
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4. Model validation

To demonstrate the capability of the present non-hydrostatic model for accurately
predicting tsunami events, five test cases are presented. The first four tests are
essentially 2D vertical problems, which involve different bottom motions, while the
final test presents tsunami waves generated by a 3D landslide and has been used as a
typical 3D benchmark test. In all the simulations, the turbulent kinematic viscosity v
is calculated by Eq. (8), which can be easily implemented in this model, as presented
by Ai and Jin [34]. It should be mentioned that the performance of the present model
in resolving linear dispersion relations is presented by Ai et al. [18]. The present

model with two horizontal layers can accurately predict linear dispersive waves up to

Kh, <7,where K isthe wave number and £, is the still water depth.

4.1 Tsunami waves generated by impulsive bottom movements

Tsunami waves generated by impulsive bottom movements in a constant water
depth were first studied numerically and experimentally by Hammack [35]. More
recently, these experiments have been used for testing Boussinesq-type numerical
models [2,5]. Hammack [35] considered two situations of bottom movement, namely,
the impulsive upward motion and the impulsive downward motion (hereafter called
the upward case and the downward case, respectively). The time-variable bottom

topography is described as follows:

h(x,t)=hy—¢,(1—e “)H(b> —x7) (10)
where /,= 1.0 m is the undisturbed water level; H is the Heaviside step function;
b= 12.2 m is the step length measured from the upward boundary wall (x= 0); and
a=1.11/t,. For upward bottom movement, ¢, and ¢ were set to 0.1 m and

0.148b/,/ gh, , respectively, while for the other case, they were taken as -0.1 m and

0.093b/,/ gh, , respectively.

In the two computations, the grid size used in the horizontal domain is Ax = 0.25



m, which is similar to that used in the Boussinesq-type model [5]. As a result, the
length of the step length is discretized into approximately 50 cells. The time step is set
to 0.05 s and only three layers are taken in the vertical direction. Figs. 2 and 3
compare the time histories of the computed free-surface elevations with the
experimental data by Hammack [35] for the upward case and the downward case,
respectively. Numerical results obtained by the high-order Boussinesq-type model [5]
are also plotted for comparison. It can be found from Figs. 2 and 3 that the present
model results are almost identical to those obtained by the Boussinesqg-type model,
although viscous energy dissipation is included by incorporating the Smagorinsky
turbulence model in the study. Near the generation field of waves (Fig. 2a and b and
Fig. 3a and b), the present model results are in good agreement with the experimental
data, nevertheless very noticeable discrepancy between them can be found in the
far-field waves (Fig. 2c and d and Fig. 3c and d). Due to the good agreement between
the present viscous model and the Boussinesg-type model [5], it can be inferred in this
study that the viscous terms play negligible role and the reason for the discrepancy
between the present model results and the experimental data might be due to the

friction losses caused by the boundary walls which were not considered in this study.
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Fig. 2. Comparisons of time histories of the free-surface elevation at different locations between
experimental data (open circles), the present model results (solid lines) and the numerical results

obtained by the high-order Boussinesq-type model [5] (dashed lines) for the upward case.
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Fig. 3. Comparisons of time histories of the free-surface elevation at different locations between

experimental data (open circles), the present model results (solid lines) and the numerical results

obtained by the high-order Boussinesq-type model [5] (dashed lines) for the downward case.

4.2 Numerical tsunami wave of Lynett and Liu's [2]

\ ~-landslide

Q) i )

Ah

Fig. 4. Schematic diagram for the numerical set-up of Lynett and Liu [2].

Lynett and Liu [2] conducted a numerical simulation of a submarine landslide



wave using their Boussinesq-type model, which has been used as a benchmark
validation for predicting landslide waves [4,5]. A schematic view of the
submarine-landslide-generated wave is shown in Fig. 4. Following the work of Lynett

and Liu [2], the time-varying bottom topography is expressed as follows:
h(x,t) =sx—h'(x,t) (11)
with
, Ah
H(x,t)= - [1+ tanh(2(x — x,(£)) cos O)][1 - tanh(2(x — x, (£)) cos )] (12)
where A/ is the maximum vertical height of the slide; s=tanéd is the bed slope;
and x,(¢) and x.(¢) are given by
b b
x,(t)=xc(t)—Ecos6’, xr(t)=xc(t)+gcos«9 (13)
with
x.(t)=x,+S(t)cos b (14)
where x, is the initial position of landslide center of mass motion; S(¢) parallel to

the slope is governed by the following expression:

S@) =S5, ln{cosh(%ﬂ (15)

=i, g = (16)

with

where a, and u, are initial landslide acceleration and terminal landslide velocity,

respectively and are determined by:

a,=g r-1 sin@, u,= gbﬁ(y—_l)sinﬁ (17)
y+C, 2C,

where y 1is the landslide specific density; C, is an added mass coefficient; and C,

m

is a drag coefficient.

In our simulation, parameters presented by Fuhrman and Madsen [5] are adopted:
Ah=005m, =6, b=1m, x=2379 m, y= 2, and C,=C,=1. The
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computational domain ranges from -1 m to 20 m in the x direction and the water
depth ranges from 0 m at x =0 m to 0.21 m at x = 20 m. Three horizontal grid
sizes with Ax =0.1 m, 0.05 m and 0.025 m are considered. Accordingly, the landslide

is discretized by about 10, 20 and 40 divisions in the x direction. In the vertical
direction, N_ is set to two, five and ten, respectively, to test the sensitivity of results

to the number of horizontal layers.

Fig. 5 shows comparisons of the free-surface profiles between the three sets of
numerical results with different horizontal grid sizes and the numerical results
obtained by a boundary integral equation model (BIEM). The BIEM solves the
potential flow equation in the vertical plane and predicts fully nonlinear and
dispersive waves with high accuracy. The BIEM results can be found in the papers of
Fuhrman and Madsen [5] and Lynett and Liu [2]. It can be seen from Fig. 5 that the
present model results with Ax= 0.05 m and 0.025 m are quite similar and are in a
good agreement with the BIEM results, demonstrating that grid convergence has been
achieved by setting Ax= 0.05 m. Fig. 6 shows comparisons of the free-surface
profiles between the three sets of numerical results with different numbers of
horizontal layers and BIEM results. The present model results with five layers are

quite similar to those with ten layers, indicating that grid convergence has been
obtained after N_>5. Fig. 7 compares the hydrostatic model results and the
non-hydrostatic model results to show the non-hydrostatic effects. The hydrostatic
model is run by turning off the Poisson equation solver. In both hydrostatic and
non-hydrostatic models, Ax= 0.05 m and N, =5 are employed. It can be seen
from Fig. 7 that discrepancies between the hydrostatic and non-hydrostatic models
become visible after ¢#=3 s. The non-hydrostatic model predicts larger values of the
wave trough than the hydrostatic model at #=4.51 s and 5.86 s. The non-hydrostatic
effects play an important role in the generation of small oscillations behind the wave

trough (see Fig. 7 (d)). Overall, the non-hydrostatic model results are in good

agreement with the BIEM results.
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Fig. 5. Comparisons of free-surface profiles between the three sets of the non-hydrostatic model

results with different horizontal grid sizes ( /N, = 5) and BIEM results.
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Fig. 6. Comparisons of free-surface profiles between the three sets of the non-hydrostatic model

results with different numbers of horizontal layers ( Ax = 0.05 m) and BIEM results.
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Fig. 7 Comparisons of free-surface profiles between hydrostatic model results, non-hydrostatic

model results and BIEM results.
4.3 Experimental tsunami waves of Grilli et al. [7]

The experiment performed by Grilli et al. [7] was also a 2D vertical problem and
has been selected as one of the benchmark tests by the NTHMP landslide tsunami
benchmark workshop [36]. This test case has been used as a validation test for
Boussinesqg-type models [4,5] and potential flow models [7,8]. In their experiment, a
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half-ellipse landslide was placed on a planar slope and after a while it slid into a flat
region. A schematic view of Grilli et al.’s experiment [7] is shown in Fig. 8. The

length and maximum thickness of the half-ellipse are »=1000 m and 7 =52 m,
respectively. The planar slope is @=15 and the water depth in the flat region is
h,=1018.3 m. The landslide center of mass motion parallel to the slope is also

described by Eqgs. (15) and (16). The initial landslide acceleration and terminal

landslide velocity are a,=0.574m/s> and u, =45.91m/s, respectively. The initial

submergence depth of the landslide is d =161 m, which leads to x, =1161.5m.

In the x direction, the computational domain is discretized by Ax =20m and
the half-ellipse landslide is discretized by approximately 48 cells. Five horizontal
layers are used in the vertical direction. The time step used in the simulation is set to
At =0.1s. In Fig. 9, the time histories of present computed free-surface elevations are
compared with the experimental data from Grilli et al. [7]. The high-order
Boussinesq-type model results [5] and the numerical results from a potential flow
model [7] are also superimposed in Fig. 9 for comparison. It should be emphasized
that the time-varying bottom topography and the landslide motion employed in our
simulation are identical to those used in Fuhrman and Madsen [5]. However, as
described in Fuhrman and Madsen [5], to predict better results Grilli et al. [7] used
landslide shape and motion that are slightly different from those used here. It can be
seen from Fig. 9 that all of the numerical models predict reasonable results, when
compared with the experimental data. However, the present model overpredicts the
deep depression at x =1175m, while at other locations it accurately estimates the

deep depression compared with other model results.
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Fig. 8. Schematic diagram for the experimental set-up of Grilli et al. [7].
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Fig. 9. Comparisons of time histories of the free-surface elevation at different locations among

experimental data, present model results and numerical results obtained by the high-order
Boussinesg-type model [5] and the potential flow model [7].
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4.4 Experimental tsunami wave of Sue [9]

Sue [9] carried out a series of experiments for submarine-landslide-generated
waves, which have been used as validations for the potential flow model developed at
the University of Canterbury. In the experiments, a range of combinations of specific
gravity and initial submergence of landslide were considered. In the present study, a
test case named SG2 IS5 in Sue [9] is studied, which corresponds to a combination of
moderate specific gravity with the shallowest initial submergence. A schematic view
of Sue’s experiments [9] can be found in Fig. 8. A half-ellipse landslide is also placed

on a planar slope with @ =15, but there is a transition from the planar slope to a flat

region, which allows the landslide to slide smoothly down the slope and then enter
into the flat region. The length and the maximum thickness of the half-ellipse are
b=0.5 m and 7=0.026 m, respectively. Neglecting the landslide, the bottom
topography can be described by following expressions:

For the planar slope (0m < x<1.297m):

h(x) = xtané (18)
For the transition (1.297 m < x<1.807 m):

h(x) =-0.19(x—1.297)’ = 0.1024(x —1.297)* + 0.2728(x —1.297) + 0.3475  (19)
For the flat region (x >1.807 m):

h(x)=h, (20)
where the constant water depth /4, =0.435 m.

The initial position of the landslide center of mass motion is at x,=0.26 m.

Following Sue [9], the displacement S(¢#) of the landslide parallel to the slope does

not follow Egs. (15) and (16) and is described by an idealized form, which divided the

landslide motion into following three stages. In the first stage, the landslide slides

down the slope with a constant acceleration a, until a time ¢, at which the

landslide reaches the base of the slope. After this, the second stage starts, in which the
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landslide moves along the flat region with a constant deceleration until a time ¢, , at

Z€ero 2

which the landslide came into a rest. In the final stage, the landslide continues in a

state of rest. Therefore, S(¢) is described as follows:

1
antz for 0<t<t_
1 t. (t—t_)
S(t) = _aOtmaxz + aOtmax (t - tmax) - aO . ( maX) fOl" tmax St< tzero (2 1)
2 2 ([zem - tmax)
2 1
5 aOtmax + 5 aOtmax (tzero - tmax) f or tz tzero

where q,, ¢, and ¢,  are calculated from the landslide velocity time history,

max zero
which was measured using Particle Tracking Velocimetry in the experiments. For the

case of SG2_IS5, a,=1.004m/s?, ¢

m

o =1.265sand ¢, =6.045s.

Zero

In the computation, the horizontal domain is discretized by Ax=0.025m and a
time step Az =0.02s is used. As a result, the landslide is discretized by approximately
19 horizontal cells. In the vertical direction, three horizontal layers are used. Fig. 10
compares the computed and measured free-surface profiles at various times. Fig. 11
compares time histories of the computed free-surface elevation with experimental data
at various locations. It is found that the generation and propagation of the
landslide-generated waves are well captured by the present model and generally good
agreement is obtained between the model results and the measured data, further
demonstrating the capability of the non-hydrostatic model in resolving landslide

tsunami waves. The predicted main wave length for the generated waves is about 1.36

m (discretized by approximately 54 horizontal divisions), resulting in Kh, =~ 2.

18



7 (m)

7 (m)

7 (m)

7 (m)

7 (m)

Fig. 10. Comparisons of free-surface profiles at various times between present model results and

0.04
0.02

0.00
-0.02

-0.04

0.04
0.02
0.00

-0.02

-0.04

0.04 |- (c) 1=2.65
0.02 «
L noth
7o 00000g DDDD 5
000 p=iffL £ 5 #, - Fienmnsanssace snsssotases
i B g &7
-0.02 | W,
-0.04 |

0.04

0.02

0.00
-0.02

-0.04

0.04

0.02
0.00

-0.02

-0.04

0.04

0.02
0.00

-0.02

-0.04

i (a) t=0.6s

0,
<
fg-\ 100 5 508 506 B 008 G068 B0 & G068 B-06 5060 8 008 B-0-8 8008 608

Y

= Experimental data
Present model results

T

- (b) =165

F :F‘n:\l]

kﬂi%g‘é g? Qman“uﬂmﬂawa & G-0-8 5-00 8 008 G068 500 & G-0-8 5-0-8 504
%

r Fn
‘—

(d) 1=36s

oo
oo —DEU_D

D%ﬂ&ﬂéﬁﬁ P m 3 k 2900600000 00000804
f /

T

B (e) t=4.6s
[~ =]
oo f 93 Gl
@ ¥ @ 0\ oo\ Dnuﬂuunnunuﬂ
h:‘nd’nmﬁfﬂ#:m%f v P Gy n\:!‘;‘l?m \ DDDDD e F:
AR S S

B ) t=5.6s
§ 8

SN 1

9 o6 oog
ma%ﬂ%%% ‘?qu, g4 o D”q,\\ g ooy aef®_ ]

s 3 5
& vr o8 o = Mg gaa®
a Ad ~7 S
&

x (m)

19



experimental data from Sue [9].
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Fig. 11. Comparisons of time histories of the free-surface elevation at various locations between

present model results and experimental data from Sue [9].

4.5 3D tsunami waves of Enet and Grilli [37]

As a final test, we conduct a numerical test for simulating tsunami waves
generated by a 3D submarine landslide. The experimental data by Enet and Grilli [37]
is adopted to validate the numerical results. This example is also one of the
benchmark tests presented by the NTHMP landslide tsunami benchmark workshop
[36]. The experiments performed by Enet and Grilli [37] generated highly dispersive
waves and have been used for validating capabilities of dispersive numerical models
[5,7,22] on resolving 3D tsunami waves. The experiments were carried out in the 3.7
m wide, 1.8 m deep, and 30 m long wave tank. A schematic diagram about the
experimental setup is illustrated in Fig. 12. In this figure, only a local coordinate
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system (x,)’,z") is plotted. The global coordinate system (x,y,z) defined in this

test is analogous to that shown in Fig. 8, in which the origin of the coordinate is

located in the shoreline and y =0m is the symmetric plane of the computational

domain.

A Gaussian shaped landslide with length 5 =0.395m, width w=0.68 m, and
thickness 7 =0.082m is placed on a planar slope with #=15 . The landslide
geometry is defined using the following truncated hyperbolic secant functions in the
coordinates oriented with the planar slope:

z'= 1L [sech(kbx')sech(kw V- 8] (22)

where k, =2C/b; k,=2C/w; C=acosh(l/g); and £=0.717 is the truncation

parameter.

The water depth in the flat region is maintained constant as 4, =1.5m. For the

displacement S(¢) of the landslide parallel to the slope, it is also described by Egs.

(15) and (16). Three test cases with different initial submergences of landslide are
considered in this study. Parameters used in each case are listed in Table 1.
Table 1. Summary of parameters used in each case for the 3D experimental tsunami waves of Enet

and Grilli [37]

Case d(mm) a,(m/s?)  u,(m/s)

A 61 1.12 1.70
B 120 1.17 2.03
C 189 1.21 1.97

In the numerical computations, following Fuhrman and Madsen [5], the horizontal

domain is discretized by setting the grid interval length Ax=0.025 m and

Ay =0.04625m and the time step is Af=0.005s. The landslide is discretized by

approximately 15 and 14 divisions in the x and y directions, respectively. Five

horizontal layers are used in the vertical direction. The computational domain is 10 m
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long and 3.7 m wide. For the three test cases, comparisons of free-surface elevations
at various locations between present model results, numerical results obtained by the
high-order Boussinesq-type model [5] and experimental data from Enet and Grilli [37]

are shown in Figs. 13-15. As described in Enet and Grilli [37], experimental data are
not available at the gauging point (1.929, 0) m for Case B because of a data-logger

problem. The estimated main wave lengths for Case A, Case B and Case C are 0.96 m,
1.01 m and 1.05 m, respectively and are discretized by approximately 38, 40 and 42
horizontal divisions, respectively. It can be found that with the increase in the initial
submergence, discrepancies between present model results and measured data become
more visible. However, numerical predictions are in generally good agreement with
experiments. The present model behaves better than the high-order Boussinesq-type
model for Case A, in which the high-order Boussinesq-type model overestimates the
wave crest. For Case B and Case C, both model results are similar.

Fig. 16 shows the time evolution of the wave field for Case A, which results in the
largest waves of the three test cases considered. The generated waves are
characterized by a relatively larger leading wave, followed by a dispersive wave train
and have very notable 3D effects. At the time 7 =1s, a short-crested leading wave
was formed. Hereafter, the leading wave crest becomes wider and lower.

To illustrate the 3D feature of the test cases, Fig. 17 shows distributions of the

normalized non-hydrostatic pressures and velocities in the symmetric plane of y =0

at a typical time ¢#=2.5s for Case A. It can be seen that distributions of the
non-hydrostatic pressures and the horizontal velocities in the vicinity of the landslide
are almost identical. There are negative values above the landslide, while positive
ones can be detected in front of or in the rear of the landslide. For the distribution of
vertical velocities, there are positive and negative values in tandem appearing above
the landslide.

The computational efficiency for the three test cases is shown in Table 2. The
model was run on a notebook computer with Intel Core (TM) 17-5700HQ CPU. The

CPU is a quad-core processor and has a base frequency of 2.7 GHz with 6MB L3
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cache. The model uses the C# shared memory library for parallelization. The total

CPU times for Case A, Case B and Case C are 266.50 s, 314.46 s and 295.61 s,

respectively.

Table 2 Computational efficiency for the 3D experimental tsunami waves of Enet and Grilli

[37]
Computational Simulation  Total grid CPU time
Case
environment time (s) number (s)

A CPU: Intel Core (TM) 266.50

17-5700HQ, 4 cores, 2.7
B 3.5 160,000 314.46

GHz;
c L¥6MB 295.61

Fig. 12. Schematic diagram for the experimental set-up of Enet and Grilli [37].
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Fig. 13. Comparisons of the free-surface elevation at various locations between the present model
results, the numerical results obtained by the high-order Boussinesq-type model [5] and

experimental data for Case A.
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experimental data for Case B.
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Fig. 15. Comparisons of the free-surface elevation at various locations between the present model
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Fig. 16. 3D view plots of the free-surface elevation at representative times for Case A.
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Fig. 17. Distributions of the normalized non-hydrostatic pressure ¢, horizontal velocity u, and
vertical velocity w in the symmetric plane of y =0 at the time ¢=2.5s for Case A. (The

vertical scale is the same as the horizontal one.)

5. Conclusions

This paper presents a 3D non-hydrostatic model for simulating nonlinear and
dispersive waves to predict submarine-landslide-generated waves. The model is
developed by incorporating the moving bottom boundary into the projection method,
which is utilized to solve the 3D Navier-Stokes equations. The resulting Poisson
equation for non-hydrostatic pressure correction terms is also symmetric. Thus, the
3D model is also computationally efficient, because the preconditioned conjugate
gradient method can be employed to solve the Poisson equation.

A wide range of numerical tests involving tsunami waves generated by 2D or 3D

landslides are used to validate the developed model. In the first two tests of 2D
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tsunami waves, it is found that very good agreements are obtained between present
model results and those obtained by the high-order Boussinesq-type model [5] or the
potential flow model [2]. In the test of experimental tsunami wave of Grilli et al. [7],
the present non-hydrostatic model behaves better than the high-order Boussinesq-type
model [5] and the potential flow model [7] in the prediction of deep depression of
waves. For the test of experimental tsunami waves of Sue [9], the non-hydrostatic
model captures the generation and propagation of the landslide-generated waves well
and agreements between model results and experimental data are generally good. In
the final 3D example, numerical predictions are also in generally good agreement
with experiments and the 3D feature of the generated tsunami wave is revealed.
Overall, all the validations demonstrate the developed model’s capability for resolving
landslide waves and the model can be considered as an attractive alternative to
predicting 3D tsunami waves induced by submarine landslides.

In the present model, landslides are considered as rigid blocks which limits the
model’s applicability. The model [18] can be extended to predict tsunami waves
induced by deformable submarine landslides following the work of Ma et al. [28], in
which landslides are treated as water-sediment mixtures. The model [18] also can be
coupled with a depth-averaged granular flow model to simulate tsunami wave

generation by granular slides following Ma et al. [30] or Macias et al. [31].
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