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Effects of grain size on subaerial granular landslides
and resulting impulse waves: experiment and
multi-phase flow simulation
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Abstract Subaerial landslides falling into a large body of water can generate
large impulse waves (tsunamis). The wave generation by subaerial landslides
involves sediment, water and air, and thus multi-phase flow models are most
suitable for simulating the processes involved. This paper reports a laboratory
and numerical study of impulse waves generated by subaerial landslides, with
a focus on grain size effects. Four different grain sizes were examined in this
study, ranging from fine sand to very coarse sand. A multi-phase flow model
was used to perform the numerical simulations of the laboratory experiment.
Both measured and simulated results have shown that the speed of the granular
front and the height of the impulse wave increase with decreasing grains size.
Possible explanations for the effects of grain size on the landslide process and
the resulting waves are discussed.
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1 Introduction

Landslides are slope failures, which can be caused by many factors such as
earthquakes and weak geological layers. Landslides can be classified as sub-
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aerial, submarine and transitional landslides, and all three types of landslides
can generate impulse waves or tsunamis (Lgvholt et all [2015; [Pilvar et al.,
. Even though landslide-generated tsunamis are rarer compared to other
types of tsunamis (Cheng et al., 2020)), they can be extreme dangerous com-
pared to the tsunamis generated by submarine earthquakes or volcanic erup-

tions. In particular, subaerial landslides falling into lakes , reser-
voirs (Huang et al) 2012)) or bays can generate very large im-
pulse waves (also called megatsunamis). For example, the 1958 Lituya Bay
tsunami resulted in a run-up height of 524 m and destructed the forest on the
mountain slope over a total area of 10 km? .

In existing experimental studies, subaerial landslides were usually modeled
using either rigid blocks (Noda}, [1970; Kamphuis and Boweringj, 1972} [Walder
et al, [2003; Heller and Spinneken, 2013} 2015) or granular assemblies (Fritz
et al] [2003] [2004; [Zweifel et all 2006} [Heller and Hager}, [2010} [Viroulet et al.
2013b; [Huang et al., [2014} |Lindstrgm) 2016} Evers et all [2019; [Pilvar et al.,
2019} Bougouin et al., [2020; Robbe-Saule et al., [2021). Existing experimental
studies of impulse waves generated by subaerial landslides have shown that the
near-field waves generated by rigid blocks (e.g., [Heller and Spinneken), [2013)
and granular assemblies (e.g., [Fritz et al.,|2003)) share some common features:
both are characterized by a leading peak, followed by several trailing waves.
The near-field impulse waves may transform eventually into nonlinear oscil-
latory waves, transitional waves, solitary-like waves, or dissipative transient
bores in the far field (Noda, [1970; [Fritz et al., [2004). However, rigid blocks
can generate larger waves compared to granular assemblies (Lindstrem) [2016]).
It has been found that the height of the impulse waves depends primarily on
the following dimensionless numbers: impact Froude number (defined by the
slide speed at impact and the shallow water wave speed), dimensionless slide
volume, and dimensionless slide thickness—these conclusions hold regardless
of whether the subaerial landslides are modeled by block slides (Kamphuis
and Bowering} 1972) or granular assemblies (Fritz et al., [2004; Zweifel et al.|
2006). Other factors such as the peak ground acceleration (Wang et al., [2020)
may also affect the impulse waves generated by a subaerial landslide.

e

Most recent experimental studies of subaerial landslides have used granular
assemblies, but focused on larger particles, with the median diameter Dsq
ranging from 0.8 mm to 13.7mm. The exception is [Bougouin et al.| (2020)),
who used non-natural particles with the smallest particles having a diameter
of 0.065 mm. Two major mechanisms used to release the granular assemblies
are vertical sliding gates and flapping gates. Even though vertical sliding gates
have been used for most particle sizes (0.065 mm to 8.0 mm), the flapping gates
have been used mainly for larger particles (Dsp > 4.0mm). A summary of
representative experimental studies of subaerial landslides are given in Table
where the column STA indicates if the granular grains are stationary (STA)
or moving at the time they are released. It can been seen from Table 1] that
all these experimental studies did not report the uncertainty in the measured
thickness of the granular front (e4) or the uncertainty in the measured height of
the impulse waves (exr), except for McFall et al. (2016) and McFall et al. (2016)
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Table 1: Summary of representative experimental studies on subaerial landslide-tsunamis

Author Release mechanism  Dso (mm) 3D/2D e eg STA
Fritz et al.|(2003 Flapping gate 4.0 2D - - No
Fritz et al.|(2004 Flapping gate 4.0 2D - - No
Zweifel et al.|(2006 Flapping gate 4.0 2D - - No
Heller and Hager|(2010 Flapping gate 2.0-8.0 2D - - No
iroulet et al.|(2013 Vertical sliding gate 1.5 2D - - Yes
Huang et al.| (2014 Vertical sliding gate  5.0-100 3D - - Yes
Lindstrgm|(2016)#) - 0.3-2.5 2D - - Yes
McFall and Fritz|(2016] Flapping gate 13.7 3D 4% =) No
Zitti et al.[(2016) 7 - 9.0 2D - - Yes
ulligan and Take Flapping gate 3.0 2D - - Yes
McFall et al.|(2018 Flapping gate 13.70 3D 4% =) - No
Evers et al.| (2019 Flapping gate 8.0 3D - - No
Kim et al.[(2019 Flapping gate 13.7 3D - - No
Pilvar et al.|(2019 Vertical sliding gate  0.8-1.0 2D - - Yes
ougouin et al.| (2020 Vertical sliding gate  0.065 2D - - Yes
Huang et al.| (2020 Vertical sliding gate  2.0-5.0 2D - - Yes
obbe-Saule et al. 2021' Vertical sliding gate  1.0-8.0 2D - - Yes

(*) The thickness of the granular front was measured before it entered the water.
#) |Lindstrgm| (2016)) and |Zitti et al|(2016) did not describe what release mechanism were
used in their experiments.

who reported a 4% uncertainty in the measured thickness of the granular front
before the front entered the water.

Mohammed and Fritz| (2012) found that three-dimensional (3D) landslides
were less efficient than two-dimensional (2D) landslides in terms of generat-
ing impulse waves. [McFall and Fritz (2016) reported the deformation of 3D
landslides and the waves generated, which can be used for validating 3D nu-
merical models. Additionally, edge waves have also been observed in some 3D
experiments of landslide-generated waves (Di Risio et all, 2009} Heller and|
[Spinneken|, 2015} Bellotti and Romano) [2017). The increased 3D deformation
of landslides (McFall and Fritz, 2016]) and the spatial spreading of wave energy
(Ruffini et al.| 2019)) result in smaller waves in 3D than in 2D.

Most numerical models used in the literature to study impulse waves gener-
ated by subaerial landslides treat the landslide process and the hydrodynamics
with an impermeable interface between the slide and the water (e.g.,
let al.} [2015; [Kim et all) [2019), preventing the study of phenomena such as the
penetration of water into dry sediment and the suspension of sediment. The
hydrodynamic equations in these models belong broadly to the following two
groups: (i) depth-resolving equations such as Navier-Stokes equations, which
can be solved using methods such as traditional computational fluid dynam-
ics (CFD) (Liu et al., 2005; |Abadie et al., 2012 [Ma et al., 2015 Kim et al.,
[2019; |Chen et al., [2020; Romano et al., 2020; Rauter et al., [2021) and smooth
particle hydrodynamics (SPH) (Vacondio et al., [2013; [Shi et al.l 2016), and
(ii) depth-averaged equations such as shallow-water equations (Yavari-Ramshe|
[and Ataie-Ashtiani, 2015 or Boussinesq equations (Lynett and Liu 2005). The
waves generated by subaerial landslides in these models are usually handled
by one of the following methods considering landslides with a single-phase
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motion: (i) simply treating the landslide as a rigid block whose motion is spec-
ified by an empirical equation (Liu et al. 2005; Lynett and Liu, 2005)), (ii)
solving one-layer depth-averaged equations such as the Savage-Hutter model
to describe the motion and deformation of the sliding mass (Ma et al., [2015)),
or (iii) treating the released granular assemblies as Newtonian fluids (Abadie
let al.} 2012} Kim et al., 2019). Kim et al.| (2019) simulated their experiments
using TSUNAMI3D and FLOW3D—both TSUNAMI3D and FLOW3D simu-
lations describe the landslide material as an incompressible Newtonian fluid.

Real-world landslides and the resulting impulse waves are multi-phase flow
phenomena, of which particle-fluid interactions and particle-particle interac-
tions all affect the landslide process and the resulting waves, and there will
be mixing between the sediment phase and the fluid phase during the wave
generation process. Only a limited number of multi-phase flow simulations of
the impulse waves generated by subaerial landslides (Si et al. [2018} [Lee and|
have been reported in the literature. The performance of the
existing models varies. Lee and Huang| (2021 showed that multi-phase mod-
els using the present formulation can capture the shape of the landslide front
better than . In terms of the difference between the measured
and simulated peak amplitudes, multi-phase flow models perform better than
both TSUNAMI3D and FLOW3D.

In addition to the multi-phase flow models used by (2018) and

land Huang| (2021)), Zhao et al.| (2016) considered particle-fluid interactions and
particle-particle interactions by a coupled DEM-CFD approach. The difference
between the model of [Zhao et al|(2016) and the models of [Si et al| and
[Lee and Huang| (2021) is that the former uses a Lagrangian approach for the
sediment phase while the latter use an Eulerian approach for the sediment
phase (both used the Eulerian approach for the fluid phase).

Existing studies did not investigate the effect of grain size on the character-
istics of the impulse waves for granular slides of small particles. Most existing
experimental and numerical studies of impulse waves generated by subaerial
landslides focused on larger particles (Dsq > 0.8 mm), except for
, who used artificial particles with the smallest particles having a
diameter of 0.065 mm. Previous experimental studies (Heller and Hagerl, 2010}
[Lindstrgm), 2016; Robbe-Saule et al., [2021)) have found that the effect of the
particle size is insignificant when the diameter is larger than 1 mm. The lack
of numerical simulations of fine sand is largely related to the lack of high-
quality experimental data for model verification and validation: (a) fine sands
can be easily suspended by the flow, which makes the determination of the
sand-water interface difficult and (b) the motion of the fine sand is sensitive to
minor changes in the flow field; both increase the uncertainty in the determi-
nation of the water-sediment interface. The empirical formula of
(2014) imply that a larger particle size might result in a larger wave; however,
their experiment did not isolate the effects of the particle size. They changed
the particle size, the location of the granular assembly and bed slope at the
same time in their experiment.
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Theoretically, the wave height depends on the water volume displaced by
a landslide falling into the water (Viroulet et al.l2013a). Since the permeabil-
ity of a granular material, which can affect the amount of water displaced,
decreases with decreasing particle size , it may be hypothesized
that smaller particles may displace more water and generate larger waves. To
resolve the controversy in the literature over the effects of the particle size,
this study reports our experimental and numerical studies of grain-size effects
on the characteristics of subaerial landslides and resulting impulse waves.

The sudden collapse of a granular column has been widely used as an
idealized model to study impulse waves generated by either submarine
or subaerial (Viroulet et al. 2013b; [Robbe-Saule et all, [2021))
landslides. Similar to[Viroulet et al.| (2013Db)) this study uses the sudden collapse
of a granular column located initially on a slope and above the water surface
to model subaerial landslides.

2 Methods

The experimental and numerical methods adopted in this study are described
in this section.

2.1 Experimental setup
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Fig. 1: Schematic diagram of the experimental setup. The numerical setup is identical to
the experimental setup with the height of the computational domain being 0.4 m. The com-
putational cells are rectangular, with the height being 4 mm in the vertical direction and
the horizontal length varying from 4 mm near the inclined plane to 12 mm in the region far
from the inclined plane.

Fig. [I] shows a schematic diagram of the experimental set up for 2D tests.
A perspex water tank, 230-cm long, 15-cm wide and 60-cm high, was used to
perform the physical tests reported in this article. To create a rough bottom
condition for the granular flow, the perspex plates used to create the bottom
and the slope were all coated with sand of diameter 1.29mm. To generate
a granular landslide, a sand reservoir was created on the slope by a vertical
sliding gate. The vertical sliding gate release mechanism was adopted here
because it is preferable over the flapping-gate release mechanism for smaller
particles (see Table|1)). The two lateral ends of the gate were fit into two slots
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which were cut into the sidewalls of the water tank to prevent the fine sand
from leaking through the narrow gaps between the gate ends and the sidewalls
and to avoid possible 3D effects on the measurement of sand-water interface.
The two slots were carefully aligned to ensure that the gate was perpendicular
to the two sidewalls. A landslide can be generated by quickly lifting the gate.
The time needed for lifting the lower end of the gate to the elevation of the
initial top of the sand in the reservoir was approximately 0.1s.

The natural sands used here all had the same density (ps=2580kg/m?) and
angle of repose (6, = 35°). Four grain sizes were tested in the experiment: fine
sand (F), medium sand (M), coarse sand (C), and very coarse sand (VC); their
diameters are listed in Table 2l The initial volume concentration of the sand
in the sand reservoir was 0.57 for all grain sizes. The room temperature during
the test period was about 20°C so that the density of water p; = 1000 kg/m?
and the kinematic viscosity of water vy =107%m?/s. The test conditions and
the dimensions of the sand reservoir are listed in Table |2L where L; is the
length of the reservoir, H; is the height of the sand reservoir, and h is the
depth of the water body. Cases 5 and 6 in Table 2 are included to help to
understand the effects of water-sand interaction on the landslide. Scale effects
will be addressed in Section E.8

Table 2: Particle properties and test conditions.

Case Particle type d (mm) L; (cm) H; (cm) h (cm) Water body
1 Very coarse sand  1.29 15 15 14 Present
2 Coarse sand 0.66 15 15 14 Present
3 Medium sand 0.49 15 15 14 Present
4 Fine sand 0.2 15 15 14 Present
5 Very coarse sand  1.29 15 15 0 Absent
6 Fine sand 0.2 15 15 0 Absent

The toe of the sand reservoir was located 1 cm above the still water level
(Fig. , which ensured that the sand in the reservoir was dry before lifting
the gate. Two sport cameras (GoPro Hero 8) were used in the experiment:
Camera A was used to record the motion of the gate and the process of a
landslide and Camera B was used to record the motion of the water surface
in a chosen region. The frame rate was fixed at 120 frames per second and
the resolution was fixed at 1920 x 1080 pixels. The mode of "narrow view”
was applied to avoid barrel distortion (fish-eye effect). The synchronisation of
these two cameras were achieved by using a smart remote control.

Different shot angles were investigated and a low-angle camera shot was
adopted because this allows for the nearest and farthest parts of the recorded
moving surface to be well separated at any time of one wave period. Before
processing the recorded images, color images were first converted into grayscale
images and then the perspective distortion due to the camera shot angle were
corrected using OpenCV, an open-source image processing tool (Bradski and
Kaehler] 2008). The spatial resolutions of the images obtained by Camera A
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and B are approximately 0.048 cm and 0.022 cm, respectively. After processing
the images, the surface displacement at a specified location can be determined
by the smallest intensity value along the vertical line through a specified loca-
tion. All tests were repeated at least three times, and the uncertainty in the
measured height of the first wave and the thickness of the granular front is
described in Section 3.2

2.2 Numerical setup

The computational domain has a height of 40 cm and the remaining dimensions
are the same as in the experiment (see Fig. [I| and Table . The height of the
computational domain is the vertical distance between the bottom of the tank
and the upper boundary.

The multi-phase flow model of [Lee et al.| (2019) was adopted to simulate
the waves generated by the subaerial landslides tested in the experiment. This
model has been successfully used in the studies of submarine (Yu and Lee,
2019) and subaerial (Lee and Huang} 2021) landslides. The model is based
on an Eulerian-Eulerian framework, treating the air and water as a single
fluid phase with a variable density and viscosity. The sand is treated as the
solid (sediment) phase. The formula of Lee and Huang| (2018) was adopted to
compute the particle response time 7,, which is proportional to the particle
diameter squared. For details of the governing equations, constitutive laws and
model parameters, the reader is referred to|Lee and Huang| (2018) or |Lee and
Huang (2021)). Mathematically, the effects of the grain size are included in
the numerical model through the particle response time which quantifies the
drag force between solid and fluid phases. The particle response time of |Lee
and Huang| (2018) combines the formula of [Richardson and Zaki| (1954) for
low-concentration regions and that of |[Engelund| (1953)) for high-concentration
regions. Reducing the grain size reduces the particle response time and thus
increases the drag force between the two phases. This allows the model to
simulate the effects of grain size on flow resistance and the water penetration
into the dry sand. The capillary force is not included in the model.

All rigid surfaces in the simulation were set to be hydraulically rough in
analogy to the experiments. For the solid phase, the no-slip boundary condition
was imposed at all rough surfaces according to |Artoni and Santomaso, (2014)).
For the fluid phase, the wall-function method (Ferziger and Pericl 2002) was
applied at all rigid walls.

A total of 32,450 computational cells were used in all simulations reported
here. The cells are rectangular, with the aspect ratios of the cells increasing
from 1 (near the inclined plane) to 3 (far from the inclined plane) along the
x; direction. The smallest time step was about 107° s in the simulations. Our
simulations typically took two days for a physical time of three seconds using
one thread on a workstation with two central processing units (Intel Xeon(R)
Gold 6130 CPU). Based on our grid dependence tests, the wave heights ob-
tained using cells with 4mm and 2mm in the zs-direction have a difference
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of 3%, therefore, the height of the cells were fixed at 4 mm in the simulations
presented herein.

2.3 Calculations of various forces and surface locations

The air-water interface is determined by water saturation s = 0.5. Since the
concentration of sand ¢ on the sand-fluid interface observed in the experiment
is not a constant, the simulated location of the granular front is defined as
the maximum x5 on the contour line of ¢ = 0.1; this is because the distance
between two particles when ¢ = 0.1 is less than a particle diameter for uniform
distributed, spherical particles. We believe that no clear water-sand interface
can be identified in the experiment when ¢ < 0.1.

The free surface (air-water interface) displacement, the granular front, the
drag force between the solid and fluid phases, the general buoyancy, the in-
ternal frictional force in the solid phase, and the frictional force between the
sand and the slope are examined in this study. The drag force applied on the
solid phase in a unit volume is

Fo= ep, ), 1)
Tp
where p; is the density of sand grain, 7, is the particle response time, and uy
and u, are the velocities of the fluid and solid phases, respectively. The general
buoyancy applied on the solid phase in a unit volume is

fo = —cVpy, (2)

where py is the pressure of the fluid phase. Basically ﬁ is the inertia force
acting on all grains in a unit volume by the unsteady ambient fluid, and thus
is similar to the buoyancy which is related to the gravitational acceleration.
The terminology of “general buoyancy” has been used by |Ouriemi et al.[ (2009).

The total drag force, the total general buoyancy, and the total frictional
force experienced by the sediment phase are

e[
Ao [ ] o

ﬁf:///c>OV~(cfs) av, (5)

where i is the stress tensor for the solid phase and dV is the volume element.
Since the region occupied by ¢ > 0 is the entire computational domain, an
application of the divergence theorem to Eq. gives

7 —///C>Ov.(cTs)dv—//S(cTs-ﬁ)dA, (6)

and
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where dA is the surface element with a unit normal vector 7. The surface
S consists of the surfaces bounding the computational domain: the surface
of the slope Ssope, and the surface of the bottom of the water reservoir, the
surfaces of the two ends of the tank, and the ceiling of the computational
domain. The frictional force experienced by the sand on the ceiling of the
computational domain is zero because of the absence of the sand in the air.
The frictional force that the sand experiences on the surface of each end of
the tank is also negligible because of the small concentration there. Before the
sand touches the bottom of the water reservoir, the total frictional force in Eq.
is approximately equal to the total frictional force that the sand receives
from the surface of the slope, i.e.,

P~ / /S (T, - ) aa, (7)

slope

which is dominated by the component tangential to the slope.
The total forces defined by Egs. — can be normalized by the total
weight of the sand Fj

F, :/ geps dV (8)
c>0

where g is the gravitational acceleration. The dimensionless forces are denoted
by a subscript asterisk (*). F, is equal to the initial weight of the sand in the
sand reservoir. The corresponding dimensionless total forces is denoted by an
asterisk hereafter.

3 Results

3.1 Definitions of important surfaces and thicknesses

S0 air

sand+air

’
sand+water

Fig. 2: Definition sketch illustrating the displacement of water by the sliding sand and the
penetration of water into the sand. The region between S;,,; and Ssuw is occupied by the
wet sand.

Fig.[2]shows a definition sketch for illustrating the displacement of water by
the sliding sand and the penetration of water into the dry sand. The initial still
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water level prior to the landslide is denote by SWL. Due to the penetration of
water into the sand and the suspension of the sand, the sand is broadly divided
into two regions: the dry sand region and the wet sand region. The dry sand is
a mixture of air and sand, marked as ”sand+air”; the wet sand is a mixture of
water and sand, marked as ”sand+water” in the sketch. The interface between
the dry and wet sand indicates the extent of water penetration and is denoted
by Sin¢. The air-water interface outside the sand is denoted by Sg.,, the sand-
water interface by Sy, the sand-air interface by Ss,. The interface between the
dry and wet sand, Sjy, is the result of the penetration of water into the sand.
The pressure at Sy, s is affected by the local water motion and influences the
air flow inside the sand through the dynamic boundary condition at Sy, . The
maximum distance of S;, ¢ to the surface of the slope is denoted by sg, which
is the thickness of the dry portion of granular front. The averaged shear stress
between the sand and the slope is denoted by 7. The area bounded by Sy, ¢
and the still water level, which is related to the amount of water displaced, is
marked as a shaded region in Fig. [2| The area between S,,, and the still water
level, which is the amount of water displaced by the the sliding sand, is also
marked as a shaded region.

To compare the experiments and numerical simulations, the time for the
recorded images was adjusted such that the difference between the measured
and simulated water surfaces of Sy, in the range of 0 to 0.3 m is minimized at
the simulation time, say ¢t = 0.6, in the nonlinear-least-squares sense.

3.2 Repeating tests and uncertainty in experimental results

The uncertainty in the experiment can be estimated based on the results from
the repeating tests, which shows that (1) the uncertainty in the measured
height of the first wave was less than 1.1 mm or 6.8% for the very coarse sand
and 4.6% for the fine sand and (2) the uncertainty in the measured thickness of
the submerged granular front was less than 10% for d=0.49, 0.66 and 1.2 mm,
but was 30% for d=0.2 mm.

The uncertainty in the measured height of the first wave is mainly related to
the operation of the release mechanism. A 6.8% uncertainty in the measured
wave height is believed to be acceptable in this study. In addition to the
release mechanism, the uncertainty in the thickness of the granular front is
also strongly affected by (i) the suspension and diffusion of granular grains and
(ii) the easiness of identifying the water-sediment interface. Both are strongly
influenced by the grain size.

3.3 Description of sliding process and waves generated

Six snapshots, showing the recorded and simulated landslide and wave-generation
processes for Case 1, are presented in Fig. [3] where the colored lines are con-
tour lines used to indicate the simulated air-water, air-sand and water-sand
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surfaces. The granular mass in each video-recorded image is identified by the
darker area above the slope. Even though the experiment was designed to be
two-dimensional, it may not be exactly two dimensional due to minor sidewall
effects, inherent three-dimensional turbulent fluctuations and possible wave
breaking and air entrainment (or free-surface aeration). The interface between
the sand and the fluid captured by the camera is what the camera records
from a given shot angle, and the shape of the granular mass in the cut-surface
at the front wall for the shot angle used here. The impulse waves captured by
the camera are indicated by the darker area in each image in Fig. [3] which
shows the three-dimensional water surface between the two sidewalls. Each of
the sharp edges between this darker area and the lighter background indicates
the intersection of the air-water interface and a sidewall: the upper edge of
the darker area in each image is the water-surface profile at the front wall
because the camera was placed at an elevation below the still water surface in
the experiment. Since the numerical simulation is two-dimensional, the simu-
lated air-sand, water-sand and air-water interfaces should be compared with
the corresponding interfaces measured at the front wall. It is remarked that
the simulated air-water interface inside the sand indicates the extent of the
water penetration into the sand.

Referring to the recorded fluid-sand interface in Fig. the toe of the
granular front has entered the water at ¢ ~ 0.1s, displacing the water above
and starting the generation process of the first wave. A wavy feature develops
on the recorded fluid-sand interface as the sand slides down the slope. Starting
from ¢t = 0.4 to 0.5, two humps can be observed on the recorded fluid-sand
interface: one is the granular front and the other is close to the middle section
of the sliding mass. The first hump is noticeable at ¢t ~ 0.4s, touches the flat
bed at a time between 0.4 and 0.5s, and becomes unrecognizable when it has
moved onto the flat bed. The second hump is formed at a time before ¢t ~ 0.5
and the absolute location is more or less stationary relative to the slope. It
is remarked that due to the limited length of the granular slide here, it is
difficult to tell if the wavy feature observed here is a long wave observed by
Forterre and Pouliquen| (2003)). At ¢ ~ 1.2s, the granular front no longer has
noticeable motion, but a portion of the sand on the slope continues to slide
down slowly. The crest of the first wave becomes noticeable at ¢ ~ 0.2s. As the
sand continues to slide on the slope, the first-wave crest grows and eventually
leaves the granular front at ¢t ~ 0.4s; at ¢ ~ 0.6s, the crest of the second
wave can be observed next to the second hump, and at ¢ ~ 1.2, the second
wave has left the second hump. The flow separation from the granular front
is manifested by the sporadic particles suspended in water on the lee side of
the granular front at ¢t > 0.4s, indicating the existence of a low-concentration
region in the vicinity of the granular front.

Referring to the simulated fluid-sand and air-water interfaces in Fig.
the numerical simulation captures the key features of the evolution of fluid-
sand interface and the waves generated, especially the key features of the two
humps and the heights of the impulse waves. From ¢ = 0.2 to 0.5s, the distance
between the two contour lines of ¢ = 0.1 and ¢ = 0.5 near the granular front
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Fig. 3: Snapshots of the observed (Camera A) and simulated landslide processes and waves
at ¢ = 0.1, 0.2, 0.4, 0.5, 0.6, and 1.2 s (a)-(f) for Case 1. The simulated contour lines of
¢ = 0.1 (solid orange lines) and of ¢ = 0.5 (dashed orange lines) are included for comparison
with the observed fluid-sand interface. The air-water interface in the numerical results is
defined by s = 0.5 (the solid purple line). The upper edge between the darker area and the
lighter background in the region occupied by the water is the air-water interface at the front
wall. The dotted orange line on each plot outlines the initial shape of the sand pile on the
slope.

increases, indicating a dilution of the sand due to the response of the sand to
the local water motion. It can be observed that the locations of the simulated
and measured crests of the first wave differ by about 8cm: the simulated
wave crest moves slightly faster than the measured one. If \/gh is used, with
h ~ 0.145m being the local water depth, to provide a rough estimation of
the speed of the first wave, this 8 cm-difference in crest locations is equivalent
roughly to a difference of 0.067s in the arrival time of the first crest in Fig. [
This 0.067 s-difference in the arrival time is slightly less than the time required
to complete the gate lifting (about 0.1s).
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Fig. [ shows the measured and simulated free surface displacements at
1 = 0.3 and 0.4m (measured from the toe of the slope) for Case 1. To in-
dicate the uncertainty in the measured surface displacements at the two lo-
cations, three repeating tests are shown. Our simulated surface displacements
can match the measured ones reasonably well at both locations, except that
the simulated first wave has a spike near the crest at x = 0.3m and a slight
earlier arrive time. The spike is possibly due to the splashing water in the
simulation which was not captured by the recorded images. The difference in
the arrival times is about 0.07 to 0.08 s, which is caused mainly by the different
release mechanisms used in the experiment and the simulation. It can also be
observed that, as the waves propagate from x; = 0.3 to 0.4 m, the nonlinear
wave dispersion causes the period of the first wave to increase slightly, the am-
plitude of the first wave to decrease slightly, and the amplitude of the second
wave to increase slightly.

t(s)

Fig. 4: Comparison between the surface displacement measured by Camera B (dashed lines)
and the computed surface displacement (solid line) at (a) z1 = 0.3 m and (b) z1 = 0.4 m
for Case 1. Three repeating tests are indicated by the three dashed lines.

Fig. [5| shows the simulated locations of the granular front and the first
wave crest, and the height of the first wave for Case 1. Before the first wave
leaves the granular front, the first wave is a forced wave, moving with the
granular front whose speed gradually decreases due to the resistance from the
water and the loss of potential energy. The first wave is initially a forced wave
and then becomes a free wave after it leaves the granular flow front (Lee and
Huang, 2021)). The speed of a free wave is controlled by the local water depth
which increases down the slope. Two critical times can be identified from Fig.
(i) te1 &~ 0.158, a critical time at which the speed of the first wave begins
to exceed the speed of the granular front and (ii) t.o ~ 0.26's, a critical time
at which the first wave has reached its maximum height, implying that it has
completely left the granular front and thus stopped receiving energy from the
slide. Because of the energy dissipation and the increase of the water depth as
the wave propagates, it is possible that the wave height may slightly decrease
while the wave is still receiving energy from the slide.
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Fig. 5: The simulated height of the first wave and the positions of the granular front and
the wave crest for Case 1. The shaded band indicates the time interval within which the
first wave is in transition from a forced wave to a free wave. For this case, t.; =~ 0.15s and
teo = 0.26s.

3.4 Overview of the tests and simulations for the four grain sizes

For each particle size, a snapshot of the sliding process at the critical time
t =teo ~ 0.26s is shown in Fig. [ where both the experimental and simulated
results are included for comparison. Two contour lines (¢ = 0.1 and ¢ = 0.5)
are included in order to compare the simulated fluid-sand interface with the
measured one. The simulated air-water interface, inside and outside the sand,
is defined by s = 0.5. It can be observed that (i) the simulated granular front
is slightly thicker than the measured one and (ii) the simulated fluid-sand and
air-water interfaces are in general agreement with the measured ones for all
four cases, except for some fine details: the thickness of the granular front and
the arrival time of the first crest, which will be discussed in Section

A comparison of the results of the four tests shown in Fig. [f] reveals that
(i) finer sand slides slightly faster in both the experiment and the simulation,
(ii) the simulated thickness of the granular front increases with reducing grain
size, and (iii) the distance between the two contour lines of ¢ = 0.1 and 0.5
near the granular front increases with reducing grain size, indicating that the
dilution/suspension of the sand in that region is stronger for fine sand.

3.5 Effects of grain size on the sliding speed and the thicknesses of granular
fronts

As stated in Section two contour lines are included in Fig. [] to indicate
the simulated fluid-sand interface in order to compare with the experiment.
The contour line of s = 0.5 inside the sand indicates the extent of the water
penetration into the sand, which is controlled by the penetration of the water
and dilution of the sand. If the sand with ¢ > 0.5 can be regarded as undiluted
sand, an intersection of the contour line ¢ = 0.5 and the air-water interface in
the sand (s = 0.5) indicates that the water has penetrated into the core of the
undiluted sand.
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Fig. 6: Snapshots of the observed and simulated landslide process and free surface displace-
ment at ¢ = 0.26 s for Cases 1-4 (a-d). The orange dashed line is the contour line of ¢ = 0.5
and the orange solid line is the contour of ¢ = 0.1. The purple solid line is the air-water
interface. The upper edge between the darker area and the lighter background in the region
occupied by the water is the air-water interface at the front wall.

Table 3: Thicknesses describing the granular front at ¢ = 0.26 s and the
corresponding averaged speeds between t = 0 and 0.26 s

Case d Oexp 0.1 40.5 S0 Uexp U(041) U(0.5)
pom] [om] fom] [om] [em] [m/ [mjs] _[m)d
1.29 4.9 5.9 4.2 5.1 0.36 0.38 0.33
0.66 5.5 6.1 4.2 5.1 0.38 0.39 0.37
0.49 5.5 6.1 3.8 5.2 0.39 0.40 0.38
0.20 5.5 7.5 4.7 5.9 0.43 0.46 0.39

W N

It is the dry portion of the granular front that displaces the water and
contributes to the wave generation (Fig. . The thickness of the dry portion
of the granular front s( is the maximum distance between S;, s and the slope.
The values of sp at t = 0.26s are given in Table [3] for Cases 1-4. The local
maximum distances between the slope surface and the contour lines of ¢ = 0.1
and 0.5 near the granular front are denoted by g1 and dg 5, respectively, and
their values determined at ¢t = 0.26 s are also included in TableBlfor Cases 1-4.
It can be concluded that (i) the four thicknesses listed in Table 3| generally
increase with decreasing grain size, (ii) the thickness of the granular front in
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the experiment dexp falls between 1 and dg5, and (iil) the thickness of the
dry portion of the granular front s also falls between dp.; and &g 5.

Two simulated speeds of granular front averaged over the time interval
of 0s to 0.26s can be deduced from the instantaneous contours of ¢ = 0.1
and ¢ = 0.5 near the granular front, and are denoted by U 1) and U ),
respectively. The measured speed of the granular front Uex, can be deduced
from the locations of the water-sand interface in the recorded images. Since
the concentration on the sand-water interface is not constant, it is reasonable
to expect that the measured slide speeds fall between U(o.1) and U .5y, which
is confirmed in Table|3| It is further showed in Table [3[that (i) the slide speed
increases with decreasing grain size and (ii) Uqg.1) > U(o.5) because of the
dilution/suspension of the sand.

3.6 Effects of the particle size on the height of the first wave

Fig. [4] shows that the height of the first wave is always larger than that of
the second wave (see also |Bougouin et al., 2020); therefore, it is desirable to
understand how the grain size affects the height of the first wave. As shown
in Fig. [7} both the simulated and measured heights of the first wave have
the same trend: they all decrease with increasing grain size. Even though the
simulated heights are larger than the measured, the difference decreases with
increasing the grain size: the relative differences are 10 % for the very coarse
sand and 30 % for the fine sand. As will be discussed in Section the over-
prediction of the wave height might be related to the model for the particle
response time which is related to the particle settling velocity. The evaluation
of the model performance is given in Section [£.7]

6.0
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Measurements  —4—-

401 Compuatations —4—

M

(s 3.0
2.0 e
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Fig. 7: Comparison between the measured and simulated wave heights nmax at x1 = 0.4 m.
The error bars represent the uncertainty of the measured heights of the first wave in three
repeating tests.
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3.7 Simulated fields of velocity, pressure, drag force and general buoyancy

The simulated fields of velocity, pressure, drag force and general buoyancy for
the fine sand and very coarse sand are included in Figs. [§and [0} The simulated
fields for the coarse sand and medium sand are not included as they are very
similar to those in Fig. [§

3.7.1 The very coarse sand

Fig. |8 shows the following simulated quantities for Case 1 at two instants of
time (¢t = 0.26 and 0.6 s): the velocity of the solid phase s, the velocity of
the fluid phase iy, the pressure of the solid phase p,, the pressure of the fluid
phase p¢, the drag force fy, and the general buoyancy f,. The failure line
defined by |@s| = 0.1m/s is also included in each plot.

Referring to Figs. [§[a) and [fe), the failure line below which the sand is
virtually stationary is already deeply buried in the sliding sand at t = 0.26s,
but the motion of the sand is mostly localized near the granular front at
t = 0.6s. As the sand slides down the slope, the velocity of the dry sand on
the slope reduces. The maximum values of the instantaneous sediment-phase
velocities on the contour lines of ¢ = 0.1 and ¢ = 0.5 are, respectively, 1.12m/s
and 0.82m/s at ¢ = 0.26 s (the instantaneous velocity should be larger than the
averaged velocity in Table . In the region between the contour lines ¢ = 0.5
and ¢ = 0.1, it is the dilution (wet sand) and dilation (dry sand) that affect
the concentration. The pressure of the solid phase is the largest in the region
close to the dry-wet sand interface where ¢ > 0.5.

A vortex begins forming near the granular front at t = 0.26 s in Figs. b)
and (f). The vortex moves faster than the granular front and is close to the toe
of the slope at t = 0.6 s. The total pressure of the fluid phase is much larger
near the bottom and gradually decreases toward the wet-dry sand interface.
The pressure of the fluid phase at ¢ = 0.26s is generally less than 891 Pa in
the dry sand.

In Figs. [§[c) and (g) the drag force between the wet sand and the water is
much larger than that between the dry sand and the air. Within the wet sand,
the drag force is small in the region where ¢ > 0.5. For the very coarse sand
studied here, the vertical component of the drag force dominant at ¢ = 0.26s.

Figs.[§(d) and (h) show that the general buoyancy experienced by the solid
phase is significant only on the wet sand side of the wet-dry sand interface.
This force has a tendency to be perpendicular to the wet-dry sand interface,
and thus can slow down the motion of the granular front.

3.7.2 The fine sand

Fig. 0] shows the simulated results for Case 4. A comparison of Figs. [§ and
[0 shows that the general patterns of the velocity and pressure fields of the
solid and fluid phases are similar. However, differences can be found in the
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Fig. 8: Simulated fields of the following quantities at two instants of time for Case 1: (i)
the solid-phase velocity and pressure (a,e), (ii) the velocity and pressure of the fluid phase
(b, f), (iii) the dimensionless drag force on the solid phase (c,g), and (iv) the dimensionless
buoyancy (d, h). The contour lines of ¢ = 0.1 (solid lines) and of ¢ = 0.5 (dashed lines) are
presented. The air-water interface (purple line) is defined by s = 0.5. The dotted lines in
panels (a) and (e) present the failure lines. The fluid-phase pressure at the point marked by
e in panel (b) is 891 Pa.

magnitude of the velocity of the sand near the granular front, the general
buoyancy, and the magnitude of the total pressure of the air in the dry sand.

For the fine sand, the maximum solid-phase velocities on the contour lines
of ¢ = 0.1 and ¢ = 0.5 are, respectively, 1.16m/s and 0.94m/s at t = 0.26s.
Both are larger than the corresponding ones for the very coarse sand, mean-
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ing that the fine sand slides slightly faster than the very coarse sand at this
moment.

The grain size affects the pressure of the air in the sand on the dry-sand
side of the wet-dry interface, which is higher in the fine sand: the maximum
pressure py in the dry sand at ¢ = 0.26 s is about 1295 Pa in Fig. |§| (b), much
larger than 891 Pa in Fig. 8| (b) for the very coarse sand. The possible reason
for this and its effects on the landslide process and the resulting impulse waves
will be discussed in Section [l

The grain size also affects the general buoyancy. For the very coarse sand,
the general buoyancy is significant only on the wet sand side of the wet-dry
interface and the direction tends to be perpendicular to the wet-dry interface at
t = 0.26 s. For the fine sand, the general buoyancy is also significant in a larger
region on the dry sand side of the wet-dry interface, and the direction of the
general buoyancy has a significant vertical component at t=0.26's; therefore,
it does not provide a direct resistance to the granular flow as opposed to the
direction for the very coarse sand, which is generally perpendicular to the
wet-dry sand interface.

3.8 Simulated total forces experienced by the sediment phase

The dimensionless frictional force F'f is shown in Fig. [10j and the dimension-
less buoyancy Fy, and the dimensionless drag force F}; tangential (with the
subscript ) and perpendicular (with the subscript 1) to the slope are shown
in Fig. [[1] for Cases 1 to 4.

Referring to Fig. after the release of the sand in the simulation, the
sand first needs to go through an initial adjustment period (¢ < 0.02 s), see
Appendix [5] for details. After the initial adjustment, the sand slides down first
on the dry slope. Before the sand is in contact with the water, the dimensionless
frictional force F7 is expected to be nearly the same as that in the absence
of water. Both the very coarse sand and the fine sand have almost the same
frictional force in the absence of the water body as shown in Appendix b} A
comparison of the frictional forces for Case 1 (very coarse sand) and Case
4 (fine sand) in Fig. [10] and those in Appendix [5 show that the water-sand
interaction begins to affect the frictional force at about t=0.1s and the water-
sand interaction reduces the frictional force Ff, with the reduction for the fine
sand being larger than those for the other three. In particular, the water-sand
interaction causes the fine sand to experience a dimensionless frictional force
F§ smaller by about 0.07 than the very coarse sand. It is interesting to note
that the dimensionless frictional forces for the coarse (Case 2) and medium
(Case 3) sands are similar to that for the very coarse sand.

A comparison of Fig. and Fig. shows that the frictional force is
in general several times larger than the general buoyancy, while the general
buoyancy is generally several times larger than the drag force. For each grain
size, the two components of the general buoyancy (F, J\I and F}| ) are very small
before ¢ ~0.1s and increase gradually afterward. After ¢ ~0.2s, F}", decreases
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Fig. 9: Simulated fields of the following quantities at two instants of time for Case 4: (i)
the solid-phase velocity and pressure (a,e), (ii) the velocity and pressure of the fluid phase
(b, f), (iii) the dimensionless drag force on the solid phase (c,g), and (iv) the dimensionless
buoyancy (d, h). The contour lines of ¢ = 0.1 (solid lines) and of ¢ = 0.5 (dashed lines) are
presented. The air-water interface (purple line) is defined by s = 0.5. The dotted lines in
panels (a) and (e) present the failure lines. The fluid-phase pressure at the point marked by
e in panel (b) is 1295 Pa.

for the fine sand and medium sand, maintains almost flat for the coarse sand,
and still gradually increases for the very coarse sand. The fine sand experiences
more general buoyancy than the other three and the differences between the
fine sand and the very coarse sand are about 0.03 for b*H and about 0.07 for

b1~ For the fine sand, Fy, is comparable to Fy, while for the other three,



Effects of grain size on subaerial landslide and impulse waves 21

—— Casel

—0.8f --- Case2

— — Case3
-0.6f 7

£
-0.4
-0.2
0.0 - -
0 0.1 0.2 0.3

t(s)

Fig. 10: Time series of the total frictional force experienced by the sand on the slope for
Cases 1 to 4. The vertical dashed line at t ~ 0.26s indicates the instant of time at which
the first wave leaves the granular front.

Fy, is smaller than F, b*\l' It is remarked that the general buoyancy for the very
coarse sand is significant only in the wet sand (see Fig. , but for the find
sand it is significant in the dry sand (see Fig. E[) The effect of grain size on the
drag force is similar to that on the general buoyancy, but the general buoyancy
is several times larger than the drag force.

Physically, the frictional force between the sliding sand and the slope is
proportional to the normal component of the solid-phase pressure. Therefore,
it is expected that an increased F, has the tendency to reduce the frictional
resistance experienced by the solid phase; this is confirmed by a comparison
of Figs. [[T{b) and

It can be concluded from this section that the presence of water can reduce
the frictional force, especially for the fine sand. Although the presence of water
can rise the general buoyancy and drag force, which has the tendency to slow
down the motion of sand in water, the magnitudes of the buoyancy and drag
are much smaller than that of the frictional force.

4 Discussion

Possible explanations are provided here for: (i) why the air pressure in the fine
sand is larger than in the very coarse sand, (ii) why the fine sand slides faster
than the very coarse sand, (iii) why the height of the first wave increases with
decreasing grain size, and (iv) why the over-prediction of the height of the first
wave increases with increasing grain size. In this section the height of the first
wave is referred to as “the wave height” and the speed of the granular front
on the slope is referred to as ”the sliding speed”. The sand in suspension with
low concentrations (¢ < 0.1) will be ignored in the following.
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Fig. 11: (a, b) Time series of the buoyancy along and perpendicular the slope; (c, d) drag
force along and perpendicular the slope. The vertical dashed line on each plot indicates the
instant of time at which the first wave leaves the granular front.

4.1 Penetration of water into the sand, volume of the wet sand and volume of
the displaced water

Fig. [2| shows that the volume of the water displaced by the landslide is affected
by two factors for the present problem with a low drop height (the initial
elevation of the slide material): (i) the volume of the wet sand (indicated in
the sketch by ”sand+water”) and (ii) the volume of the dry sand in the region
bounded by S;,¢ and the still water level (marked in the sketch as a shaded
region in the sand).

The effect of the grain size on the volume of the wet sand can be under-
stood in the following way. Assuming that the area occupied by the wet sand
is formed by two separated processes: the penetration of water into the sand
without suspension/dilution and the suspension/dilution of the sand without
further penetration. In the first process the concentration of the sand does
not change, while in the second process the dry-wet interface Sj,; does not
change. Under these assumptions, the location and the shape of the dry-wet
interface S;, ¢ in relation to the dry sand is determined mainly by the penetra-
tion process. Therefore, S;,s should be controlled mainly by the penetration
process in the absence of suspension/dilution. The volume of the sand in the
area bounded by S;, ¢ and the still water level should decreases with increasing
penetration rate, which increases with increasing grain size ; as a
result, the thickness s¢ decreases with increasing grain size, as shown in Table
[3l and the total volume of the wet sand increases with increasing penetration
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rate. Therefore, the volume of the wet sand for the very coarse sand should
be larger than that for the fine sand. Therefore, the volume of the wet sand is
not a direct reason for the larger wave height associated with the fine sand.

For the present problem with a low drop height, the volume of the dry
sand in the region bounded by S;,r and the still water level is approximately
equal to the volume of the water displaced by the sliding sand because the
volume of the wet sand is small at the time when the first wave is leaving the
granular front (see Fig. @ Therefore, according to the conservation of mass,
the total volume of the water displaced by the sliding sand, which is marked
as a shaded region in Fig. [2] should be approximately equal to the volume of
the dry sand in the region bounded by S;, ¢ and the still water level, which is
proportional to sy, the maximum distance between S;, s and the slope. Since
so is expected to increase with decreasing grain size as shown in Table (3] the
volume of the dry sand in the region bounded by S;, s and the still water level
should increase with decreasing gain size.

Hsu et al.[(2002) and Higuera et al.| (2014) have used the approach based on
the volume-averaged Reynolds-averaged Navier—Stokes equations (VARANS)
to simulate the infiltration (or water penetration into a porous media). Our
model reduces to VARANS when the solid phase is stationary (Higuera et al.,
2014). VARANS considers only the effects of porous media on the water-flow
(one-way coupling). The present multi-phase model is a so-called ”four-way
couplings model”, which considers the two-way coupling between fluid and
particles as well as particle-particle collisions.

It is stressed here that when a problem involves a high drop height, the
speed of the granular material at impact is high (Fritz et al., 2003} [2004;
Zweifel et all 2006; McFall and Fritzl 2016; |[McFall et al.| 2018), and thus
the high momentum and kinetic energy at impact also influence the volume of
the displaced water. [Fritz et al.| (2004]) found that the volume of the displaced
water in this case could be much larger than that of the submerged granular
material.

4.2 Air pressure in the dry sand

The higher air pressure in the fine sand, which can be seen by comparing
Figs. [§ and [9] may be understood from the height of the first wave and the
speed of the granular front.

The pressure on the air-water interface excluding S, s can be approximated
by the atmospheric pressure due to the large difference between the air and
water density . According to the dynamic condition on the dry-wet interface
Sing, the total pressure of the air on the dry sand side of S, is controlled
by the total fluid pressure on the wet sand side, which itself is affected by the
height of the first peak wave: if the sliding speed is the same, a higher peak
will increase the hydro-static pressure on the wet sand side of S;,,f, and thus
increase the total fluid pressure in the wet sand (see Fig. [8(b) and Fig. [9(b))
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and the total pressure of the air in the dry sand through the dynamic boundary
condition on the wet-dry interface.

An increased air pressure in the dry sand increases the general buoyancy in
the dry sand as shown in Fig. [TT} the air pressure on the interface between the
air and the dry sand can be approximated by the atmospheric pressure; there-
fore, an increased general buoyancy acting on the sand reduces the stresses in
the solid phase, which in turn reduces the stress between the sand and the bed
Ty, leading to a reduced resistance from the slope to the sliding mass, F' 7 (see
Fig. . As a result, a higher air pressure in the dry sand tends to increase the
speed of the sliding sand. An increased sliding speed may increase the dynamic
pressure in the water, and thus further increase the air pressure in the sand.
This action-reaction process between the air pressure in the dry sand and the
slide speed stops when the waves have left the granular front.

4.3 Effect of grain size on the speed of granular front

As shown in Table [3] both the experiment and simulation revealed that the
speed of the granular front increases with decreasing grain size. The experi-
mental results of |[Jop et al.| (2006]) seemed to imply that smaller dry particles
sliding on a slope had less inertia and thus experienced less friction, resulting
in a faster sliding speed. To confirm this, two additional laboratory tests and
numerical simulations were conducted using the very coarse sand and the fine
sand in the absence of the water, and the results are presented in Appendix
The results show that (i) in the absence of the water, the fine sand and the
very coarse sand have almost the same sliding speed and (ii) the fine sand and
the very coarse sand have similar frictional forces. Therefore, the rheological
effect on the sliding speed due to the particle size, as suggested by |Jop et al.
(2006)), is insignificant. As a result, the finer sand slides faster only in the pres-
ence of water, and the explanation for this must lie in the interaction between
water and sand.

The forces affecting the motion of the sand include: gravitational force,
the drag force between the sand and the fluid, the general buoyancy acting
on the sand, solid-phase stresses (which parameterize the interactions among
sand grains), and the frictional force between the sand and the slope. The
speed of the granular front is expected to be directly controlled mainly by the
forces acting on the dry sand; this is because (i) the volume of the wet sand is
negligible compared to the volume of the dry sand, and (ii) the fluid pressure
and drag force acting on the wet sand by the water tend to decelerate the
motion of the wet sand.

For the forces the solid phase experiences, the frictional force in the solid
phase is one order-of-magnitude larger than the general buoyancy, which itself
is several times larger than the drag between the fluid and the sand (Fig. .
The change of the frictional force caused by the grain size is about 0.1, the
change of the general buoyancy caused by the grain size is about 0.09, and the
change of the drag caused by the grain size is about 0.02. Therefore, the effect
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of the grain size on the drag force can not be the major cause of the change of
the sliding speed caused by the grain size. The major causes are (i) the general
buoyancy acting on the dry sand and (ii) the frictional force between the sand
and the slope.

A relatively high air pressure in the dry fine sand discussed in Section 4.2
results in an increase in the general buoyancy acting on the sand (see the force
Fy in Fig. , which can reduce the sediment-phase stresses since they are
parameterizations of the normal and tangential forces among the sand grains;
as a result, the fine sand experiences less internal friction and is more easy
to flow down the slope compared to the very coarse sand. The reduction of
sediment-phase stresses in the fine sand also reduces the force between the
sand and the slope (which was roughened by the very coarse sand in the
experiment), and thus makes the fine sand to slide slightly faster than the
very coarse sand.

4.4 Effect of grain size on the wave height

As shown in Fig. [7] both the experiment and the simulation have shown that
the wave height increases with decreasing grain size. The higher wave height
for the fine sand may be understood by (i) the lower penetration rate of fine
sand and (ii) the faster sliding speed of the fine sand.

As discussed in Section [4.1] the volume of the wet sand is purely controlled
by the penetration of water into the sand and reducing grain size decreases
the penetration rate; therefore, the volume of wet sand for the fine sand will
be smaller than that for the very coarse sand, and thus can not be a direct
reason for the higher wave height observed for the fine sand. As a result, the
total volume of the displaced water should be controlled mainly by the volume
of the dry sand in the region bounded by S;, s and the still water level, which
increases with decreasing grain size.

As [Lee and Huang| (2021) has pointed out, the wave height is correlated
with the thickness of the granular front at the moment when the first wave
is about to leave the influence of the granular front (¢ = 0.26s). Before that
moment, the wave is a forced wave whose celerity is the same as the sliding
speed and whose height is proportional to the thickness of the granular front.
Lee and Huang| (2021) studied only one grain size (the very coarse sand)
and defined the thickness of the granular front by averaging the thicknesses
corresponding to the five neighboring highest points on the contour line of
¢ = 0.5. As shown in Fig. [6a) or Fig.[§|(a), at ¢ = 0.26 s the interface between
the dry and wet sand S;,, ¢ for the very coarse sand intersect with the contour
line of ¢ = 0.5 at the location where §g 5 is defined, meaning that sg = &g 5 in
Lee and Huang| (2021]).

For the fine sand, however, the interface between the dry and wet sand
Siny is between the contour lines of ¢ = 0.5 and ¢ = 0.1 at the moment when
the first wave is about to leave the granular front (see Fig. [P[a)). Therefore,
it is more suitable to use the interface of the dry-wet sand S;,, ¢ instead of the
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contour line of ¢ = 0.5 to define the thickness of the granular front (which is
essentially the thickness of the dry portion of the granular front) and discuss
the displacement of the water above the granular front.

As shown in Table 3| decreasing the grain size increases sg, the thickness
of the dry portion of the granular front, and the slide generates a forced wave
before t < 0.26s. Therefore, the fine sand is expected to generate a larger
wave height than the very coarse sand; this is because a forced wave generated
by a slide has a height determined by the thickness of the dry-sand near the
granular front sg, which has a larger value for the fine sand.

An increasing sliding speed can increase the height of the waves generated
(Fritz et al., 2004). In the present problem, the fine sand slides also faster than
the very coarse sand, and thus is expected to generate a larger wave. The slow
penetration of water into the dry sand is the initial cause of a higher wave
height for the fine sand, and then this higher wave height can increase the air
pressure on the dry sand side of the dry-wet surface, which in turn increase
the sliding speed and thus the wave height.

4.5 Effects of grain size on drag force and penetration rate

In the numerical model, the drag between the fluid and solid phases is param-
eterized by the particle response time, which is proportional to the grain size
squared (Lee and Huang} 2021). The inverse of the particle response time is
loosely equivalent to a linear drag coefficient. The effects of the grain size on
the drag is twofold: (i) a smaller grain size gives a smaller particle response
time and thus has the tendency to increase the drag, and (ii) a smaller grain
size can make the particle more easy to follow the flow of the fluid (Lee et al.,
2015aybf), and thus has the tendency to reduce the relative velocity and thus
the drag. Figs. [11|c) and (d) imply that the first among these two effects dom-
inates the drag force as the fine sand experiences a larger drag force than the
very coarse sand. Since the drag force is much smaller than the frictional force
and the general buoyancy, the direct effect of the drag on the sliding speed
can be ignored. However, the effect of the grain size on the penetration of
water into the sand, which is related to the drag, cannot be ignored. A slower
penetration rate is related to a larger drag. Reducing the grain size increases
the drag and reduces the penetration rate.

4.6 Over-prediction of the thickness of the granular front and the height of
the first wave

As shown in Fig. [f] and mentioned in Section [3.6] the present model over-
predicts the thickness of the granular front and thus the wave height. This
over-prediction is possibly caused by the formula adopted to compute the par-
ticle response time. For example, in low-concentration regions the expression
for the particle response time was derived from the hindered settling veloc-
ity in a quiescent fluid (Richardson and Zakil [1954). In quiescent conditions,
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the particles have special micro-structure arrangements (Yin and Kochl 2007)).
However, the particle’s arrangement in non-quiescent conditions may be dif-
ferent. It seems that existing formulas for the particle response time all un-
derestimate the particle response time for fine sand, leading to the following
two consequences: (i) the drag is over-predicted and thus the penetration rate
is under-predicted, and (ii) the sand in the model is over responsive to the
vortex near the granular front, and thus more suspension. The first results
in an over-prediction of the thickness of granular front sg and thus the wave
height, and the second leads to an over-prediction of dy 1 (the vertical distance
between the contour line of ¢ = 0.1 and the slope). The over-predictions of
the thickness of the granular front and the wave height become more obvious
for the fine sand possibly because the particle response time adopted in our
model is proportional to the sand diameter squared.

4.7 Evaluation of the model performance

The performance of the present model in simulating the impulse waves can be
measured using either Normalized Root-Mean-Square Error (NRMSE) or the
skill value (or index of agreement) proposed by [Willmott| (1981). The NRMSE
is defined as the root-mean-square error normalized by the difference between
the maximum and minimum observed surface elevations. The NRMSE and
skill values for all four cases are included in Table 4l The NRMSE is 10% for
the very coarse sand and 15% for the fine sand. The skill values for all cases
are larger than 93%.

Table 4: NRMSE and skill values for Cases 1-4

Case NRMSE  skill

1 0.10 0.96
2 0.11 0.96
3 0.14 0.93
4 0.15 0.93

The performance of the present multi-phase model is not inferior to others
reported in the literature. The differences between the measured and simulated
peak amplitudes for the present model are 10 % for d=1.2mm and 30 % for
d=0.2mm. Kim et al| (2019) used FLOW3D and TSUNAMI3D to simulate
the waves generated by landslides of coarse granular particles (d=1.5mm).
They reported that the differences between the measured and simulated peak
amplitudes could be 57% for TSUNAMI3D and 75% for FLOW3D.

4.8 Scale effects

Experiments are usually designed based on Froude similarity where the sand
and the density and viscosity of the water are not scaled in model tests. As
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a result, the following dimensionless parameters may result in scale effects:
(i) Reynolds number for viscous effects, (ii) Weber number for surface tension
effects. The air and water can be regarded as imcompressible fluids in the
present problem.

Two Reynolds numbers can be defined: a grain Reynolds number (Kesseler
et al.l 2020) for viscous effects between sand grains and water, and a bulk
Reynolds number (Heller et al. [2008)) for viscous effects on the propagation of
impulse waves. Following Heller et al.| (2008), the bulk Reynolds number can
be defined by Rej, = u,h/vy with u,, = v/gh as a scale for the velocity of the
water motion. Following Kesseler et al.| (2020, the grain Reynolds number can
be defined by Req = usd/vy with us = \/2ghy (hy is the drop height) as a
scale for the velocity of granular material at impact. The Weber number can
be defined by We = p,gh?/o, with p,, being the density of water and o, the
surface tension (Heller et al., |2008).

For the present study, Re, = 1.64 x 10° and We = 26, 716. According to
Heller et al.| (2008), the surface tension can be neglected when We > 5,000,
and the water viscosity has an effect on wave attenuation only if Rej, < 3 x
10°. In the real world, A > 0.14 cm; therefore, the viscose effects on wave
attenuation is not expected to be significant.

For dry landslides, [Kesseler et al.| (2020) shows the sliding velocity is sen-
sitive to Reg when 10% < Req < 10%. In this study, O(Rey) = 100 if hy = H;
is used. Therefore, the small facility used in this study is expected to result in
some significant scale effect mainly for the sediment dynamics.

5 Conclusions

This experimental and numerical study examined the effects of grain size on
the impulse waves generated by subaerial landslides. A multi-phase flow model
was used to simulate the subaerial landslides and the resulting waves. Both the
measured and simulated results have suggested that the finer sand can have
a faster sliding speed and generate larger waves. The simulated results have
showed: (i) the fine sand can yield a higher pore pressure in the sand, which
can increase the general buoyancy the sand experiences and thus reduce the
solid-phase stresses and the frictional force between the sand and the slope,
explaining why the fine sand slides faster; (ii) a lower infiltrating rate of the
fine sand leads to a thicker granular front, which explains why the fine sand
generates a larger wave. The multi-phase flow model slightly over-predicts
the thickness of the granular front and the height of the first wave, and it is
hypothesised that a better model for the particle response time may correct
these over-predictions.
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Appendix. Measured and simulated results for Cases 5 and 6

To help understand the role of the water-sand interaction, additional tank tests
were conducted using the very coarse sand and the fine sand in the absence of
water in the tank. Multi-phase flow simulations were also performed for these
two cases to obtain information about the forces experienced by the sand in
the absence of water.

Fig. a) shows the air-sand interfaces measured at ¢ = 0.26 and 0.6s
for the very coarse sand and the fine sand. It can be seen that the air-sand
interfaces for these two grain sizes are almost identical at both ¢ = 0.26 and
0.6, suggesting that the sliding process is not affected by the grain sizes
and the grain-size effects on the sliding process is related to the water-sand
interaction.

Case 5 (Dry) —
Case 6 (Dry) ---

20 0.0 0.1 0.2 0.3
t(s)

Fig. 12: (a): The air-sand interfaces measured at t = 0.2s and 0.26s in the absence of the
water body for the very coarse sand (Case 5) and the fine sand (Case 6). (b): The simulated
time series of the frictional force between the dry sand and the slope for the very coarse
sand (Case 5) and the fine sand (Case 6).

Fig. (b) shows the simulated frictional forces F} for the very coarse
sand and the fine sand. The grain size does not have a significant effect on
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the frictional force between the dry sand and the surface of the slope. The
fluctuation of the frictional forces in the initial stage has to do with the initial
adjustment. After starting the simulation, the sand in the numerical model will
need to go through an initial adjustment in the initial stage of the simulation
(t < 0.02s). During this initial adjustment period, the initial pressure and
volume concentration of the solid phase adjust themselves to incorporate the
effects of the sand weight. It can be concluded that the grain size has no
noticeable effects on the frictional force between the sand and the rough surface
of the slope.

As for the general buoyancy and the drag force (figures are not included
here), they are both less than 0.2% of the maximum frictional force.
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