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ABSTRACT. Gravitational mass flows may generate tsunamis as they hit water bodies such as oceans,
reservoirs or mountain lakes. Upon impact, they can generate tremendous particle-laden or debris
flows and floods. Rapidly cascading waves down mountain slopes can trigger debris flows or floods,
potentially causing huge damage to civil structures and endangering life. Here we apply a general two-
phase mass flow model (Pudasaini, 2012), and present three-dimensional (3-D), high-resolution
simulations for a real two-phase debris impacting a fluid reservoir. An innovative formulation provides
an opportunity, within a single framework, to simulate simultaneously the sliding two-phase debris/
landslide, reservoir, debris impact at reservoir, water-wave generation, propagation and mixing, and
separation between solid and fluid phases. The results demonstrate formation and propagation of very
special solid and fluid structures in the reservoir, propagation of submarine debris, turbidity currents,
and complex interactions between the subaerial debris, surface tsunami and submarine debris waves.
Our results reveal that the submerge timescaling for a deformable two-phase debris deviates
substantially from the same for a non-deformable solid. These results substantially increase our
understanding of 3-D complex multiphase systems/flows. This allows for the proper modeling of
landslide/debris-induced mountain tsunami, dynamics of turbidity currents and highly concentrated
sediment transports in Himalayan and Alpine slopes and channels, with associated applications to
engineering, environmental and hazard-mitigation plans.
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INTRODUCTION

Landslides, debris flows, mud-flows, rockfalls, snow, ice and
rock avalanches and tsunamis are common geophysical
mass flow events in mountainous and coastal regions
(Pudasaini and Hutter, 2007). Recent records clearly
indicate that the high Himalayan regions are increasingly
prone to devastating snow avalanches, landslides, debris
flows and rockfalls (Kafle, 2014). The Jure landslide of
2 August 2014 in central-north Nepal, and other avalanches
and landslides including those in the Mount Langtang and
Everest areas triggered by the 2015 great Nepal earthquakes
(25 April and 12 May) are recent events that have awakened
the Nepalese scientific community to the need for system-
atic research. In the context of a mountainous country like
Nepal, there is an urgent need to initiate advanced scientific
research to understand the initiation mechanics of these
events, their complex flow dynamics, impacts on the society
and civil structures, and also the design, development and
application of appropriate mitigation measures, hazard
mappings and planning (Masson and others, 2006).

There are hundreds of large mountain rivers and lakes,
including glacial lakes, in the Himalaya. Several reservoirs
have also been created for hydroelectric power generation
in Nepal and neighboring countries (Shrestha and others,
2010; Petrakov and others, 2011; Worni and others, 2012;
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Miao and others, 2014). These may be severely affected by
avalanching from hanging glaciers, landslides, debris flows
and rockslides, which can trigger glacial lake outburst floods
and tremendous water waves (mountain tsunamis), debris
flows and mud-flows.

Tsunamis are long water waves triggered by a sudden
disturbance of the floor or surface of a water body (e.g.
ocean, bays, sea or lakes) and are generally caused by
earthquakes, volcanic eruptions, asteroid impacts or land-
slides. Tsunamis can produce high wave run-ups sufficient
to flood areas far inland from the shore of the water body,
thereby threatening the coastal population and destroying
coastal infrastructures (Grilli and others, 2002; Fritz and
others, 2004; Haugen and others, 2005; Masson and others,
2006; Fritz and Kalligeris, 2008; Cecioni, 2010; Mohammed
and Fritz, 2012). Although landslide-generated tsunamis are
less frequent, they can cause more local threats than
earthquake-generated tsunamis (Grilli and others, 2007;
Viroulet and others, 2013). They can induce mega-tsunamis
with extreme run-up heights. Examples include tsunamis in
Lituya Bay, Alaska, USA (1958; Miller, 1960; Fritz and
others, 2009), Vajont, Italy (1963; Miller, 1964), and Spirit
Lake, Washington, USA (1980; Glicken and others, 1989).

When subaerial landslides fall into a water body,
impulsive water waves are formed together with submarine


https://doi.org/10.3189/2016AoG71A034

Kafle and others: Landslide-generated tsunami and particle transport

(subaqueous) landslides (Ataie-Ashtiani and Shobeyri,
2008). Because of the strong phase interactions between
the landslide and fluid (water), non-trivial rheology and
complicated slopes, proper modeling of the dynamics of
these events is challenging (Viroulet and others, 2013;
Pudasaini, 2014). In the past, several analytical methods
have been proposed to calculate the wave height (Murty,
1979), velocity of a submerged solid (Pelinovsky and
Poplavsky, 1996; Watts, 1997), wave velocity along a plane
beach (Sammarco and Renzi, 2008), and the dynamics of
tsunamis generated by submarine (subaqueous) landslides of
changing volume in a variable basin (Didenkulova and
others, 2010), to name a few. Several experiments were
performed with solid slides to measure the impacts, splash,
impulse waves, dynamics and interactions between the slide
and the water body. Experimental apparatus included a
solid box generating subaerial landslides (Law and Brebner,
1968), a tray rolling down a roller ramp (Kamphuis and
Bowering, 1972), solid blocks sliding down a flume into a
body of water kept in a reservoir (Walder and others, 2003),
and three-dimensional (3-D) submarine landslides (Enet and
others, 2007). Similarly, experiments were carried out with
accelerating bulk granular materials (Mohammed and Fritz,
2012), and rigid-deformable slides (Ataie-Ashtiani and Nik-
Khah, 2008). For the numerical simulations, largely and
effectively single-phase shallow-water and/or granular flow
models have been used to describe fluid and slide motions,
tsunami and submarine landslides. These simulations have
been based on the incompressible Navier-Stokes equations
(Heinrich, 1992), shallow-water equations (Heinrich and
others, 2001), smoothed particle hydrodynamics (Mona-
ghan and Kos, 2000), the finite-volume method for 3-D
slides (Liu and others, 2005), and a finite-volume method
based on multiple-fluid Navier-Stokes equations (Abadie
and others, 2010). Although substantial advancements have
been made in the past, none of these events and their
associated dynamics, and impacts on the society, are
satisfactorily investigated yet. The development and appli-
cations of the mitigation measures need to be improved.
From the advanced physical modeling point of view,
generally, catastrophic geophysical mass flows such as
avalanches (Pudasaini and Hutter, 2007), debris flows
(lverson, 1997), landslides (Legros, 2002) or submarine
avalanches (Hampton and others, 1996) are characterized
by the flow of a mixture of liquid and solid particles down a
slope. Based on the Mohr-Coulomb frictional rheology,
Savage and Hutter (1989) developed a depth-averaged
continuum mechanical model to describe the flow of
granular material down a rough incline (Savage and Hutter,
1989, 1991; Greve and Hutter, 1993; Tai and others, 2002;
Pudasaini and Hutter, 2003, 2007). Later, this model was
extended geometrically to two and three dimensions (Gray,
2001; Pudasaini and Hutter, 2003). The Coulomb mixture
models of Iverson (1997) and lverson and Denlinger (2001)
and their extension by Pudasaini and others (2005) allow
basal pore fluid pressure to evolve and include viscous
effects. Nevertheless, these are only quasi-two-phase or
virtually single-phase debris bulk models, as they do not
include the differences between the fluid and solid vel-
ocities. The solid and fluid phase velocities may deviate
substantially from each other in real debris flows affecting
the whole flow mechanics. Depending on the material
involved and the flow configuration, several other physical
mechanisms must be introduced in order to properly model

https://doi.org/10.3189/2016A0G71A034 Published online by Cambridge University Press

233

any two-phase mass flows (Pudasaini, 2012). Pitman and Le
(2005) developed a two-fluid model that includes simple
drag force to describe flows as a mixture of the solid
particles and the fluid. Nevertheless, they neglect the
viscous fluid effects.

During the flow, one phase (e.g. solid) may accelerate
relative to another phase (e.g. fluid), thus inducing virtual
mass. The quantity and concentration gradient of the solid
particles influence the flow considerably, and can enhance
or diminish viscous effects. Depending on the amount of
grains and flow situation, the drag force should combine the
solid- and fluid-like contributions and also linear (laminar-
type) and quadratic (turbulent-type) drags. To take into
account these important aspects of a two-phase mass flow,
Pudasaini (2012) developed a generalized two-phase mass
flow model. This model unifies existing avalanche and
debris flow theories. It covers both the single-phase
and two-phase scenarios and includes many essential and
observable physical phenomena. In this model, the solid
phase stress is described by Mohr-Coulomb plasticity, while
the fluid stress is modeled as a non-Newtonian viscous stress
that is enhanced by the solid-volume-fraction gradient. A
generalized interfacial momentum transfer includes viscous
drag, buoyancy and virtual mass forces, and a new
generalized drag force is introduced to cover both solid-
like and fluid-like drags. The virtual mass force alters flow
dynamics by increasing the kinetic energy of the fluid.
Newtonian viscous stress substantially reduces motion and
deformation, whereas non-Newtonian viscous stress may
change the overall flow dynamics. Strong couplings
between solid and fluid momentum transfer are another
important aspect of the general two-phase model (Pudasaini,
2012, 2014). The model has further been extended and
applied to simulate rock-ice avalanches with dynamic
strength weakening and process transformations (Pudasaini
and Krautblatter, 2014).

Previous studies on submarine landslides and tsunamis
have mainly been based on impacts by non-deformable
landslides (solid blocks), or at most single-phase landslides
in which the waves are mainly studied with pressure-driven
ideal fluids, so no viscous and frictional effects were
included (Walder and others, 2003; Viroulet and others,
2013). Nevertheless, for a real two-phase solid-fluid mixture
flow impacting a reservoir, viscous and drag forces play an
important role in the dynamic description (Pudasaini, 2012,
2014). Here we fundamentally advance the modeling of
submarine landslides, particle transport and tsunamis by
considering (i) deformable and (ii) two-phase debris, (iii) in a
fully-coupled solid—fluid mixture frictional and viscous
model with (iv) 3-D landslide fluid body interactions, and
(v) a unified and efficient simulation strategy featuring a
single framework for the landslide and fluid body, impact
and subsequent dynamics of landslide, debris flow, turbidity
currents and tsunami. A detailed analysis of a geometrically
two-dimensional (2-D), two-phase subaerial debris flow
impacting a 2-D reservoir, tsunami generation and propa-
gation and submarine landslides was presented by Pudasaini
(2014) with 2-D simulation results. Here the subject is
further advanced by primarily focusing on geometrically
3-D aspects of such complex two-phase flows and the
related impulsive water waves (Kafle, 2014). The simul-
taneous dynamics of the two-phase, geometrically 3-D
subaerial debris flow, the resulting tsunami generation and
propagation upon debris impact at a fluid reservoir or a lake,
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the subsequent submarine debris flow, and the analysis of
the wave generation, amplification, propagation and their
complex interactions are studied here by applying a
generalized two-phase debris flow model (Pudasaini,
2012). Simulations are performed with a high-resolution
shock-capturing numerical scheme (Nessyahu and Tadmor,
1990; Tai and others, 2002; Pudasaini and Hutter, 2007).
We also present scaling analyses for submergence times for
non-deformable bulk and deformable two-phase debris
motions. It appears that these two submergence times differ
substantially. The findings contribute significantly to our
understanding of mixing and separation between phases,
generation and propagation of special solid and fluid
structures, and phase transitions during the flow process
(Kafle, 2014; Pudasaini, 2014).

MODEL EQUATIONS

In the two-phase debris mixture, the phases are character-
ized by different material properties. The fluid phase is
characterized by its material density pf, viscosity 7 and
isotropic stress distribution; whereas the solid phase is
characterized by its material density ps, internal friction
angle ¢, the basal friction angle 6, an anisotropic stress
distribution, and the lateral earth pressure coefficient, K.
Here the subscripts s and f stand for the solid and the fluid
phases respectively. Let depth-averaged velocity compon-
ents for fluid u; = (us, v§) and for solid us = (us, vs) in the
downslope (x) and the cross-slope (y) directions, respect-
ively, the flow depth h and the solid-volume fraction as
(similarly the fluid volume fraction o = 1 — «) be computed
as functions of space and time. The solid and fluid mass and
momentum balance equations in the downslope and the
cross-slope directions are given by (Pudasaini, 2012)
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Equations (1) and (2) are the depth-averaged mass
balances for solid and fluid phases respectively, and Eqns
(3-6) are the depth-averaged momentum balances for solid
(Egns (3) and (4)) and fluid (Egns (5) and (6)) in the x- and
y-directions respectively. The source terms are (Pudasaini,
2012)
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In the above equations, x, y and z are coordinates along the
flow directions, and g*, g and g” are the components of
gravitational acceleration. L and H are the typical length and
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depth of the flow, e = H/L is the aspect ratio and © = tané is
the basal friction coefficient. K is the earth pressure
coefficient, and Cpg is the generalized drag coefficient.
Simple linear (laminar-type, at low velocity) or quadratic
(turbulent-type, at high velocity) drag is associated with | = 1
or 2 respectively. U is the terminal velocity of a particle and
P €[0,1] is a parameter which combines the solid-like (G)
and fluid-like () drag contributions to flow resistance. py,
and py, are the effective fluid and solid pressures. v is the
density ratio, C is the virtual mass coefficient (kinetic energy
of the fluid phase induced by solid particles), 7; is the fluid
viscosity, M is a function of the particle Reynolds number
(Re,), x includes vertical shearing of fluid velocity, and £
takes into account different distributions of «s. A is the
mobility of the fluid at the interface, and Ng and Ng,,
respectively, are the quasi-Reynolds number and mobility-
Reynolds number associated with the classical Newtonian
and enhanced non-Newtonian fluid viscous stresses. Slope
topography is represented by b = b(x, y).

The scaling analysis provides important information for
the problem under consideration. With regard to tsunamis
generated by landslide impacts, the experimental results are
often used to validate the predictions of the scaling analysis
(Slingerland and Voight, 1979; Walder and others, 2003;
Viroulet and others, 2013). The model equations (1-6) are
presented in non-dimensional form so as to identify
physically relevant and dominant terms (Pudasaini, 2012).
A typical speed for avalanches and landslides is the freefall
velocity and for water the shallow-water velocity (Pudasaini
and Hutter, 2007). This means that the characteristic time

(v/L/g) and velocity (1/gl) in landslide scales with typical
landslide length (L) whereas the length scale in shallow
water flow is the typical shallow water height (H) resulting in

the shallow water time (/H/g) and velocity (,/gH) that
differ substantially from those for avalanches and landslides.
Non-dimensionalization in Eqns (1-6) is based on this
widely used rapid landslide and debris-flow scaling.

SIMULATING TWO-PHASE SUBMARINE DEBRIS
FLOW AND TSUNAMI

Real two-phase debris mass flows, both subaerial and
submarine, were simulated by Pudasaini (2012, 2014) for
the first time for the explicit evolution of the solid and fluid
phases as the debris mass collapses and slides down the
slope. Particularly, Pudasaini and Miller (2012) and
Pudasaini (2014) simulated geometrically 2-D flows in
which two-phase subaerial debris flows hit a still reservoir,
producing tsunamis upon impact and generating submarine
debris slides along the bed of the reservoir. Recently, for
idealized geometry, Kafle (2014) has advanced further by
simulating two-phase and 3-D subaerial flows impacting a
fluid reservoir and has simulated some observable natural
phenomena for the first time by using the real two-phase
debris-flow model (Pudasaini, 2012). Here we present some
novel results for 3-D tsunami generation, amplification,
propagation, submarine debris flows and the complex
interactions between the tsunami and submarine debris
waves with detailed analysis.

Numerical method

The model equations (1-6) are a set of well-structured,
nonlinear hyperbolic—parabolic partial differential equations
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in conservative form with complex source terms (Pudasaini,
2012). These model equations are used to compute the
debris depth h, solid volume fraction «s, velocity com-
ponents for solid (us, vs), and for fluid (us, v¢) in x- and
y-directions, respectively, as functions of space and time.
The model equations are solved in conservative variables
W= (h, hi, ms, m;)", where hg = ash, h; = osh are the solid
and fluid contributions to the debris, or the flow height; and
ms = ashus, m; = ashu;, are the solid and fluid momenta.
This facilitates numerical integration even when shocks are
formed in the field variables (Pudasaini, 2012). The high-
resolution shock-capturing Total Variation Diminishing
Non-Oscillatory Central (TVD-NOC) scheme has been
implemented (Tai and others, 2002; Pudasaini and Hutter,
2007; Domnik and others, 2013; Kafle, 2014; Kattel, 2014).
Advantages of the applied innovative and unified simulation
technique for real two-phase debris flows and the corres-
ponding computational strategy are explained in Pudasaini
(2014) for 2-D simulations. This technique has been
extended in Kafle (2014) and Kattel (2014) for basic 3-D
subaerial flows, submarine debris flows and subsequent
tsunamis.

Simulation set-up and parameters

For simulation, we consider a 3-D and two-phase subaerial
debris flow that hits a fluid reservoir (Fig. 1). The upper part of
the channel is inclined downwards to the right ((=45°) and
is flat in the lateral direction. The left end of the reservoir
meets an inclined surface (plane) at x = 160 m, where the
initial water height is zero. The inclined surface continues to
x = 200 m, where the water height h = 40 m. To the right of
x =200 m, the bed of the reservoir is horizontal and the
initial fluid height remains constant, i.e. h=40m from
x =200 m to x = 350 m. The initial debris mass in the upper
part of the slope is uniformly distributed as a homogeneous
mixture of 65% solid and 35% fluid. Similarly, initially the
quiescent reservoir consists of 2% solid and 98% fluid. The
other parameter values chosen for simulation are ¢=35°,
§=15° p;=1100kgm=3, ps=2900kgm~3, Ng=30000,
Ngr,=1000, Re,=T1, Ur=5.0ms™!, P=0.75 /=1 (we
consider only linear drag), x =0, £€=0, C=0.5. As
discussed in Pudasaini (2012, 2014), Pudasaini and Miller
(2012) and Pudasaini and Krautblatter (2014), these par-
ameter selections are based on the physics of the two-phase
subaerial and submarine mass flows and associated tsunami
generation and propagation.

Simulation results and discussion

The area in the vicinity of the wave generation by landslide
impact is called the splash zone, where the landslide motion
is coupled with water waves as long as the landslide motion
continues (Walder and others, 2003). Fritz and others (2001)
experimentally investigated the splash induced by granular
landslides. The splash zone hydrodynamics is explained
theoretically by Watts and Walder (2003) for the single-
phase landslide impact and by Pudasaini (2014) for two-
phase debris impact on a particle-laden reservoir for 2-D
flows. Here, including other aspects, such as near and far
fields, we advance further by investigating a complex 3-D
splash zone dynamics generated by a real two-phase debris
mass flow as it impacts a particle-laden fluid reservoir. The
simulations are presented for three different initial debris
locations: at the top and middle of the inclined subaerial
slope and on the left shoreline. In general, our simulations


https://doi.org/10.3189/2016AoG71A034

236

Kafle and others: Landslide-generated tsunami and particle transport

E 100r: =05 40

> 50t

s o, =0.65 30

S 0 | I |

P 20

3 -50 —¥

S 10
-100}

0 50 100 150 200 250 300 350
Downslope: x (m)

Fig. 1. Left: A sketch of the initial configuration of a debris mass on an inclined slab with a fluid reservoir downslope. As the debris moves
down the slope and hits the fluid reservoir the tsunami waves will be generated. Right: Initially at t = Os, the debris is in the form of a
laterally spanned triangular wedge (50 < x < 100; —12 <y < 12), which is shown in bird’s-eye perspective for simplicity. Initially, debris
consists of 65% solid (a; = 0.65) whereas the reservoir initially contains 2% solid particles (s = 0.02). The colour map provides necessary
information about the flow depth and the mass distribution. Arrow indicates main flow (downslope) direction.

can be used to predict the splash, near-field and far-field
wave dynamics for 3-D slopes whereas experiments and
dimensional analysis are usually focused on some of these
aspects for relatively simple geometries (Slingerland and
Voight, 1979; Fritz and others, 2001; Walder and others,
2003; Viroulet and others, 2013).

I. Initial debris in the middle of the subaerial slope
Simulation results for the evolution of the subaerial and
submarine debris flows, and the tsunami generation by the
debris impact and the subsequent complex fluid waves are
presented here. Figure 2 presents some basic results in terms
of the total debris depth (the sum of the solid and the fluid
heights) along with the evolution of the solid phase, the
penetration of the debris into the reservoir, the motion of
the submarine debris flows, and the complex wave inter-
actions. At t =1s (left panel a), the debris mass is only
stretching and moving on the inclined plane, mainly in the
downslope direction, but also in the cross-slope direction.
At this stage, as the mass has been continuously spread on
the inclined plane, the subaerial debris height has been
substantially decreased.

The interesting point to observe here is the special
evolution of the (subaerial) total debris: the debris height
increases quickly from the front to the main body of the
debris mass, whose maximum height appears to be closer to
the frontal part of the debris than to the middle part (Kafle,
2014). Then the debris height decreases to form a relatively
long tail. The debris hits the center of the left coast of the
reservoir to generate a tsunami just after t = 2 s (left panel b).
As the debris hits the reservoir, the debris mass slides down
the bathymetric slope as a submarine debris flow (Pudasaini,
2014) and the tsunami propagates. As the debris continues
to hit the reservoir with higher momentum (t = 4, left panel
d), the tsunami is amplified in the vicinity of the impact
(t =55, left panel €) and more and more fluid mass from the
left of the reservoir is strongly pushed forward (right) and
laterally. This produces a strong 3-D hydrodynamic impact
vacuum (Pudasaini, 2014), or crater (Fritz and others, 2003),
which grows and persists for some time. For t > 2s, three
complex flows occur simultaneously: (i) a subaerial debris
flow in the upstream region, (ii) submarine debris flow in the
downstream region and in the reservoir, and (iii) a super
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tsunami on the surface of the reservoir (fort =5stot=7s
the surface tsunami is on the order of 25-30m high in the
vicinity of the impact). The height of the water surface has
been substantially increased due to the tsunami and the
pushing of the water to the right (up to slightly more than
x =200m), resulting in a maximum fluid height of ~48m
around x =200m. From slightly more than x =200m to
x =300m, the height of the water surface decreased to
~35m. However, from around x =300m to 350m, the
height of the water surface remains unchanged (40m).
Amplified 3-D tsunami waves are clearly observed att = 3's
to t =75 (left panels c—g). The tsunami propagates in all
three directions, as seen from the wavy color maps. At about
t = 7s (left panel g), the total debris mass has almost
submerged in the fluid of the reservoir, generating strong
symmetrical lateral waves.

Qualitatively, the total and the fluid-only geometric
evolutions are similar (Kafle, 2014). This is because, with
respect to the amount of the fluid in the reservoir, the fluid
component (volume fraction) dominates the solid, so the
total and the fluid phase evolutions are similar. However,
the dynamics of the solid phase is completely different,
mainly in the reservoir. Thus, the flow behavior of the solid-
only is presented in Figure 2B as extracted from the total
debris from Figure 2A. By analyzing the evolution of the
solid phase, the dynamics of the submarine debris flows and
turbidity currents can be adequately described (Pudasaini,
2014). Thus, with respect to Figure 2B, it is important to
explain the overall dynamics, shape evolution and the
propagation of the solid phase. There are several geo-
metrically interesting and dynamically important features in
Figure 2B. As the mass is released, the front is rarefied and
accelerating mainly due to the pressure associated with the
depth, and also gravity. But, due to the support of the mass
from the front and the material frictions, the rear part takes
more time to disperse and to slide downslope. Although,
after the mass collapses, the front propagates downslope,
from time t = 1s (right panel a) to t = 3 s (right panel ¢), the
position of the relative maximum height moves a little
upslope. However, this does not mean that the absolute and
the initial maximum propagate upslope. At time t=4s
(right panel d), the maximum height position moves
downslope, because around this time the initial solid mass
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Fig. 2. A: Total height of the debris mass when initially the reservoir contains 2% solid grains, while the initial subaerial debris consists of
65% solid grains and 35% fluid. As time elapses, the formation, amplification, propagation, reflection and intersection of coupled 3-D
tsunami waves are observed as subaerial two-phase debris mass impacts the quiescent water reservoir. B: Evolution of the solid phase only
as extracted from the total debris from A. As soon as mass is released, the front is rarefied and accelerates. Fromt =3sto t = 7, the solid
mass forms a very special forward-propagating cone-shaped solid wave which is similar to a laterally wide and curved mushroom hat or
which is also very close to a bell-shaped wave. Arrow indicates main flow (downslope) direction.
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in the rear part of the pile has been sheared and moved
downslope. However, at t = 3 s (right panel c), due to the
impact of the subaerial (solid) mass on the reservoir, the
solid mass has also been sheared in the cross-slope
direction, resulting in the cross-wise elongation of the solid
mass from the front to the middle portion (t =4s, right
panel d), where the impact has influenced the dynamics.
Due to the impact, the lateral (along y-direction) spreading
of the solid mass has increased, at time t = 4 (right panel
d) to t=7s (right panel g). Two longitudinally oriented
local relative solid maxima, symmetric on either side of the
central line (y =0) of the channel, are seen from time
t=4s (right panel d) to t=7s (right panel g). The
maximum height of the solid phase decreases from t =15
(right panel a) to t=3s (right panel c) by its spreading.
Surprisingly, it increases after t = 4 s (right panel d), because
now the solid deposition process has begun. Again it
decreases from t =65 (right panel f) onward due to the
diffusion of the deposited mass and the progressive decrease
of momentum of the approaching mass from upslope.

Another important aspect is the geometrical shape
change of the sliding mass, mainly its deformation. This is
particularly interesting as soon as the debris mass hits the
fluid reservoir at time t =3s (right panel c). Due to the
impact on the fluid reservoir, from t = 3 s (right panel ¢) to
t=7s (right panel g), this forms a forward-propagating
cone-shaped solid wave. This is due to the fact that, before
the debris impacts on the reservoir, the solid phase
characteristically was elongated in the downslope dir-
ection. As soon as the subaerial mass impacted the
reservoir, the solid mass was also pushed or sheared in
the lateral (y) direction. However, since the debris is
plunged into the reservoir, such a forward-facing, propa-
gating and expanding complex conical wave develops and
evolves as the debris mass continues to impact the reservoir
and the debris slides along the basal surface of the
reservoir. Figure 2 (right) also shows the propagation of
the turbidity current and diffusing solid waves in the front
and the lateral margins. Interestingly, strong depositional
shock waves are developed in the vicinity of x =200 m. For
t>2s, the tooth-formed solid structures develop in the
subaerial region while double depositional lobes develop in
the submarine region. Such structures are attributed to the
drag, which is maximum at the flow center due to
maximum velocity.

II. Initial debris at the top of the subaerial slope

Next, we analyze in detail the effects of subaerial position of
the initial debris mass on the splash, tsunami generation, and
submarine debris mass movements. Figure 3 describes some
basic results as in Figure 2 but now the initial debris position
is farther upslope and extends from x = —10m to 40 m. The
debris hits the center of the left shore of the reservoir to
generate a tsunami only after t = 4 s (left panel d). Due to the
longer subaerial travel distance, here the debris mass is
laterally more spread both on the subaerial and submarine
parts of the incline. Although the mass accelerates faster than
in Figure 2, due to this spreading the tsunami amplifications
are similar. Notably, both the impact time and the full
submergence time are larger here than in Figure 2.

In Figure 2B, the solid mass forms a very special newly
observed forward-propagating cone-shaped solid wave from
t = 3's, whereas in Figure 3B such structures are formed only
from t=4s and the subsequent solid structures are
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fundamentally different than in Figure 2. In Figure 3B, solid
mass is much more elongated in the cross-slope direction
than in Figure 2B. In Figure 2B, maximum solid height has
decreased from 10matt=1sto 2.3 m att = 4s, increased
to2.5matt=>5s, 6sand again decreasedto 2.2matt=7s.
Due to the greater lateral spreading of the debris during the
subaerial and submarine motions, in Figure 3B, maximum
solid height has decreased from 10m at t=1sto 1.7 m at
t=>5s, increased to about 2m at t=6s and again
decreased to <2m at t=7s. The consequence of this
spreading can be clearly observed in the front positions: the
submarine front position in Figure 2 is farther than
x = 300 m whereas the front position of the submarine solid
mass in Figure 3 is close to x = 250 m. The same is true for
their rear positions: the submarine rear in Figure 2 is close to
x=150m, but it is close to x=100m in Figure 3.
Furthermore, the submarine mass at t =7s in Figure 2 is
largely elongated in the downslope direction with a major
portion of the solid mass lying to the left of x =200m
whereas the submarine mass in Figure 3 is largely sheared
and elongated in the cross-slope direction, forming a type of
transverse wall at around x = 200 m.

IlI. Debris initially at the shore

Further simulations are performed with the debris front lying
initially at the left shore of the reservoir expanding from
x =110mto 160 m. The results are presented in Figure 4. In
this situation, the tsunami waves are generated much earlier
than in the previous cases (Figs 2 and 3). The dynamics is
smoother now than in the previous cases in which the
landslide impacts were more pronounced. The water wave
is now clearly visible even at t = 1s. Nevertheless, as the
mass accelerates downslope the motion is mainly pressure-
driven and there is little inertia at the inception of the
motion, so an extensive tsunami is not created in these early
stages. In the present situation, in the initial stage, much
thicker debris exerts pressure on the still fluid in the
reservoir. This is the main initial mechanism in generating
the tsunami wave, whereas in the previous cases tsunamis
were generated by strong impact of rapidly cascading
relatively thin subaerial debris. The effect of this impulse
mechanism is clearly seen in the semicircular forward-
propagating tsunami wave whose intensity, nevertheless,
decreases as the wave propagates to the far field (to the
right). Such special behaviors are observed in landslide-
generated tsunamis in the field and laboratory (Walder and
others, 2003; Viroulet and others, 2013). As the debris mass
pushes the reservoir fluid and accelerates downslope, high-
amplitude and strongly curved tsunami waves are observed
along the left shoreline, creating a large trough in the center
of the shore. The debris mass almost fully enters the
reservoir and submerges fully already at t < 6s as the
longitudinal extent of the debris is substantially shorter now
than in the previous cases. Then, due to the ceasing of the
debris mass flow, the left coast tsunami begins to propagate
upslope (backwards) to fill the previously generated debris
impact vacuum (Pudasaini, 2014).

Other remarkable differences are seen in the submarine
debris mass and the evolution of the solid fraction (Fig. 4B).
The solid fraction reveals two main characteristics. First, the
front has propagated much farther but is more diffusive now,
akin to a dilute turbidity current. This can be explained
physically because there is not much momentum available,
and the lower kinetic energy is not able to transport a
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Fig. 3. A: Total height of the debris mass when initially the reservoir contains 2% solid grains, while the initial subaerial debris consists of
65% solid grains and 35% fluid positioned from x = —10m to 40m (i.e. top of the slope). As time elapses, the formation, amplification,
propagation, reflection and interaction of coupled 3-D tsunami waves are observed as subaerial two-phase debris mass impacts the
quiescent water reservoir. B: Evolution of the solid phase only as extracted from the total debris from A. As soon as mass is released, the front
is rarefied and accelerated. From t = 45 to t = 7 s, the solid mass forms a very special forward-propagating cone-shaped solid wave (or a
laterally wide and curved mushroom hat, or a bell-shaped wave). Arrow indicates main flow (downslope) direction.
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Fig. 4. A: Total height of the debris mass when initially the reservoir contains 2% solid grains and 98% fluid, while the initial subaerial debris

consists of 65% solid grains and 35% fluid positioned from x = 110 m to 160 m (i.e. bottom of the slope). B: Evolution of the solid phase
only as extracted from the total debris from A. Arrow indicates main flow (downslope) direction.
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substantial quantity of solid particles downslope. Moreover,
due to relatively slow debris motion the drag is less, so the
dilute front can move substantially farther than in the
previous cases. Second, and consequently, the solid shows
more and immediate depositional behavior, and the major
portion of the solid material is deposited just before it
reaches the flat part of the reservoir bed. Overall, the
depositional pattern is smoother, but the main deposition
reveals a backward-propagating shock wave from t =2 s to
t = 65. After that, the shock diffuses to some extent. Due to
the weak frontal dispersion and strong backward-propa-
gating shock wave generated by rapid submarine mass
accumulation, the maximum submarine solid height re-
mains largely unchanged from t =25 to t = 6s. Further-
more, the major portion of the solid mass fraction is
elongated across-slope whereas the dispersed and dilute
mass is elongated in the downslope direction. These are
fundamentally different characteristics than for flows in-
itiated from the upstream subaerial positions.

These findings contribute significantly to our under-
standing of mixing and separation between phases, gener-
ation and propagation of special solid and fluid structures,
and phase transitions during the flow process (Kafle, 2014;
Pudasaini and others, 2014). By properly translating the
debris-flow topography and the real field reservoir’s physical
settings in terms of our modeling and computational code,
the magnitudes and run-ups of possible tsunamis and
submarine sediment transport can be described, which
can be useful for prevention and mitigation plans.

SCALING LAWS

Based on experimental data and dimensional analysis,
Slingerland and Voight (1979) proposed an empirical
logarithmic equation for maximum wave amplitude as a
function of landslide kinetic energy and water depth.
Walder and others (2003) demonstrated that the shape and
height of the generated wave in the near field depend on the
water depth, the volume of the slide and the duration of the
submerged landslide motion. Further, based on a simple
shallow-water model, Viroulet and others (2013) proposed
scaling laws for maximum arrival time and wave amplitude.
These laws are validated with experiments.

It is intuitively clear that the submergence scale depends
upon the landslide source location and its behavior as it
submerges. To show this, as in Walder and others (2003),
we consider two scenarios: First, the landslide begins from
far upslope (at a height Hs, above the shoreline where sa
stands for subaerial height) and impacts the water body with
a higher dynamic velocity (cases | and Il). Then, the
landslide may decelerate in the submarine environment.
The water depth in the reservoir is denoted by Hgy, (sm
stands for submarine depth). Second (case llI), the land-
slide’s toe lies just at the shoreline (i.e. Hs, = 0). As it begins
to move, its front velocity is very small, so in the beginning
the mass accelerates along the slope until it comes to rest.
Following Walder and others (2003), with our dynamic
simulation, we investigated the transitional behavior be-
tween these flow scenarios. For this, the submerged travel
time (depending on the landslide length and height of the
reservoir, it could be partial submerged time) is defined as
the time taken by the landslide to travel from the shore
(x=160m) to the horizontal base (x=200m) of the
reservoir. Due to the acceleration, the characteristic

https://doi.org/10.3189/2016A0G71A034 Published online by Cambridge University Press

241

submerged travel times for the landslides released from
upslopes may differ from the submerged travel time for the
mass released from shoreline.

One of the major challenges associated with the impulsive
waves is the proper estimation of the velocity of the slide
mass at the impact and during submergence (Slingerland and
Voight, 1979). For this reason, subaerial and submarine
accelerations are usually assumed to be the same, subject to
uncertainty. For a non-deformable solid block, Walder and
others (2003) assumed the same characteristic acceleration,
a?, for both the subaerial and submarine flows. Nevertheless,
the value of a® for the subaerial motion may be substantially
higher than its value for the submarine motion. That could
even be so for a deformable two-phase solid-fluid mixture
debris flow for which the dynamics is more complicated as it
takes into account several driving forces, including friction,
viscosity, drag, solid concentration, etc. For this reason, we
define subaerial and submarine accelerations, respectively,
as o2 and o2,

Let t;; be the submerged travel time for the landslide
released at height Hs,, and ts be the submerged travel
time for the landslide released at the shoreline. Then the
ratio between these submerged times is (Walder and
others, 2003)

2 <Hsm Hsa> 2H5a
— + =) = =
tepy sin¢ \ a2, o3 a2 sing

lss 2Hsm
ad sin¢

Hsa Hsa
=4/1+a — |« ,
\/ HSm \/ Hsm

where a=a2 /a2, so a<1. We call a the submerge
factor, the ratio between the submarine and subaerial mass
accelerations. Equation (12) with a =1 reduces to sub-
merge time ratio in Walder and others (2003).

We consider the three simulations I, Il and Il presented in
Figures 2-4. The heights of the mass release are
Hsa =[120,60,0]m, and the submarine fluid height is
Hem = 40m. Based on Eqgn (12) we present two alternative
analyses for submergence scales.

(12)

I. Motion of submarine maximum height position

First, we consider the submergence time when the max-
imum (or at least a substantial amount) of (solid) mass enters
the reservoir from the left (x = 160 m), and the time it takes
for the maximum position to reach the base (x =200m).
This can also be considered as the time during which the
rate of sediment entry into the reservoir is large. It can also
be considered as the time taken by the major portion of the
mass to accumulate in this region, or the time for which the
position of the maximum (solid) height virtually does not
change. These times can be estimated from the solid fraction
dynamics in the corresponding figures (right panels). The
idea here is to somehow relate the deforming mass to the
solid sliding as considered previously (e.g. by Walder and
others, 2003), so that the chosen time reflects accurately
or reasonably) the motion of the center of mass in the
submarine environment. For the mass released from the
heights Hs, = [120, 60, 0] m these times, as estimated from
the simulations, are 1.20s (6.00s—4.8s), 1.50s (5.00s—
3.5s) and 3.65s (3.655-0.0s), respectively. Thus, the
corresponding submerge times are ty; =[1.2,1.5,3.65]s,
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Fig. 5. The submerge time ratios t/tss as a function of the ratio of
subaerial height to the submarine depth H,/Hqn associated with
the motion of submarine maximum height position that relates to

the bulk-type motion.

respectively, where ti; =t for tyy = 3.65s. The submerge
time ratios thus obtained from our simulations as a function
of the ratio of subaerial height to the submarine fluid depth
are shown as green star symbols in Figure 5. The submerge
time ratio tyy/tss as a function of the ratio of the subaerial
height to the submarine fluid depth Hs,/Hsm as predicted by
Egn (12) is also shown in Figure 5. The red solid line is the
prediction with o= 1.0 that corresponds to Walder and
others (2003), and the blue dashed line is the prediction
with a = 0.75 that fits well with our simulation. For this
analysis considering the motion of submarine maximum
height position, the submerge time ratio model presented by

Walder and others (2003) works very well.

II. Motion of the submarine debris front position

The second analysis concerns the motion of the submarine
debris front position as it enters from the left and flows to the
base of the reservoir. On one hand, from the simulation, we
obtain the corresponding submerge times for the front
positions as ty =1[0.9,1.2,1.9]s, respectively, where
tsy =t for tgy = 1.9s. These times are estimated from
simulations when the solid phase height is ~1m at the left
shore, i.e. debris entering the reservoir (4.0s, 2.1s, 0.05s),
and reaching its base (4.9, 3.3 s, 1.95), respectively. These
estimates are reasonable, because the solid height in the
initial reservoir is 0.8 m. The submerge time ratios thus
obtained from our simulations as a function of the ratio of
subaerial height to the submarine fluid depth are shown as
green star symbols in Figure 6. On the other hand, the
submerge time ratio ty,/ts as a function of the ratio of
subaerial height to the submarine fluid depth He/Hsm as
predicted by Eqn (12) is also shown in Figure 6. The red
solid line is the prediction with o = 1.0 that corresponds to
Walder and others (2003), and the blue dashed line is the
prediction with o = 0.2 that fits well with our simulation.
This figure shows that the subaerial mass acceleration can
be much higher than the submarine mass acceleration.
Although this time ratio drops significantly for Hs, /Hsm > 1,
it is still substantially higher for & = 0.2 than for a = 1.0.
These differences might have originated due to the higher
slope, relatively shallow debris at the time of impact, energy
dissipation due to viscous, frictional and drag forces, phase
interactions, etc. This indicates that the submerge time-
scaling for deformable two-phase debris mass flow may
deviate substantially from the submerge timescaling for non-

deformable solid mass motion.
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Fig. 6. The submerge time ratios t,/tss as a function of the ratio of
subaerial height to the submarine depth Hg,/Hsm associated with
the motion of the deformable submarine debris front position.

Accurate knowledge of the submerge time is essential for
the proper description of the submarine mass movements.
However, Slingerland and Voight (1979) and Walder and
others (2003) mentioned that experimental determination of
the submerged travel time is challenging because neither the
impact nor the stoppage of the landslide can be accurately
determined. Although these times can be obtained by
interpolations, the results are subject to substantial errors.
In combination with the scaling law (Eqn (12)) our
simulations can be applied to more appropriately deter-
mining the impact and submarine stoppage times. Further-
more, typically splash-zone dynamics (Walder and others,
2003) can be properly described by numerical models that
fully account for a coupling between solid and fluid motion.
Our dynamic simulations can thus be useful in overcoming
uncertainty associated with the velocity estimation at the
time of landslide impact and entry into the fluid body
(Slingerland and Voight, 1979).

SUMMARY

Our results focus on the simultaneous dynamic simulation
of 3-D and real two-phase subaerial and submarine land-
slide and debris flows; the resulting tsunami generation and
propagation upon debris impact on the water body; the
subsequent submarine landslide, debris flow, turbidity
current and particle transport in the fluid; and the analysis
of all three types of waves and their complex interactions.
The general two-phase physical-mathematical mass flow
model proposed by Pudasaini (2012) is solved numerically
by applying a high-resolution shock-capturing numerical
scheme. These innovative and unified approaches (Puda-
saini, 2014) allow for the adequate modeling of debris-
induced tsunami and submarine sediment transport.

The simulation results show that when a real two-phase
debris mass slides down an inclined plane, it spreads
downslope and cross-slope. When the sliding debris mass
hits the reservoir, tsunami waves are generated in the
vicinity of the impact and are amplified when the fluid mass
is pushed forward, and a 3-D hydrodynamic impact vacuum
is created. The tsunami waves propagate in all three
directions. The solid mass forms a very special (not observed
before) forward-propagating cone-shaped solid wave.

We analyzed in detail how the positions of initial debris
mass on the inclined slope influence the splash, tsunami
generation and submarine debris mass movements. This
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includes mass spreading and accelerations in both the
subaerial and submarine environments, impact and sub-
mergence times and scalings.

For the mass released from upslope, the debris is laterally
more spread both on the subaerial and submarine parts of
the incline. Therefore, the tsunami amplifications are similar
to those for the mass released from the middle of the slope.
This spreading results in submarine front and rear positions
much closer to each other than for the same mass released
from the middle of the slope. The submarine solid structures
are fundamentally different for different initial mass pos-
itions. The submarine solid mass is much more elongated
across slope for the mass released from the top. Similarly,
the dynamics of the position of maximum submarine solid
height depends strongly on the subaerial initial mass
positions. The longitudinal extent of the submarine debris
is substantially shorter for the mass released from the top
than from the middle. For the mass released from the middle
of the slope the submarine solid mass is largely elongated in
the downslope direction, with the major portion lying before
the reservoir base, whereas for the flow released from the
top the submarine mass is largely sheared and elongated in
the cross-slope direction, forming a transverse wall close
to the base.

For the mass released from the shore, there are further
interesting observations. The dynamics is smoother than in
the previous cases in which the landslide impacts were
more intensive. For this, the motion is pressure-driven, with
less inertia in the inception of the motion resulting in the
low-extent tsunami. The impulsive pressure exerted by the
much thicker debris material on the reservoir fluid is the
main initial mechanism in tsunami generation here, whereas
in the previous cases tsunamis were generated by strong
impact of rapidly cascading relatively thin subaerial debris.
Due to the low momentum and drag, for this mass release,
the front propagated much farther with diffusive and dilute
turbidity currents. Consequently, the submarine deposition
process began much earlier. The main deposition developed
into a backward-propagating shock wave, much stronger
and more localized than in other mass flows released from
upslope. Interestingly, the major portion of the solid mass is
elongated in the cross-slope whereas the dispersed and
dilute mass is elongated in the downslope direction.

We presented two alternative analyses for submergence
timescales: the motion of submarine maximum height
position that relates to the bulk-type motion, and the motion
of the submarine debris front position associated with the
deformable debris motion. We show that the subaerial mass
acceleration can be much greater than the submarine mass
acceleration. This led to the conclusion that the submerge
timescaling for deformable two-phase debris mass flow may
deviate substantially from the submerge timescaling for non-
deformable solid mass. Thus, our simulations, which
adequately account for a coupling between solid and fluid
motion, can be applied to more appropriately determining
the impact and submarine stoppage times, and describing
the splash-zone and far-field dynamics.

These results can be applied to properly analyze the
stability of reservoir dams, embankments and slopes in
response to the fluctuation of the water level due to landslide
impact (Khattri, 2014). This unified model and compu-
tational technique with innovative approach allows for the
adequate modeling of debris-induced tsunami and submar-
ine sediment transport, with significant applications in
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hazard mitigation, sedimentology, submarine geodynamics,
the integrity of hydroelectric power plants and safety aspect
during and after construction of large artificial reservoirs.
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