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ABSTRACT

Debris flow is a traveling mass of loose mud, soil, air, water and sand that moves down
a slope caused due to gravity. When debris flows, landslides, or any gravitational mass
flows hit closed or partially open water sources such as seas, oceans, fjords, hydraulic
reservoirs, mountain lakes, bays and landslide dams, it results in tsunami (impulse water
waves) by transforming their impact energy to water body, potentially causing damages of
infrastructures and human casualties both near field and the distant coastlines. The de-
gree of hazard depends on the scale, types, location and process of the landslide. Volume
or size of the initial debris mass that fails in the slope, is one of the dominant factors in
accelerating the splash strength or intensity, the propagation and amplitudes of the sub-
sequent water waves and potential dam breach or water spill over. Here, we numerically
integrate the two-phase mass flow model [61] for quasi three dimensional, high-resolution
simulation results with variation of size of the two-phase initial landslide or debris both
longitudinally and laterally. In our numerical experimental results, we observe funda-
mentally different solid and fluid wave structures in the reservoir, and the dynamics of
submarine mass flow for different volumes of the release mass by extending or contracting
the base area along down-slope and/or cross-slope directions. The simulation results show
that tsunami amplitudes and run out extents are rapidly increased when the volume of
initial release mass in the form of a triangular wedge is enlarged by increasing the base
area through the increment of the length and breadth of the release base. This study can
be an instructive tool to develop and implement tsunami hazard mitigation measures to

enhance public safety and reduce potential loss.
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Chapter 1

INTRODUCTION

1.1 Background

Geophysical mass flows in mountainous and coastal regions include subaerial or submarine
landslides, debris flows, mud flows, avalanches, lahars, pyroclastic flows and tsunamis
[15, 17, 45, 64]. These catastrophic events show variable flow behaviour, and are generally
multiphase, and especially the interaction between the phases during the flow makes the
flow rheologically complicated adding high complexity to scientific studies [32, 56, 61, 62,
78]. Water-saturated landslides or debris flows generally occur in steep mountain slopes
and channels due to heavy rain and snow-melts. The mechanically weaker viscous fluid
and stronger solid particles possess different physics of flow during the flow [22, 25, 26, 29,
34, 35, 56, 57, 72]. Water waves or tsunami generated by the plunging of landslides into
natural lakes and reservoirs might cause serious damages during run up shores or against
dams [6, 42, 76]. It is very important to have advanced knowledge of evolution of the solid
and fluid-phases along with the huge landslides in the coastal areas and particle transport
in hydraulic plants from the environmental and industrial point of view also [62]. Many
researchers have been challenged to figure out the physics of such complex events, which is
still poorly understood due to its multiple complexities including their dimensions, phases
and mechanics [62]. The high Himalayan regions are increasingly prone to devastating

snow avalanches, landslides, debris flows and rockfalls [25].

1.1.1 Debris flow

Debris flows are rapidly moving landslides that are unusually dangerous to life and prop-
erty. It moves with tremendous speed, demolishing the objects in their paths, and often

bang without warning. The speed and volume of debris flows make them very dangerous.



Every year, worldwide, many people are killed by debris flows. They occur in a wide va-
riety of environments throughout the world. Debris flows generally occur during periods
of intense rainfall or rapid snow melt and usually start on hillsides or mountains. When
debris flows enters a steep stream channel, it travel for several miles, impacting areas
unaware of the hazard. Debris flows is a type of landslide that is sometimes referred to as
mudslides, mudflows, lahars, or debris avalanche. This hazard can be reduced by identi-
fying areas that can potentially produce debris flows, educating people who live in those
areas and govern them, limiting development in debris flow hazard areas, and developing

a debris flow mitigation plan [19, 24, 43].

1.1.2 Tsunami

The word ‘tsunami’ derive from the Japanese word with the sense ‘harbor wave’. Tsunamis
are long water waves which is caused by a sudden disturbance of the floor or surface
of ocean, bays, sea or lakes, fjords, hydraulic reservoirs or mountain lakes and landslide
dams which is generally caused by sea floor deformation, landslides, earthquakes, volcanic
eruptions, slumps, shore instabilities, subsidence, meteorite impacts and underwater ex-
plosions asteroid impacts, or landslides [5, 47, 52, 77]. Depending on the initial position
of the triggered landslide relative to the water surface, the landslide-water interaction can
be categorized as subaerial, partially submerged and submarine landslides [9, 31, 33, 52].
Subaerial and submarine landslides are also a cause of tsunamis as they transfer their
impact energy to water body (e.g., ocean, sea, bays, fjords, hydraulic reservoirs or moun-
tain lakes and landslide dams) [42, 47, 49, 50, 77]. This transfer of energy results in

m .PI.JI -
Deposit g T

Figure 1.1: A schematic diagram of different stages involved in a Subaerial-landslide

(SAL) generated tsunami event [1].



impulsive water waves that cause devastation on the costal region mainly due to run-up
along the shoreline, overtopping of dams, subsequent dam breaking [50] and subsequent
flooding [77]. The significant energy carried by tsunami propagation can cause damages
and casualties both near field as well as distant coastlines such as breakwaters, seawalls,
piers, submarine cables, bridges/pillars, artificial floating island/airport, and fish and
wind farms [42]. Tsunami wave shoaling, diffraction, refraction and wave breaking de-
pend upon the initial volume of the landslide mass, bathymetry and the topography as

well as vulnerability of the coastal region [51].

Tsunamis can be classified as local, regional and distant depending on the distance of the

tsunami from its source [2].

e A tsunami that originates from within about 100 km or less than 1 hour tsunami
travel time from the impacted coastline is known as a local tsunami. Local tsunamis
can result in a significant number of casualties since authorities have little time to

warn the vulnerable population.

e A regional tsunami is the one that is capable of destructing in a particular geo-

graphical region, generally within 1,000 km from its source.

e A tsunami originating from a source, generally more than 1,000 km or more than 3
hours of travel time from the impacted coastline is called a distant tsunami. These
tsunamis have the ability to cause widespread destruction, not only in the immediate

regions but across an entire ocean .

1.1.3 Landslide-generated Tsunami

Landslides and volcanoes are the most common sources of tsunamis after earthquakes.
Among the tsunamis caused by different geophysical events, landslide generated tsunamis
are much more localized and may cause more local threats than earthquake-generated
tsunamis although they are less frequent [14, 47, 67, 73]. The induced water wave charac-
teristics like amplitudes, velocity, wavelength and period, are governed by the water body
geometry, depth, volume, and dimensions, as well as the slide characteristics, underwater
travel time, and the slope angle [77]. The landslide tsunami generation and propagation
process may involve various phenomena in chain: landslide triggering, landslide dynam-
ics, energy transfer from landslide to water body, tsunami wave generation, submarine
landslide run out, potential obstacle interactions, tsunami propagation in water body and

wave run up along the shores [49, 50, 77].



The hazard posed by submarine landslides varies according to the landslide scale, loca-
tion, type and process. Even small submarine landslides can become dangerous if they
occur in coastal areas. The tsunami prevention system consists of forecasting, warning,
evacuation, public education, drills, inheritance of disaster culture, and the relief oper-
ation after disaster [70]. Although there were substantial attempts made in the past,
all these events and their associated dynamics, and impacts are yet to be satisfactorily
investigated further. The development and applications of the mitigation measures need

further improvements.

1.2 Motivation

A huge landslide in Sun Koshi River in Nepal about 80 km east of Kathmandu on August
2, 2014 claimed over 300 people missing or dead, and blocked the river to submerge many
houses and devastate a small hydropower station 3 km upstream [1]. A seismic magnitude
of 7.9 Richter scale earthquake on the Fairweather Fault triggered a rock avalanche at
the head of Lituya Bay, Alaska on July 9, 1958. The landslide produced a wave that
ran up 524 meters (1, 719 feet) on the opposite shore and produced a 30-meter-high wave
through Lituya Bay, sinking two fishing boats and killed two people. It is considered as

the greatest tsunami ever recorded [10].

For an instance, approximately 2.6x 10® m? of rock broke off from the slope of Monte Toc,

Figure 1.2: Sun Koshi River left: before landslide on June 2013 and right: after the
landslide on August 2, 2014 [1].



Figure 1.3: Vajont dam and reservoir A: before the landslide, B: after the landslide [16].

and plunged into the reservoir of Vajont Dam (Italy) on October 9, 1963 (figure 1.3A).
The landslide impact induced in a massive wave of at least 5x10% m? of water (Fig. 1.3B).
The subsequent flood completely devastated the village of Longarone in the Piave Valley
and claimed approx. 2000 human lives. Since then such displacement waves have been

acknowledged as a serious geohazard for dams [16, 18].

1.3 Significance / Rationale of the study

The observation and understanding of tsunami intensity, propagation and the submarine
mass movement is useful for hazard mitigation in the tsunami-prone zones [33]. The initial
debris play important roles in the degree or intensity of splash on impact amplitudes and
propagation speeds of the resulting water waves and possible dam breaching or over
spilling of water. This study helps us to know how the positions of initial debris mass
on the inclined slope influence the splash, tsunami generation and submarine debris mass
movements. This includes mass spreading and acceleration in both the subaerial and
submarine environment impact and submergence times and scaling. The impact and
submarine stoppage times and describing the splash zone and far field dynamics will be
determined [31]. The results is applicable for studying the stability of reservoir dams,
embankments and slopes caused by fluctuating water levels during landslides impact [39].
The study of the effects of variation of the size of initial debris mass can be useful for
the mitigation of the hazard posed by tsunami and submarine mass movements for the

coastal and mountain population and infrastructures.



1.4 Literature Review

In the past, various significant fundamental research activities were done on single-phase
debris flows [3, 54|, single-phase dry granular avalanches [12, 20, 21, 63, 68], mixture flows
[22, 23, 66], two-phase debris flows [56], and also with two-layered model [7]. Several ana-
lytical methods were also proposed to analyze the wave run-up [53], velocity of submerged
solid [55, 75], and wave velocity along a plane beach [67]. Most of the numerical experi-
ments for landslide and tsunami found in existing literature are based on effectively single-
phase shallow water and/or granular flow models. Employing Mohr-Coulomb frictional
rheology and continuum mechanics, Savage and Hutter [68] developed a depth-averaged
model to describe quasi two-dimensional flow of granular material down a slope assuming
basal friction angle less than internal frictional angle [13, 63, 64, 68, 69, 71]. Further
extensions were made for two and three dimensions [11, 63]. Although Iverson [22] and
Iverson and Denlinger [23] and their extensions by Pudasaini et al. [66] incorporated
basal opening fluid pressure to include viscous effects, they are merely quasi two-phase,
or effectively single-phase models as they fail to address the coupling and cross-coupling

of solid and fluid phase velocities.

Pitman and Le [56] included drag force to describe flows in their two-fluid model, the
viscous fluid effects were neglected, and the drag force was simple. Wave generation and
propagation were studied by Ma et al. [48] through a shock-capturing three-dimensional
non-hydrostatic dispersive surface wave model, whereas by Ma et al. [47] through a two-
layer depth-averaged computational model. In the simulations of Grilli et al. [14], coastal
tsunami hazards are assessed by employing Bossinesq long wave model. Walder et al. [74]
correlated the amplitude and shape of the wave generated in near field with the reservoir
depth, the volume of the release mass, and the time through which submerged landslide
remain in motion. While most of the research in recent years are found to be based
on single- and quasi two-phase landslides, debris avalanches and debris flows and induced
tsunami, Pudasaini [61] made further progress by developing a two-phase mass flow model
that accounts for strong interactions between the constituent phases along with the inclu-
sion of buoyancy, and also other three dominant physical aspects of two-phase mass flow
such as virtual mass force, generalized drag, and non-Newtonian viscous stress induced

by the changing sediment concentration in the debris mixture during the flow.

Pudasaini [61, 62] simulated the two-phase debris flow to reveal the explicit evolutions of
the constituent phases as well as the debris bulk mixture for both subaerial and subma-
rine environments. In particular, Pudasaini [62] simulated two-phase and geometrically

two-dimensional flows where the flows impacts the quiescent fluid reservoir to generate



waves and the flow of submarine debris mass slides further along the bathymetric surface.
For idealized geometry, Kafle [25] and Kafle et al. [31] presented further simulation re-
sults for two-phase and geometrically three-dimensional subaerial flows impacting a fluid
reservoir to reveal the splash, tsunami generation, and submarine debris mass movements.
Moreover, they analyzed in detail to study the influence of the variation of the positions
of release mass influences in the splash, tsunami generation, and submarine debris mass
movements. Kafle et al. [31] additionally showed that submerge time scaling for a de-
formable two-phase debris deviates substantially from the those for a non-deformable
solid. Kafle and Tuladhar [33] simulated the interaction of a partially submerged land-
slide with a reservoir to reveal different evolutions and dynamics of surface fluid waves,
and solid waves at the bathymetry. Kafle et al. [28] simulated by mounting obstacles
in the shape of spherical bumps of different sizes, and numbers at different positions of
subaerial slopes as well as inside reservoir, and observed the effects of obstacles in the
tsunami intensity and speeds. De Lange et al. [44] investigated the effects of volume and
composition of debris flow, and subaerial outflow slope on wave celerity and amplitude in
a small-scaled physical set up consisting of an inclined outflow channel that runs into a

three-dimensional water reservoir.

Recently Kafle et al. [30] simulated the topographical effect of slope changes in the dy-
namics of landslide generated water waves and submarine mass flows. Liu et al. [46] derive
a simple model to evaluate the performance of an intercept dam for debris flow mitigation.
In this model a two-phase model is combined with the dam moment balance theory to
describe the condition of debris flow and the dam. A two-layer non-hydrostatic landslide
model for tsunami generation on irregular bathymetry numerical discretization and model
validation is defined by Zhang et al. [79] in 2021. In this model the hyperbolicity of the
governing equations is preserved. Franci et al. [8] performed 3D simulation of Vajont dis-
aster part two of Multi-failure scenarios. Through several numerical experiments, Kafle et
al. [30] analyzed the effects of slope changes in different parts of the upstream subaerial
slopes in the dynamics of fluid and solid waves. Employing the general two-phase mass
flow model of Pudasaini [61], there are significant studies related to two-phase debris flow
dynamics, glacial lake outburst floods and process chains [27, 37, 49, 50]. The model has
been successful to simulate the two-phase debris flow-structure-interactions and resulting
flow redirection and phase separation [35, 36, 38]. The model has further been employed
to construct quasi two-phase bulk mixture mass flow models along with the simulations
and parameter analyses [40, 41, 58, 60, 59] .



1.5 Objectives

The following are the major objectives of this proposed research work:

Objective-1I: To develop an understanding of the concept of the dynamics of landslide

generated tsunami.

Objective-1I: To perform a reference simulation/experiment of subaerial and submarine
two-phase mass flows when initial debris mass is at position (75 < z < 125, —25 < y < 25)

m and study the dynamics and impact.

Objective-111: To perform experiments and analyze in detail, the effects of the variation
of length of initial debris mass along downslope direction, e.g.,(85 < x < 115, —25 <y <
25),(65 < = < 135, =25 < y < 25), etc., and compare the results with the reference

simulation/experiment.

Objective-I1V: Similar experiments and studies are to be performed by varying the length
of initial debris mass along crossslope direction, e.g., (756 < x < 115, —15 < y < 15),
(75 < x < 125, =35 < y < 35), etc., and results are compared with the previous cases.

Objective-V: To perform the simulation of the variation of initial debris mass along both
cross slope and down slope direction, e.g.,(85 < z < 115, —15 < y < 15), (65 < x < 135,

—35 < y < 35), etc., and compare the results with the reference simulation.

Objective-VI: To compare Tsunami amplitude, solid front position and maximum solid

height of all simulation with reference simulation.

1.6 Thesis Structure

Chapter 1 gives a background of the work along with general introduction of the work.
In Chapter 2, governing equations for debris flow and landslide generated tsunami is
presented. In Chapter 3. detailed discussions on advanced three dimension simulation
of debris mass with variation in volume of initial debris mass and comparison between
Tsunami intensity, maximum solid height and solid front position with reference simula-

tion and Chapter 4 contains the summary of this work.



Chapter 2

Governing Equations and Numerical
Methods

2.1 Model Equations

In this section, we mention the employed general two-phase mass flow model, developed
by Pudasaini [61]. In a two-phase debris mixture, sediments constitute the solid phase (s)
and the viscous water as the fluid phase (f), with different material properties. In fluid,
the stresses are isotropic and the fluid density and viscosity are respectively represented
by ps and viscosity 7y, whereas the material density ps, internal friction angle ¢, the
basal friction angle ¢, and anistropic stress distribution through the lateral earth pressure
coefficient K characterize the solid phase. In the following model equations (2.1)-(2.6), =,
y and z are coordinates along the downslope, cross-slope and the surface normal directions,
respectively; ¢*, ¢g¥ and ¢g* are the respective components of gravitational acceleration.
The depth-averaged velocities for solid uy = (uy, vy) and for fluid us = (us, vs) have the
components in the downslope (x) and the cross-slope (y) directions, respectively. The
debris flow depth is h; a; and oy = 1 — o, are the solid and fluid volume fractions in the
mixture at any time ¢, so that the solid contribution to flow depth is ash and the fluid
contribution is of ash. The following two equations are mass balances for solid and fluid

[61]:

0 0 0

- - - = 2.1
8t<ash> + 8x(ashus) - ay(ozshvs) 0, (2.1)
0 0 0
a(&fh) -+ £(othuf) + 8—y(othvf) = 0. (2.2)



The non-linear partial differential equations representing momentum balances for solid

and fluid in the downslope and the cross-slope directions are given by [61]:

0 1
p [osh(us — 7C (up — uy))] + o ash <u§ —C(uf —ul) + §ﬁx5h)] (2.3)
+ % [ash(usvs—WC(ufvf—usvs))} = hS,,,
) i
5 [as h (vs —7C (vy —vs)) ] + B ash(us vy — YC(upvy — usvs))] (2.4)
| h( v2 C(v? 2 ! h||=hS
+a_y g Vg — 7 (Uf_vs)+§5ys - Ys
0 Qg 0 2 , Os 2 2 1
5 [afh (uf + a—fC(uf — us)> + 9 arh (uf + a—fC(uf —ui) + 5&#1)] (2.5)

0 P
+8_y afh(ufvf + a_fC(Ufo — usvs))] = hS,,,
0 g 0 Qg
& [Oth (Uf + a—fC(Uf — Us>> + % Oéfh <Uf1)f + a—fC(Ufo - usvs))] (26)

L0
dy

Ol 1
afh('ufc + a—fC(vJ% —v2) + §ﬁyfh>] = hS,,,
in which

6:105 = €prbsa 6ys = gKypbsa 5:)3f = 5yf = EPbys Doy = -9, Py, = (1 - P)/>pbf'

In the above equations, py, and py, denote the effective fluid and solid pressures at the
base. In the right hand side of (2.3)-(2.6), the source terms are further described as [61]:

s b oh 0Ob =
st =a, [gx_pbs (u— tan 5+€—>] —EQY Py, |:—+—:| +CDG(Uf—US)‘uf_uS}’J 1

lus| Ox or Oz
(2.7)
Vg ob oh  0b J—1
Sy, = [gy—pbs (m tand + 88_y>] —EQ Dby [8_y + 6_3/} +CDG(Uf_Us)|uf_us’ )
(2.8)
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S

Tf

c _pbfa_f%+pbf dr  a;Ng |~ 022  Oydx Oy e2h?

2
1 0 (Do, 0 [ Doy Oavg
* oo () 4 g (G v+ G- w)

 Sag(uy — US)H — %CDG(UJ —us)|uy —u,

1 1 2 2 2
= ay [gz— { hos 2 {2a uy Ovp  Ouy Xuf} (2.9)

)

J-1
52afNRAh2 ‘

1 h day b 1 Pvp  DPuy  *vy vy
S, =as|gh — | =py =202 4, 2 . 2.10
v = [g c {2pbf ap Oy + Py y afNR{ Oy? + Oxdy  Ox? 52h2} (2.10)

+ ! 23 aO[S(v — V) —i—g 8as(u )—l—ai( — )
arNg, | Oy \ Oy F s ox \ Oy I gr \f T

Eas(vy — vs) 1 J—1
20Ny, 1?2 VCDG(Uf vs)|uy — us )
where
Cpe: = asaz(l —7) N (af>3Re (2.11)
[eUr{PF(Re,) + (1 — P)G(Re,)}]’’ Ds 180 P

G — ay(ReT,)q’ Re, — psdlz Ny — VgLHps Na, \/_Hﬂf
gy Ay

In (2.7)-(2.11), e = H/L is the aspect ratio, where L is the typical length and H is the
depth of the debris flow, the coefficient of frictional resistance to the flow of solid due
to the roughness of the base is given and u = tand. P € [0,1] interpolates the solid-
like (G) and fluid-like (F) drag contributions to flow resistance in the generalized drag
coefficient Cpg. J = 1 or 2 represent simple linear or quadratic drag. Uy represents the
terminal velocity of a particle. v is the density ratio of fluid to solid, M is a function
of the particle Reynolds number (R.,), x includes vertical shearing of fluid velocity, and
¢ includes different distributions of a,. A is the mobility of the fluid at the interface.
Ngr and Ny, are respectively the quasi- and mobility-Reynolds number associated with
the classical Newtonian and enhanced non-Newtonian fluid viscous stresses, respectively.
Slope topography is given by b = b(x,y). The virtual mass coefficient C appears in the
inertial terms as the coefficients of the relative acceleration between the phases. For the
details of the multi-phase virtual mass forces, one can refer to Pudasaini and Mergili [65],
and Kafle et al [30].
In vectorial form the above six equations ((2.1)-(2.6)) can be written as:

OT(w) O (w) g (w)

ot ox Jy

=s(w), (2.12)
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where, w denotes the vector of conservative variables hy, by, m., (= hous), mq, (= hyug),
my, (= hsvs) and my, (= hyvy). Also, f and g are the transport fluxes in the x- and

y-directions, respectively, and s is the source term, i.e.,

hs L.
hy h
my, —~C mxfhs/hf_mzs> Ma,
T(w)= my, —C myfhs/hf_mys) ;, W= m,, )
Mg, +C( My hs/hyp—mg, My,
My, +C(my,hs/hy—m,, My

My

s

mzf

m2_/hs—~C (mifhs/h%—mis/hs) + B hsh/2

f:
mxsmys/hs—”yC<mxfmyfh5/hfc—mxsmys/hs> ’
m2, [y C(m2 /3 —m2 [h,)+Behsh/2
mxfmyf/hf—i—(,’(mxfmyfhs/hfc—mmsmys/hs>
My,
my,
My My, [hs —~C (mxfmyfhs/hfc — mxsmys/hs) hS,. 2.13)
— , S= ) .
87 m2 e —aC(m2 hof2 = m2 [hy) + Buhoh/? hs,
mxfmyf/hf—FC(mxfmyfhs/h?—mxsmys/hf> thf
m2, /by +C (mf,fhs /b2 —m2, /h3> + By, hsh/2 hS,,

To numerically integrate the model Total Variation Diminishing (TVD) Non-Oscillatory
Central (NOC) scheme [4, 64, 71], has been implemented here. The debris depth h, solid
volume fraction ay, velocity components for solid (us, vs), and for fluid (uy, vy) in 2- and
y-directions, respectively, are computed as functions of space and time (Fig. 3.1). The
model equations are solved in conservative variables W = (hs, hy, ms,, my,, m,,, my, )",
where hy = ash, hy = ash are the solid and fluid contributions to the debris, or the flow
height; and m,, = ashu,, my, = aghuy; ms, = ashv,s, my, = ayhvy are respectively the

solid and fluid momenta in x- and y-directions.
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Chapter 3

Results of Numerical Experiments

and Discussion

For our simulation purpose, our three-dimensional set-up is as shown in Fig. 3.1, where a
two-phase initial release mass in subaerial slope inclined at (; = 45° collapses and moves
cross-slope and downslope and hits a fluid reservoir downstream. The left end of the
reservoir meets an inclined surface at * = 175 m, where the fluid depth starts from 0 m.
The inclined surface continues to x = 200 m, where the water height is A = 25 m. After

this, the depth is constant (25 m) upto the right coast at x = 300 m, at t = 0 s, the

Figure 3.1: A sketch showing the initial set up with the initial release and the fluid

reservoir.
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release mass at the shape of laterally-spanned triangular wedge (z; < = < ;¥ < ¥ < Ya)
with uniform composition of 65% solid (a, = 0.65) and 35% fluid (o = 0.35) begin to
disperse crosswise and also shears downslope. Initially, the reservoir (175 < z < 300 m,
—110 < y < 110 m) consists of 2% solid and 98% fluid. The other common parameter
values chosen for different simulations are: ¢ = 45°, § = 15°, p; = 1,100 kg m~?,
ps = 2,900 kg m~3, Ng = 30,000, Ng, = 1,000, Re, =1, Ur =5.0m s}, P =0.75,
J=1, x=3, £=5, C=0.5.

We employ the aforementioned initial setup, model, parameters and numerical integration
technique for our research. We simulate the two-phase landslide, resulting tsunamis and
their interactions. We differ the sizes and volumes of initial release mass by extending
or contracting it along down-slope or cross-slope directions. In all the simulation results
presented here, the vertical dashed line in blue at x = 170 m indicates the left coast of

the reservoir. The arrows in the top panels indicate the flow direction.

3.1 Reference Simulation

First, we discuss about reference simulation with initial release positioned at x; = 75 <
r <z, =125 m; y; = —25 < y < y, = 25 m (Fig. 3.2) that hits the fluid reservoir. This
type of laterally confined boundaries, as considered here and in all the other simulations

can model many natural setups.

Fig. 3.2 exhibits the reference simulation results of the timely evolution of total debris
bulk, along with separate evolution of the solid and fluid phases. Initially, the maximum
of the debris depth was at the front. On contrary, it has shifted towards central part at
t = 1 s. The shearing and dispersion of the flowing mass results in the decrease of the
debris depth as shown by the colour bars given alongside. At about ¢t = 3 s, the flowing
mass strikes at the centre of the left coast of the reservoir so as to produce tsunami that
propagates in all directions. The process continues even with higher momentum (¢ = 5
s, left panel d) and the tsunami is expanded further in the vicinity of the impact (t =7
s, left panel e). The displaced fluid in the reservoir produces a distinct impact vacuum.
Until 9 s, the interesting phenomena to be observed are: (i) flowing debris in the subaerial
slope (ii) submarine mass movement in the reservoir downstream (iii) surface tsunami.
The confinements in the lateral and right coasts in the reservoir localize the tsunami near

the lateral boundaries.
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Figure 3.2: Reference Simulation (Base of the initial debris mass at 75 < x < 125 m,
—25 <y <25 m). A: Total height of the debris mass and tsunami waves. Tsunami is
generated, amplified and propagates as time elapses. B: Evolution of the solid phase in
the debris mixture in subaerial part as well as in the reservoir. The solid phase advects
and disperses both in subaerial slope and the bathymetry, with the formation of special
solid wave. C: Evolution of the fluid constituent in the debris mixture and the reservoir.
Tsunami amplitude in each time slice is the excess fluid height over the initial fluid height
(25 m) in the reservoir [28].
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The flow behavior of fluid part is seen in Fig. 3.2 C. Similar to the total debris bulk, fluid
part of the debris mixture also disperses and advects as time elapses. After ¢t = 3 s, the
relative maxima in the right panels show how the tsunami is generated and it propagates
downslope and across. We observe that the fluid-only and the total geometric evolutions
are not much different as the fluid component (volume fraction) in the reservoir dominates
the solid in the reservoir [31]. However, at ¢ = 7 s, the geometric evolution of the total
(left panel e) and the fluid-only part (right panel e) are more interesting to compare with
each other. The comparison clearly reveals that the major portion of the maximum at
the central part is due to the solid contribution of the debris mass and the frontal and

lateral parts of the maxima arise mainly due to the evolving and propagating tsunami.

The solid-phase dynamics as shown in Fig. 3.2 B is completely different from the total
and the fluid-phase dynamics, especially in the reservoir. As the mass is released at
t = 0 s, the front is rarefied and accelerated downslope and across mainly due to the
pressure gradient and gravity. As the material friction and the support of the front part
are effective, the rear part of the solid body takes some more time to spread and to flow
downslope. After the mass is released, the front is propagating downslope. Nevertheless,
from ¢ = 1 s (right panel b) to ¢t = 3 s (right panel ¢), the solid maximum has shifted its
position a bit upslope. From ¢ = 5 s (right panel d) onward, the maximum height position
is shifted downslope as it moves further downslope. In Fig. 3.2 B, maximum solid height
has continuously decreased from 30 m at ¢ = 0 s to 6 m at £ = 5 s when it undergoes
continuous shearing. But, it increases to > 12 m at t = 7 s as it looses momentum in
the run out zone. The landslide mass changes its geometrical shape mainly due to its
deformation and the impact on the fluid reservoir after t = 3 s. From ¢t = 5 s onward
(right panel, d-f), it forms a very special forward propagating laterally wide and curved

solid-wave.

In this reference simulation, the volume of the initial release is 62500 m3. In the remaining
simulations, we change (increase or decrease) the volume of the initial debris mass by
varying its extent either along up/downslope direction (i.e., along z-axis) or cross-slope
direction (i.e., along y-axis) to observe the changes in the dynamics of the tsunami and
submarine mass. As we already mentioned that the geometrical evolutions of the total
and the fluid part of the debris flow and the waves in the reservoir are almost similar, we

do not present the fluid-only part in the remaining simulations.
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3.2 Variation of volume of initial debris mass by chang-

ing its extent along x-direction

We now present and discuss some simulations by the variation of the volume of initial
debris mass by changing the length of the initial debris mass along x-direction without

changing its length along y-direction.

3.2.1 Reduction of volume of the initial mass

First, we reduce the volume of the initial debris mass by reducing its base area with its
boundary on [85,115] m x[—25,25] m so that the length of the initial debris mass is
decreased by 20 m (Fig. 3.3) as compared to the reference simulation (Fig. 3.2). This
makes the new volume of the initial debris mass 22,500 m?3, with a reduction of 64% as
compared to the reference simulation (Fig. 3.2). Fig. 3.3 presents the simulation results
for the evolution of the subaerial debris flow before and submarine debris flow after the
flow-reservoir-impact, and the subsequent complex fluid waves. The detailed dynamical
differences in the solid and fluid waves due to the changes in volume and the positions of

the front and the rear parts of the initial release mass are discussed below.

At t =1 s, the debris depth increases slowly from the front to the main body due to less
volume. The flowing mass is just about to hit the center of left coast of the reservoir at
about t = 3 s. Tsunami with relatively smaller amplitude for ¢ > 5 s (left panel, d-f) has
been produced that expands slower in the vicinity of the impact (¢t = 7 s, left panel e).
The area of the impact vacuum is also smaller than in Fig. 3.2. At ¢t = 9 s, the frontal
tsunami just begins to hit the right coast of the reservoir, whereas in Fig. 3.2, it has
already hit the right coast. Due to the decreased amount of the initial debris mass, its

lateral dispersion has decreased, and here the tsunami propagates less cross-slope than in
Fig. 3.2.

Fig. 3.3 B presents the different flow behavior of the solid part. As the mass is released,
the front is slowly rarefied and accelerating mainly due to the less pressure gradient as
compared to Fig. 3.2 B. In Fig. 3.3 B, maximum solid height has continuously decreased
from 20 m at £ = 0 s to 3.5 m at t = 5 s by its spreading, and increased to a bit more than
5m at t = 7 s. The solid phase dynamics and the deposition morphology here are both
different from those in Fig. 3.2 mainly in the downslope advection, cross-slope dispersion

and the positions of relative solid maxima.

In Fig. 3.3 B, the cross wise elongated frontal local maximum of solid is followed by other

two centralized local maxima at ¢ = 5 s and 7 s. Unlike in the previous case (Fig. 3.2),
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Figure 3.3: Reduced volume of the initial debris mass (Base of the initial debris
mass at 85 < z < 115 m, —25 < y < 25 m) A: Total height of the debris mass and
tsunami waves. As time elapses, less intensified tsunami is produced that propagates less
cross-slope and downslope than in Fig. 3.2. B: Evolution of the solid phase in the debris
mixture in the subaerial as well as in the reservoir. The solid part of the debris body is
less dispersed that also moves less downslope, but the solid maximum is wider than in

Fig. 3.2.
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the solid phase reveals three localized maxima, two weakly separated in the front, and
another at a bit back of the solid body at t = 9 s. At ¢t = 7 s, the solid debris part has
just crossed the coastal line (x = 175 m, the beginning of the reservoir water surface).
This means, the solid components enters completely into the reservoir after t = 7 s (right
panel e), whereas a considerable amount of solid was also observed upslope of the coastal

line in Fig. 3.2.

3.2.2 Increment of volume of the initial mass

Figure 3.4 presents the simulation results when the volume of the initial debris is increased
by increasing the length of the base along z-axis by 20 m from the reference simulation
(Fig. 3.2). Now, the new position of the base is at 65 < z < 135 m, —25 < y < 25 m.
By this, the volume of the initial debris will be 1,22,500 m?* which is 94% larger than
in Fig. 3.2. All the other physical and geometrical parameters are same as the reference

simulation.

Due to larger pressure gradient, the maximum debris depth quickly shifts its position the
front to the main body at ¢t = 1 s (Fig. 3.4 A). Since the maximum of the initial debris
mass lies at its frontal part, which is nearer to the reservoir than in the previous cases, the
flowing mass hits the fluid at the centre of the reservoir already at about ¢ = 3 s, and the
tsunami in the order of 15 m has been produced at that time. But in the previous cases
(Fig. 3.2 A and Fig. 3.3 A), the amplitudes were very low or even not produced at that
time. The produced tsunami with higher intensity propagates faster both cross-slope and
downslope. The tsunami front reaches the right and lateral coasts earlier (already at ¢t = 7
s) than the previous cases. The tsunami dynamics is even more interesting to observe at
t = 9 s. The impact vacuum or crater is wider than the previous cases. The tsunami
waves reflect after reaching the right cost and are a bit dispersed throughout the surfae
of the reservoir, especially waves with higher intensity are localized in the vicinity of the
lateral boundaries. This result is in line with the fact that the coastal threats increase
more significantly due to the induced tsunami by the landslide or debris flow with larger

volume.

The solid phase dynamics as shown in Fig. 3.4 is also significantly different from those in
Fig. 3.2, and the difference is more pronounced as time elapses. In Fig. 3.4 B, maximum
solid height continuously decreases from 40 m at t = 0 s to 12 m at ¢t = 5 s by its
spreading, and increased to a bit more than 14 m at ¢t = 7 s and 20 m at £ = 9 s. But
after t = 5 s (right panel d), it increases because the solid tends to halt as it looses

momentum at the horizontal bathymetry. After ¢ = 3 s, due to the impact of the flowing
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Figure 3.4: Increased volume of initial debris mass ( Base of the initial debris mass
at 65 <z < 135 m, —25 < y < 25 m) A: Total height of the debris mass and tsunami
waves. As time elapses, more intensified tsunami is produced that propagates more cross-
slope and downslope than in Fig. 3.2 B: Evolution of the solid phase. In this case, the

submarine mass reaches the right coast faster (already at ¢t = 7 s) than in Fig. 3.2.
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mass on the reservoir, the solid mass is sheared further and is elongated cross wise from
the front to the middle portion (¢ = 5 s right panel d). At t = 7 s, the solid debris part
has just about to cross the coastal line (x = 175 m, the beginning of the reservoir water
surface). At t = 9 s, the fronts of solid mass were at = 275 m and = 290 m in Fig. 3.3
and Fig. 3.2, whereas in Fig. 3.4, it already hits the right coast of the reservoir. This
is so because larger volume of initial debris mass accelerates more than the case of less
volume, especially due to the larger pressure gradient. We observe completely different
dynamics and depositional behaviour of the submarine mass for the different volumes of
the initial release mass. The results support that it might be dangerous to make civil
structures around the banks of the water bodies surrounded by mountain flanks that
contain potentially larger volume of the landslide materials that potentially undergoes

destabilization.

3.3 Variation of volume of initial debris mass by chang-

ing its extent along y-direction

In this section, we present and discuss some simulations by changing the volume of initial
debris mass by varying the length of the initial debris mass along y-direction without

changing its length along z-direction.

3.3.1 Reduction of volume of the initial debris mass

Here, we simulate with the decreased volume of initial debris mass (75 < z < 125 m,
-15 < y < 15 m) by decreasing cross-slope length of the initial debris mass by 20 m
(Fig. 3.5) as compared to reference simulation (Fig. 3.2). This makes the volume of the
initial debris mass 37,500 m?, with a reduction in volume by 40% of the reference simu-

lation.

At t = 1 s, the height of the flowing mixture increases rapidly (as in Fig. 3.2) from its
front to its main body as the length of the debris mass has been reduced along the cross
slope direction. The flowing mass already hits the centre of the left coast of the reservoir
at about t = 3 s. After that, tsunami with smaller amplitude than in Fig. 3.2 is produced
that propagates further for ¢ > 5 s (left panel d onward). At ¢ =5 s, increased height of
the fluid surface as shown by colour bars indicates that behind the impact region, tsunami
of amplitude 5 m is pushing the water to the right (up to a bit more than x = 230 m).
In this simulation, the area of the impact vacuum is smaller than in Fig. 3.2. At ¢t =9 s,

the debris mass totally enters into the reservoir, but in Fig. 3.2, a considerable amount of
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Figure 3.5: Reduced volume of initial debris mass along cross-slope direction
(Base of the initial debris mass at 75 < x < 125 m, —15 < y < 15 m) A: Total height of
the debris mass and tsunami waves. As time elapses, less intensified tsunami is produced
that propagates less cross-slope and down slope than in Fig. 3.2. B: Evolution of the solid
phase in the subaerial slope and in the reservoir. The flowing mass attains less velocity

than in Fig. 3.2.
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debris mass was still outside the reservoir.

The dynamics of the solid part as seen in Fig. 3.5 B is different from the previous simu-
lation mainly at t = 5 s to t = 9 s, where the solid maxima lie on the frontal head. At
t = 7 s, there are three localized maxima, two weakly separated at the front and one at a

bit back, whereas at ¢t = 9 s, the frontal solid maxima are more separated than at t = 7 s.

3.3.2 Increment of volume of the initial debris mass

Now, we increase the volume of the initial debris mass by increasing its base area with
its boundary on [75,125] m x[—35,35] m so that the breadth of the initial debris mass
is increased by 20 m (Fig. 3.6) as compared to the reference simulation (Fig. 3.2). This
makes the volume of the debris mass 87,500 m?, which is 40% higher than in Fig. 3.2.
Now, we present the detailed dynamical differences in the solid and fluid waves due to
the changes in volume and the positions of the front and the rear part of the initial debris

mass.

Since the volume of the debris mass is increased, it results in the increased debris mass
that causes the debris height to increase quickly from the front to the main body at ¢t =1
s (Fig. 3.6 A). As there is larger pressure gradient at the front of the release mass, it
already hits fluid reservoir at ¢ = 3 s. In later times, tsunami has become more distinct
and dispersed all over the surface of the reservoir. At time ¢t = 7 s, the front of debris
mass is at around 270 m, 280 m, 290 m in Fig. 3.5, Fig. 3.2, Fig. 3.6 respectively. This
shows that debris mass is more mobile, when we increase the volume of the initial debris

mass from along the cross-slope direction as well.

The dynamics of the solid part in subaerial as well as the submarine part has been
presented in Fig. 3.6 B, where the maximum of the solid component has continuously
decreased from 30 m at t = 0 s to 10 m at ¢t = 5 s by its spreading, and increased to a bit
more than 15 m at t = 7 s, and 20 m at ¢ = 9 s. The solid dispersion has also increased
from t = 5 s (right panel d) to ¢t = 9 s (right panel f). At ¢ = 9 s, the front of solid
mass is at * = 275 m, z = 290 m, and z = 300 m in Fig. 3.5 B, Fig. 3.2 B, Fig. 3.6 B
respectively. As the volume is increased from along the cross-slope, the submarine mass
also moves faster along downslope. This seems to be counter intuitive. However, this
can be explained. In fact, the pressure gradient of the initial release mass increases its

mobility.
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Figure 3.6: Increased volume of initial debris mass along Cross-slope direction
(Sase of the initail debris mass at 75 < z < 125 m, —35 < y < 35 m) A: Total height
of the debris mass and tsunami waves. As time elapses, a bit more intensified tsunami
wave is produced that propagates more cross-slope and downslope then in Fig. 3.2. B:
Evolution of the solid phase in the debris mixture. In this case, the submarine mass just
starts hitting the right coast of the reservoir at t = 9 s, whereas in Fig. 3.2 it was more

upslope of right coast of the reservoir.
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3.4 Variation of volume of initial release mass by re-

ducing its extent along both x- and y- directions

First, we reduce the volume of the initial debris mass by restricting its base area within
the boundary on [85,115] m and [—15,15] m so that the extent of the base decreases
from both z— and y— directions. This reduction of base along downslope and cross-slope
results the reduction of 78.4% of the original mass that we considered in the reference
simulation (Fig. 3.2). The evolution of the subaerial debris flow, submarine mass flow
after the flow-reservoir impact and the subsequent complex fluid waves are presented here

in Fig. 3.7 and their comprehensive dynamical differences are discussed.

At t = 1 s, the debris depth, and maximum depth position alters its position from the
front to the main body. The debris is just about to hit the centre of left shore of the
reservoir at about ¢ = 3 s. As the debris hits and penetrates the reservoir, the impacting
mass generates tsunami with relatively smaller amplitude for ¢ > 5 s (left column, d-f) as
compared to the reference simulation Fig. 3.2. This is because less flowing mass causes
sudden decrease in the momentum. This physical scenario is clearly illustrated in the
simulation. The tsunami has been expanded slowly in the vicinity of the impact (t = 7 s,
left panel e) and fluid mass from the left of the reservoir is pushed forward and laterally
during the flow. At ¢t = 5 s, the level of the water surface has increased to 30 m at
around x = 240 m due to the tsunami generation on impact. The colour map shows that
the tsunami propagates in all directions. The area of the impact vacuum and tsunami

propagation are also comparatively smaller than those in Fig. 3.2.

The dynamics of the solid component is presented in Fig. 3.7 B as derived from the total
debris from Fig. 3.7 A. As the mass is released, the front is slowly rarefied and accelerating
mostly due to the lower pressure gradient relative to that in Fig. 3.2 B. In Fig. 3.7 B,
maximum solid height has continuously decreased from 20 m at ¢ = 0 s to nearly 3 m
at t = 5 s through its spreading. But after ¢ = 5 s, the solid halting process eventually
leads to the gradual rise in the solid height to almost 7 m. The solid phase dynamics and
the deposition morphology here are both different from those in Fig. 3.2 mainly in the
downslope advection, cross-slope dispersion, and the positions of relative solid maxima.
The debris mass fully submerges into the reservoir at ¢ = 7 s. on contrary, a considerable
amount of solid was upslope of the coastal line in Fig 3.2. This indicates the lower mobility

of the debris mass by the reduction in volume of original debris mass.
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part of the debris body is less dispersed that also moves less downslope.
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3.5 Variation of volume of initial debris mass by in-

creasing its extent along both x- and y-directions

Now, we increase the volume of the original initial debris mass by extending its base
area both along z- and y-directions so that the the base of the initial release is within
the boundary on 65 < z < 135 m and —35 < y < 35 m. This expansion massively
increases the volume of the release to 171,500 m?® which becomes 2.744 times bigger
than the original release mass in the reference simulation Fig. 3.2. Figure 3.8 presents
the simulation results to study the effect of change in volume of initial debris mass as
mentioned above and without changing other physical and geometrical parameters from

the reference simulation.

Then, we analyze the dynamic variations of both solid and fluid in different simulations.
The effect of this remarkable increment of the volume of initial release can be seen instantly
at t = 1 as the debris maxima quickly shifts from front to the main body due to gravity and
the relatively higher pressure gradient (Fig. 3.8 A). As a result, the sliding mass strongly
hits the centre of left shore promptly at ¢ = 3 s and the height of the water surface has
substantially increased at ¢t = 5 s producing strong water waves. At time t = 7 s, the front
of debris mass has moved forward to near about right coast but it was around at 275 m,
and 250 m respectively in Fig. 3.2, and Fig. 3.7 respectively. This indicates the greater
mobility of the mass when its volume is relatively increased by elongating the mass along

both the cross-slope and down-slope directions.

The flow behavior of the solid part is presented in Fig. 3.8 B, where the maximum solid
height is continuously decreasing from 30 m at ¢ = 0 s to 17 m at ¢ = 5 s by its ongoing
spreading and then it begins to scale up. In fact, greater volume of initial mass ultimately
deposits to a larger extent with more solid height. This is evident in Fig. 3.8B as the
maxima of the solid component finally increases to nearly 25 m at t = 9 s due to the mass
deposition process but it was only about 13 m and 7 m in Fig. 3.2, Fig. 3.7 respectively
when the initial release volumes were relatively smaller. The faster lateral spreading of
the solid mass can be observed from ¢ = 5 s (right panel d) to t = 9 s (right panel f) as the
mass strongly hits the right coast but it hardly crossed the mid of reservoir in previous

simulations.
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Figure 3.8: Increaded volume of the initial debris mass (Base of the initial debris

mass at 65 < z < 135 m, —35 < y < 35 m) A: Total height of the debris mass and

tsunami waves. As time elapses, more intensified tsunami is produced that propagates

more cross-slope and downslope than in Fig. 3.2. B: Evolution of the solid phase in the

debris mixture. In this case, the submarine mass reaches the right coast faster than in

Fig. 3.2 (already at t = 7 s).
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3.6 Comparisons of tsunami amplitudes and run-out

scenarios

Now, we discuss the change in tsunami amplitudes and run-out scenarios of the different
results in different simulations. As high-intensity tsunamis are observed in t = 7 s in
almost all cases, we compare the amplitudes (A;) of the tsunamis at this time (see Table
3.1).

In the reference simulation when the base of the initial debris mass is at 75 < z < 125 m;
—25 <y < 25 m, the highest tsunami amplitude (at around x = 250 m) was of Ay = 12 m.
When the volume of initial release is increased by extending its base along the down-slope,
and both of down-slope and cross-slope, then the tsunami amplitude also increases i.e.,
Ag < Ay, Ag. When the volume was increased through the cross-slope, and the volume is
decreased, the tsunami amplitude is decreased, i.e., Ag > Ay, A3, Ay, A5 (See, Table 3.1).
When the cross-slope length of the release mass is increased keeping downslope length
constant, then the tsunami amplitude is decreased by nearly (((12 — 10)/12) x 100) =
16.66%. With this result, we can conclude that the surface area that hits the reservoir
affects the tsunami amplitude. In fact, when we increase the volume by increasing its
base area along the down-slope direction, the flow with higher momentum and kinetic

energy is produced that resulted in the higher tsunami intensity. And in the cases of

Table 3.1: Comparison of tsunami amplitudes in case of different volume of initial release mass

at time t = 7 s.

Release mass Tsunami amplitude
Simulation type index: i Volume [m?®]  A; [m] j—;
Reference simulation 0 62500 12(= Ap) 1

Contracting base area along downslope 1 22500 5 0.4167
Extending base area along downslope 2 122500 15 1.25
Contracting base area along cross-slope 3 37500 4 0.333
Extending base area along cross-slope 4 87500 10 0.833

Contracting base area both ways 5 13500 6 0.5
Extending base area both ways 6 171500 19 1.1667
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decreased volume as compared to the reference simulation, we observe that the tsunami
amplitude is also decreased. If we look at the volume perspective, we see that V, < Vg
but A; > Ag that means larger the volume of the release mass does not always result in

larger amplitude. In fact, it depends in which way the volume is increased.

It is interesting to compare the maximum solid height of the debris mass at time t= 9
s. Table 3.2 presents the detailed quantitative description of the maximum solid depth
and their comparisons with the reference simulation (75 < x < 125 m, —25 < y < 25
m). In the reference simulation, the maximum solid mass gets accumulated at the central
part of the reservoir. When the initial release volume is decreased by restricting its base
area through down-slope, cross-slope or both of them, then from table 3.2, we see that
the maximum solid height also decreases i.e., My, My, Mg < My . In the same way, if the
volume is increased, we see that the maximum solid height at ¢ = 9 s also increases, i.e.,
Ms, My, M7 > M. From this we conclude that when we increase the volume of the initial

debris mass, the maximum solid height in the bathymetry also increases and vice versa.

Table 3.2: Comparison of maximum solid height in case of different volume of initial debris

configurations at time t = 9 s

Obstacles configurations Maximum solid height
Simulation type index: i Volume [m?*]  M; [m] %;
Reference simulation 1 62500 14(= M) 1

Contracting base area along downslope 2 22500 5 0.3571
Extending base area along downslope 3 122500 20 1.4286
Contracting base area along cross-slope 4 37500 6.5 0.4643
Extending base area along cross-slope 5 87500 18 1.286

Contracting base area both ways 6 13500 7 0.5
Extending base area both ways 7 171500 24 1.7143
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3.7 Comparisons of Solid front position, Position of
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Now, we compare the time evolution of the tsunami amplitudes, front positions of the solid
phase and the solid maximum height position in the different simulations presented over
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down-slope and both of down-slope and cross-slope, we see that the amplitudes of tsunami
waves also increase continuously. On contrary, when we increase the cross-slope length of
the base area by keeping down-slope same as the reference simulation, the amplitude of
the tsunami waves is decreasing and decreased by 5 m at t = 9 s (Fig. 3.9). When the the
release volume is decreased by decreasing the lenght of the base area along down-slope,
we find that the amplitude of the tsunami waves increases rapidly in between ¢ = 3 s to

t =5 s, and then decreases by a bit then after.

Comparison of the solid maximum positions for different volumes is also very interesting
to observe. In all the simulations, we see that the profile for the front positions reveal
almost similar structure from the initiation to the run out. It is even more interesting
fromt =1 s tot =3 s when the maximum height of the solid is found to be almost
constant (120 m). After that, the positions of maximum height of the solid again increase
rapidly in all cases and reached around 210 m at ¢ = 5 s. After ¢ = 5 s, the position of

maximum height of the solid increases slowly and reached around 250 m at 9 s.

These results and analyses show that tsunami amplitudes and runout extents are rapidly
increased when the volume is enlarged by increasing the base area of the release mass
in both directions. In this case, there is danger of the possible dam break downstream,
threatening downstream coastal population and infrastructures. Moreover, runout extent
is rapidly decreased when the volume is decreased by decreasing the base area of the
release mass in both directions. In this case, the mobility of tsunami are substantially

decreased by reducing the destructive wave impact, runup and the resulting damages.

Now, Fig 3.11 presents the comparison of solid front positions for the different configu-
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Figure 3.11: Comparison of solid front positions for different volumes at ¢t = 0
tot=9s.
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rations. Initially, for all the simulations, the front position is in between z = 115 m to
x = 135 m. As the flow is triggered, it moves downslope. In due course of the flow, due
to different volumes of the initial debris mass, the solid maxima evolve differently and lie
at different downslope and cross-slope positions at the sliding plane and the reservoir. On
comparing the solid front positions, they move downslope along with the time elapses.
As the volume increases, the solid front accelerates more due to the increased gravity and
so it reaches farther downslope (nearly above 300 m in the cases of increased volume)
at t =9 s. In the case of decreased cross-slope it looks the solid front position is same
as reference simulation at ¢ = 5 s but after ¢ = 5 s the acceleration decreases slowly as

compared to the reference simulation.
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Chapter 4

SUMMARY

A traveling mass of loose mud, soil, air, water and sand that moves down a slope under
the effect of gravity is considered as debris flow. Tsunamis are long water waves which is
caused by a sudden disturbance of the floor or surface of ocean, bays, sea or lakes, fjords,
hydraulic reservoirs or mountain lakes and landslide dams which is generally caused by sea
floor deformation, landslides, earthquakes, volcanic eruptions, slumps, shore instabilities,
subsidence, meteorite, asteroid impacts and underwater explosions and landslides. The
inspection and cognizance of tsunami intensity, propagation and the submarine mass

movement is applicable for the hazard mitigation in the tsunami-prone zones.

The dimension (or volume) of the initial debris plays supreme roles in the degree or
intensity of splash on flow-reservoir-impact, wave amplitudes and propagation speeds of
the evolve water waves and possible dam breaching or over spilling of water. The increased
volume of the landslide from along both down-slope and across makes the tsunami and
the submarine mass more mobile adding on the risks towards the right and lateral coasts
of the lakes. It has been observed that it is not only volume of the release but also the
surface area of the release that impacts the reservoir also plays important role for the
tsunami intensity. These results can be further elongate to analyze the required strength
of the dams or embankments in response to the fluctuation of the water level due to the
landslides impact. The results also justify that the degree of devastation and risks towards
the natural or artificial dam of the reservoir, caused by landslide induced tsunami firmly
depends on the initial volume of the release mass. Such study of landslide induced tsunami
and submarine sediment transport has the significant applications in hazard mitigation,
sedimentology, submarine geo-dynamics, construction of irrigation tunnels, installation of
hydroelectric power plants and oil platforms and safety aspects to preserve coastal and

mountain population and infrastructures.
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