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Abstract The general two-phase debris flow model proposed by Pudasaini (J. Geophys. Res. 117:F03010,
2012, doi:10.1029/2011JF002186) is employed to simulate subaerial and submarine two-phase debris flows
and the mechanics of complex wave generation and interactions between the solid and the fluid phases. This
includes the fluid waves or the tsunami generated by the debris impact at reservoirs, lakes, and oceans. The
analysis describes the generation, amplification, and propagation of super tsunami waves and run-ups along
coastlines, debris slide and deposition at the bottom floor, and debris shock waves. Accurate and advance
knowledge of the arrival of tsunami waves in the coastal regions is very important for the design of early
warning strategies. Here, we show that the amount of solid grain in the fluid reservoir plays a significant role
in controlling the overall dynamics of the submarine debris flow and the tsunami. For very small solid particle
concentrations in the reservoir, the submarine debris flow moves significantly faster than the surface tsunami
wave. As the solid volume fraction in the reservoir increases, the submarine debris speed slows down. For
relatively large solid volume fractions in the reservoir, the speed of the submarine debris becomes slower than
the surface tsunami wave. This information can be useful for early warning strategies in the coastal regions.
The fast or slow speed of the submarine wave can be attributed to several dynamical aspects of the model
including the generalized drag, basal traction, pressure gradient, virtual mass force, the non-Newtonian viscous
stress, and the strong phase interaction between the solid and the fluid as they enhance or diminish the motion
of the solid phase. Solid particle concentration in the reservoir dam also substantially influences the interaction
between the submarine debris flow and the frontal wall of the dam, and the interaction between the tsunami
and the submarine debris wave. The tsunami wave impact generates a largely amplified fluid level at the dam
wall. Submarine debris shock waves are observed for small solid volume fractions in the reservoir. Another
important aspect of the simulation is to investigate the complex interactions between the internal submarine
debris wave and the surface tsunami wave. Three complex waves occur simultaneously: the subaerial debris
flow in the upstream region, submarine debris flow in the reservoir basin, and a super tsunami wave on the
surface of the reservoir. This helps to develop insight into the basic features of the complex nonlinear solid
and fluid waves and their interactions.

1 Introduction

Subaerial and submarine landslides and debris flows are very important sediment transport mechanisms.
Examples include sediment transport in hill slopes, in hydraulic reservoirs and channels, and in submarine
environments. These are effectively two-phase flows of solid particles mixed with fluid. Accurate knowledge

Presented at the 8th European Solid Mechanics Conference in the Graz University of Technology, Austria, 9–13 July 2012.

S. P. Pudasaini (B)
Department of Geodynamics and Geophysics, Steinmann Institute,
University of Bonn, Meckenheimer Allee 176, 53115 Bonn, Germany
E-mail: pudasaini@geo.uni-bonn.de

Author's personal copy

http://dx.doi.org/10.1029/2011JF002186


2424 S. P. Pudasaini

of the distribution and evolution of the solid and the fluid phases is very important from the environmental and
industrial point of view, including the huge landslides in the coastal areas and particle transport in hydroelectric
power plants.

Submarine landslides are commonly observed huge mass-wasting processes. They constitute one of the
most important mechanisms for sediment movement from shallow to deep-marine environments, and in shaping
continental margins. Examples include the Mauritania Slide Complex, which is one of the largest events on the
Atlantic margin (area ∼30,000 km2, volume 600 km3, run-out 300 km; [3,10,18]). Even larger slides are the
giant Storegga Slide (95,000 km2), the Saharan Debris flow (48,000 km2), and the Canary Slide (40,000 km2)
with volume ∼1,000 km3 [3,14,22,25]. Characteristically, these mass-wasting processes are giant, take place
on gentle slopes, and run exceptionally long distances [46]. Another important scenario is the subaerial debris
flows hitting the fluid environments. For example, the large 3700 B.P. Eibsee rock-ice avalanche (4×108 m3 in
volume) in Zugspitze (where the rock-ice avalanche plunged into Eibsee) entrained water and lake sediment and
largely turned into a debris flow [2,20]. This could have generated water waves (tsunami) in the Eibsee (lake)
and the subsequent debris flood. The Zugspitze may potentially fail again with large volume and unexpectedly
run over a long propagation distance.

There are several hazards and socioeconomic aspects related to submarine landslides: (i) More than 40 %
of the world’s population is living within 100 km of the coast [10,26]. Submarine slides may trigger destructive
tsunamis and catastrophically affect coastal population [13,25,28,51]. Assessing the extent of mass movement
at continental margins is important to evaluate risks for offshore constructions and coastal communities [17].
Although recently research has been focused toward evaluating the tsunami generation and risks [8,15,16,53],
not much is known about tsunami deposits. (ii) Some of the slide complexes are situated on oil and gas fields [10].
Submarine canyons store and conduct terrestrial clastic sediments into deep-marine environments and play a
major role for hydrocarbon reservoirs [35,36]. (iii) There is a direct threat to submarine installations, including
oil platforms, pipelines, cables, and wind installations. These offshore resource exploitations and constructions
require detailed hazard assessments for engineering and environmental projects. Oil industries, hydrocarbon
exploration, and production activities have recently been moved further into deep water [11,23]. They are
further interested in studying submarine slides because slides are capable of modifying the architectural and
sedimentological characteristics of submarine channels and levees as they are often connected to potential
deep-sea hydrocarbon reservoirs [3]. Therefore, the societal interest is increasing on mapping, modeling, and
simulation of submarine landslides [10].

Due to geophysical, geological, geotechnical, environmental, and cultural importance, considerable atten-
tion has been drawn in the past to investigate the mechanism of slope failure and movements, material proper-
ties, modeling, numerical simulations, debris impact, tsunami generation, inundation, and associated mitigation
strategies. Examples include the 1958 Lituya Bay Megatsunami (Alaska) generated by an earthquake-induced
landslide [30] and the 1963 Vajont landslide (Italy) induced megatsunami [31]. However, due to multiple
complexities, these events are still poorly understood in terms of dimensions, phases, and mechanics. Debris
flows and induced super tsunamis are extremely destructive and dangerous natural hazards [52,54]. So, there
is a significant need for reliable methods for predicting the dynamics, the run-out distances, and the inunda-
tion areas of such events as well as prevention and reduction in such disasters, including their socioeconomic
aspects. On the one hand, existing studies mainly concentrate on the description of the slide and depositional
processes [10,13]. On the other hand, modeling and simulation of tsunami triggered by landslides, run-ups,
and inundation is still an emerging field and different modeling approaches may lead to very different results
[43–45].

Subaerial and submarine debris flows are multi-phase, gravity-driven flows consisting of a broad distribution
of grain sizes mixed with fluid. The rheology and flow behavior vary depending on the sediment composition
and the percentage of solid and fluid phases. Research in previous decades and recent years focused on
different aspects of single- and two-phase debris avalanches and debris flows and induced tsunami [1,4,7,12,
19,21,24,33,37–39,42,48,49,52,54], which was recently advanced by Pudasaini [43] with a comprehensive
theory that accounts for interactions between the solid and the fluid. The model, which includes buoyancy,
also includes three new and important dominant physical aspects of solid-volume-fraction-gradient-enhanced
non-Newtonian viscous stress, virtual mass, and generalized drag. This model constitutes the most generalized
two-phase flow model to date and can reproduce results from most previous simple models that considered
single- and two-phase avalanches and debris flows as special cases [19,37,39,48]. The two-phase model has
been applied to simulate flows of debris mixture sliding down an inclined channel that extends to the horizontal
run-out [43–45].
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Here, we advance further by primarily focusing on another very important aspect of two-phase mass
flows: We systematically analyze the effects of the solid volume fraction in the fluid (water) reservoir on the
dynamics of the submarine debris flow, sediment transport, and tsunami waves. This helps to develop insight
into the basic features of the complex nonlinear solid and fluid waves and their interactions. Here, we focus
primarily on the complex dynamics of a two-phase subaerial debris flow sliding down an inclined channel
plunging into a quiescent fluid reservoir with different solid concentrations with particular emphasis on the
dynamics of the submarine debris flow with respect to the available and changing volume fraction of the
solid in the reservoir. Another important aspect of the simulation is to investigate the complex interactions
between the internal submarine debris wave and the surface tsunami. The results demonstrate that the general
two-phase debris flow models are able to adequately describe the complex dynamics of two-phase subaerial
debris flows; particle-laden and dispersive flows; sediment transports; debris-induced tsunamis and submarine
debris flows; turbidity currents and associated sophisticated phenomena including the solid and fluid waves
and their complex interactions and dynamic impacts. Our findings add substantial and fundamental values for
the dynamical understanding of complex multi-phase systems and flows, proper modeling of run-out distances,
geomorphological interpretation of past events, and hazard prediction and mitigation in debris flow and debris
avalanche prone mountain slopes.

2 The two-phase solid–fluid mixture mass flow model

The general two-phase model (Pudasaini, 2012) [43] is briefly presented here. The model includes many of the
essential physical phenomena. It employs the Mohr–Coulomb plasticity for the solid stress, and the fluid extra
stress is modeled as a non-Newtonian viscous stress that is enhanced by the solid volume fraction gradient.
The generalized interfacial momentum transfer is modeled by including the force on the particulate phase due
to viscous drag, buoyancy, and the relative acceleration between the solid particles and the fluid (the virtual
mass). The Richardson and Zaki relationship for the terminal velocity of a solid particle falling in the fluid and
the Kozeny–Carman expression for fluid flows through densely packed grains are combined to develop a new
generalized drag force, which is expressed explicitly in terms of several essential physical parameters. This drag
force reveals the most basic features of the flow, covers both the solid-like and fluid-like contributions in the
mixture, and can be applied to problems ranging from linear to quadratic drags at low and high velocities. The
new two-phase debris flow model is presented in a well-structured conservative hyperbolic–parabolic form.
There are strong couplings between the solid and the fluid momentum transfer, both through the interfacial
momentum transfer and the enhanced viscous fluid stresses. Strong phase interactions lead to simultaneous
deformation of the solid and the fluid phases, and mixing and separation between phases. Inclusion of the
non-Newtonian viscous stresses is important in several aspects. The evolution, advection, and diffusion of the
solid volume fraction as a field variable play an important role. The approach, applicabilities, and limitations
of the model in connection to the existing models are extensively discussed in Pudasaini [43].

For simplicity, here, we consider the general two-phase debris flow model [43] reduced to one-dimensional
channel flows. For the structure of the one-dimensional model used below, see Appendix D in Pudasaini [43].
The depth-averaged mass and momentum conservation equations for the solid and fluid phases are:
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in which βs = εK pbs , β f = εpb f , pb f = −gz, pbs = (1 − γ )pb f . In (2)–(3) the source terms are
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Here, x and z are coordinates along the flow directions, and gx and gz are the components of gravitational
acceleration. The solid and fluid constituents are denoted by s and f, h is the flow depth, and us and u f are the
solid and fluid velocities. ρs, ρ f , and αs, α f denote the densities and volume fractions of the solid and the fluid,
respectively, with the constraint αs +α f = 1. L and H are the typical length and depth of the flow, ε = H/L is
the aspect ratio, and μ = tan δ is the basal friction coefficient. K is the earth pressure coefficient (function of δ
and φ, which are the basal and internal friction angles of solid), CDG is the generalized drag coefficient, J = 1
or 2 represents linear or quadratic drag. UT is the terminal velocity of a particle and P ∈ [0, 1] is a parameter
which combines the solid-like (G) and fluid-like (F) drag contributions to flow resistance. pb f and pbs are the
effective fluid and solid pressures. γ is the density ratio, C is the virtual mass coefficient (solid particles induced
kinetic energy of fluid phase), η f is the fluid viscosity, M is a function of the particle Reynolds number (Rep),
χ includes vertical shearing of fluid velocity, and ξ takes into account different distributions of αs . A = A(α f )
is the mobility of the fluid at the interface, and NR and NRA are Reynolds numbers associated with the classical
Newtonian and enhanced non-Newtonian fluid viscous stresses. Slope and channel topography are represented
by b = b(x).

There are two important aspects of the model equations. First, the inertial terms on the left hand side of
(2)–(3) include the lateral pressure (associated with βs and β f ) and the virtual mass, C . Secondly, the source
in the solid momentum (4) has three different contributions from (i) gravity, the Coulomb friction and the
slope gradient (first square bracket); (ii) terms associated with the buoyancy force (second square bracket); and
(iii) the generalized drag contribution (CDG) (last term). The source term for the fluid momentum equation
(5) has six different contributions; the first three terms emerge from the gravity load (first term), the fluid
pressure gradient at the bed (second term), and the fluid pressure applied to the topographic gradient (third
term). The fourth and fifth group of terms associated with NR and NRA are the Newtonian viscous and the
solid-volume-fraction-gradient-enhanced non-Newtonian viscous stresses, respectively. The non-dimensional
number NRA is termed as the mobility number [43–45]. Finally, the last term is due to the drag force. The term
associated with βs in (2) accounts for the buoyancy-reduced lateral pressure. The solid load is reduced by the
buoyancy force by the factor (1 − γ ) as seen in pbs , Coulomb friction, and in the drag term, CDG . Here, we
are mainly focusing our attention on the dynamics of submarine debris flows and surface tsunami waves with
respect to the available and changing solid volume fraction (αs) in the reservoir or in the fluid environment. It
is important to note that αs appears globally as a field variable in the model equations (1)–(6).

3 Numerical method, physical parameters and simulation set-up

The model equations (1)–(3) are written as a set of well-structured, nonlinear hyperbolic–parabolic partial
differential equations in conservative form with complex source terms (4)–(5). This facilitates numerical
integration even when shocks are formed in the field variables [39,41,42]. The model equations are solved
in conservative variables W = (

hs, h f , ms, m f
)t , where hs = αsh, h f = α f h are the solid and fluid

contributions to the debris height; and ms = αshus, m f = α f hu f , are the solid and fluid momentum fluxes
[43]. As hs + h f = h, this definition of the conservative variables automatically satisfies the condition
αs + α f = 1. The high-resolution shock-capturing Total Variation Diminishing Non-Oscillatory Central
(TVD-NOC) scheme is implemented [34,40,50]. We consider a two-phase subaerial debris flow that hits a
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Fig. 1 Initial debris mass (in triangle) and the quiescent reservoir. The initial debris consists of 50 % solid and 50 % fluid that is
mixed homogeneously. The orange and blue colors indicate the volume fractions of the solid and the fluid. At t = 0 s, only the
solid (orange) is seen while the fluid (blue) is on the back side of the solid in the triangle. Three different initial amounts of the
solid particles in the reservoir are assumed in the simulation: αs = 0, 2 and 10 % (color figure online)

quiescent fluid reservoir downstream (Fig. 1) which is also an integral part of the whole model system. The
upper part of the channel is inclined (ζ = 45◦) followed by a horizontal reservoir with a dam wall in the
distal front. The initial triangle is uniformly filled with a homogeneous mixture of 50 % solid and 50 % fluid.
The reservoir consists of different amounts of solid grains ranging from 0–10 %. The parameter values are:
φ = 35◦, δ = 15◦, ρ f = 1,100kgm−3, ρs = 2,500kgm−3, NR = 150,000, NRA = 30, Rep = 1, UT =
1, P = 0.5, J = 1, χ = 3, and ξ = 5. Following Rivero et al. [47], Maxey and Riley [27] and Pudasaini [43]
we take C = 0.5. The selection of these parameters is mentioned in Pudasaini [43] and is mainly based on field
and laboratory data. These are physical parameters associated with the mixture material, e.g., the true densities
of the solid and the fluid constituents and the flow dynamics. Thus, these parameter values are assumed to be
suitable both for the subaerial and submarine two-phase debris flows.

We apply the model to simple, one-dimensional debris flow, tsunami generation and propagation. The idea
to use a setting as in Fig. 1 is to study in detail the complex interactions of the submarine debris motion and
tsunami wave within the fluid reservoir, and with the front wall. This helps to quantify the arrival time of the
debris and the tsunami, and tsunami height. With this information, we can optimally construct the frontal part
of the dam (e.g., the vertical wall as considered here, or other type of structure, including a triangular one as
appropriate) to control the tsunami wave and debris material inside the reservoir and beyond the dam, and
perhaps most importantly, to estimate the strength of the dam to withstand the huge dynamic impact of the
megatsunami suddenly induced by landslide impact at the reservoir and its subsequent subaqueous motion.
The analysis also includes the impact at the dam wall by the dense and rapid submarine debris flow. It has
important applications in aquatic environments and hydro-power generating plants in connection to the particle
transport in the fluid, and the erosion due to particle impact at the turbines.

4 Simulation results

The model analysis includes the generation and interactions of debris and fluid waves. The state of the solid
volume fraction is essential for the correct prediction of the turbidity currents, sediment transport, and deposi-
tion in the subaerial and submarine environments. Figure 1 shows the initial configuration. As the two-phase
subaerial debris flow hits a quiescent fluid reservoir (no grains in the reservoir), a tsunami wave is generated,
and a submarine debris wave continues to slide (Fig. 2). At t = 2 s, the debris hits the reservoir dam to
generate a tsunami. The debris mass slides down the slope as a submarine debris flow and the tsunami wave
propagates to the right. As the debris continues to hit the reservoir with higher momentum, the tsunami wave
is amplified and more and more fluid mass from the left of the reservoir is pushed to the right. This results in
a hydrodynamic impact vacuum, or crater [32,45], which increases in time and continues for quite a while.
At t = 3 s, the submarine debris hits the horizontal basin of the dam reservoir, and the tsunami becomes a
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t = 2 s

t = 3 s

t = 5 s

t = 7 s

t = 9 s

t = 10 s

Fig. 2 Two-phase subaerial debris flow hits a fluid reservoir at t = 2 s, generates a tsunami wave, and a submarine debris wave
continues to slide down. Orange and blue colors indicate volume fractions of solid and fluid. Initially, αs = 0 in the reservoir,
and the initial debris mass consists of 50 % solid and 50 % fluid. At t = 3 s, the tsunami wave is amplified, leading to an
increasing hydrodynamic impact vacuum. There are three complex flows taking place simultaneously: a subaerial debris flow in
the upstream, a submarine debris flow in the downstream and at the reservoir floor, and a surface tsunami wave. At t = 3 s, the
submarine debris hits the horizontal basin of the reservoir dam and the tsunami becomes a super wave. At t = 5 s, the submarine
debris wave is moving much faster than the tsunami wave. At t = 7 s, a left-going water wave starts and the hydrodynamic
vacuum is decreasing. A particularly important observation is that the submarine debris already hits the right wall of the dam,
but the tsunami is still following the debris mass. This time gap can be used in generating early warning signals. At t = 9 s, the
submarine debris hits the distal dam wall and a shock wave of debris material is generated that propagates upstream. At t = 10 s,
the tsunami also hits the distal dam wall (color figure online)

super wave. Three complex flows occur simultaneously: (i) a subaerial debris flow in the upstream region, (ii)
a submarine debris flow in the downstream and in the reservoir basin, and (iii) a super tsunami wave on the
surface of the reservoir. At t = 5 s, it is clearly seen that the submarine debris wave (internal wave) is moving
much faster than the free-surface tsunami. At t = 7 s, the debris mass supply from the upstream is exhausted
so that a left-going water wave starts and slowly moves back to the slope side. Then, the height of the left
side of the tsunami wave is diminished and decreases the hydrodynamic vacuum [45]. Four clearly observable
waves exist at this moment; two tsunami waves with one toward the right and another toward the left, and
two waves associated with the submarine debris flow, one at the front and another at the tail. A particularly
important observation is that, at t = 7 s, the submarine debris flow has already hit the distal vertical wall
of the dam, but the tsunami is still following it. As soon as the debris hits the dam wall (t = 9 s), a shock
wave of debris material is generated and propagates upstream. At some later time (t = 10 s), the submarine
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debris shock wave is diffused (as the tsunami wave also hits the right wall of the dam and runs-up). After a
long time, the fluid level in the dam becomes (almost) horizontal (not shown). This behavior should be an
observable natural phenomenon and was simulated for the first time by Pudasaini and Miller [45] by using a
real two-phase flow model with a high-resolution shock-capturing scheme. The observed time gap between the
submarine debris flow and the tsunami hitting the distal wall (t = 7 s) may potentially be used to generate an
early warning signal. In the present relatively small scale simulation, the time gap is on the order of 2 s, which
in natural scale flows is expected to be on the order of some seconds, or minutes, or even more. In the context
of a hydro-power generating reservoir, this may already play a crucial role for the integrity of the reservoir
dam as some extra safety measures can immediately be applied, e.g., by shutting down the power generating
plant, or by diverting the flow to other safe directions and by opening or closing some extra lock gates. This,
however, may depend, e.g., on the geometry of the basin, flow configuration, and the flow dynamics.

The debris impact produces a tsunami wave while at the same time it generates a submarine debris flow
along the reservoir basin. Simulation results show that the amount of solid grain (in the form of sand, clay,
gravel, etc.) in the dam plays a significant role in controlling the overall dynamics of the tsunami wave and the
submarine debris flow. For very small solid particle concentrations in the reservoir, the submarine debris flow
moves significantly faster than the surface tsunami. As the solid volume fraction in the reservoir increases, the
submarine debris speed slows down. For relatively larger values of the solid volume fraction in the reservoir,
the speed of the submarine debris becomes slower than the surface tsunami. Such a potentially observable
natural phenomenon has been demonstrated here for the first time by applying the real two-phase solid–fluid
mixture mass flow model [43] as follows.

More important observations are presented in Fig. 3. This figure shows that the amount of the solid particles
in the reservoir strongly controls the overall dynamics of the submarine debris flow. Solutions are plotted for
different times and different concentrations of the solid in the reservoir. The left and right panels are simulations
for time t = 3 s and t = 5 s, respectively. The left panels (t = 3 s) show the moment when the submarine debris
hits the bottom floor of the fluid reservoir with or without solid grains. The top, middle, and the bottom rows
are simulated with the different solid concentrations in the reservoir: αs = 0, 2, 10 %, respectively. The top,
middle, and bottom panels in the right column (t = 5 s) show that the front of the submarine debris flow moves
fastest for αs = 0 %, while the submarine debris front is slowest for αs = 10 %. The front of the submarine
debris with αs = 2 % lies in between. Another important aspect is the arrival time between the tsunami and
the submarine wave. For the top right panel for which the reservoir consists of pure water (αs = 0 %), the
submarine debris wave is far ahead of the surface tsunami wave, while in the middle right panel, for which the
reservoir consists of little amount of solid grain (αs = 2 %), the submarine wave is still ahead of the tsunami
wave. However, the gap between the submarine debris wave front and the front of the tsunami wave has been
decreased as compared to the former. The bottom right panel represents the simulation with relatively larger
amount of the solid grains in the reservoir (αs = 10 %). The dynamics has now been changed substantially.
For this, both the submarine debris wave and the surface tsunami wave move almost at the same speed. For
an even larger amount of the solid in the dam (αs > 10 %), the tsunami would dominate the submarine debris
wave. This analysis indicates that the amount of solid grain in the reservoir is crucial to control the dynamics
of the submarine landslide and the debris impact generated tsunami wave.

A relatively long-time behavior, the interaction of the submarine debris wave and the tsunami wave with
the frontal dam wall, and the interaction between the debris and the tsunami wave are presented in Fig. 4.
Here, simulation results clearly indicate that the amount of the solid particles in the dam controls not only the
dynamics of the submarine debris flow but also the dynamics of the tsunami. Solid particle concentration in the
reservoir also substantially influences the interaction between the submarine debris flow and the frontal wall
of the dam, and the interaction between the tsunami and the submarine debris wave. The left and right panels
are simulations for time t = 7 s and t = 9 s, respectively. The top, middle, and the bottom rows are simulated
with the different solid concentrations in the reservoir: αs = 0, 2, 10 %, respectively. The top, middle, and
bottom panels in the left column (t = 7 s) show that the front of the submarine debris flow moves fastest for
αs = 0 %, while the submarine debris front is slowest for αs = 10 %. The front of the submarine debris with
αs = 2 % lies in between. Debris shock waves are observed in the right column (t = 9 s) for αs = 0 and 2 %.
However, for αs = 10 %, a submarine debris shock wave does not exist, because, the larger amount of the
grain in the reservoir is able to diffuse the sharp front of the debris propagation, the front motion is diffused
and slowed down. So, not enough energy was available for the shock structure to be formed as in the upper
two panels. The lower right panel shows how the tsunami impact could generate a largely amplified fluid level
at the dam wall. This implies the necessity of considering the possible huge dynamic impact generated by the
tsunami that could be induced by landslides while constructing a dam of a reservoir, e.g., for hydro-power
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αs = 0%

αs = 2%

αs = 10%

t = 3 s t = 5 s

Fig. 3 Amount of the solid particles in the reservoir controls the dynamics of the submarine debris flow. The left and right panels
are simulations for time t = 3 s and t = 5 s, respectively. The top, middle and the bottom rows are simulated with the different
solid concentrations in the reservoir: αs = 0, 2, 10 %, respectively. The top, middle, and bottom panels in the right column (t = 5
s) show that the front of the submarine debris flow moves fastest (also compare with the front of the tsunami) for αs = 0 %, while
the submarine debris front is slowest for αs = 10 %. The front of the submarine debris with αs = 2 % lines in between

generation. The dam safety can thus be better estimated by the present real two-phase flow simulation which
simultaneously describes the interactions of the dam with the submarine debris and the surface tsunami waves
in a unified way.

5 Discussion

The general two-phase debris flow model (Pudasaini, 2012) [43] includes three fundamentally new and dom-
inant physical aspects such as enhanced viscous stress, virtual mass, and generalized drag (in addition to
buoyancy). It constitutes the most generalized two-phase flow model to date. The advantage of this two-phase
debris flow model over classical single-phase or quasi-two-phase models is that the initial mass can be divided
into several parts by appropriately considering the solid volume fraction. These parts include a dry (landslide
or rock slide), a fluid (water or muddy water; e.g., reservoirs and rivers), and a general debris mixture material
as needed in real flow simulations. This innovative formulation provides an opportunity to simultaneously sim-
ulate (within a single framework) the sliding debris (or landslide), the water lake or ocean, the debris impact
at the lake or ocean, the tsunami generation and propagation, the mixing and separation between the solid
and fluid phases, and the sediment transport and deposition process in the bathymetric surface. Applications
of this model include: sediment transport on hill slopes, river streams, hydraulic channels (e.g., hydro-power
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αs = 0%

αs = 2%

αs = 10%

t = 7 s t = 9 s

Fig. 4 Same as in Fig. 3, but now for larger time. Here, the simulation results clearly indicate that the amount of the solid particles
in the reservoir controls both the dynamics of the submarine debris flow and the dynamics of the tsunami wave. Solid particle
concentration in the reservoir also substantially influences the interaction between the submarine debris flow and the frontal wall
of the dam, and the interaction between the tsunami and the submarine debris wave. The top, middle, and bottom panels in the
right column (t = 9 s) show that the front of the submarine debris flow moves fastest for αs = 0 %, while the submarine debris
front is slowest for αs = 10 % (also compare with the tsunami front). The front of the submarine debris with αs = 2 % lies in
between. Debris shock waves are observed for αs = 0 and 2 %. However, for αs = 10 %, the submarine debris shock wave does
not exist. Because the larger amount of the grain in the reservoir is able to diffuse the sharp front of the debris propagation where
the front motion is slowed down. Energy loss in diffusion prevented from forming shock structure as seen in the upper two panels

reservoirs and plants); lakes, fjords, coastal lines, and aquatic ecology; and submarine debris impact and the
rupture of submarine fiber optic, cables and pipelines along the ocean floor, and damage to offshore drilling
platforms. Numerical simulations reveal that the dynamics of debris impact induced tsunamis in mountain
lakes or oceans are fundamentally different than the tsunami generated by pure rock avalanches and landslides
[7,54]. One of the reasons for this is that rock avalanches and landslides are relatively dry, and landslides typ-
ically do not tend to shear largely. However, debris flows are largely mixed with water and may substantially
deform. Another important aspect is that, depending on the degree of saturation and the amount of the fluid
in the debris, as soon as the debris mass impacts the fluid reservoir, either fluid will tend to separate from
the debris and be a part of the reservoir (if, say the impacting debris contains fluid more than it is needed for
full saturation), or if the impacting debris contains fluid below saturation limit (or if the debris is relatively
loose and dry), fluid from the reservoir can infiltrate into the debris. The tsunami generation mechanism is
also dependent on the state of the intactness or dispersion of the impacting debris. For a real two-phase debris
flow, the main points are the complex phase interactions, intermixing, and dispersion characteristics. This is in
contrast to the largely single-phase characteristics of landslides and rock avalanches when it is concerned with
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the interaction of a mass flow with a fluid reservoir, during the impact and/or when the debris moves in the
submarine environment. The analysis includes the generation, amplification, and propagation of super tsunami
waves and run-ups along coastlines, debris slide and deposition at the bottom floor, and debris shock waves.
It is observed that the submarine debris speed can be faster than the tsunami speed. This information can be
useful for early warning strategies in coastal regions. These findings substantially increase our understanding
of complex multi-physics systems and multi-phase flows. Furthermore, they allow for the proper modeling
of landslide- and debris-induced tsunami, the dynamics of turbidity currents and sediment transport, and the
associated applications to hazard mitigation, geomorphology, and sedimentology.

A fundamental question now is: why does the submarine debris flow move faster than the tsunami for
relatively smaller amount of the solid particles in the reservoir downstream? This can be attributed to several
dynamical aspects of the model. One of the most important aspects of the new two-phase model is the influence
of the generalized drag, CDG . The drag increases with the increasing amount of the grain. This can be the main
reason for why the submarine debris moves faster than the tsunami for a smaller amount of the solid grain in the
reservoir. When the amount of grain in the reservoir is substantially larger, the tsunami wave speed dominates
the submarine debris wave. Another important aspect is the increased basal drag (basal friction for the solid
phase) with the increased solid load in the dam. This is modeled by the term associated with the factor tan δ.
This virtually does not directly effect the motion of the tsunami but increases the basal friction for the solid
phase. Thus, increasing the amount of the solid in the reservoir means increasing the basal friction for the solid
phase. Changing the solid volume fraction also means changing the solid pressure gradient. The simulation
indicates that the increasing amount of the grains in the reservoir may imply the relatively smaller solid pressure
gradient in the downstream direction. This effectively slows down the motion. This effect is associated with
the pressure gradient factor βs . Also, there are other nonlinear and implicit interactions between the solid
and the fluid with changing amount of the solid in the reservoir as there are strong nonlinear interactions
between the solid and the fluid in the real two-phase mass flow model. This includes the changing virtual mass
force (C) and the non-Newtonian viscous stress (NRA ) as both of them are changing with changing amount
of αs (the solid concentration) in the reservoir. Simulation results may be altered by changing the physical
parameters. However, here, we are mainly interested in investigating the competition between the submarine
debris wave and surface tsunami (with simple simulations). This is achieved by systematically changing the
solid concentration in the reservoir.

The main aspect of this paper was to present and highlight some basic mechanisms of two-phase debris
flow, its impact to and interaction with an initially quiet fluid reservoir, submarine debris flow, and complex
wave interactions including submarine debris wave and surface tsunami. Another aspect was to investigate
the model performance through some numerical simulations. However, the simulation results have yet to
be compared and validated with laboratory and/or field data, which is not within the scope of the present
work. Furthermore, here, only the geometrically two-dimensional (velocity-wise one-dimensional) two-phase
submarine debris flows and associated tsunami have been presented. These results present only a possible
basic scenario, which however, may be much more complicated when dealing with the complex flows in a
real three-dimensional natural setting with lateral spreading, diffusion and accumulation during the deposition
processes, and their applications with GIS or DTM [9,29]. These results can also be extended to more complete
and full-dimensional simulations without depth-averaging [5,6]. One of the very interesting future works would
be to perform simple small scale laboratory experiments in which the solid concentration in the reservoir can
be changed systematically in order to investigate the dynamics of two-phase submarine debris flow and to
utilize these data to validate the model and the simulation results.

6 Summary

The simultaneous dynamic simulation of the two-phase subaerial debris flow, the resulting tsunami generation
and propagation upon debris impact at the reservoir, the subsequent submarine debris flow, and the entire
analysis of all three types of waves and their complex interactions were studied by applying a generalized
two-phase debris flow model (Pudasaini, 2012) [43], and are simulated together with a high-resolution shock-
capturing scheme. We analyze in detail on how the subaerial debris mass penetrates the fluid reservoir and
finally how it moves and deposits on the bottom of the reservoir basin. Here, we show that the amount of solid
grains in the reservoir plays a significant role in controlling the overall dynamics of the submarine debris flow
and the tsunami wave. It is observed that for a small amount of solid volume fraction in the reservoir, the
submarine debris flow moves substantially faster than the tsunami generated by a two-phase debris flow itself.
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As the amount of the solid in the reservoir increases, the submarine debris speed slows down and above some
higher value of the solid volume fraction in the reservoir the tsunami wave speed clearly exceeds the submarine
debris speed. These results may be observable in nature. This is a novel and important result that can be used
to generate early warning signals in coastal regions, and also to prevent possible catastrophic dam collapses,
e.g., the hydro-power dam prone to be hit by landslides. The competition between the submarine debris wave
speed and the tsunami speed is attributed to the friction generating mechanisms such as the drag, basal friction,
the force associated with the pressure gradient of the solid phase, virtual mass, and non-Newtonian viscous
stresses. For small solid concentration gradients in the reservoir, as the submarine debris flow impinges the
distal vertical wall of the dam, a debris shock wave is generated and propagates upstream, where it is eventually
diffused. Our innovative and unified approach allows for the adequate modeling of debris-induced tsunami
and submarine sediment transport, with applications in sedimentology, submarine geodynamics, the integrity
of hydroelectric power plants, and hazard mitigation.
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