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Abstract: Gravity-driven mass flows are typically large-scale complex multi-phase phenomena in-
volving multiple interacting phases. Various types of mass flows usually exhibit distinct behaviors in
their formation, propagation and deposition. In such large-scale geological systems, many uncertain-
ties may arise from the variations in material composition and phase behavior. The present study
aims to investigate the important characteristics of some common types of mass flows including
debris flows, mudflows and earth flows, based on a recently developed multi-phase computational
framework, r.avaflow for flow simulation. Fractions of different phases are varied to reflect different
characteristics of material composition of various mass flows and simulate the resulting flow behavior.
The evolution of the critical entities during the flow motion, such as velocity, peak discharge, flow
height, kinetic energy, run-out distance and deposition is examined; considerable differences among
various flows are identified and discussed. Overall, the simulated mudflow cases develop higher
velocity, peak discharge, kinetic energy, and longer run-out distance than the debris flow cases. The
fluid fraction has a significant influence on the flow dynamics; a higher fluid fraction often leads
to higher velocities and long run-out distances, but lower kinetic energy, and it also affects the
final deposition and deposition pattern considerably. The present study shows promising potential
of a quantitative approach to the physics and mechanics of mass flows that may assist in the risk
assessment of such large-scale destructive geological hazards or disasters.

Keywords: geohazards; debris flow; mudflow; numerical modeling; multi-phase

1. Introduction

Rapid gravity-driven mass flows continue to pose a significant threat to the society at
large due to their destructive nature [1,2]. A mass flow event typically represents a large
geological system that can contain debris, rock, mud, water, snow, ice, and potentially other
materials entrained and carried along the path of the flow. For example, a recent landslide
involving garbage with an estimated volume of 60,000 m3 occurred at a Dona Juana landfill
site in Bogota, Colombia. This translational sliding mass raises concerns whether the
disposed waste led to creation of weak surface and sliding movement. Geological materials
located on a downslope are susceptible to various mass movements, which have frequently
led to loss of life and property, and extensive damage to public infrastructure [3–6]. It
is vital to understand the mechanisms of mass flows in order to develop strategies for
effective assessment and mitigation of their calamitous effects.

Several major forms of mass movements are defined in the well-known classification
system that was proposed by Varnes [7] and later modified or refined by Hutchinson [8] and
Hungr et al. [9], i.e., topple, fall, slide, spread, flow and complex. In each type of movement,
the material type (e.g., rock, debris, earth) is a key factor in the further refinement of the
specific type of mass movement. Of particular interest in the present study is the various
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flows that occur frequently around the world. Table 1 lists several prominent types of mass
flows and their characteristics as summarized in Hungr et al. [9]. Figure 1 presents some
photos of several cases of mass flow disasters. Figure 1a shows the debris flow destruction
on the Caraballeda fan of the Quebrada San Julian in Venezuela in December 1999, which
caused a death toll of over 10,000. Some of the debris flow deposits rose up to 6 m in height.
The deposited large particles are clearly evident in the photo. According to Hungr [10],
debris is defined as loose unsorted material of low plasticity that can be produced by
mass wasting processes, weathering, glacier transport, explosive volcanism, or human
activities. A debris flow typically contains a significant fraction of water whose presence
facilitates the liquefaction of fine grains and renders the flow highly mobile; its velocity
can become extremely rapid (e.g., over 10 m/s). Figure 1b shows the damage caused
by a mudflow at Montecito, USA, resulting in at least 13 casualties. Mudflows typically
involve predominantly clay-rich soil mixed with water at a high content, the large fraction
of clay-sized soil particles may lead to even higher fluidity than debris flows. Figure 1c
presents a photo of the Montaguto earth flow that took place in April 2006 in Southern Italy.
Earth flows are often made up of fine-grained materials and the water content is usually
much lower than in mudflows. Dry flow of granular material is often characterized as earth
flow as well. Its velocity can range from extremely slow (e.g., 10−6 m/s) to nearly rapid
(e.g., 10−1 m/s).

Table 1. Characteristics of several well-known flow types based on Hungr et al. [9].

Name Material Water Content Velocity

Earth flow Clay or earth Near plastic limit Less than rapid
Debris flow Debris Saturated at rupture surface content Extremely rapid
Mud flow Mud At or above liquid limit Very to extremely rapid

Debris flood Debris Free water present Extremely rapid
Debris avalanche Debris Partially or fully saturated Extremely rapid
Rock avalanche Fragmented Rock Varied, mainly dry Extremely rapid

Risk assessment of large geological systems of mass flows can benefit from the im-
proved understanding of the characteristics of different flow types, which, as discussed
above, are considerably affected by the soil material composition and gradation and the
water content. Although field monitoring and laboratory experiments can offer valuable
information about the flow characteristics, such approaches usually come with certain limi-
tations. For example, field observations and measurements only provide information after
the event and the assessment of the relevant data collected from the field largely depends
on reliable mathematical models to interpret the observed phenomena, while laboratory
experiments are highly scaled down of actual field events, which may considerably alter
the overall flow behavior. To quantitatively assess or predict mass flow characteristics in
three-dimensional terrain, development of advanced dynamic mass flow models and rele-
vant numerical simulations are often necessary and beneficial. In a quantitative approach
to model the physics and mechanics of mass flows, the main challenge is the development
of proper rheology to represent the distinctive behavior of various mass flows. Many
models have been proposed based on single-phase framework, or a mixture approach, to
describe the overall behavior of the material and model its evolution as a whole [11–17]; its
rheology is at the core of the flow resistance, which may entail various possibilities such as
frictional, Newtonian, Bingham, and turbulent or other fluid-like behavior. Such challenges
are particularly difficult to overcome when one attempts to use a unified numerical model
to simulate various types of mass flows, several efforts with the use of computational
models such as Flo2D [18], RAMMS [19] and DAN3D [19,20] have been reported and
shown promising potential.
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Figure 1. (a) Destruction caused by a debris flow in the Venezuelan town of Caraballeda (1999);
courtesy of US Geological Survey. (b) Aerial shot of a post mudflow event at Montecito, USA (2018);
courtesy of LA Times. (c) The Montaguto earth flow in Southern Italy (2006) [21].

A recently proposed multi-phase flow model by Pudasaini and Mergili [22] considers
multiple phases in motion and incorporates many essential physical aspects of mass
flows. It expands the theoretical formulations of a two-phase (solid and fluid) model
of Pudasaini [23] with the introduction of a fine-solid phase; this allows more complex
material behavior to be represented and considered in the modeling of the flow process.
The first phase, the fluid phase is considered to a mixture of water and very fine particles
such as silt, colloids, and clay; the latter are suspended in the water and their concentration
may have an influence on the fluid yield strength [24,25]. The fluid rheology is considered
to be shear rate dependent Herschel-Bulkley viscoplastic [26]. The second phase, termed as
fine solid, contains fine gravel and sand. The rheology of this mixture is characterized by
the rate-dependent visco-plastic behavior, as Jop et al. [27] show that dense granular flows
shares similarities with classical visco-plastic fluids. In this model, shear and pressure-
dependent Coulomb viscoplasticity is adopted for this fine solid phase; both viscous stress
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and yield stress can significantly affect the behavior of fine solid. The third phase, the solid
phase is made up of boulders and coarser particles such as cobbles and gravels. Such coarse
particles are generally considered as frictional materials with no viscous contribution. Thus
Mohr-Coulomb plasticity is used for the solid phase. It is worth noting that this three-phase
model has been shown to be capable of unifying several widely used models [13,15,23,28]
by setting specific phase fractions.

The present study aims to better understand and compare the complex behavior of
various types of gravity-driven mass flow by exploring the multi-phase model of Pudasaini
and Mergili [22]. Fractions of different material phases are varied to represent different
types of mass flow where each phase is characterized by its unique constitutive behavior.
The present study focuses mainly on debris flows and mudflows, in addition to special
cases of earth flows and complex flows as part of comparison. The various physical aspects
of these flows are analyzed and compared to each other. Numerical simulation can be a
great tool to understand the mechanics of mass flows and predict their behavior in time
and space [29] and useful in establishing effective mitigation and remediation techniques,
as the real-time field data is often scarce and the physical models of such large geotechnical
systems are usually difficult to implement in laboratories.

2. Model Geometry and Various Flows Simulated

In the present study, various mass flows are investigated in the context of a large-scale
geotechnical system where the gravity-driven motion of different types of large mass flow
is simulated. The model is of a simple geometry of a slope of 15◦ over a horizontal distance
of 1000 m (Figure 2), and then the surface becomes flat along the horizontal direction where
all traveling masses eventually deposit, resembling an alluvial fan in a geologic setting.
The choice of this slope angle is based on the observation that it is a modest value within
typical ranges of slopes in commonly observed geological disasters [30].

Figure 2. Geometry of the modeled slope.

The two commonly occurring mass flows, namely, debris flows and mudflows, which
are of considerable practical importance in geological hazard assessment, are the primary
focus of the present study. In addition, two special types of flow, namely an earthflow with
only fine solid phase, and a complex flow with an equal proportion of all three phases are
also simulated for comparison purpose. This is achieved by varying phase fractions in
the original mass as summarized in Table 2, which shows the notation used for various
types of flows. The solid phase of debris flows is typically predominated by coarse particles
and thus the simulated flows are assumed to consist of solid and fluid phases only. The
fractions of each phase are also varied to produce five cases. Mudflows are assumed to
contain fine solid phase and fluid phase because the solid fraction of mudflows is typically
dominated by fine grains. An earth flow is studied by using only the fine solid phase to
simulate a flow made of clay-rich fine-grained soil. A complex flow usually refers to a
combination of two or more principal types of movement, as its behavior evolves from one
type to another; in the present study a complex flow case is included by considering all
three phases of equal fractions. It should be noted that varying the fractions of different
phases to represent different mass flows is based on the general concept or observation of
typical material compositions in the examined types of flows, in reality the formation of a
specific type of flows in the field depends on a number of other factors, including the site’s
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geological history, geomorphological and topographic setting, environmental conditions
and triggering events (e.g., rainfall, snowmelt, water level change, stream erosion, etc). In
the present study the adopted parametric treatment reflects a simple approach to explore
the intricacies of different flow behavior and one needs to be cautioned about its generalities
and limitations in a proper perspective.

The initial mass is released in a block release scenario with a dimension of 50 m by
50 m. The total height of the initial release is 4 m. Hence the total volume of block release is
10,000 m3. The initial release height of the individual phases is varied based on the fraction
of each phase depending on the flow type, and the volume of individual phases thus varies
accordingly. The center point of block release is at 50 m from the left edge.

Table 2. Notation for various analysis cases.

Solid Fine Solid Fluid

Flow Initial Initial Initial Initial Initial Initial NotationType Volume Height Volume Height Volume Height

Debris flow

3000 1.2 - - 7000 2.8 D3
4000 1.6 - - 6000 2.4 D4
5000 2.0 - - 5000 2.0 D5
6000 2.4 - - 4000 1.6 D6
7000 2.8 - - 3000 1.2 D7

Mudflow

- - 3000 1.2 7000 2.8 M3
- - 4000 1.6 6000 2.4 M4
- - 5000 2.0 5000 2.0 M5
- - 6000 2.4 4000 1.6 M6
- - 7000 2.8 3000 1.2 M7

Earth flow - - 10,000 4.0 - - E1

Complex 3333 1.33 3333 1.333 3333 1.33 C1

3. Numerical Implementation and Key Parameters

The software r.avaflow 2.0 [22] is used in the present study to simulate various flows.
It is upgraded from its earlier version [31] to implement the above-mentioned three-phase
model. It is a GIS supported open-source tool that can import actual topographic data for
simulations. Obviously the present study revolves around a simple geometry and does
not utilize this feature, however, field scale simulations of real world events using actual
topographic data have been conducted and shown promising potential [32–34]. As a mass
flow is generally comprised of multiple phases and the flow dynamics is strongly depen-
dent upon the rheological properties of each phase, this three-phase model offers strong
applicability for simulating various types of mass flows consisting of different material
fractions. In addition, field observations of some past events and physical experiments also
suggest that the three-phase mixture may be representative of the flow behavior [17,35–37].

The core part of the governing equations is established based on the universal equa-
tions of conservation of mass and conservation of linear momentum for each phase. The
surface tension is assumed negligible and all three phases are considered incompressible
and therefore possess a constant intrinsic density; no phase change is considered. It should
be noted that the complex interactions among these phases are considered through the
generalized interfacial forces, including the drag forces on the particulate phases, and the
virtual mass force due to the relative acceleration between the phases. Depth-averaging
is utilized to transform three-dimensional equations into two-dimensional equations, as-
suming that flows are long and wide compared to their depth. The details of the relevant
mathematical formulations can be found in Pudasaini [23], and Pudasaini and Mergili [22].
Table 3 summarizes the key material parameters for each phase in the present study. It
is worth noting that the internal friction angle describes the internal frictional resistance
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of solid or fine-solid phase, whereas the basal friction angle characterizes the frictional
resistance of the bed material on which the mass flow moves. The entrainment of material,
which often occurs in debris flows, is not considered for the purpose of comparison among
different flows. The results are generated with a time increment of one second for all the
cases. The total simulation time varies depending upon flow characteristics.

Table 3. Key parameters used in the numerical simulation.

Parameter Value

Solid

Density 2700 kg/m3

Internal friction angle 35◦

Basal friction angle 15◦

Drag coefficient 0.02

Fine solid

Density 1800 kg/m3

Internal friction angle 10◦

Basal friction angle 7.5◦

Kinematic viscosity 10 m2/s

Fluid

Density 1000 kg/m3

Kinematic viscosity 0.001 m2/s
Fluid friction coefficient 0.01

4. Results and Discussion

A total of 12 cases summarized in Table 2 are considered in the present study; each
different case is aimed to represent a distinct type of flow scenario in the field. The results
obtained are used to examine the behavior of different mass flows. The physical parameters
such as velocity, peak discharge, flow height, total run-out distance, final deposition height,
deposition thickness and pattern, and kinetic energy are investigated.

4.1. Velocity and Peak Discharge

The velocities of flows along the centerline at two locations are selected for close
examination and comparison: the first is around the mid-point of the slope, i.e., at a
horizontal distance of 500 m from the initial release; the second is at 100 m away from the
toe of the slope where the flow velocity is in decline after passing the slope and reaching
the floor, but still maintains a reasonable high level. The results are summarized in Figure 3,
which shows the velocities of all cases at 500 m from the initial release in ascending order,
and accordingly their velocities at 100 m from the slope toe.

It is observed that the velocities of the mudflow cases are consistently higher than
the debris flow cases, while the lowest velocity is found in the earthflow case (E1). The
velocity also tends to generally increase with the increase in the fluid fraction for the debris
flow cases. The higher velocity of mudflows can be attributed to their low values of the
bed friction angle compared to debris flows. For the earth flow case, due to the absence
of the fraction of fluid phase, its mobility is significantly reduced, leading to the lowest
velocity. After the flow travels 500 m from the initial release, the maximum velocity of
26.88 m/s is found in the M6 case, while the lowest velocity of 19.33 m/s is found in E1
case. The velocities are significantly reduced after reaching the floor and a maximum
velocity of 17.01 m/s and a minimum velocity of 4.92 m/s are found in the M6 and E1
cases, respectively, at 100 m from the toe of the slope; evidently the slope angle change has
a great influence on the mass flows. However, it is worth noting that these mass flows still
move at considerable velocities after reaching the toe of the slope and thus carry substantial
destructive momentum.
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Figure 3. Velocity for all cases at two different locations.

It is of interest to present the details of the flow velocity and height of individual
phases for a few cases at a specific time moment, e.g., at 30 s after the flow initiation, as
shown in Figure 4. This time instance is chosen because at this moment all flows approach
or reach around a horizontal distance 500 m, half away from the initial release to the end of
the slope; obviously the specific location varies in each case and it is of interest to examine
the flow when it reaches the half away of the slope as discussed later. The velocity is
represented by the bar chart, and the height by the solid line, which will be discussed in the
next subsection. The results of the velocities are consistent with the trend in Figure 3. It also
shows that the mudflows generally travel farther than the other cases after the same time
duration. The higher velocities occur in the head (frontal part) of the flow compared to the
tail. It also shows that for the mudflows and earth flow cases, the majority of fine solid is
in the frontal part of the flow, while in the case of debris flow, the solid part is distributed
along with the entire flow. This is possibly due to lower drag and virtual force applied on
the fine solid particle compared to solid phase, because the drag force and the virtual mass
force are lower when the density is lower and the surface area is smaller.

Similar to velocity, the discharge is also calculated at the same locations for different
cases and presented in the hydrograph, which includes both the flow height and discharge
passing through a specific location, as shown in Figures 5 and 6. As expected, due to higher
velocities, the magnitude of peak discharge for mudflow cases is very high compared to
the debris flow cases. It is also evident that the effect of the solid/fluid ratio is significant
on the magnitude of peak discharge, as shown by the results of the debris flow and mud
flow cases. It is worth noting that all flows reach the mid-point of the slope around the
time t = 23 ∼ 31 s, the earliest is in M3 case, which contains a large fluid fraction. At 500 m
away from the initial release (Figure 5), the maximum peak discharge overall is observed
in M7 case with a combined magnitude of 243.23 m3/s, which contains 153.54 m3/s of
fine solid phase and 89.69 m3/s of fluid phases. The discharges of the earth flow and the
complex flow are modest, between the debris flows and mudflows.

Discharge of each flow case at 100 m away from the toe of the flow (Figure 6) is
significantly reduced after the flow reaches the horizontal part of the path. The time needed
for each flow varies significantly, with M3 being the fastest (t ≈ 46 s) and D7 the slowest
(t ≈ 66 s). Still the maximum peak discharge occurs in M7 case with a combined magnitude
of 117.02 m3/s that contains 82.65 m3/s and 34.37 m3/s for fine solid and fluid phases,
respectively. The decrease reflects the gradual deposition of material along its travel path.
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Figure 4. Velocity and height of individual phases at 30 s after flow initiation for (a) D3; (b) D5; (c) D7;
(d) M3; (e) M5; (f) M7; (g) E1; (h) C1. The solid line represents the flow height and the bar chart the
flow velocity.
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Figure 5. Flow discharge and height profile at 500 m from initial release for (a) D3; (b) D5; (c) D7;
(d) M3; (e) M5; (f) M7; (g) E1; (h) C1. The solid line represents the flow height and the bar chart the
discharge.
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Figure 6. Flow discharge and height profile at 100 m away from the toe of the slope for (a) D3; (b) D5;
(c) D7; (d) M3; (e) M5; (f) M7; (g) E1; (h) C1. The solid line represents the flow height and the bar
chart the discharge.

4.2. Flow Height

Figures 4–6 presented in Section 4.1 already include some results of the height of
examined flows at a specific time or locations. Figure 4 shows the flow front of the debris
flows is generally higher than the tail and the highest section is very close to the front, as
commonly observed in many actual debris flow events in the field, although such a trend is
not apparent in other types of flow. Overall the decline in the height of each phase in each
flow with time is evidently notable, especially after it travels down the slope (Figure 5) and
reaches the horizontal floor (Figure 6). The height of individual phases primarily depends
on the initial volume or height of individual phase as the height of solid increases from D3
to D7 case.
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The height profiles of flow for individual phases for D5, M5, E1, and C1 cases at 30 and
50 s are presented in Figures 7 and 8, respectively; for debris flows and mudflows, the cases
with an equal proportion of phases are considered for comparison purpose. Figure 7a,b
show that, for debris flow case D5, the formation of a lobe-shaped profile with the spreading
of material laterally is evident. The contours of the height of solid and fluid phases are
similar. The height of flow reduces from the frontal to the tail part. In the case of mudflow
M5, there is no formation of the lobe, and no spreading of the material is observed for the
fine solid case (Figure 7c). However, considerable spreading of flow occurs in the fluid
phase and some fluid fraction clearly lags behind the front (Figure 7d). Due to the absence
of longitudinal spreading, the height of the fine solid is significantly higher than the height
of the fluid phase in the M5 case. The highest magnitude of 3.03 m is observed of fine solid
phase in the front center of the flow. For the earth flow case, E1, the fingering phenomenon
is observed due to significant lateral expansion of the fine solid material (Figure 7e). Similar
to the mudflow case, the material does not spread longitudinally, and hence an increased
height of 4.36 m is observed, showing that some soil material moves to join the front. In
the case of complex flow, C1 with an equal proportion of the three phases (Figure 7f–h) the
difference in the behavior of flow is clearly appreciable. The solid phase and fluid phase
have significantly higher longitudinal and lateral spreading compared to fine solid case.
Hence, the height of the fine solid phase is very high compared to other phases.

Figure 7. Top view for the height of flow for individual phases at 30 s for (a) D5: solid; (b) D5: fluid;
(c) M5: fine solid; (d) M5: fluid; (e) E1: fine solid; (f) C1: solid; (g) C1: fine solid; (h) C1: fluid.

The above observations of flow characteristics are further manifested in Figure 8,
which shows the simulation results at 50 s. Overall the lateral spreading expands to certain
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extent in each case compared to Figure 7. It is notable that the M5 flow already reaches the
horizontal plane at this moment due to its high velocity as discussed earlier; its fingering
effect is more remarkable in the fluids phase, indeed significant fractions of fluid are still
on the slope and far behind the front.

Figure 8. Top view for the height of flow for individual phases at 50 s for (a) D5: solid; (b) D5: fluid;
(c) M5: fine solid; (d) M5: fluid; (e) E1: fine solid; (f) C1: solid; (g) C1: fine solid; (h) C1: fluid.

The maximum height of a flow is an important parameter to understand the flow
behavior. It is also useful in identifying the critical locations in a field mass flow event. The
top view of the maximum height of flows for extreme cases with minimum and maximum
fluid content for each debris and mudflows, earthflow, and complex flow is shown in
Figure 9. The maximum height is observed along the centerline of the flow in all the
cases except the earth flow where the fine solid forms fingerlike shapes along with the
flow due to lateral spreading. The height of flow reduces away from the centerline of the
flow in all cases except in earthflow. It is also evident that the maximum heights of flows
with low fluid content and high solid or fine solid fraction are greater. Due to the less
longitudinal deformation in mudflow cases, their maximum heights cases are significantly
higher compared to the debris flow cases, and they can maintain very large height after
traveling a long distance, whereas the height of debris flows declines rather rapidly.
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Figure 9. Maximum flowheight for (a) D3; (b) D7; (c) M3; (d) M7; (e) E1; (f) C1.

4.3. Run-Out Distance

The total run-out distance is one of the most important physical parameters in the risk
assessment of mass flows, as it delineates the critical location range susceptible to the major
effect of potential mass flow events. The run-out distance is the total horizontal distance
covered by the mass flow from its initiation to the final deposition. In the present study, the
total run-out distance for each studied cases is presented in Figure 10, which shows the
results of all cases in ascending order.
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Figure 10. Total run-out distance for all cases.

The results suggest that the run-out distance depends considerably upon the bed
friction angle and the fluid content. The maximum run-out distance of 1355 m is observed
in the M3 case; it is notable that this flow travels 405 m distance at the floor surface after
the end of the slope on which a horizontal distance of 950 m is past by the mass flow.
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The D7 case with the high bed friction angle and low volume of fluid phase travels the
minimum distance of 1084 m, which is 134 m from the end of the slope. The debris flow
cases with high solid fractions associated with large bed friction angles generally travel
shorter distances compared to the mudflow cases. In addition, cases with higher fluid
volume also travel comparatively longer than solid- or fine solid- dominated flows. The
analysis clearly suggests that the mass flows initiated by the rainfall events will have a long
run-out distance due to a higher volume of the fluid phase. It is evident that the run-out
distance also significantly depends upon the slope angle. It is worth noting that the earth
flow (E1) with no fluid content travels farther than most of the debris flows, indicating
overall the strong mobility of the visco-plastic fine solid phase.

4.4. Final Deposition

Final deposition thickness (or height) and its pattern are vital information reflecting
the consequences of mass flows on the geomorphology. Final deposition is also crucially
important for planning and evacuation purposes during disaster events, as deep deposition
combined with large deposition area can be a very dangerous scenario and lead to heavy
casualty and destruction of properties.

Various deposition patterns such as that concentrated on a smaller area with larger
deposition height, or spread over a large area with a lower deposition height are evident in
Figure 11. The maximum deposition area is observed in the M3 case, while the minimum
area occurs in the C1 case followed by D7, both of which have a very modest fluid content.
It is evident that flows with high fluid content deposit at a large area longitudinally while
those with low fluid content expand laterally, because the mechanically weaker fluid phase
offers low viscous resistance and travels greater distance compared to solid or fine solid
phase, which stops earlier than the fluid. The maximum deposition height of approximately
0.97 m is found in the D7 case, which has a very high solid fraction; the maximum height is
observed in the middle part of the deposited mass and decreases outwards. Overall, the
deposition height in the M3 case seems smallest among the examined cases, as a result of a
very low solid fraction.

Figure 11. Final deposition height in (a) D3; (b) D7; (c) M3; (d) M7; (e) E1; (f) C1.



Geotechnics 2022, 2 520

4.5. Kinetic Energy

The maximum kinetic energy is calculated for all the cases and summarized in
Figure 12. High kinetic energy can be associated with a higher destructive potential of
landslides and pose a potential threat to infrastructure in the flow path, hence it is critically
important for hazard risk assessment. The maximum kinetic energy is found to be signifi-
cantly higher in mudflow cases compared to debris flow case, as shown in Figure 12, which
shows the results for all cases in ascending order. The kinetic energy tends to increase
with the increase in solid or fine solid ratio compared to the fluid phase. In the cases of
mudflows, little longitudinal spreading of material during its propagation contributes to
the maintenance of high kinetic energy. The maximum kinetic energy occurs in the M7
case with a magnitude of 2.562 MJ while the minimum is observed in the D3 case with a
magnitude of 0.243 MJ. The highest kinetic energy in M7 case can be attributed to low basal
roughness, low viscosity and presence of highly mobilized fluid phase. The distribution of
maximum kinetic energy in the M7 case is shown in Figure 13. Evidently, the higher values
of kinetic energy are dominant in the centerline of flow and decreasing outwards.
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Figure 12. Maximum kinetic energy for all cases.

Figure 13. Contours of maximum kinetic energy in M7.

5. Concluding Remarks

The simulation of various mass flows is conducted based on a multi-phase computa-
tional framework. The cases representing debris flow, mudflow, earth flow, and complex
flow are analyzed by varying the composition of various phases involved. Overall the
simulated mudflow cases possess higher velocity, peak discharge, kinetic energy and longer
run-out distance than the debris flow cases, presenting potentially greater danger or higher
destructive forces under the examined scenarios. The fluid fraction significantly affects
the flow dynamics; cases with high fluid content often result in higher velocity and longer
run-out distance, but lower kinetic energy. The maximum velocity can reach more than
25 m/s, as observed in the M6 case, which can be classified as extremely rapid and possess
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high destructive potential. The evolution of the height of individual phases in a flow is
very complicated and affected by the longitudinal and lateral spreading of each material
phase. The debris flows have high longitudinal deformation while mudflows have higher
lateral deformation. The final deposition and its pattern significantly depend on the fluid
fraction. The phenomenon of fingering is observed in mudflow and earth flow cases.

The present study is primarily a parametric investigation that takes advantage of an
available multi-phase computational framework for mass flows. The key model parameters
such as internal and basal friction angle and kinematic viscosity have significant influence
on the flow behavior and proper care should be taken when simulating the real world
events using the actual field topographic data. The uncertainties associated with such
large geotechnical systems of gravity-driven mass flows on a downslope are considerable;
numerical simulations and relevant parametric studies may potentially provide quantitative
results that help to assess the potential risks of destructive geological hazards or disasters.
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