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Abstract: Dam-break flows may change into debris flows if certain conditions are satisfied, such as
abundant loose material and steep slope. These debris flows are typically characterized by high
density and can generate strong impact forces. Due to the complexity of the materials that they are
made of, it has always been very challenging to numerically simulate these phenomena and accurately
reproduce experimentally debris flows’ processes. Therefore, to fill this gap, the formation-movement
processes of debris flows induced by dam-break were simulated numerically, modifying the existing
smoothed particle hydrodynamics (SPH) method. By comparing the shape and the velocity of dam
break debris flows under different configurations, it was found that when simulating the initiation
process, the number of particles in the upstream section is overestimated while the number of particles
in the downstream area is underestimated. Furthermore, the formation process of dam-break debris
flow was simulated by three models which consider different combinations of the viscous force,
the drag force and the virtual mass force. The method taking into account all these three kinds of
interface forces produced the most accurate outcome for the numerical simulation of the formation
process of dam-break debris flow. Finally, it was found that under different interface force models,
the particle velocity distribution did not change significantly. However, the direction of the particle
force changed, which is due to the fact that the SPH model considers generalized virtual mass
forces, better replicating real case scenarios. The modalities of dam failures have significant impacts
on the formation and development of debris flows. Therefore, the results of this study will help
authorities to select safe sites for future rehabilitation and relocation projects and can also be used as
an important basis for debris flow risk management. Future research will be necessary to understand
more complex scenarios to investigate mechanisms of domino dam-failures and their effects on debris
flows propagation.

Keywords: dam-break; debris flow; numerical modelling; smoothed particle hydrodynamics
(SPH) method

1. Introduction

Debris flows are among the most recurrent and damaging geological phenomena in mountainous
areas across the world and have consistently caused loss of life, agricultural land, infrastructure,
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and buildings. China is the country affected by the majority of debris flows events and it has the
most serious impact to date [1]. According to Zhang et al. [2], 10927 debris flow disasters have been
recorded in 23 provinces and cities between 2005 and 2015, with a direct economic loss of 14.2 billion
Chinese Yuan.

Debris flows can be divided into three types according to their formation process: frequent
occurrence type, dam-break type and landslide type [3,4]. Dam-break debris flows are caused by a
large number of solid materials transported by landslides, generated by earthquakes or volcanic lava
and these debris flows are typically generated by heavy rainfall and erosion of dam systems [5,6].
The breaking of natural or constructed dams can cause disruptive floods that can pose a huge threat
to the water conservancy facilities at the downstream section of the river as well as the safety of
people’s lives and properties along the river-bank. This type of disaster is very intense and fast because
once the dam breaks, the consequent formation of the debris flow or flood typically causes damages
downstream that also affect the restoration of the entire area for a long time frame [7]. Therefore, it is
of great theoretical value and practical significance to study the dynamic characteristics of debris flow
induced by dam-break in order to provide technical support for the prevention and control of debris
flow disasters caused by dam-breaks.

Previous studies on dam-break mainly focused on the prediction of peak discharge, evolution of the
debris flows towards the downstream area and their propagation after a dam-break. From the insights
made by Saint Venant equations in 1871 to Ritter’s first calculation formula of dam-breaking flow in
1892, Stoker extended Ritter’s formula investigating the debris flow propagation in the downstream
area, and since then, several studies have been conducted to provide a better understanding of this
phenomenon or to characterize single features typical of each region and environmental condition [8–18].

To date, studies have also been carried out to experimentally characterize dam-break simulation
experiments to simulate the process of dam-break and consequent flood evolution [19,20]. Furthermore,
field studies to observe this phenomenon and gather essential datasets have also been carried out [19–23].
Dam-break debris flows are characterized by complex formation mechanisms: they typically form
due to the mixing of solid and liquid substances in the formation process, and are mainly affected
by the type of terrain and geological conditions. Therefore, their properties depends on the particle
size distribution, which consequently can generate uneven velocity distributions and large bulk
densities. Based on this, the impact forces associated with debris flows induced by dam-break are
much stronger and various, hence there is a significant need to expand our knowledge and further
investigate these phenomena.

To the authors’ knowledge, research conducted to date on dam-break debris flow is limited,
and only a few studies have obtained some preliminary results [6,23]. Other studies have focused on
the characteristics of partially and fully submerged range of the dams, identifying the correspondent
impact force, speed of propagation, and accumulation depth to identify protective measures [24,25].
However, to date, studies on the formation and the initiation process of debris flows induced by
dam-break still remain limited to the quantitative description of the flows and sediments’ conditions
and the estimation of the magnitude of debris flows, while the formation dynamic mechanisms are
not completely clear yet. Most of the studies on the formation processes and the particle initiation
mechanisms of debris flows apply the typical assumptions of the particle initiation theory in river
dynamics, and the liquid-phase fluid characterization that promotes particle initiation as for uniform
and stable flow. This generalization is reasonable for general debris flows, however for the study of
debris flows induced by dam-breaks, there is obvious dissimilar conditions to take into consideration
such as the strong pressure upstream the dam that can vary the release of debris flows or the steep
gradient after the dam that may lead to much higher velocities for the debris flow propagation.

To fill this gap, an initiation model for dam-break processes based on the two-phase flow theory
and particle initiation theory is established in this study, and the interfacial force is discretized with the
smoothed particle hydrodynamics (SPH) theory, and the existing erosion module in the SPH model
is modified. By simulating the erosion processes of dams under three different interfacial forces, the
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differences of dam-break process under different mechanical models are expounded. The results
of these models could have important guiding significance for the planning and design of debris
flow control strategies and the improvement of monitoring and implementation of early warning
systems. In fact, these models could be incorporated into predictive hazard maps to include the risk of
dam-break debris flows, driving land-use planning strategies instead of adapting urban developments
based on the restoration of effects caused by past events.

2. Methodology

2.1. Theoretical Derivation: Interfacial Force

As shown in Figure 1, the initiation process of particles is a complex dynamic process including
the gravity G, horizontal thrust force Fht, uplift force Ful, viscosity force between particles Fµ and many
other forces [26]. Among them, the horizontal thrust Ful and uplift force Ful are the forces exerted by
the fluid phase on the solid particles to be moved, which are also affected by the drag force Fd and the
generalized virtual mass force Fvmg.
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where F0 is the interfacial force, Cd is the drag coefficient, Cvmg is the generalized virtual mass coefficient,
uf and us are the fluid and solid phase velocity, respectively. In Equation (1), the drag force term
is square with the relative velocity between phases, and the second term is the generalized virtual
mass force.

When the relative velocity between the solid and liquid phases has an acceleration over time,
the fluid around the particles will be affected by an additional force, which is related to the time
derivative of the relative velocity.

Based on previous research results [27–29], Equation (1) can be transformed into:
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where Bd denotes the particle volume, αs and αf denote the volume fractions for the solid and the
fluid constituents, ρs and ρf denote the density of the solid and the fluid, ω denotes the particle
settling velocity through fluid, F(Rep) = γ(αf/αs)3Rep/180 depends linearly on the particle Reynolds
number Rep, density ratio γ and the cube power of the ratio αf/αs between fluid and solid volume
fractions. G(Rep) = αf

M(Rep)−1 depends on the fluid volume fraction and the particle Reynolds number.

For sediment particles in critical initiation state, ∂us
∂t + us ∇us = 0, when we focus on the instantaneous

state of particle initiation, the derivative of liquid velocity to time
∂u f
∂t , therefore, Equation (2) can be

simplified as follows:

F0
Bd

=
αsα f (ρs−ρ f )g[

ω
{
PF(Rep)+(1−P)G(Rep)

}] (uf − us)|uf − us|+

1
2αsρ f

(
1+2αs
α f

)
uf · ∇uf

(3)

2.2. Theoretical Derivation: Particle Initiation Model

Han [26] comprehensively considered the joint random action of water flow and particles, and
gave the critical condition of particle initiation, displayed in Equation (4).

|Fht|(a + R cosθ) + |Ful|(b + R sinθ) −
(
|G|+ |∆G|+ Pµ

)
R sinθ = 0 (4)

In Equation (4), a, b and θ are parameters related to the relative position of particles, and ∆G
denotes the additional pressure caused by the layer of water.

As shown in Figure 2, the horizontal thrust generated by water flow has a positive moment
|Fht|(a + R cosθ) on particle under investigation, which is also affected by the horizontal thrust Fht,
position parameters a and θ, where a denotes the relative height between the horizontal thrusting
point and the center of particle gravity. When the horizontal thrusting point is higher than the center
of particle gravity, a is positive, otherwise a is negative. θ denotes the angle between the center of the
particle gravity and the connecting line of the contact point and the vertical direction. When θ > 90◦,
cosθ < 0, the effect of the horizontal thrust on the particles hinders the initiation of the particles.
The uplift force generated by the water flow has a positive moment |Ful|(b + R sinθ) on the particle,
which is affected by the uplift force Ful, position parameters b and θ, where b denotes the horizontal
distance between the position of the uplift force and the center of particle gravity, when the uplift force
is on the opposite side of the fulcrum, b is positive, otherwise b is negative.
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In previous studies on initiation mechanisms of debris flows, the particle initiation theory, typically
adopted in river dynamics, was usually used, and the critical velocity or shear stress corresponding to
debris flow particles was regarded as the critical condition of debris flow particle initiation. However,
in the calculation of critical velocity or shear stress, the flow is usually regarded as uniform without
velocity gradient along its path. This generalization effectively simplifies the complexity of the problem,
which is very suitable for the study of the initiation mechanism of the frequent occurrence of debris
flow. However, in the formation process of debris flow induced by dam-break, the depth of the fluid in
front of the dam decreases sharply, and the flow pattern in front of the dam can no longer be regarded
as uniform flow. Hence, considering the change of the flow conditions, the critical assumption of
particle initiation will also change, accordingly.

As shown in Figure 3, when velocities in regions A and B are approximately equal (VA ≈ VB),
there is nearly no gradient along the flow velocity and the force of the water on the particles can
be simplified as F0 = Fd = Cd(uf − us)|uf − us|. When VA < VB, the velocity gradient of the erosion
particles is ∇uf > 0, the generalized mass force of the sediment Fvmg = (1/2)αsρ f

(
1 + 2αs/α f

)
u f∇u f

is in the direction of dotted line in Figure 3, and the generalized mass force will prevent particles from
starting to move. When VA > VB, Fvmg is the direction of solid line in Figure 3 and it will enable the
initial movement of the particles.
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2.3. Model Establishment

In order to describe this phenomenon, we use smooth particle hydrodynamic (SPH) model to
simulate the process of particle initiation and dam-break quantitatively. SPH is a method characterized
by a mesh-free approach which is based on a pure Lagrangian description. This technique has been
previously adopted for engineering and science studies [30–36]. By comparing this technique against
the mesh method based on continuum theory, it is possible to state that the SPH method avoids the
problem of mesh distortion in dealing with the flow since there is no connectivity between the particles
considering that it is developed on a uniform smoothed particle hydrodynamic framework. Similarly,
the dam-break debris flow will encounter the violent two-phase interactive movement of soil collapse
in the formation process, so the SPH model has a natural advantage in simulating the process of
dam-break debris flow.

2.3.1. Governing Equations

The principles of mass and momentum conservation are included within the governing equations
for transient compressible fluid flows. These can be written as follows for a Lagrangian framework [37]:

1
ρ

Dρ
Dt

+∇ · v = 0 (5)
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Dv
Dt

= g +
1
ρ
∇ · τ−

1
ρ
∇P (6)

where P stands for pressure and D/Dt refers to the material derivative, t is time, v is the particle velocity
vector, g is the gravitational acceleration. The density ρ has been intentionally kept in the equations
to be able to enforce the incompressibility of the fluid. Using an appropriate constitutive equation
to model the shear stress tensor τ, Equations (9) and (10) can be used to solve both Newtonian and
non-Newtonian flows [37].

The momentum equations adopted for this study include three driving force terms (i.e., body
force, forces due to divergence of stress tensor, and the pressure gradient) that have to be considered
with the incompressibility constraint. Furthermore, the above system of governing equations was
solved for each particle at each time-step (typical for a SPH formulation). Each algorithm implements
these terms related to each force within the momentum equations by following a specific order that
may vary from one method to another.

2.3.2. Viscous Terms

The dam-break debris flow studied in this paper is a typical two-phase fluid problem. The sediment
concentration in the slurry at the initial stage is quite low, which can be approximately regarded as
Newtonian fluid. Its constitutive equation meets the following requirements:

τ = µD (7)

where µ is the dynamic viscosity coefficient of water, usually taken as. µ = 1.01× 10−6kpa · s. When
the particles are initiated by water and mixed with it, the non-Newtonian fluid with higher sediment
concentration will become more viscous, and the deformation to the dam will produce greater
shear stress.

τ =
1
2

( µ0

|D|
+ µ1 + µ2|D|

)
D (8)

where µ0 refers to the yield stress; µ1 refers to the coefficient of friction and µ2 refers to the coefficient
of collision stresses.

Refer to [26] and deal with Equation (8), the viscous term in the x, y direction can be represented
by the following discretization:

du
dt

=
∑

b

mb

{
1

ρaρb
·

1
2

( µ0

|D|
+ µ1 + µ2|D|

)[
2
∂u
∂x

i +
(
∂v
∂x

+
∂u
∂y

)
j
]}
·

(
∂W
∂q
·

xab
hr

i +
∂W
∂q
·

yab

hr
j
)

(9)

dv
dt

=
∑

b

mb

{
1

ρaρb
·

1
2

( µ0

|D|
+ µ1 + µ2|D|

)[(
∂v
∂x

+
∂u
∂y

)
i + 2

∂v
∂y

j
]}
·

(
∂W
∂q
·

xab
hr

i +
∂W
∂q
·

yab

hr
j
)

(10)

In this study, the slurry formed after the initiation of the sediment particles is collected through
the flume experiment. The slurry rheology coefficient was measured by the MCR301 advanced rotary
rheometer, which is an equipment manufactured by Anton Paar, Austria [27]. The viscosity parameters
collected are the following ones: u0 = 0.00004, u1 = 0.0048, u2 = 0.0197.

2.3.3. Erosion

This section describes the integration of an erosion model with SPH-based fluid simulation.
Our simulation uses four kinds of particles (see in Figure 4): the interfacial particles on the dam
boundary, the scoured particles in the critical initiation state, the sediment particles that have been
started and the water particles that provide power for the initiation process.
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Figure 4. Different particles involved in the initiation process.

According to Section 2.2, when the particles to be initiated are located on different sediment slopes,
they will be subjected to different generalized mass force. The erosion algorithm applied in this study
runs following these steps:

1. It calculates the force of sediment particles on the scoured particles in the area affected. Water
particles and sediment particles are respectively applicable to different constitutive equations.

2. It calculates the velocity gradient of the sediment and water particles around the erosion particles,
and gets the generalized mass force of the erosion particles.

3. It quantifies the drag force on the eroded particles by counting the components provided by the
velocity of the sediment and water particles around the eroded particles.

4. It estimates the particles initiation by combining the viscosity force, the generalized mass force
and shear force of particles.

At the end, it determines the terrain height according to the change in amount of sediment within
the boundary conditions.

Compared with the previous sediment initiation models, this study considers the effects of the
velocity on the incipient motion and the generalized mass force, both considered as important factors
for the incipient motion, considering the non-uniformity of the flow velocity during the dam collapse.
As shown in Figure 5a, on the upstream of the dam body, the flow velocity in region A is smaller than
the velocity in region B.
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According to the theoretical derivation results in Section 2.2, the particles in the erosion area will
be subject to the generalized mass force that hinders the particle initiation. On the downstream area of
the dam body, the flow velocity in the region A is greater than that in region B, and the particles in
the erosion area are subject to generalized mass force that promotes the particle initiation. Therefore,
even at the same velocity, the particles in the erosion area in Figure 5a,b will have different initiation
probability due to the difference of velocity gradient caused by the upstream and downstream slope.
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2.3.4. Simulation Setting

The numerical simulation was carried out to generate the experimental conditions previously
described (Figure 6). The numerical simulation replicated N = 113054 particles, particle spacing
dp = 0.0025 m, water particle density ρw = 1000 kg/m3, solid particle density ρs = 1400 kg/m3. The dam
body is isosceles trapezoid, the angle between the profile of the dam body and the horizontal direction
is 20◦, the height of the dam body is 0.2 m, the length of the bottom surface of the dam body is 1 m,
and the length of the dam crest is 0.45 m.
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In order to compare the effects of different interfacial forces on the formation process of
dam-break debris flow, the following conditions were used to replicate different solid-liquid two-phase
interaction forces.

3. Results and Discussion

3.1. Numerical Simulation Results

By simulating the formation processes of dam-break debris flow in different interfacial models,
a series of experiments was completed. For each of these experiments, multiple parameters associated
with the movement of the fluid were measured (surface heights, fluid velocities, pressures, and shear
deformations). Figure 7 represent the free surface values for each of the tests conducted in Table 1.
The x-axis represents the length L of the debris flow, and the y-axis represents the height H of the
debris flow. There are three models: Figure 7a,d show model no. 1, the interfacial force only contains
the viscous force; Figure 7b,e show model no. 2, the interphase force includes the viscous force and the
drag force; Figure 7c,f show model no. 3, and this model takes into account the synergy of the viscous
force, the drag force, and the virtual mass force.

By comparing the free-surface flow, it is found that models no. 1 and no. 2 have similar free
surface heights in the whole study area. The free surface slowly declines in the front section of the dam
body, and begins to decline rapidly from x = 2.5 m. However, model no. 3 begins to decline rapidly
from x = 2.15 m, showing more fluctuation characteristics in the area of x > 2.5 m compared to no. 1
and no. 2.
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Table 1. Experimental conditions (viscosity values and interfacial force model) adopted for this study.

Test No.
Factors

Interfacial Force µ (Pa•s) µ0 (Pa) µ1 (Pa•s) µ2 (Pa•s2)

1 Fµ

0.00000101 0.00004 0.0048 0.01972 Fµ + Fd
3 Fµ + Fd + Fvmg

In addition, after 0.2 s of fluid start-up, particle initiation occurs in three different inter phase force
models of dam-break debris flow. However, by comparing the particle initiation positions, it is found
that the positions where most particle moved were x = 2.09 m, x = 2.10 m, and x = 2.91 m, respectively.
Comparing model no. 1 and no. 2 in Table 1, the simulated initiation positions associated with the
additional mass force are obviously further upstream.

The above phenomena show that the numerical model considering the general virtual mass force
presents a difference in heights of the free surface flow. However, due to the inherent characteristics of
the SPH method, it is also difficult for particles in different layers to fully mix. Therefore, it can be
considered that this difference may be caused by the interaction between sediment particles and water
particles at the interface. Through observations of the region between 2.5 and 3.0 m, it can be noticed
that there is a certain correlation between the free surface and the particle initiation phenomenon,
which indicates that there is a certain coupling effect between the particle initiation and the flow.
The flow magnitude causes the erosion and the particle to move, and the shape of the dam body
changes after particles starts to move producing some kind of response to the subsequent flow.

3.2. Model Validation and Analysis

Comparing the numerical simulation results of the three different interface force models displayed
in Table 1, as shown in Figure 8, in the forepart (L = 2–2.2 m) of the dam body, the erosion of the three
models to the dam body was observed to be very similar.
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In the middle section (L = 2.2–2.6 m) of the dam body, no. 3 method starts with less sediment if
compared with no. 1 and no. 2, and this is more consistent with the experimental results (similarly,
in the back half of the dam body, the area between 2.6–3.0 m, due to the consideration of the generalized
virtual mass force). The average errors of the three methods against experimental results were 0.022354,
0.03079, and 0.01086, respectively.

In order to further study the cause of the difference of dam breach location, the velocity of the
particles at the interfacial location was analyzed, as shown in Figure 9.
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By analyzing the characteristics of the velocity distributions (Figure 9), it is possible to notice
that the particles in the reservoir area (2.0–2.4 m) have low velocity, and that the particle velocity
distribution is concentrated with most particles within the range of 0–0.2 m/s. However after the dam
(2.5–3.0 m), because the particles are transforming into free outflow, their gravitational potential energy
can be rapidly be converted into kinetic energy. In this region, the average velocity of the particles
increases rapidly. Through careful observation, it can also be noticed that the particle velocity in the
region of 2.5–3.0 m shows fluctuations, and this result is also consistent with previous research results,
that is, SPH particles often propagate kinetic energy by wave conditions. Under the three different
models, at t = 0.5 s, the velocity of the three groups did not show significant difference within the range
of 2.0–3.0 m, which indicates that at this time, the difference of dam breach degree did not generate any
variation in flow velocities; therefore, the difference of dam-break degree is not majorly affected by the
flow velocity.
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The force on the boundary particles of the dam was also calculated by pairing particles that had
the greatest impact on the dam-break. It was found that in the section of the dam between 2.0–2.5 m,
the force direction of the external particles on the dam body is more evenly distributed in the range of
{−90◦+90◦}, which indicates that the particle turbulence in this area may be relatively high. Therefore,
it could have a certain randomness for the initiation of particles on the boundary side of the dam.
However, as shown in Figure 10, the average velocity of particles at the interface of the front section
of the dam body is small and the variation range is small, so according to equation (1), even if the
turbulence intensity of the particles in this section is large, it should not be the active area of where the
particles starts to move. Nevertheless, due to the effect of the additional mass force not considered in
the simulation process, both models 1 and 2 show multiple fluctuations even in the start-up region just
after the dam body, which may be associated with the inaccuracy of the numerical simulation and
assumptions assumed for these cases.
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However, the particle velocity distribution for model no. 3 compared with no. 1 and no. 2,
is relatively lower {−90◦+20◦}. The reason is that the effect of additional mass force is taken into
account, and some of the additional mass force acts as an obstacle to the initiation of the particles,
which causes the dam body to break in a minor way for model no. 3, and this result is more consistent
with the experimental results of flume [1,37]. However, in the section just after the dam (2.5–3.0 m),
due to the slope effect, the direction of the particles’ force is more concentrated {−40◦+0◦} (Figure 10).
Compared with models no. 1 and no. 2, the blue particles representing No.3 are more distributed in
the area of θ < −20◦, causing a stronger dam body scour, and this phenomenon is also consistent with
the experimental results [1,37].

4. Conclusions

Debris flows are natural phenomena that typically lead to serious economic and human losses
across the world. Debris flows induced by dam-break are even greater threats to people’s life and
properties in downstream areas of the catchment and people’s safety strongly relies on the correct
function of dam systems. Due to of its non-grid nature, the SPH method has inherent advantages in
simulating dam-break. Thus, this method has been applied to provide a quantitative modelling of
this phenomenon to help providing a better understanding as well as identifying design strategies
that could be implemented to minimize the negative impacts induced by dam-break debris flows.
This study focused on characterizing different models of interfacial forces response to the initiation of
dam-break particles.
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The SPH model has been adopted by multiple studies and it has demonstrated to have high
accuracy in replicating properties (i.e., velocity of propagation, water heights) typical of debris flows
and more importantly to be able to correctly simulate the time–space evolution of solid and liquid
particles during the whole process (from initiation to propagation over an impervious/permeable
bottom boundary). The interfacial forces in the SPH model were modified based on the theory of
solid–liquid two phase flow. It was found that under different velocity gradients, even particles with
the same velocity have different impact ability. The results obtained may be summarized as follows:

1. By comparing the shape and velocity of debris flows under different configurations, it was found
that in the simulation of particle initiation process, the number of particles in the upstream section
are overestimated while the number of particles in the downstream area are underestimated. The
reason for this phenomenon is that the influence of the velocity gradient along the direction of
the fluid on the particle initiation is ignored in the generalization process of the initiation model.

2. By considering the influence of generalized virtual mass force, the interface force in SPH model
was modified. In this study, the formation process of dam-break debris flow was simulated by
three models which considered different combinations of the viscous force, drag force, and virtual
mass force. The simulation results show that the improved model considering these three kinds
of interface forces together is the most accurate to simulate the formation process of dam-break
debris flow after comparison with experimental results.

3. In order to further study the internal mechanism of the model improvement, the velocity and
direction of particles at the interface was investigated, and it was found that under different
interface force models, the particle velocity distribution did not change significantly between the
three methods. However, the direction of particle force changed, which is due to the fact that the
SPH model considers generalized virtual mass forces, better replicating real case scenarios.

3D mathematical approaches could definitely be used to reduce the uncertainties within the
results obtained in this study, especially if they can accurately take into account the variation of pore
water pressures inside the propagating mass. Therefore, future research should target the development
of these 3D mathematical models.

These results (which interfacial forces should be considered, expected velocity ranges and influence
of slope gradients) should be incorporated with the preparation of natural hazard maps which are
crucial for urban development because debris flows induced by dam-break are capable of producing
damage to the natural and man-made environment, and their impact can have long term effects on
human life and activities which need to be mitigated.
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