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Debris flow is a significant geological hazard in the mountainous regions
of China, characterized by its sudden onset, high mobility, and considerable
destructive potential. In the Helan Mountains, debris flows primarily consist
of coarse-grained materials transported by water flows, exhibiting both high
destructive potential and a broad impact range. Therefore, understanding the
dynamics of debris flows in this region is of crucial importance. This study
focuses on the Zhengguangou debris flow, utilizing the DAN-3D software based
on Smoothed Particle Hydrodynamics (SPH) to construct a dynamic debris
flow model. The movement characteristics of the debris flow were investigated
by simulating various operating conditions, including differences in formation
area conditions and rainfall intensity. The simulation results indicate that under
extreme conditions (with a pore pressure coefficient of 0.8), the debris flow with
the same initial volume traveled an average distance of 1503 m, significantly
farther than the 1323 m travelled under normal conditions (with a pore pressure
coefficient of 0.3). Under normal conditions, the final average deposition
thickness of the debris flow was 8.9 m, which was thicker than the 8.3 m
observed under extreme conditions. Regarding movement speed, the debris
flow initially accelerated and then decelerated, with the extreme condition
resulting in a greater travel distance compared to the normal condition.
Additionally, the debris flow exhibited greater erosion depth and volume under
normal conditions. In contrast, under extreme conditions, the debris flow had a
larger scraping width, with the maximum width occurring at the point where the
flow direction changed. This study enhances our understanding of the dynamic
characteristics of debris flows in northern Ningxia and provides valuable insights
for hazard prediction and mitigation efforts in the region.

debris flow, dynamic characteristics, numerical simulation, DAN-3D software,
Zhengguangou
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1 Introduction

Debris flows, as highly destructive natural phenomena,
seriously threaten human life and infrastructure. These disasters
are influenced by climate, geography, and topography and are
characterised by their sudden onset, rapid movement, and
substantial economic damage (Sun, 2016; Wang et al., 2024). In
recent years, with the increased frequency of extreme weather
events and seismic activity, debris flow disasters, manifesting
in forms such as burial, destruction, impact, and damming of
rivers, have severely affected human lives, property, and the
ecological environment (Kang et al, 2004; Jakob and Hungr,
2005; Zhang et al, 2023). Studying the dynamic processes of
debris flows is critical for early warning and prevention strategies
(Bracken et al., 2015; Zhou et al., 2019).

The primary methods for studying the dynamic processes of
debris flows include physical flume experiments and numerical
simulations (Bai and Dongri, 2021; Gan and Luo, 2020; Wang et al.,
2021). With the advancement of computer software technology,
numerical simulations have become the leading approach for
investigating debris flow dynamics. Various numerical algorithms
have been applied based on different physical processes, spatial-
temporal scales, and accuracy requirements, including finite element
methods (FEM), finite volume methods (FVM), and finite difference
methods (FDM), as well as particle-based approaches such as
Smoothed Particle Hydrodynamics (SPH) (Crosta et al, 2009;
Hu et al,, 2012; 2020; Hou et al., 2021; Minatti and Pasculli, 2011;
Qiao et al, 2016). Compared to grid-based methods, particle-
based algorithms are less reliant on structured grids. They can
efficiently handle interfaces between different materials due to the
need for grid connectivity between particles. As a result, SPH
has been widely applied in debris flow simulations (Xing et al.,
2023; Zhao et al, 2023; Yang et al., 2024; Gao et al, 2019;
Gao et al., 2023).

10.3389/feart.2024.1532456

The Helan Mountain area in northern Ningxia is rich in mineral
resources and has been a significant ore concentration area in China.
Mining activities in the area have triggered numerous geological
hazards, including landslides and debris flows, making it one of the
critical regions for geological disaster prevention in Ningxia. Given
the high destructive power and widespread impact of debris flows in
the Helan Mountain area (Zhong et al., 2018), there is an urgent need
to understand the dynamic characteristics of debris flows in this
region to support disaster prevention and mitigation efforts. This
study focuses on the Zhengguangou debris flow, using the DAN-
3D software (Hungr, 2009) based on the SPH method to develop a
dynamic model and simulate debris flow behaviour under different
conditions, providing a valuable tool for early warning and risk
management.

2 Study area geology

The Zhengguangou debris flow is located 800 m north of the
Da Wu Kou Martyrs’ Cemetery in Shizuishan City, approximately
5 km from the city centre. It is situated at longitude 106°22' 22" E and
latitude 39°03'05” N. The area is part of the erosion and denudation
landscape of the Helan Mountains, with a watershed scale of
3.43 km?. The highest elevation in the region reaches 1,681 m, while
the lowest point is around 1,145 m, resulting in a vertical drop of
536 m. The area has a well-developed drainage system, with the
main channel extending about 4,490 m long and an average slope of
129%o. The sediment supply section accounts for approximately 50%
of the total length, and the debris stored near the front of the gorge is
estimated to be about 200,000 cubic meters. The climate is semi-arid,
with sparse rainfall, primarily concentrated in short, intense storms
that are the main triggering factor for debris flows.

The Zhengguangou area exposes a diverse stratigraphic
sequence consisting of the Carboniferous-Permian Taiyuan
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Three-dimensional digital elevation model of the study area. (A) 3D terrain before the occurrence of debris flow in Zhengguangou. (B) 3D terrain of

(b) 3D terrain of Condition I
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(d) 3D terrain of Condition I

TABLE 1 Model calculation parameter table.

Condition Average Initial volume Formation Rear Scarp Height
thickness (m) (m?3) area (km?) elevation (m) elevation (m) difference (m)
I 7.3 1.98 x 10° 0.4 1650 1450 200
I 57 7.86 x 10° 0.14 1600 1420 180
il — 2.77 x 10° 0.54 — — -

Formation and the Permian Shanxi Formation, which contain
coal-bearing clastic rocks. The primary lithology comprises light
grey to yellowish-grey quartz sandstone interbedded with greyish-
black shale and coal seams, along with Permian Shihezi Formation
fluvial clastic. The latter predominantly comprises grey-yellow to
yellow-green sandstones and purple-red sandstones interlayered
with mudstones. The Archean Helan Mountain complex mixed
granite is visible at the valley’s entrance, with some areas showing
evidence of collapse. Additionally, the region lies on the eastern
limb of the Rujigou-Malianwan anticline. The cross-valley fault is a
reverse fault developed at the valley’s entrance. The hanging wall of
the fault consists of the Archean Helan Mountain complex, while

Frontiers in Earth Science

03

the footwall comprises the Carboniferous-Permian Taiyuan, Shanxi,
and Shihezi formations.

Based on the characteristics of the basin, Zhengguangou can
be classified as a typical high-mountain canyon-type debris flow
area, which can be divided into three main sections: the formation
zone, the transport zone, and the deposition zone (Figure 1).
The formation zone is located at elevations ranging from 1773
to 1,315 m. Numerous tributaries characterise it with a dendritic
to feathery drainage pattern. The valley is narrow, with a V-
shaped morphology. The valley floor width ranges from 5 to
30 m, with a longitudinal slope of 250%-300%. The slopes of the
primary and tributary valleys are generally steep, often exceeding
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TABLE 2 Calculation of working conditions of Zhengguangou
debris flow. =
E
Condition Pore pressure coefficient € %
=}
Typi L § % | i)
ypical condition I-1 0.3 X c
I =9
Extreme condition I-2 0.8 8
o
Typical condition II-1 0.3
11
- c
Extreme condition II-2 0.8 o
S
Typical condition I1I-1 0.3 = O T
1 TE el I
Extreme condition III-2 0.8 5
)
=
TABLE 3 Simulation control parameters of Zhengguangou debris flow. ,g
]
Simulation object N ‘ B ‘ C 2E
Lo 8 g
50 3] =)
Zhengguangou debris flow 2000 2 0.02 200 o - -
S50
= o
o
30°, with little surface cover. The bedrock is highly fragmented
and intensely weathered, creating a debris-covered surface. Under ® ;c:
. . o c .o
extreme conditions, such as heavy rainfall or seismic events, large- 0O - .
. . o = RIS
scale landslides and slope failures are prone to occur, providing Lo
. . . r o
abundant material for debris flow generation. Y0
The transport zone is located between 1,315 m and 1,176 m,
representing the primary path of debris flow movement. In this
section, the valley shape transitions from a V-shape to a U-shape, =
with the valley floor widening to 20-40 m and the slope of the valley %
walls decreasing to about 100%-200%. Intense scouring and erosion = .
on both sides of the valley floor during debris flow events result in 5
localised, small-scale collapses. In the downstream section of the B
channel, large quantities of loose gravel, primarily shale with some s
sandstone fragments, accumulated due to coal mining activities.
These materials accumulate significantly within the channel and
become the primary solid debris flow material source. . J::;M =
The deposition zone lies downstream of the valley. Due to K] o ¢
the relatively gentle terrain with a longitudinal slope of less than = I
‘c =X
80%, debris flow material spreads in a fan-shaped pattern upon S S=
w
exiting the mountain. Approximately 60% of the fan-shaped area 5
Q
is well-preserved, with a length of around 300 m, a width of about °
200 m, and a diffusion angle of 60°. The deposition varies by 0.2 m §, )
during each flow event. The deposited debris is predominantly g 2 -
gravel, with poor sorting and rounding, and the gravel size o é vl g
Q o = =
decreases with depth. S B SRCRE
« B 5 52
S o 3
o W &
. . . 1 o
3 Numerical simulation g
3
c (= 5 1
The study employs the DAN-3D numerical simulation software 2 g § g
based on the continuum theory and treats moving materials as fluid- % = R §
like substances with flow characteristics. By adjusting various flow 3 g g g é
property parameters, the software calculates the velocity, duration, < B £ 503
[ET)
travel distance, and accumulated characteristics of the moving body @ § E F B
<
(Cheon et al., 2020; Hungr and Mcdougall, 2009). =
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FIGURE 3
Contour map of motion accumulation of I-1.

3.1 Model principle

The SPH method has recently been widely applied for simulating
flow phenomena. This method uses particles rather than traditional
grid structures to model the flow. Each particle contains essential
physical parameters such as mass and velocity, and the interactions
between particles form a system that represents the fluid’s
continuous state. The forces and reactions of the entire system can
be derived by tracking the movement of individual particles and
calculating their dynamic changes (Zhang et al., 2022).

The flow body unit depth in the DAN-3D software is calculated
using interpolation sums (Equations 1, 2).

N
hi=) V,W,; (1)
j=1

Equation for fluid thickness and gradient:

N
Vhi= Y VYW, &)
=

In the equation, V represents the volume of each particle, W is
the kernel function, and i and j are the particle indices. The straight-
line distance between particles i and j is given by (Equation 3):

5= (5 ++4)" ®
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The equations for the X and Y components are as follows
(Equations 4, 5):

oh S oW %
Z) =Yy ——= )
(8x)i J; I 9s i xlzj_'_yxz

)51 2
e

According to Monaghan (1992), the current model uses the

()

Gaussian interpolation kernel (Equation 6):

kel (2] e

¢ is the particle smoothing length (the same for all particles) is a
value that measures the width of the kernel, i.e., it determines the
influence radius of each particle (Equation 7).

= (7)

=
=lE

N represents the total number of particles in the equation, and B is
the smoothing coefficient.
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Contour map of motion accumulation of |-2.
3.2 Boundary conditions r=0(1-r,)tan ¢ ©9)

3.2.1 Mechanical boundary conditions

During the analysis of debris flow accumulation, the weight,
slope pressure, and shear resistance of the flowing material must
be considered to calculate its kinetic energy. Since the surface
of the sliding body is unconstrained, it is only affected by
atmospheric pressure. Along the movement path, the primary
everyday stress on the base of the sliding body arises from
the interaction between atmospheric pressure and the surface
topography, generating varying magnitudes of forces. The shear
stress on the base can be determined using various shear flow
models. However, numerous factors influence shear stress, such as
pore water pressure, viscosity, velocity, and turbulence, all of which
directly or indirectly affect the base shear resistance of the sliding
body, thereby impacting the sliding distance and the extent of the
covered area. The expression for the force equation is as follows
(Equations 8, 9):

ma=W+P,+P, +71 (8)

Frontiers in Earth Science

m is the mass of the sliding body, a is the acceleration of the sliding
body, Px and Py are the lateral earth pressures in the x and y
directions, respectively; 7 is the shear resistance during the sliding
body’s movement, ¢ is positive stress, r,, is the pore water pressure
coeflicient, ¢ is the angle of internal friction.

3.2.2 Motion boundary conditions

The DAN software employs mathematical methods to consider
the scraping and erosion boundary conditions of the sliding body. If
scraping effects are minimal, these conditions can be disregarded.
The scraping effects and volume changes during the debris flow
movement are calculated based on time and erosion rate, as shown
in the following (Equations 10, 11):

8(b+h)+v 8(b+h)+v 8(b+h)_v o (10)

ot ox Y9y ‘
ab ob ob
§+Vx$ +Vy5_vz:_Et (11)
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Contour map of motion accumulation of II-1.

bis the erosion depth, h is the thickness of the sliding body, v, and v,
are the movement velocities in the x and y directions, respectively; ¢
is the movement time, E, is the scraping rate.

3.3 Model and parameters

3.3.1 Debris flow model

In the study of debris flow disaster patterns, a data grid
file was created based on the elevation model (Figure2). For
this research, the Zhengguangou debris flow formation zone was
divided into three different operational conditions, which represent
the initiation of material sources from the main channel, the
tributary, and both channels simultaneously. Six movement and
accumulation processes were analysed. Condition I had an initial
volume of 1.98 x 10° m?, with a formation area of approximately
0.4km?, a scarp elevation of about 1,450 m, and a rear elevation of
approximately 1,650 m, with a height difference of 200 m. Condition
IT had an initial volume of 7.86x10° m®, with a formation area
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of roughly 0.14 km?, a scarp elevation of 1,420 m, and a rear
elevation of about 1,600 m, with a height difference of 180 m.
Condition IIT was an extreme condition where Condition I and
Condition II co-occurred, with an initial volume of 2.77 x 10° m>
and a formation area of about 0.54 km? (Table 1). Each condition
was classified into typical and extreme conditions based on local
rainfall (Table 2).

3.3.2 Base resistance model

Due to the unique nature of debris flows, they often exhibit
diverse forms during movement. When performing numerical
modelling with DAN-3D, various basic shear models can be selected
to capture and replicate the behavioural characteristics of the debris
flow. The choice of an appropriate movement model is closely related
to the debris flow’s state changes, trajectory, and the involvement
of water. The optimal model type can be determined through
experimental research. Commonly used models include the friction,
Vowelly, and Binghamton models (Qiao et al., 2016; Sosio et al.,
2008). In this study, the debris flow formation zone was characterised
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FIGURE 6
Contour map of motion accumulation of II-2.

by solid shear and significant liquefaction, and the friction
model was selected. The transport and deposition zones used the
Voellmy model.

3.3.3 Model parameters

The numerical simulation parameters include those governing
the SPH method and those describing the materials involved in
the sliding process. Parameters for the SPH method include the
number of particles (N), particle smoothing degree (B), velocity
smoothing coefficient (C), and stiffness (D). For the analysis of
debris flow movement in Zhengguangou, the selected control
parameters are shown in Table 3.

Experimental testing determined the model’s parameters, such
as the sliding material’s density, internal friction angle, cohesion,
and dynamic friction angle. Empirical methods determined other
parameters (Gao et al., 2013; Yang et al., 2016). The selected
parameters for this study are shown in Table 4, the values were
determined analytically by trial and error method (Hungr, 2009;
He et al.,, 2023; He et al., 2024).
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4 Results and discussion

4.1 Analysis of movement and
accumulation in Condition |

Based on the model analysis, contour maps of debris
flow accumulation were obtained for different stages of the
movement process (Figure 3). The total movement time was 150 s,
and the red contour lines represent the debris flow accumulation
range. The simulation results for Condition I-1 showed that a
material volume of 1.98 x 10° m® was initiated at an elevation
of approximately 1,450 m, flowing along the slope. The flow
moved southeast for about 1,000 m, then changed direction
and moved southwest for about 500 m before stopping. During
the movement, the maximum accumulation thickness reached
approximately 24 m at 80 s; at 150 s, the final average accumulation
thickness was 9.7 m.

The simulation results for Condition I-2 indicated that the
same initial material volume started at an elevation of 1,450 m,
flowing along the slope southeast for about 1,000 m, then changing
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FIGURE 7
Contour map of motion accumulation of I11-1.

direction to the southwest for approximately 550 m before
stopping. The maximum accumulation thickness occurred at 30's,
reaching about 22 m; at 150s, the final average accumulation
thickness was 9.4 m (Figure 4).

4.2 Analysis of movement and
accumulation in Condition Il

Under Condition II-1, a material volume of 7.86 x 10° m> was
initiated at an elevation of approximately 1,420 m, flowing along
the channel. The flow moved southwest for about 400 m, then
changed direction by 90° and moved southeast for 500 m before
changing direction again and moving southwest for approximately
500 m, stopping after 150s. The final average accumulation
thickness was 5.9 m (Figure 5). In Condition II-2, the material
volume of 7.86 x 10°m’ was initiated at 1,420 m, following
the same path as in Condition II-1. The flow moved southwest
for 400 m, turned 90° and moved southeast for 500 m, and
then turned again and moved southwest for about 560 m before
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stopping. At 150s, the final average accumulation thickness was
5.1 m (Figure 6).

4.3 Analysis of movement and
accumulation in condition Il

The results for Condition IIT are shown in Figures 7, 8. In the
normal condition, a material volume of 2.77 x 10° m® was initiated
from both slopes. After 50's, the two debris flows wholly merged,
and the flow moved southeast for 500 m. The direction changed, and
the flow moved southwest for approximately 570 m before stopping.
After 150 s, the final average accumulation thickness was 11.1 m.
In extreme conditions, a material volume of 2.77 x 10° m> was
initiated from both slopes. After 30 s, the two debris flows merged,
and the flow moved southeast for 500 m before changing direction
and moving southwest for approximately 1,000 m before stopping.
The final average accumulation thickness was approximately 10 m
after 150 s.
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4.4 Comparative analysis of conditions |, Il,
and Il

4.4.1 Comparison of movement and
accumulation

A comparison of Conditions I-1 and I-2, II-1 and II-2, and
I11-1 and ITI-2 showed that for debris flows with the same initial
volume, the average movement distance under extreme conditions
was 1,503 m, farther than the 1,323 m under normal conditions.
This indicates that greater pore water pressure reduces the friction
at the boundaries, increases the mobility of the flow, and the
movement of the debris flow is more distance. In Condition I11-2,
the debris flow moved the farthest, reaching the valley mouth, which
is the most unfavourable condition. Under normal conditions,
the final average accumulation thickness was 8.9 m, thicker than
the 8.3 m observed under extreme conditions (Table 5). This is
because, under extreme conditions, the debris flow has better
mobility, leading to a more dispersed flow and a more uniform
accumulation thickness distribution.
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Furthermore, the larger volume resulted in a thicker
accumulation of debris flows with the same operational condition
but different volumes (Table 5). After a large bend, the terrain enters
a wider, gentler area, where most debris flow accumulates in all
three conditions. In the most extreme condition (III-2), a small
portion of the flow exited the channel and deposited at the mouth
of the valley (Figure 8).

4.4.2 Comparison of maximum speeds

In all three conditions examined, the debris flow velocity
exhibited an
illustrated in Figure 9. Specifically, under Condition I, the

initial increase followed by a decrease, as
peak velocity was observed approximately 1,100 m downstream
from the initiation point. In contrast, under Condition II, the
maximum velocity occurred earlier, around 600 m downstream.
However, under Condition III, the peak velocity again occurred
at approximately 1,100 m downstream. These observations suggest
that once the initial debris flow volume attains a certain threshold,
the topographic features at around 1,100 m downstream exert a
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TABLE 5 Accumulation thickness of debris flow in Zhengguangou

Condition

Initial volume (m

%)

Initial average
thickness(m)

Movement distance(m)

10.3389/feart.2024.1532456

Final average
accumulation
thickness(m)
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Contour map of maximum speed under different working conditions.
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significant influence on the debris flow velocity. Furthermore, the
simulation results indicate that an increase in pore water pressure
or initial volume will increase the velocity of the debris flow body,
as well as contribute to the movement of the debris flow over a
longer distance.

4.4.3 Comparison of erosion depth

As shown in Figure 10, the erosion depth and volume
greater under than
conditions (Table 6). During the debris flow, the scraping width

were normal conditions in extreme
was wider in extreme conditions than under normal conditions.
The maximum width occurred approximately 1,000 m from the
formation area, where the flow direction changed from southeast to
southwest.

The operational conditions and initial volume of debris
flows significantly impact both the movement process and
the final accumulation pattern. Debris flows under normal
conditions have a greater erosion depth, while those under extreme

conditions exhibit greater scraping width, with the maximum width
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occurring where the flow direction changes. This phenomenon
combined with Equation 9 shows that as the pore water pressure
increases, the friction between the debris flow and the gully bed
decreases, thus contributing to a weakening of the debris flow’s
erosive capacity. At the same time, because of the increased mobility,
the width of the debris flow erosion is greater under extreme
conditions.

4.5 Exploring disaster risk prevention and
control

4.5.1 Early monitoring and identification

Under extreme rainfall conditions, debris flow will cause
great safety hazards to the residential area at the mouth of the
ditch, in order to reduce the threat of debris flow disasters
to the lives and property of residents, should be strengthened
during the rainy season to monitor and early warning of extreme
rainfall conditions.
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TABLE 6 Shovel volume of debris flow in Zhengguangou (m3).

10.3389/feart.2024.1532456

Condition Initial volume Final volume ’ Scraping volume

I-1 2.18x10° 2.0x10°
1.98x10°

12 2.13x10° 1.5% 10°

1I-1 8.59x 10° 7.3x10*
7.86 % 10°

-2 8.56 x 10° 7.0x10*

III-1 3.06 x 10° 2.9%10°
2.77 % 10°

112 3.01x10° 24x%10°

4.5.2 Engineering protection

The presence of alarge source of loose material in the Zhengguan
Ditch provides conditions for the eruption and erosion of debris
flows, which in turn increases the level of risk of debris flow hazards.
Therefore, check dams need to be constructed along the ditch to
dissipate the kinetic energy of the debris flow and to effectively stop
the debris flow body.

4.6 Limitations

Although this study has carefully simulated and analysed the
debris flow in Zhengdougou by using DAN-3D software, there are
still some limitations:

Firstly, in the model construction, although a smooth granular
flow model was used for simplification, this simplification
may not fully reflect the real physical properties of the debris
flow, especially its complex rheological properties. Therefore,
in future research, we need to further optimise the model
parameters and improve the accuracy and applicability of
the model to more accurately simulate the motion process
of debris flow.

Secondly, in the setting of simulation conditions, this study
mainly focuses on the volume change of the debris flow and
the influence of the pore water pressure on the debris flow
movement, while ignoring other important factors that may affect
the movement characteristics of the debris flow, such as topography
and geomorphology, vegetation cover, and soil type. In order to have
a more comprehensive understanding of the debris flow movement
pattern and disaster scale, we need to set up more detailed and
comprehensive simulation conditions by considering various factors
in future studies.

In summary, future studies need to further improve and
refine the model optimisation, working condition settings
and data support, in order to increase the accuracy of the
prediction of debris flow movement characteristics and disaster
scale in Zhengdougou.

5 Conclusion

1. When the initial volume is the same, the debris flow
travels farther under extreme conditions (pore pressure
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coefficient of 0.8) than under normal conditions (pore
pressure coefficient of 0.3). Under normal conditions, the
final average accumulation thickness is thicker than under
extreme conditions. For debris flows with the same condition
but different volumes, the more significant volume results
in a thicker accumulation, and the final deposition range is
also more extensive.

2. The debris and then
decreases. Due to the increased pore pressure coefficient
and reduced effective stress, sand and soil liquefaction
occurs, causing the flow to travel farther under extreme

flow speed initially increases

conditions than usual.

3. The erosion depth is greater under normal conditions than in
extreme conditions, while the scraping width is larger under
extreme conditions. The maximum width occurs where the
flow direction changes.
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