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Debris flow is a common geological hazard in mountainous areas of China, often
causing secondary disasters and seriously threatening residents and infrastructure.
This paper uses the Xigou debris flow in the Three Gorges Reservoir Region (TGRR) as
an example case study, the development characteristics and initiation pattern of
which were analyzed based on field investigation. The disaster dynamics software
DAN-W was then used to simulate the entire initiation-movement-accumulation
process of the debris flow and conduct the debris flow dynamics analysis. The paper
also simulated and predicted the movements of landslides in the formation area of a
debris flow after its initiation. The results show that the movement duration of the
Xigou debris flow was approximately 40 s, the maximum velocity was 37.1 m/s, the
maximum thickness of the accumulation was 18.7 m, and the farthest movement
distance was 930 m, which are consistent with the field investigation. When the
volumes of landslide transformed into a new source material of debris flow are 5 X
10%, 10 x 10% 15 x 10% 20 x 10% and 26 x 10* m?®, the movement distances of the
debris flows are 250, 280, 300, 340, and 375 m, respectively. When the volume of the
source material exceeds 20 x 10* m?, debris flow movement can seriously impact the
residential houses at the entrance of the gully. This paper can provide a scientific
basis for the prevention and mitigation of the Xigou debris flow.

KEYWORDS

DAN-W, debris flow, development characteristics, disaster mechanism, the three gorges
reservoir region

1 Introduction

A debris flow is an extremely fast torrent (solid-liquid two-phase flow) that forms in deep gullies
or ravines (Hungr et al,, 2001). The Three Gorges Reservoir Region (TGRR) is an area that witnesses
frequent debris flow of multiple source types, large material volumes, severe climatic conditions, and
intense human engineering activities and therefore possesses the conditions for macro and giant debris
flow outbreaks (Zhang et al., 2021; Tang et al., 2015). The TGRR has a relatively more concentrated
population following the resettlement project, which will lead to substantial losses, in both lives and
property, in the event of a debris flow outbreak in the settlement areas.

As debris flow disasters continue to occur, methods to prevent or mitigate these disasters have
become an urgent issue. Therefore, some experts and scholars have sought to better understand
debris flows and reduce the damage they cause (Cui et al., 2011; Dowling and Santi, 2014;
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Nocentini et al., 2015; Zhang and Matsushima, 2018; Hu et al., 2019; Lee
et al, 2020; Wang et al, 2022). In these studies, the reliability of
numerical simulation methods has been demonstrated through back
analyses of landslide and debris flow cases. Non-etheless, the selection of
suitable rheological models and parameters is still the main challenge for
the predictive analysis of debris flow movement characteristics. To this
end, back analysis of historical hazard cases with similar damage types is
crucial, as successful back analysis can be used to correct models and
improve prediction accuracy, and provide rheological models and
parameters that are suitable for potential landslide and debris flow
predictive analysis (Xing et al., 2014). Thus, more accurate prediction
and assessment of landslide and debris flow can be carried out (Chang et
al., 2019; Dou et al., 2019; Dou et al., 2020; Zhao et al., 2021; Liu et al,,
2022; Yin et al,, 2022).

With the difficulties inherent in model experiments and field
observation, numerical simulation is gradually becoming an important
approach to studying debris flows. Advances in numerical computation of
debris flows have provided a number of different models to describe
debris flow movements, including continuum medium method, discrete
medium method, and mixed medium method based on the descriptions
of the constituent materials and movements (Hu et al., 2012). The
continuum medium model assumes a continuous and void-free
distribution of the debris flow body in space and can be primarily
classified into one-fluid and multifluid models. The discrete medium
model reduces the debris flow into a system consisting of a large number
of material particles of a certain size, and the simplest discrete medium
model is the discrete element method (DEM) model. The mixed media
model describes the movements of the liquid and solid phases of a debris
flow in a continuum and a discrete media model, respectively, and is the
model that can best reflect the physical nature of a debris flow. The main
numerical methods commonly used in debris flow numerical calculations
are the finite element method (FEM), finite volume method (FVM), finite
difference method (FDM), Boltzmann method (LBM), and smoothed
particle hydrodynamics (SPH) method (Wang and yao, 2007; Hu et al,
2014; Qiu et al,, 2022). Hungr and Evans (2004) developed the dynamic
simulation software DAN-W based on the Lagrangian analytic solution of
the Saint-Venant equations and used different rheological models to
perform back analysis of the debris flow movement and accumulation
process; the results showed that the frictional and Voellmy rheological
models are more applicable for debris flow simulation and analysis.

On 18 June 2018, the Xigou debris flow occurred in Wushan
County, Chongging (located at 31°09'16”N, 109°58'34"E), burying
the buildings at the entrance of gully and damaging the road,
directly threatening 195 households and 773 people living. The
analysis of the mechanism and development characteristics of the
debris flow is of great significance to the follow-up preventing
work. In this paper, the development characteristics of the Xigou
debris flow were studied through detailed field investigation. The
geological dynamics model DAN-W was used to simulate the
initiation-movement-accumulation process of the debris flow
and to analyze the mechanism and kinematic characteristics of
the debris flow. The best combination of rheological models and
parameters was obtained through the trial-error method to
improve the accuracy of debris flow dynamics analysis,
providing a reliable reference for disaster prevention and
mitigation of the same debris flow type. The paper also adopted
the DAN-W model to analyze and predict the landslide state in the
landslide area and obtained the movement characteristics, such as
the distance, accumulation thickness, and slip velocity, of the
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debris flow under different conditions. Then, the impact force of
the Xigou debris flow on residential buildings and other buildings
at the gully entrance was calculated when the material source value
totaled 20 x 10*m® and 26 x 10 m® to provide a reference for
disaster prevention and mitigation in the study area.

2 Geological background of the study
area

The Xigou debris flow is located in Wushan County, Chongging
(Figure 1). The study area is generally at a lower elevation in the south
and higher in the north, ranging from 265 to 1890 m, with steep slopes
of 30°-50° in the upper part of the gully and gentle slopes of 10°-20° in
the lower part. The Xigou debris flow basin contains three debris flow
gullies—#1, #2, and #3—all of which are rectangular in shape, with an
overall basin area of approximately 1.28 km?.

The strata in the study area are Quaternary artificial fill (Q,™),
Quaternary Holocene landslide accumulation (Q4*'), Quaternary
colluvium (Q,«"*®), and Quaternary Pleistocene alluvium (Q,**),
and the exposed bedrock primarily consists of Triassic Patung
Schichten (T,b) mudstone, fractured marl, and Lower Triassic
Jialingjiang Formation (T,j*) limestone. The study area is located
on the southeastern flank of the Qiyao Mountain anticline, with a
monoclinal output and a rock formation yield of 160°-180°245°-58°,
and does not exhibit any fault development.

The study area features a humid subtropical monsoon climate with
an average annual temperature of 18.4°C, an average annual
a maximum annual rainfall of
1,509.9 mm, a of 4459 mm
(September), and a maximum daily rainfall of 384.6 mm
(31 August 2014), with 68.8% of the rainfall occurring during the
rainy season (May-September). The cumulative rainfall between

precipitation of 1066.2 mm,

maximum monthly rainfall

January and August of the year when the debris flows occurred
was 824.8 mm, with the cumulative rainfall in June reaching
1942 mm, much larger than the historical average for June
(Figure 2). On 18 June 2018, Wushan County witnessed
continuous heavy rainfall, with a cumulative rainfall of 174.3 mm.

3 Description of the xigou debris flow

The overall shape of the Xigou debris flow basin is rectangular,
with a valley orientation of 10° ESE, a slope of nearly 25°, and a ditch
length of 1.82 km, which is located in the elevation range of
282-1,424 m. When experiencing heavy rainfall, the side slopes
produce strong runoff, which scours and coats the loose
accumulation material sources in the gully, gradually accumulating
and expanding to form debris flows. As they move, these debris flows
collide with the slopes and scrape and excavate the substrate, causing
some of the side slopes to collapse and, eventually, gradually
accumulate at the entrance of the gully as the speed decreases. In
terms of dynamics, the Xigou debris flow can be divided into four
areas: a catchment area, formation area, movement area, and
accumulation area (Figure 3). The catchment area is located in the
upper part of the debris flow gully and has the largest area that easily
catches water. The formation and movement areas are located in the
middle of the gully. The formation area is large, and the debris flow

forms in the formation area and flows toward the movement area. The
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FIGURE 1
Geographical location map of the Xigou debris flow.
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FIGURE 2

Monthly and cumulative rainfall in the study area in 2018 c.

accumulation area is located at the gully entrance at the foot of the
slope, and the debris flow flows from the upper part to this area, where
accumulation occurs.

3.1 Catchment area

The catchment area is a roughly rectangular shape that is distributed
within the elevation range of 530-1,462 m. The terrain is steep, with a
relative height difference of 864-922 m. The vegetation cover is over 85%,
primarily consisting of shrubs. The cover layer is thin, with local outcrops of
fractured marl and mudstone, experiencing few avalanches and landslides
and other unfavorable geological conditions in addition to minimal soil
erosion. The ditches in the catchment area are well developed, providing
the necessary dynamic conditions for forming debris flows.

3.2 Formation area

The formation area is primarily located within the elevation range
of 310-560 m, with a steep topography and slope of approximately 30°
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FIGURE 3
Xigou debris flow partition.

and an overall area of approximately .448 km* (Figure 4A). The
surface layer of the formation area is mostly Quaternary Holocene
colluvial soil, with a thickness of approximately 20 m, and most of the
debris flow material sources are concentrated in this area. The
catchment area is located in the upper part of the formation area.
When it rains, rainwater collects in the catchment area and flows
toward the formation area, and the debris flow forms in the formation
area and flows downstream. The landslide area is located in the
formation area of Xigou #2, which is approximately 100 m long
and 80 m wide, with a volume of approximately 26.0 x 10* m?. The
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FIGURE 4

Features of Xigou debris flow partitions. (A) Formation area (B) Landslide area (C,D) Movement area (E) Accumulation area (F) Accumulation distribution.

large amount of accumulation in this area provides a rich material
source for debris flow movement (Figure 4B).

3.3 Movement area

The movement area is primarily distributed from the elevation
of 310 m to the entrance of the gully. The length of the movement
area for gully #1, #2, and #3 is 90, 135, and 220 m, respectively. The
slope in this area is approximately 25°, and the channel is generally
narrow and straight, which is conducive to the rapid flow of debris.
During high-speed movement, the debris flow collides, scrapes, and
entrains a large volume of loose accumulation on the gully surface
(Figures 4C,D).

3.4 Accumulation area

The accumulation area is located below 300 m in elevation, with an
open space and fan-shaped area (Figure 4E). The accumulation areas
of gully #1, #2, and #3 are approximately 3,065, 6,643, and 6,886 m’,
respectively. According to site investigations, the accumulation is

Frontiers in Earth Science

primarily composed of gravelly soil and clay, with a grain size of
5-30 cm and a maximum grain size of 1.5 m (Figure 4F).

Due to the relatively large slope drop in the upper part of each
branch gully in the basin, the debris flow is fast, and the loose
accumulation is relatively small, while the middle and lower parts
of the main gully are relatively gentle, and the debris flow produces a
large amount of material accumulation in the accumulation area due
to the reduced kinetic energy. This area is where human construction
activity is concentrated, including houses and roads in Xigou Village.

4 Formation mechanism of the xigou
debris flow

In the study area, the Xigou debris flow occur due to heavy rainfall.
During debris flow movement, they continuously scour and erode the bank
slopes on both sides of the gully, leading to landslides within the landslide
area, further increasing the volume of the material source of debris flows,
and a large amount of debris flow material accumulates at the gully
entrance. Heavy rainfall is the main cause for debris flow formation. The
Xigou debris flow disaster formation process is divided into three main
phases: initiation phase, amplification phase, and siltation phase (Figure 5).

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1122562

Dai et al.
A B
Il Debris flow 57:\‘/\9_33,—‘ I Debris flow
E= River o I Landslide
River
FIGURE 5

10.3389/feart.2023.1122562

/3 1 [T
oo I Debris flow e
F o -Landslide T P Y !
[ Side slop
I Bedrock,

River

Formation mechanism of the Xigou debris flow. (A) Initiation phase (B) Amplification phase (C) Siltation phase.

Initiation phase: Heavy rainfall on 18 June 2018 caused a number of
small landslides on the rear edge of the slope, a large number of avalanches
and rock slides gathered in the gully, and the amount of loose solid
material sources increased greatly. The catchment area was large, the
terrain was steep, and the gully easily caught water. A large amount of
rainwater quickly gathered in the narrow gully channel and quickly
formed into a flood. Then, the floodwater mixed with the loose solid
material sources in the formation area to form a debris flow, scouring and
mobilizing the loose accumulation of material sources in the gully channel
and moving downstream.

Amplification phase: As the runoff increased, the debris flow
generated greater kinetic energy in the narrow gully, and the
erosion capacity gradually increased. Both sides of the gully were
steep, and the loosely accumulated soil on both slopes was mainly
fragmented rocky soils. As the debris flow moved, it continuously
scraped and scoured the bank slopes on both sides of the gully, which
intensified the lateral erosion effect on the front edge of the landslide
area, resulting in slope slip damage. The landslide provided favorable
conditions for the solid material source of debris flow movement.

Siltation phase: The debris flow movement induced the landslide,
and the loose landslide mass moved downstream with the debris flow.
The entrainment and dynamic erosion of the debris flow in the
transportation process led to a gradual reduction in the kinetic
energy of the debris flow. The debris flow eventually accumulated
at the gully entrance with a relatively gentle slope.

5 Numerical simulation of debris flow

5.1 Introduction to DAN

DAN-W is a numerical simulation software developed by Hungr
to simulate the debris flow movement process and its dynamics. DAN-
W uses the Lagrangian analytic solution of the Saint-Venant equations
to decompose the landslide into a number of blocks and assumes that
these blocks will not undergo internal deformation during movement.
After establishing the balance equations and kinetic equations and
then solving the equations via the Lagrangian finite difference method,
data on the movement velocity, movement distance, and accumulation
thickness were obtained (Hungr, 1995).
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The DAN model treats landslides as equivalent fluids and further
back analyzes landslide movement by setting the paths and directions of
movement and selecting different rheological models to calculate the
movement distance, velocity, and accumulation thickness of landslides.

Hungr (2009) and Sosio (2008) showed that the frictional and
Voellmy rheological models can reflect the movement and
accumulation characteristics of landslides more accurately. The
rheological relationships are specified as follows:

The expressions for the resistance of the frictional model are as
follows:

T=a(1—yﬂ)tan<p (1)

where 7 is the resistance at the bottom of the slide (N); o is the total
stress perpendicular to the direction of the sliding path (Pa); y, is the
pore pressure coefficient, i.e., the ratio of pore pressure to total stress;
and ¢ is the internal friction angle ().

The expression for the resistance of the Voellmy model is as
follows:

2

T=fo+y% 2)

where 7 is the resistance at the bottom of the slide (N), f is the slip
friction coefficient , o is the total stress perpendicular to the direction
of the sliding path (Pa); y is the material volumetric weight (N/m?); v is
the transportation velocity of the slide (m/s); and £ is the turbulent
diffusion coefficient (m/s?).

5.2 Model establishment and parameter
selection

As a result of the heavy rainfall on 18 June 2018, debris flow
hazards broke out in gullies #1, #2, and #3 in the study area, of
which the most threatening was the debris flow in gully #2.
Therefore, gully #2 was chosen for modeling and calculation.
Through field geological investigation, the profile of gully
#2 before and after the debris flow occurred was determined
(Figure 6). In this paper, two rheological models, the frictional
model and the Voellmy model, were used to simulate the
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Geological profile of gully #2 of the Xigou debris flow.

TABLE 1 Model combinations for xigou debris flow.

Debris flow partition

Formation area

Movement area

Accumulation area

Movement distance (m)

Actual distance (m)

F-F-F Frictional Frictional Frictional 1,100 950
F-V-v Frictional Voellmy Voellmy 820
F-V-F Frictional Voellmy Frictional 930
F-F-V Frictional Frictional Voellmy 820

TABLE 2 Parameters for the F-V-F model.

Internal friction
angle ()

Model Friction

coefficient

Turbulent diffusion coefficient

Volumetric weight
(kN/m?3)

Scraping

(m/s) depth (m)

\% 0.4

F 20

300 20 3

20

movement characteristics of the debris flow in different areas
according to the gully characteristics and debris flow movement
characteristics in the formation, movement, and accumulation
areas. Research results have shown that the frictional model is
suitable for application in the formation area (Yang et al., 2020).
The frictional model and the Voellmy model were applied to the
movement area and the accumulation area, respectively, and four
model combinations of F-F-F, F-V-V, F-V-F, and F-F-V were
obtained, which corresponded to debris flow movement distances
of 1,100, 820, 930, and 820m, respectively (Table 1). A
comparison of the four models by the trial-error method
revealed that the simulation results of the F-V-F model were
closer to the actual movement distance of 950 m of the Xigou
debris flow; therefore, the F-V-F rheological model was used for
simulation calculation (Table 2 shows the parameters of the F-V-F
model).

Frontiers in Earth Science

5.3 Results

5.3.1 Movement characteristics of the debris flow
The movement characteristics of the Xigou debris flow are shown
in Figures 7, 8. Figure 7 indicates that the debris flow movement
lasted approximately 40 s, with the head and tail starting almost
simultaneously. During the initiation phase, a large amount of
rainwater collected in the gully, which mixed with the loose
accumulation on the surface and flowed downstream, causing the
velocity of the debris flow head to gradually increase during 0-8 s. At
8 s, the velocity reached a maximum of 18.7 m/s until approximately
14 s, when the head entered the accumulation area. As the gully in the
accumulation area was gentler, the velocity started to decrease. The
head was blocked by the building at the foot of the slope where the
velocity dropped to 0 m/s and then flowed out on a side of the
building before finally stopping its movement at a horizontal
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Velocities of the debris flow head and tail over slide distance.

distance of 930 m. The steeper slope of the rear edge of the slope and
the large amount of rainwater flowing into the formation area caused
the velocity of the debris flow tail to increase sharply at 0-7 s, after
which the movement path was relatively gentle, and the velocity
remained at 15-20 m/s until approximately 22s, when the tail
entered the steep slope, and the velocity increased, reaching a
maximum of 37.1 m/s at 27 s. Thereafter, the tail was blocked by
the accumulation in the movement area, and the velocity
decreased linearly until the tail accumulated in the movement
area and stopped.

5.3.2 Morphological characteristics of debris flow
movement

The changes in the accumulation thickness and morphology of the
debris flow at 10 s intervals from start to stop are shown in Figures 9,
10. At 0 s, the debris flow head was located at a horizontal distance of
610 m, and the tail was located at a horizontal distance of 0 m. The
average thickness of the debris flow accumulation ranged from 2.5 to
17.5 m, with the maximum accumulation thickness of 18.7 m located
at a horizontal distance of 620 m. The head of the debris flow began to
decrease in velocity at 15 s, while the tail remained at a higher velocity
moving downstream, resulting in the gradual accumulation of the
debris flow in the movement area, reaching a maximum accumulation
thickness of 18.7 m at a horizontal distance of 620 m. At 40 s, the tail
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was located at a horizontal distance of 600 m, the accumulation
thickness in the movement area was 7-18 m, and the debris flow
movement stopped at a horizontal distance of 930 m.

During the 20 s after the initiation of the debris flow, the head
exhibited a high velocity and moved a distance of approximately
260 m. Within 20-40 s, the debris flow moved to the accumulation
area, where the terrain was flat, and gradually decelerated, moving
only 60 m during this period. Therefore, after t=20 s, the debris flow
thickness in the accumulation area did not change notably. The
horizontal distance of approximately 620 m is typical of negative
terrain, so the debris flow accumulated much more at this distance,
leading to a peak in debris flow thickness at this location.

5.3.3 Movement characteristics of the debris flow at
the observation point

According to the field investigation, observation point one and
observation point 2 were set at horizontal distances of 600 m and 900 m,
respectively, for analysis (Figure 6), and the variation in debris flow
velocities and thicknesses at the observation points with times were
obtained (Figures 11, 12). Observation point one is located at the
intersection of the formation area and the movement area, and the
movement characteristics at observation point one were selected for the
analysis. In terms of velocity, the debris flow arrived at observation point
one within 2 s of startup with a velocity of 5 m/s. As the debris flow was
in the initiation phase, the velocity of the debris flow through
observation point one increased and reached a maximum velocity of
19 m/s at approximately 8s. At approximately 10 s, the debris flow
started to accumulate in the movement area, and the velocity of the
debris flow at observation point one gradually decreased. Between
20 and 25, the debris flow velocity picked up at observation point
one due to the faster tail movement. The large accumulation of debris
flow in the narrow movement area impeded the flow of the tail
downstream, causing the tail velocity to gradually decrease as it
flowed through observation point one until it stopped moving. In
terms of thickness, within 0-15s, the debris flow thickness past
observation point one was approximately the same as the thickness
of the initial debris flow, indicating that the overall flow downstream
after the initiation of the debris flow remained essentially unchanged.
Between 15 and 30 s, the debris flow gradually piled up in the movement
area, and the debris flow thickness gradually increased at observation
point 1. After 30 s, the accumulation in the movement area extended to
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Velocity versus time as the debris flow passed through the
observation point.

sl — Observation point 1
12 - — Observation point 2
g 10
%8
=
4 6
2
24t
2 —
0 | | | | | | | J
0 5 10 15 20 25 30 35 40
Time (s)
FIGURE 12

Velocity versus thickness as the debris flow passed through the
observation point.

observation point one, where the debris flow tail continued to
accumulate until the tail stopped moving and the thickness of the
accumulation reached a maximum of 12.5 m and remained constant.
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Observation point 2 was located at a building in the accumulation
area, where the Xigou debris flow posed a threat to residential houses
and other buildings at the foot of the slope; therefore, the movement
characteristics at observation point 2 were chosen for the analysis.
Figure 11 indicates that the debris flow passed through this point at
approximately 30s, at which point the velocity was 3.25m/s,
exhibiting an overall slowing velocity until the debris flow
ultimately stopped moving. After the debris flow passed through
observation point 2, the accumulation thickness at this point
increased until the movement ended when the accumulation
thickness was approximately 4.5 m. Thus, the debris flow did not
stop moving when it reached observation point 2 and had a certain
impact on the buildings.

6 Discussion

6.1 Simulation analysis of the transformation
from landslide to debris flow

Based on the field investigation and unmanned aerial vehicle
(UAV) images, a landslide was identified within the central
formation area of the debris flow gully (Figure 4B). The landslide
area is located within the elevation range of 350-410 m, with the front
edge of the landslide body at an elevation of 350 m and the back edge
at an elevation of 407 m. The landslide area had a relative height
difference of 57 m, a length of approximately 100 m, a width of
approximately 80m, and a material source volume of
approximately 26.0 x 10*m’. The slide body is dominated by
rubble, and the main slide direction is 211% boundary conditions
have formed, the frontal slide has blocked the debris flow gully, and the
entire landslide area is unstable.

On 18 June 2018, the study area was subjected to persistent
heavy rainfall, and large amounts of rainwater rapidly collected
upstream of the debris flow gully and surged into the narrow gully
channel, rapidly forming a flood, which mixed with loose solid
material sources on the gully surface to form a debris flow that
continued to scour the loose accumulation sources in the gully and
moved downstream. After the debris flow moved to the landslide
area, it continuously scraped and scoured the bank slopes on both

sides of the gully channel. The scraping and lateral erosion of the
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Morphology of accumulation formed by different landslide volumes.

slope of the landslide area by the debris flow destroyed the stability
of the original slope body, resulting in a landslide on the slope of
the landslide area. Some of the landslide bodies continued to move
downstream after being transformed into debris flow and
eventually accumulated at the gully entrance. The remaining
landslides and slope accumulations became new sources of
debris flow, and under heavy rainfall conditions, they are prone
to destabilize and form debris flows again.

In this section, the DAN-W model was used to simulate the
movement state of debris flow when it breaks out again under heavy
rainfall conditions. Assuming that the volume of landslide volumes
that transform into new sources of debris flow are 5 x 10% 10 x 10%,
15 x 10% 20 x 10%, and 26 x 10* m?, these source volumes are used as
five sets of working conditions to simulate and predict the movement
states of debris flow with different source volumes and obtain the
movement characteristics, such as distance, accumulation thickness,
and slide velocity, of debris flow under various conditions.

Figures 13-15 present the accumulation morphology, movement
velocity, and accumulation thickness of debris flows at different source
volumes. When the volume of the material source was 5 x 10* m?, due
to the small volume of the material source, the accumulation thickness
was small, and the movement distance was limited. The thickness of
the accumulation body reached its maximum value of 11 m at the
horizontal distance of 130 m, with a movement distance of the debris
flow of approximately 250 m and a maximum speed of 16 m/s, located
at the horizontal distance of 130 m. Subsequently, the speed gradually
decreased until it slid to the horizontal distance of 340 m and stopped,
not impacting any buildings, such as residential buildings. When the
volume of the source was 10x10* m>® and 15 x 10* m?, the distance of
the debris flow was 280 m and 300 m, respectively, and the maximum
velocity was 17.5 m/s and 19.0 m/s, respectively. The debris flow did
not reach the house at the gully entrance, so it did not affect the house
and other buildings. When the volume of the material source was 20 x
10* m?, the debris flow moved approximately 340 m and reached a
maximum velocity of 20.5 m/s at a horizontal distance of 150 m. The
debris flow collided with buildings, such as houses at the gully
entrance, at a lower velocity with a horizontal distance of 415 m
and stopped after it reached a horizontal distance of 425 m. When the
volume of the material source was 26 x 10*m’, due to its larger
volume, the movement distance of the debris flow was greater, along
with the accumulation thickness. The movement distance of the debris
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Thickness versus slide distance for different landslide volumes.

flow was approximately 375 m. The terrain at the horizontal distances
of 130 m and 335 m was relatively flat, which is conducive to the
accumulation of mudslide materials, and the accumulation thickness
at these two places was relatively large, at 12.5 and 7.5 m, respectively.
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TABLE 3 Calculation results of the impact forces of debris flow on the residential houses at the gully entrance.

Working conditions

y. (kN/m?)

Xigou Debris Flow 1.33 20.00

Working conditions for 20x10* m’ 1.33 20.00

3.25 9.8 28.67

3.80 ‘ 9.8 ‘ 39.19

Working conditions for 26x10* m’ 1.33 20.00
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FIGURE 16
Association between debris flow material source volume and its
impact force.

The maximum velocity of the debris flow was 21.5 m/s at a horizontal
distance of 150 m, and buildings, such as residential houses, were
located in the path of the debris flow movement and would suffer from
debris flow impacts and siltation, threatening the safety of the
residents on both sides of gully entrance #2.

The velocities, thicknesses,
morphologies of debris flows under different working conditions

movement distances, and
were calculated for debris flows with different source volumes to
provide a basis for future disaster prevention and mitigation of the

Xigou debris flow.

6.2 Impact of debris flow on buildings

The debris flow impact force is the most important indicator for
assessing building resistance to debris flow damage (Hu et al., 2012), and
its magnitude is related to the debris flow velocity, volumetric weight,
etc. Determining the impact force of debris flows on buildings is the
most important step when designing debris flow control projects.

The impact force of debris flow on residential houses in the
accumulation area can be calculated by the following equation
(T/CAGHP 006-2018, 2018):

8= )L&V§ sina (3)
g

where § is the overall impact pressure of the debris flow (kPa); y. is the

volumetric weight of the debris flow (kN/m?); V. is the flow velocity of

the debris flow (m/s); g is the acceleration of gravity (m/s®); « is the

angle between the force surface of the building and the impact force

direction of the debris flow (*); and A is the building shape coefficient,
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9.43 ‘ 9.8 ‘ 241.37

which is 1.0 for circular buildings, 1.33 for rectangular buildings, and
1.47 for square buildings.

On 18 June 2018, a debris flow disaster occurred in the study area,
resulting in two residential houses and the ground floor of a residential
building at the gully entrance being buried, and Eq. 3 was used to
calculate the impact force of this debris flow on the residential houses
and other buildings. Figure 13 shows that the debris flow movement
affects the residential houses and other buildings at the gully entrance
under the working conditions of the debris flow source volume of 20 x
10* m® and 26 x 10* m® in the landslide area. Therefore, the impact
forces of the debris flow on the residential houses and other buildings
under these two working conditions were also calculated to predict the
degree of damage caused by the debris flow to the residential houses.

The impact force of Xigou debris flow at the entrance of the gully was
calculated to be 28.67 kPa, and the impact force of the debris flow on the
houses was 39.19 and 241.37 kPa for the source volumes 20 x 10* m® and
26 x 10*m’, respectively (Table 3). Zanchetta (2004) analyzed the
relationship between the debris flow impact force and the damage to
buildings and proposed a damage rating for buildings under debris flow
impact. When the impact force of the debris flow is stronger than 90 kPa,
the building is completely destroyed; when the impact force is less than
90 kPa but greater than 35 kPa, most of the building is severely damaged;
and when it is less than 35 kPa, the building is slightly damaged. Figure 4C
shows the damage to two residential buildings at the gully entrance, which
suffered frontal impacts from the debris flow, with severe damage to
doors, windows, and walls, including partially broken walls, and the
ground floor was covered in silt but suffered no structural damage.
According to the damage levels of buildings under the debris flow
impact proposed by Zanchetta et al. (2004), it is presumed that when
the material source volume is 20 x 10* m’, buildings, such as residential
houses, at the entrance of the gully will suffer more serious debris flow
impacts, and some walls will be punched through and some floors will be
covered in silt. When the material source volume is 26 x 10*m?>,
residential houses at the gully entrance will be completely demolished.

Further calculations of the impact forces generated by the debris flow
with material source volumes of 20 x 10*m?, 22 x 10* m’, 24 x 10*m’,
and 26 x 10" m’ led to the following equation for the relationship between
the material source volume and impact force under general conditions:

0 = 68.27V - 29.66 (4)

where § is the overall impact force of the debris flow (kPa) and V is the
volume of the debris flow source (m?).

As the debris flow material source volume increases, the impact
force generated by the debris flow increases linearly (Figure 16). Thus,
the magnitude of the impact force that will be generated by the debris
flow can be further predicted by measuring the material source volume
of the debris flow.

Several suggestions have been proposed to avoid damage to buildings
from debris flows: (1) Construct interceptor gullies and diversion channels
upstream of the debris flow formation area to intercept some of the flood
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water and reduce the flood peak. (2) Set up tailing dams in the gullies to
stop the mud and sand and reduce the size of debris flows. (3) Reinforce
debris flow retaining walls behind residential houses to prevent water flow
and debris flow from directly washing over the foot of the slope.

7 Conclusion

Taking the Xigou debris flow as an example, this paper summarizes
and analyzes the development characteristics of the debris flow and its
destabilization mode based on field investigation. The process of
initiation-movement-accumulation was simulated, and the debris flow
dynamics analysis was conducted using the dynamics software DAN-W
with the rheological model and parameters of the back analysis of the
Xigou debris flow. The main conclusions are as following,

(1) Heavy rainfall is the main trigger for Xigou debris flows. Their
formation process is divided into three main phases: initiation,
amplification, and siltation.

(2) The F-V-F rheological model well simulated the movement

distance and accumulation morphology of the debris flow via

the DAN-W software. The duration of Xigou debris flow
movement is approximately 40s, the maximum velocity is
37.1m/s,

18.7 m, and the farthest movement distance is 930 m.

After the debris flow moved to the landslide area, it

continuously scraped and scoured the bank slopes on both

the maximum thickness of the accumulation is

(©)

sides of the gully channel, resulting in failure of the landslide.
The loose landslide mass moved downstream with the debris
flow, and provide the new material source of the debris flow.
For the remaining landslides, the numerical simulation
predicts the movements of landslides with different volumes
after transformation into debris flows. It is presumed that after
the volume of material source exceeds 20x10*m’ the
movement of debris flows will affect the safety of buildings
such as residential houses at the gully entrance.
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