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Abstract
A debris �ow occurred on July 25, 2020, at Wujia gully, Sichuan Province, China. The previous debris �ow
in Wujia gully happened 70 years ago. The debris �ow had a severe impact downstream. The primary
goal of this study is to comprehend the impact of debris �ow topography on the movement process. This
study compiles �eld data evidence from locals and conducts �eld sampling to get speci�c information
using Unmanned Aerial Vehicle (UAV) aerial photography. The rheological properties of debris �ow slurry
are obtained through soil mechanics and rheological experiments. The movement process of the debris
�ow was simulated using the depth-integrated continuum approach. Based on numerical simulation
analysis, the in�uence of Wujia gully topography on the debris �ow movement process was examined.
The analysis reveals that the debris �ow in Wujia gully is a typical viscous debris �ow, and the debris �ow
slurry matches the properties of Bingham �uid. Based on slope and elevation, the topography of the
Wujia gully debris �ow path may be classi�ed into three sections: slope movement area, channel
movement area, and deposition area. Furthermore, the topography is the most important element in
debris �ow movement. The consistent change in the velocity of debris �ows on the topographical
variation was observed, combined with the viscous debris �ow and resistance characteristics. This study
may serve as a reference for future debris �ow kinematics research and a �ow channel for researching
typical slope debris �ow and its movement process.

1 Introduction
Debris �ow counts among one of the major mountain disasters in Western Sichuan (Wu et al. 2016). The
Dadu River Basin is a high-incidence area of mountain disasters such as debris �ow, landslides, and �ash
�oods (Ji et al. 2020) (Ni et al. 2014), posing a considerable threat to riverside settlements. Mostly these
settlements are built in front of debris-�ow gulleys, and for a long time, due to the absence of debris
�ows, the awareness of these hazards for locals are not in their priority, and whenever the debris �ow
strikes, the reaction time is limited and consequently recorded massive losses. (Ji et al. 2020; Ni et al.
2014). There are many causes of debris �ows(Cheng et al. 2018)(such as vegetation
reduction(Vanmaercke et al. 2010), rainfalls (Cui et al. 2017), human activities(Preuth et al. 2010), river
erosion(Lévy et al. 2012), earthquakes (Xiao et al. 2011), slope instability(F.C et al. 2002) and freeze-thaw
(Deng et al. 2017)). Still, the movement of debris �ow has an important impact on the formation of
disasters. After the Wenchuan earthquake, the debris �owed in the Longxi River Basin on a large scale
and created massive destruction to infrastructure, settlements, and farmlands(Chang et al. 2017; Ding et
al. 2019). On August 7, 2010, a low-frequency debris �ow in the Zhouqu, Gansu region occurred and killed
1,463 people (Zhao et al. 2020). Two channels converge into one channel, which signi�cantly affects the
movement of debris �ow(Tang et al. 2011; Wang 2013; Zhang and Matsushima 2016). A massive ditch
debris �ow occurred in Gansu Province, China, in July 2013. The debris drifted downstream along the
river when the channel took a severe curve. The debris �ow jumped 1040 m and destroyed more than ten
houses (Peng et al. 2014). The topography will signi�cantly affect the movement process of the debris
�ow, thereby affecting the damage results of the debris �ow(Iverson 2005).
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In recent years, many studies on the kinematics characteristics of debris �ow have been carried out, for
example, by extracting topographic parameters (stream power index (SPI), topographic wetness index
(TWI)) in the channels to study the movement characteristics or debris �ow characteristics (Bhandari and
Dhakal 2019; Chen and Lee 2010; Lee et al. 2015; Tie 2014). The method of extracting topographical
factors is mainly used in the hazard assessment of debris �ow. Usually, hope to �nd the relationship
between the result of debris �ow and topographical factors (Ali et al. 2021; Chen et al. 2020; Li et al. 2020;
Liang et al. 2020a; Liang et al. 2020b; Liu et al. 2020; Sujatha 2020; Xiong et al. 2020; Zhao et al. 2020).
This method extracts the factors such as slope and channel gradient as the evaluation factors of debris
�ow movement, and it is impossible to consider the movement process of debris �ow.

Some people also set up experimental conditions (bed surface roughness, slope, etc.) to research the
movement mechanism of debris �ow (De Haas et al. 2015; Iverson 2003, 2005, 2015; Iverson et al. 2010a;
Jian et al. 2018; Reid et al. 2011). On the other hand, traditional debris �ow research simpli�es complex
topography by focusing on a single feature or a group of elements. Topography greatly in�uences debris
�ow movement, and only a few parameters cannot re�ect the complex topography in nature. Numerical
simulation is a standard method for simulating the complex topography movement process of debris
�ow. The main numerical simulation methods include DEM(Discrete Element Method)(Shen et al. 2018),
SPH(Smoothed Particle Hydrodynamics)(Dai et al. 2017; Minatti and Pasculli 2011), and Continuum
hypothetical depth integral numerical method (Iverson and Ouyang 2015; Ouyang et al. 2013). DEM and
SPH are based on the hypothesis of material discrete and calculates the physical state of each particle
through the constitutive stress model between particles. They are generally used to simulate particle
�elds, not suitable for simulating debris �ow. The depth-integrated Navier-Stokes equation is now the
most commonly used physical theoretical model to analyze debris �ow movement based on the
continuum assumption.

The Wujia gully debris �ow occurred in Zengda, one tributary of Dadu River Basin in southwest China.
Since July 25 2020, Wujia gully has continuously occurred three large-scale and dozens of small-scale
debris �ows. Because it has been a long time since the last debris �ow outbreak, this form of debris �ow
is di�cult to react to and plan for, and it is a high-risk type of debris �ow. The Wujia gully debris �ow has
a characteristic slope and straight channel, which is favorable to inducing high-movement debris �ow
process. An in-depth study of the impact of topography on the movement process of debris �ow is critical
to the disaster reduction of abrupt debris �ow that is likely to cause catastrophe, therefore this study
selects Wujia gully as a case.

In the current research, �eld observation and numerical modelling were used to examine the in�uence of
topography on the kinematics of the Wujia gully debris �ow. Initially, the topography, geology, and
meteorological conditions of Zengda were brie�y introduced. Secondly, �eld survey, physical experiments,
and the rheological parameters necessary for numerical modelling were used to examine the rheological
properties of the debris �ow. Furthermore, numerical simulation technique would also be used to
determine the debris �ow's momentum and �ow depth on the Wujia gully’s slope during the acceleration,
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channel migration, and the accumulation stages. Finally, the effect of Wujia gully topography on the
different movement stages of debris �ow is discussed.

2 Study Area

2.1 Topography and landform
Zengda is located in the section from Jinchuan to Danba in the Dadu River Basin, in the southwest of the
Aba Tibetan and Qiang Autonomous Prefecture. It belongs to Sichuan Province(Statistics 2020) ;
geographic coordinates extend 101°58’39.40 "E-102°8'6.79"E, 31°4'24.82" N-31°15'47.87"N (Fig. 1a-c).
The research area lies on the eastern edge of the Qinghai-Tibet Plateau, with sky-high mountains, deep
rivers, deep valleys, signi�cant surface undulations, and signi�cant elevation changes (Dai et al. 2005).
With a drainage area of 155km2, the whole Zengda watershed is a tributary of the Dadu River, with 13
debris �ow ditches covering more than 3km2. Wujia gully, which broke three times in a row this year, is
one of them. It is 2321.60m, and the channel is a V-shaped channel with ratio 0.40, the source area is
3.5180km2. Wujia gully is a typical low-frequency debris �ow channel that has existed for at least 70
years since the previous debris �ow eruption. The accumulation area is about 52113m2, and a large area
of arable land was buried after the eruption, causing damage to six houses.

2.2 Geological and climate setting
Figure 2a describes the Zengda debris �ow in the Xiaojin arc tectonic system with relatively more folds
and few faults. The study area consists mainly of Devonian to Triassic sediments, including quartzite,
marble, sandstone, slate, etc (Figure 2a). Moreover, there are also some magmatic rocks and Quaternary
sediments (Archive 1984). Rocks in the source area of debris �ow are mainly quartz sandstone and the
Zagunao Formation slate. Soft rocks such as slate and sandstone are easily weathered and can provide
loose solids for debris �ow. Slate and sandstone in some areas are strongly weathered, providing much
solid matter for many geological hazards. The lithology of hazards cases in the literature (Peng et al.
2021; Wang et al. 2021; Zhao et al. 2020; Zhu et al. 2021) is mainly slate.

The climate of Jinchuan County is a continental plateau monsoon climate(Malik et al. 2017) which is
sunny weather and a signi�cant temperature variation between day and night. The annual average
temperature is 27 degrees Celsius, the annual average sunshine is 2129.7 hours, and the frost-free period
is 184 days (Fig. 2b). The average yearly precipitation is 616.2 mm and the evaporation is 1500 mm. The
climate in the valley is dry. The rainfall in the research area is mainly concentrated in May-September, and
maximum rain occurs in June. The cumulative rainfall from May to September in 2020 is 834.1mm. The
rainfall is concentrated and abundant.

2.3 The occurrence of debris �ow
On July 25, 2020, heavy rain fell on Jinchuan County and its surrounding areas. According to records, the
rainfall in Jinchuan County from 8:00 on August 25 to 8:00 on August 26 reached 55.5mm, the most
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signi�cant single-day rainfall since 2014. From 8 o'clock on August 11, 2020, to 8 o'clock on August 18,
the seven-day accumulated rainfall reached 75.3 mm, and the rainfall on the day of the debris �ow
outbreak was 17.5 mm (Fig. 3). The single-day rainfall on September 15 was 23.4mm, and the seven-day
cumulative rainfall was 27.3mm (Fig. 3).

In the year 2020, Wujia gully experienced three large-scale debris �ows and dozens of small-scale debris
�ows. There had been no debris �ow in the preceding 70 years. The debris �ow, which occurred on July
25, 2020, was the largest, with a volume of around 1.0×105m3. The accumulation area's mud depth
ranged from 1 to 5 meters. It buried a vast area of arable land and caused damaged to six houses.
According to the villagers, the transfer was done ahead of time due to a forewarning of impending heavy
rain. The enormous, massive sound of the erupting debris �ow could be heard for over a long distance.

On August 17, 2020, the next debris �ow occurred, dominated by turbulent debris �ow. This debris �ow
broke out and strike multiple times, according to �eld staff, and lasted several hours. While during the
�eld investigation, it was noted that the debris �ow was still moving slowly, and it felt like as if one were
standing in a swamp. This real-time expedition assisted in compiling the observed �eld data.

3 Methodology

3.1 Field investigation and physical experiment
During the �eld expedition, for compiling the data, the team observed that the third debris �ow had slow
movements, had a high water content as it crept downwards due to accumulation. The survey of regional
natural conditions aimed to collect data on topography and landforms, geological structure, and
hydrological surveys, as well as drone photography, resident interviews, and debris �ow �eld sampling.
The analysis further included high-resolution topography reconstruction, remote sensing image
comparison between before and after the debris �ow, traditional soil test, and rheological test. Taking
Zengda as a subject, the cause analysis and numerical analysis of debris �ow are carried out. As shown
in Fig. 4b, two samples were collected at position A, for the macroscopic mechanical properties of debris
�ow accumulation in order to further examine the �uid material properties of the debris �ow.

The slope area provided a major source for the �rst debris �ow in Wujia gully on the northwest side of the
channel. The debris �ow had a steep slope from the slope to the channel section with an average
inclination angle of 40°(Fig. 4a). The upper part of the slope was the primary source material area.
Terraces that collect rainwater, primarily cover the vegetation at the rear edge of the source material area.

As shown in Fig. 4c, the distance from the trailing edge to the shear outlet in source material area is about
158m and the maximum width of the source material area is about 43m (Fig. 4c). The average depth of
source material shown in Fig. 4c is about 14m and the area of source material is about 5531m2 (Fig. 4c).
The average inclination angle of the channel is 17° (Fig. 4a). The accumulation area is 5.2×104m2, and



Page 6/26

the average inclination angle is 8° (Fig. 4b). It is mostly cultivated land, with economic crops like pepper
being grown.

We collected debris �ow samples at the locations marked in the Fig. 4b. The water content and density of
the debris �ow measured in the experiment can also re�ect the water content and density of the debris
�ow during its movement. According to the ASTM standard (ASTM 1958), the drying method, sieving
method, Marvin Nano laser particle size analyzer are used to determine debris �ow's moisture content,
density, and particle size classi�cation (Table 1). Rheological experiments are conducted on the collected
debris �ow samples to determine the relationship between shear stress, viscosity coe�cient, and shear
rate of debris �ow samples (Table 1).

  
Table 1

Physical parameters and its used
Physical parameters Physical parameters used Method of

obtaining

Water content(%) Used to determine the density of the slurry Drying method

Fine particle content after
0.5mm(%)

Used to determine the �ne particle content of the
slurry

Sieving method

Slurry density ρ(g/cm3) Con�gure the slurry density for rheological
experiments

Calculate

Bingham yield stress 
(Pa)

Used to determine the Bingham yield stress of the
numerical simulation

Rheological
experiments

Bingham viscosity
coe�cient (Pa·s)

Used to determine the Bingham viscosity coe�cient
of the numerical simulation

Rheological
experiments

3.2 Governing equation of numerical method
The 2D debris �ow movement model that simpli�es Navier-Stokes equation by depth-integrated
continuum method is adopted to analyze the debris �ows that have occurred dynamic processes in Wujia
gully, Zengda, Aba Tibetan and Qiang Autonomous Prefecture, Sichuan Province. Governing equations
are presented as:

in which:

τB

μB
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Where h is �ow height, and are the depth-integrated �ow velocities in the x and y directions, g is
gravitational acceleration,  and  are the momentum source term in the and directions,  and 

 are the resistance term in the and directions,  and  the format is as follow:

The �eld investigation shows that the debris �ows are viscous. In the process of debris �ow simulation,
viscous debris �ow is usually simpli�ed to the Bingham body model (Julien and Lan 1991; Rickenmann
et al. 2006; Ying-Hsin et al. 2013). Therefore, the Bingham body stress constitutive model is used as the
resistance model.

The total Bingham friction  is as follow:

Where  is the Bingham yield stress; is the Bingham viscosity;  is the laminar �ow resistance
coe�cient; is pseudo-Manning's resistance coe�cient; is the depth-averaged velocity which is ;

 is the �uid density.

The relationship between  and  and  is as follows:

Mass�ow solved the depth-integrated continuum governing equation; as Bingham resistance model is
not de�ned in Mass �ow, a custom Bingham body resistance simulation is performed for the secondary
development of the Mass�ow. Its robustness has been veri�ed by a series of experimental benchmarks
and simulations of actual events. It has been widely used in a variety of two-dimensional surface �ow
simulation cases (Ouyang et al. 2019a; Ouyang et al. 2015a; Ouyang et al. 2015b; Ouyang et al. 2013;
Ouyang et al. 2019b; Ouyang et al. 2016).

Sax Say Sfx

Sfy Sax Say

Sf

τB μB Kl

√u2 + v2

ρ

Sfx Sfy Sf
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4 Result

4.1 Physical experiment results
Knowing to the relationship between the shear rate of the debris �ow and the shear stress, the debris
�ow's stress constitutive model and numerical simulation parameters are determined.

Table 2
Physical parameters of soil in the accumulation

Density
ρ(g/cm3)

Water content

(%)

Slurry density ρ(
g/cm3)

Fine particle content after
0.5mm(%)

2.18 12.60 1.75 29.02

Bingham yield
stress (Pa)

Bingham viscosity
coe�cient (Pa·s)

Laminar �ow
resistance coe�cient

pseudo- Manning's resistance
coe�cient  ( s·m1/3)

4.8688 1.7797 1 0.07

As shown in Table 1, the average density of the two debris �ow samples is 2.18 g/cm3 and water content
is 12.60%. The result of two debris �ow samples particle size distribution by the sieving method is shown
in the Fig. 5a. We can conclude the content of particles with a particle size less than 0.5 mm is 29.02%
(Fig. 5a and Table 1). After calculation, the debris �ow slurry density is 1.75 g/cm3(Table 1). Collection of
the shear rate and shear force data of two debris �ow samples by conducting rheological experiments.
The relationship between shear rate and shear stress of debris �ow samples is shown as Fig. 5b. We
selected Bingham model as the stress constitutive model of debris �ow simulation(Cui et al. 2015; Hübl
and Steinwendtner 2000, 2001; Whipple 1997). The Bingham body model's yield stress and viscosity
coe�cient are determined to be 4.8688 Pa and 1.7797 Pa·s (Table 1).

4.2 Debris �ow simulation results
Fig. 6 and Fig. 7 shows the �ow depth and �ow velocity of debris �ow movement, respectively. The
movement presented in the following time period as t = 0s, the 40s, 70s, 100s, 130s, and 170s. Fig. 6a
and Fig. 7a shows the initial state of the debris �ow from source material at t = 0s, and the velocity were
not activated in Fig. 7a. After a very short time with t=40s, the �ow velocity reached 10 m/s in Fig. 7b and
the �ow depth recorded 8m in Fig. 6b. Fig. 6c-d and Fig. 7c-d shows the debris �ow moves towards
downstream reached to outlet of the gully with bulbous fronts advance(Iverson et al. 2010b) and the
velocity of the debris �ow is relatively stable during t=70 and 100s. The velocity at out of the gully
recorded the peak averaging 10 m/s and depth of the that massive mass reached 2 to 4 m. The debris
�ow movement deaccelerated when it merged to the township, Zengda, with average velocity 4 to 6 m/s
the depth reduced to 2 m due to its spread over the accumulated area (Fig. 6e-f and Fig. 7e-f) and washed
away infrastructure such as roads, houses and farmlands (Fig. 9).

τB μB
Kl

n
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4.3 Analysis of dynamic process
As Fig. 8(a-b) shown, within 10 seconds, the main body of the debris �ow has passed through M2. At this
stage, the debris �ow velocity has reached 17.2m/s (after 10 seconds) and rapidly drops to 0m/s in the
next 20 seconds when the debris �ow has passed M2 (Fig. 8(a-b), Fig. 6b and Fig. 7b). The debris �ow
has entered the channel(M3) at 10s (Fig. 8(a-b)), and the �uid depth reaches the maximum at about 20s,
about 7.9m, and the velocity has reached 11.9m/s (Fig. 8(a-b)). The debris �ow almost wholly passes
through the M3 point at the 60s (Fig. 8(a-b), Fig. 6c and Fig. 7c).

The debris �ow reached M4–M9 at t=20s, t=30s, t=50s, t=60s, and t=70s((Fig. 8(a-f)). When the debris
�ow reaches each M4–M9, the velocity is close, then the velocity slowly decreases until the debris �ow
passes. This shows that the velocity of the debris �ow movement in the channel is stable ((Fig. 8(a-f), Fig.
6(b-d) and Fig. 7(b-d)). The debris �ow reached M9 at t=90s. The debris �ow started to �ow out of the
channel and began to accumulate ((Fig. 8(e-f), Fig. 6d and Fig. 7d).

The debris �ow reached M10–M13 at t=100s, t=120s, t=150s and t=180s((Fig. 8(e-h)), corresponding to
the debris �ow movement process in Fig. 6(d-f) and Fig. 7(d-f). The �ow velocity at this stage does not
exceed 5m/s, and is slowly decreasing ((Fig. 8(e-h), Fig. 6(b-d) and Fig. 7(b-d)). At this stage, the debris
�ow accumulates in the accumulation area as shown in Fig. 9.

4.4 Comparison of simulation result and �eld evidence
The debris �ow arrived at the accumulation area, it formed a depositional area with a north-south
distance of 102 meters and an east-west distance of about 512 meters, with an area of about 5.2×104m2

Fig. 9a. When the debris �ow moved out of the channel, a house with the height above the foundation of
about 6m at the outlet was destroyed by the debris �ow Fig. 9b. The debris �ow moved downstream,
burying a truck that had been destroyed by the debris �ow and could no longer be seen in its original
shape Fig. 9c. The debris �ow also washed away the houses shown in Fig. 9e and Fig. 9f. When the
debris �ow moved to the location of the house, the �rst �oor of the house was completely buried, whereas
the second �oor's walls were damaged Fig. 9e and Fig. 9f.

We choose the house shown in Fig. 9e and Fig. 9f as reference points. The debris �ow moved to the front
of the house and washed away the masonry structure on the second �oor of the house. The solid matter
of the debris �ow was resisted by the house and formed a 5.20m �ood level accumulation (Fig. 10e). The
debris �ow buried the �rst �oor of the house along both sides of the house, and formed a 2m �ood level
on the back of the house (Fig. 10f). We draw cross-sections for two reference points (Fig. 10b) and
extract the simulated �ow depth at the front side and back side of the house (Fig. 10c and Fig. 10d). It
can be seen that the result between the depth at the reference point and the simulation �ow depth cross-
section is very close. The average error between the simulated �ood level and the observed �ood level of
the reference point is 0.245m (Fig. 10g).
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5 Discussion

5.1 Topography on debris �ow moving route
Topography has a signi�cant in�uence on the movement of debris �ow, and various channels also
directly shape the movement process of debris �ow. There are types of debris �ow channels in the world.
Typical types of debris �ow channels include Y-shaped channels, S-shaped channels, and straight
channels. One of the channels named Sanyanyu gully where the Zhouqu debris �ow is located is a
typical Y-shaped channel(Tang et al. 2011; Wang 2013; Zhang and Matsushima 2016). There is also
Jiangjia gully(Chen et al. 2005; Guo et al. 2020; Li et al. 2014; Yong et al. 2012), Niwan gully(Ouyang et al.
2019b), and so on. The S-shaped channel is curved like an S-shaped curve. The representative debris �ow
events include the Brazilian Brumadinho debris �ow (Cambridge and Shaw 2019; Cheng et al. 2021; Du et
al. 2020; Esteves et al. 2020; Hussain et al. 2020; Porsani et al. 2019; Silva Rotta et al. 2020; Thompson et
al. 2020) and Wenjia gully debris �ow{Kang, 2021 #1270;Liu, 2021 #1269;Liu, 2017 #1303;Ni, 2012
#1304;Yu, 2013 #1302;Zhou, 2015 #1306}. The Wujia gully debris �ow case selected in this study is a
slope debris �ow moving in a straight channel, and the channel is very straight. The main channel of
Tianmo gully is also a straight channel. The debris �ow that broke out in Tianmo gully in 2010 washed
away the bridge along the straight channel (Wang et al. 2018; Wei et al. 2018; Zhou et al. 2019).

Figure 11a shows the debris �ow moving route; As shown in Fig. 11b, c, the gradient of the slope-channel-
accumulation area changes signi�cantly. The moving route of the debris �ow, in this case, is ideally
explicit. The three topography boundary lines that the moving route passes through are evident. The
moving route of the debris �ow �ows from the slope to the channel, and then �ows down the channel into
the accumulation area. According to the detailed �eld investigation and numerical simulation results, the
movement trajectory is divided into three parts: slope movement area, channel movement area, and
deposition area. The average gradient of the three parts of the topography is 0.85, 0.33, 0.02. The
elevation of the movement trajectory is shown in Fig. 11(b).

5.2 Effects of topography on debris �ow movement
To describe the change of debris �ow during the debris �ow movement, we monitored the momentum of
all calculation units with non-zero velocity in the simulation. We calculated the average velocity of the
debris �ow at different times, as shown in Fig. 12. The speed increased sharply in the �rst 10 seconds,
and then decreased in the next 30 seconds, then remained steady for next 60 seconds, and �nally the
speed gradually decreased. The whole process of debris �ow was divided into four stages: acceleration,
entering the channel, and deceleration stage, moving smoothly in the channel and slowly accumulating.

The velocity of the �uid is mainly affected by the topography. Fig. 12 shows that the four stages of
movement velocity correspond to debris �ows to different topography in time. The reason for the
acceleration in �rst stage is because the debris �ow �owed on a steep slope. The gradient is large, and
the acceleration component provided by gravity is signi�cant. The reason for the deceleration in the
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second stage is because the debris �ow enters the channel. The gradient of the channel is less than the
slope, and the debris �ow decelerated when entering the channels. The smooth movement in the third
stage is because the debris �ow ultimately enters the channel. The gradient of the channel is similar, and
the movement speed of the debris �ow is relatively stable. The velocity decreased slowly in the fourth
stage is that the debris �ow entered the accumulation area. The topography of the accumulation area is
gentle, the gradient is slight, and the debris �ow velocity decreased slowly at this stage and accumulated
gradually.

6 Conclusions
On July 25, 2020, a catastrophic debris �ow broke out in Wujia gully, Jinchuan County, Sichuan Province,
China. Detailed �eld surveys, laboratory and numerical simulation experiments were conducted to
analyze the movement process of Wujia gully debris �ow and the in�uence of topography on the
movement process. The results of soil tests and laboratory experiments revealed that the Wujia gully
debris �ow is a typical viscous debris �ow, and the rheological properties of the debris �ow are similar to
the Bingham �uid. The Bingham yield stress and Bingham viscosity coe�cient of debris �ow slurry are
4.8688 Pa and 1.7797 Pa·s respectively. The error between the �tted rheological characteristic curve and
the rheological experiment result is very small and insigni�cant.

Based on the �ndings of �eld investigation and numerical simulation, it is concluded that topography
plays a key role in the movement of Wujia gully debris �ow. Particularly in the acceleration, when entering
the channel, the deceleration stage, while moving smoothly in the channel and the slowly accumulating
stages of the debris �ow, which subsequently in�uenced the risk of the houses downstream. Initially,
when debris �ow begins in the steep slope movement area, it primarily accelerates in the slope movement
area from t=0s to t=10s. Because the gradient of the slope is close to 0.87, the component of gravity in
the direction of movement is large due to which the average velocity of the debris �ow increases rapidly;
Then, the debris �ow enters the channel and starts to decelerate. Because the gradient of the channel is
smaller than that of the slope, the component force provided by gravity is smaller than that of the slope.
Because of the resistance characteristics of Bingham �uid, the velocity of debris �ow at this stage is
decelerated; Next, the debris �ow moves smoothly in the channel. Because the gradient of the channel is
similar throughout. The component force of gravity is similar to the resistance, which is similar to inertial
motion; Finally, the movement velocity of debris �ow in the accumulation zone decreases and
accumulates. Because of the low gradient of the accumulation zone, gravity provides almost no
component force, mainly due to the resistance of the �uid, this causes the debris �ow to gradually slow
down and eventually stop.

This research may provide a pathway for analyzing debris �ow movement process and as a reference,
pave the way for future research on the kinematics of debris �ow. The research in this article is important
for future debris �ow risk assessment and implementation of hazards prevention measures.
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Figure 1

Location of the Wujia gully in Zengda, Dadu River Basin, China. (a) Location within China. (b) Location
within Dadu River Basin. (c) Location of Wujia gully within Zengda

Figure 2
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(a) Geological structure and lithologic distribution in the study area. (b) Average monthly precipitation
data for the study area.

Figure 3

The daily precipitation in Zengda town before September 22 (data from Sichuan Provincial
Meteorological Service)

Figure 4

Remote sensing image and UAV images of Wujia gully debris �ow. (a) The spatial relationship between
Wujia gully and Zengda. (b) Three times debris �ows accumulation. (c) Sourec area in Wujia gully
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Figure 5

(a) Particle size distribution of debris-�ow deposits in Wujia gully. (b) rheological experiments samples
and �tted result
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Figure 6

Snapshots of the computed �ow height contours of the debris �ow at (a) t = 0s, (b) t = 40s, (c) t =70s, (d)
t =100s, (e) t =130s, and (f) t =170s
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Figure 7

Snapshots of the computed �ow velocity contours of the debris �ow at (a) t = 0s, (b) t = 40s, (c) t =70s,
(d) t =100s, (e) t =130s, and (f) t =170s
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Figure 8

(a-b) Variation in depth and velocity in the slope area (M2–M4). (c-d) Variation in depth and velocity in
the channel movement area (M5–M8). (e-f) Variation in depth and velocity in downstream the area (M9–
M11). (g-h) Variation in depth and velocity in accumulation area (M12–M13)
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Figure 9

Details in the debris �ow accumulation area. (a) Debris �ow accumulation area. (b) Half of the house
was cut. (c) The truck was destroyed by the debris �ow and could hardly see its original shape. (d) Debris
�ow creeps slowly on the �eld. (e) A house was destroyed by debris �ow in the accumulation area(The
front side). (f) A house destroyed by debris �ow in the accumulation area(The back side).

Figure 10

Comparison of simulation result and �eld observation. (a) Debris �ow accumulation area and reference
point. (b) simulation �ood level and cross-section. (c) Simulation �ood level cross-section A and reference
point A observe data. (d) Simulation �ood level cross-section B and reference point B observe data. (e)
Reference point A simulation �ood level and observe �ood level. (f) Reference point B simulation �ood
level and observe �ood level. (f) Reference point B and Reference point A �ood level comparison.

Figure 11

(a) Monitor points and debris �ow moving route. (b) Topographic pro�le of moving route. (c) Gradient of
moving route
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Figure 12

Average velocity of the debris �ow movement by numerical simulation


