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Abstract: On August 30, 2020, a high-intensity 
storm that dropped 45.4 mm of rain in 5 hours hit the 
Heixiluo basin and triggered a landslide-generated 
debris flow event, causing fatalities and damage. The 
original source of the debris flow was a large slope 
collapse on a steep hillside. The fallen debris mass 
was enlarged through sediment entrainment and 
slope collapse and ultimately buried a bridge at the 
gully entrance. Approximately 6.9×105 m3 of material, 
including sediments and collapsed slope deposits in 
the gullies, was entrained, and the maximum erosion 
depth reached 17 m. A geomorphological analysis was 
initially performed based on a detailed field 
investigation to recognize the liquid and solid sources 
of the debris flow and the areas subjected to 
deposition and erosion. A map of the erosion-
deposition distribution was obtained based on pre- 
and post-event DEMs. Using the rainfall estimated by 
the nearest rain gauge and the solid source estimated 
by the DEMs, runoff and debris flow propagation was 

simulated using a liquid-solid two-phase model that 
considers the effects of runoff and entrainment. The 
similarity between the estimated and simulated 
deposition-erosion volumes was satisfactory. The 
behaviour of debris flows captured in the simulation 
is broadly in line with the main features of the 
observed event. 
 
Keywords: Debris flow; Formation analysis; Two-
phase model; Dynamic simulation 

1    Introduction  

Landslide-generated debris flows are one of the 
most common types of mountain hazards (Iverson 
1997) and pose a great threat to nearby facilities and 
residents. The formation of a landslide-generated 
debris flow can be simply divided into three stages: 
runoff generation, slope failure and debris flow 
routing (Bout et al. 2018; Liu et al. 2021). The first 
two stages do not have a fixed order, but their 
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sequence can largely determine the time scale of 
landslide-generated debris flows, which may occur 
within a few hours to many days. This is mainly 
because debris flows, unlike landslides, only occur 
with a sufficient source of water, such as heavy 
rainfall and ice/snow melt. A debris flow cannot be 
formed in the absence of a water supply when a 
landslide occurs, and such a feature would lengthen 
the time scale of landslide-generated debris flow. For 
instance, the number of debris flow events in the 
earthquake-affected area increases during the rainy 
season, although sufficient material sources always 
exist (Lin et al. 2004; Tang et al. 2009). Instead, 
landslides occurring during a rainstorm may quickly 
transform into a debris flow under the joint effects of 
the solid-fluid interactions (Fleming et al. 1989; Gabet 
and Mudd 2006), topography (Fernandes et al. 2004; 
Kang et al. 2017), and rainfall conditions (Gao et al. 
2017; Peng et al. 2015). In such cases, the type of 
materials involved has a main role in determining the 
behaviour of slope process, and however, the 
difficulties of mitigating and preventing debris flow 
increase due to its short time scale. 

Due to the complexity and unpredictable 
properties of this type of debris flow, interest has been 
high, and various mechanisms have been proposed to 
depict the motion behaviours and characteristics of 
these events (Iverson and George 2014; Liu et al. 
2020; Luna et al. 2012; Pudasaini 2012). These 
mechanisms can successfully describe some 
phenomena that have been observed to occur in 
debris flow propagation, such as viscosity variation 
(Liu et al. 2020), pore water pressure evolution 
(Iverson and George 2014), and volume enlargement 
(Luna et al. 2012). Furthermore, focusing on the 
whole evolution process of debris flows, some 
comprehensive theories that couple the three stages of 
formation are established and validated by actual 
cases (Bout et al. 2018; Liu et al. 2021; Zhou et al. 
2019), providing an effective way to study landslide-
generated debris flows in more detail with the 
consideration of influencing factors such as runoff 
and sediment distribution. Over the past decades, the 
continuous development of mechanistic research and 
numerical technology has improved the availability of 
numerical modelling for the quantitative assessment 
of debris flows (Gregoretti et al. 2019; Liu et al. 2021; 
Stancanelli et al. 2017). Nevertheless, when a debris 
flow event occurs, to generate an in-depth 
understanding of the debris flow and the possible 

governance approach, it is necessary to determine the 
cause and the corresponding mechanism by 
conducting field surveys and analysis. In that way, the 
result of inverse modelling will be more accurate. 

In this paper, the geological conditions, causes 
and main characteristics of the landslide-generated 
debris flow that occurred at Heixiluo gully on August 
30, 2020, in Ganluo County, Sichuan, China, are 
investigated based on a comprehensive investigation 
including field surveys, remote sensing data, 
unmanned aerial vehicle (UAV) image data and 
numerical simulation. According to the field survey, 
the volume of debris flow increased significantly 
during the propagation process, and entrainment and 
slope collapse were considered to be the primary 
causes. To better understand how entrainment, 
topography, and runoff affect the propagation of 
debris flows, a two-phase depth-averaged model 
taking entrainment into account is applied for 
simulation. The results of this event aim to provide 
both a deeper understanding of this type of debris 
flow and further geological hazard alleviation 
measures. 

2    Data and Methods 

2.1 Geological setting 

Ganluo County is located in western Sichuan, 
spanning from the Sichuan Basin to the Qinghai-Tibet 
Plateau. Influenced by the Hengduan Mountains, this 
area has a typical canyon geomorphology, such as a 
narrow valley, rugged terrain and obvious vertical 
change in climate. The eastern margin of the Qinghai-
Tibet Plateau is also a region with very steep 
topography, with intense internal and external 
dynamic effects, and extremely frequent weather 
changes, exhibiting the most extreme features in 
China and possibly even the world (Ni et al. 2021; 
Zhang and Wu 2012). In addition, this area borders 
the Xianshuihe Fault Zone that is prone to frequent 
and strong seismic activity. These complex geological 
conditions lead to the fragmentation of mountain 
structures and frequent geological disasters in this 
region. According to the 1:2000000 geological map 
made by the Sichuan Geological Survey (Fig. 1), the 
strata exposed in the Heixiluo basin include a) the 
pre-Sinian (Pt1eb2-3), which consists of marble, slate 
and metamorphic sandstone, and b) the Sinian 
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Suxiong Formation (Zas-K), which consists of Anshan 
basalt, Anshan porphyry and pyroclastic rock. In the 
Heixiluo basin, the sediment materials are quaternary 
fluvial sediments. The exposed bedrock is seriously 
affected by weathering, and most of the slopes are 
soil-rock mixed slopes with poor stability. Broken 
rock masses and loose surface sediments provide 
favourable material source conditions for the 
formation of debris flows. 

2.2 Overview of the events 

On August 30, 2020, a landslide-generated 
debris flow occurred at Heixiluo gully, Ganluo County, 
in Sichuan Province, Southwest China 
(29°08'35.93"N, 102°52'9.33"E), which buried a 
bridge of the ChengKun railway and temporarily 
blocked the Niri River (Fig. 2a). After the debris flow, 
a detailed investigation was carried out on the cause 
and propagation of this debris flow through field 
surveys and terrain data collection. High-resolution 
digital elevation models (DEMs) and digital 
orthophoto maps were obtained by using high-
performance UAV photogrammetry collected on 
November 11, 2020, and ALOS PALSAR Hi-Res 
Terrain Corrected data collected on September 16, 
2010. Based on a comparison of pre- and post-event 

DEMs, this debris flow displaced 4.8×105 m3 of 
material derived from the landslide in the source area, 
and its final volume was 11.7×105 m3 under the effects 
of entrainment (≈ 6.9×105 m3). This indicates that 
most of the debris flow materials were entrained 
sediment. The debris flow runout extended 4000 m 
horizontally and 977 m vertically and covered an area 
of en4.84×105 m2. After the debris flow event, the 
ground of Heixiluo gully changed significantly, which 
manifested slope collapse and sediment entrainment 
(Fig. 2b). 

Unfortunately, the rainfall intensity that 
contributed directly to the event in the Heixiluo basin 
is lack and the data collected at the rain gauge 
installed in the nearby village is used, as depicted in 
Fig. 3. This village is located in the northwestern 
Heixiluo basin and is approximately 1700 m from the 
centroids of the Heixiluo basin. Fig. 3 shows the 
records of hourly rainfall from 01:00 to 23:00 on 30 
August 2020. The rainfall was mainly concentrated 
from 19:00 to 23:00 on 30 August, with a total of 45.4 
mm of accumulated rainfall. The corresponding mean 
intensity was 9.08 mm/h, while the largest intensity 
was 15 mm/h. The debris flow was triggered at 20:00 
on 30 August 2020. This rainfall event with a short 
duration and high intensity is a typical precipitation 
event causing landslide-generated debris flows that 

 
Fig. 1 Regional tectonic sketch map of a) the distribution of fault zones in southwest Sichuan and b) the study area. 
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occur along western Sichuan. 

2.3 Characteristics of the debris flow 

To provide more direct and comprehensive 
knowledge of this debris flow event, a terrain model 
was reconstructed by ALOS PALSAR 12.5-m Hi-Res 
Terrain Corrected images collected by UAV. 
Combined with the terrain model and the site survey, 
the debris flow affected zone, the distribution of 
erosion depth and the collapsed slope can be 
described. Here, we divided the debris flow-affected 
area into five reaches due to their unique features. 

I. Source Area. This reach has a narrow channel 
with a slope of 13° and covers an area of 
approximately 3.2×104 m2, which favours runoff 
generation. The source material of debris flow came 
from a collapsed slope that was located at an altitude 
of 1700 m and had an averaged thickness of 15 m 
(maximum thickness reaches 40 m) and a volume of 
4.8×105 m3. 

II. Propagation Area A. The collapsed mass 
mixed with runoff formed a debris flow and 
propagated downstream along the steep channel. 
Quaternary sediments and heavily weathered pre-
Sinian and Sinian bedrock on the channel surface 
were heavily eroded by the debris flow. The average 
erosion thickness in this reach is approximately 5 m 
(maximum erosion depth is up to 17 m). This 
propagation reach covers an area of approximately 
8.2×104 m2. An interesting phenomenon is that there 

is a 45° corner between propagation area A and the 
next reach; however, the height of coverage of the 
debris flow at this corner is less than 10 m, and there 
is no mass overflow on the other side of the corner 
(Fig. 4a and Fig. 5a). It indicates that the debris flow 
mass passed this corner at a low speed. 

III. Accumulated & Restarted Area. This reach 
covers an area of approximately 6.8×104 m2 and has 
an open and flat deposition platform. Therefore, the 
debris flow had a low speed in this area and partially 
stopped on the right side and front end of the 
platform, and part of the debris mass overflowed into 
the hilly area downslope (Fig. 5b). The major 
components of the deposits are Quaternary sediment, 
granite and basalt, which is further evidence that the 
debris materials mainly come from collapsed bedrock 
and eroded surface sediment. Additionally, some 
characteristics of the debris materials can be 

 
Fig. 2 a) Location map of the Heixiluo basin and b) its landscape before and after the debris flow event. 

Fig. 3 Hourly rainfall data from 01:00 to 23:00 on 30 
August 2020 obtained from the rain gauge installed in 
the village nearby Heixiluo basin. 
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identified from the deposits, such as a high mud 
content and poor gravel roundness (maximum 
diameter is up to 12 m) (Fig. 5c). The debris deposits 
increased the elevation of the middle and right sides 
of this reach, which forced the subsequent flow to 
propagate into the left side of this reach. With more 
debris mass and rainwater accumulation, the debris 
mass overcame the restriction of the terrain and 
propagated into the next reach. 

IV. Propagation Area B. Serious erosion occurred 
in the upper part of this reach, to an average depth of 
7 m, which was caused by the debris flow restarting 
and reaching a high speed. Five slopes collapsed due 
to serious erosion and were incorporated into the 
debris flow. Here, although a part of this reach is 
relatively flat, only a small amount of debris materials 
accumulated, and most of the debris materials 
propagated downstream and increased the elevation 
of the bed channel approximately 10 m from the gully 
entrance. There was a sudden increase in slope at the 
middle of this reach (Fig. 4b), which also favoured 
debris flow propagation. This reach covers an area of 
approximately 1.12×105 m2. 

V. Accumulated Area. The debris flow finally piled 
up at the gully entrance, and the average thickness of 

the deposit is approximately 5 m (Fig. 5d). The debris 
deposits buried a bridge of the ChengKun railway, and 
the rest of the debris mass blocked the Niri River, 
which formed a temporary debris dam that was 
washed away by the river flow after several hours. 
Several houses were also destroyed by the debris flow. 
The area of this reach is close to that of propagation 
area B and is approximately 1.9×105 m2.  

2.4 Numerical modelling 

In this section, the model used for simulating 
rainfall-induced runoff and debris flow propagation is 
presented. As a typical solid-fluid flow, debris flows 
capture the fluid phase from rainwater and the solid 
phase from surface sediments and slope failure. 
According to this feature of debris flows, a two-phase 
model proposed by Liu et al. (2021) is adopted. This 
two-phase model provides two advantages: first, it 
describes the solid and fluid phases separately to 
reflect the interaction of the solid and fluid, e.g., the 
drag force, more directly (Pitman and Le 2005; 
Pudasaini 2012); second, it has the capacity to join 
two stages of runoff and debris flow propagation. For 
example, before slope failure, a two-phase model can 

be used like a single-phase 
model to simulate runoff by 
neglecting the solid phase. 
However, either the runoff 
or debris flow propagation 
is highly complex and 
challenging to simulate 
using a full three-
dimensional model that 
involves all behaviours. To 
focus on the main 
behaviours of these two 
stages, a depth-averaged 
form of a two-phase model 
is used for simulation. This 
model reduces the 
complicated three-
dimensional Navier–Stokes 
equations into a simple 

two-dimensional 
continuum problem by 
neglecting the changes in 
the vertical direction due to 
the large aspect ratio of the 
runoff and debris flow; in 

Fig. 4 Sketch map of the debris flow studied and its local features. a) The impact 
area was divided into five reaches: Ⅰ. source area; Ⅱ. propagation area A; Ⅲ. 
accumulated & restarted area 2; Ⅳ. propagation area B; Ⅴ. accumulated area. b) A 
topographical profile where the different parts of the debris flow path affected by 
erosion and deposition are indicated. 
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other words, if its lateral extension was large 
compared to the thickness of the layer (Savage and 
Hutter 1989). This approach has been validated by a 
series of experimental benchmarks and case studies 
(Liu et al. 2021; Meng et al. 2016). A field 
investigation has indicated that entrainment was the 
main factor that influences the propagation behaviour 
of the Heixiluo debris flow and is therefore considered 
in the model. Here, we assume that the eroded 
materials mixed well with the debris flow and that its 
properties were the same as those of the debris flow, 
which is helpful for highlighting the effect of 
entrainment on debris flow propagation while 
neglecting some unique phenomena, e.g., dilatancy. A 
local Cartesian coordinate system is used (Pitman and 
Le 2005), in which the x-axis is parallel with the bed 
surface and the positive x-axis is directed downdip, 
the y-axis lies in the cross direction, and the z-axis is 
orthogonal to both the x- and y-axes. Detailed 
topographic effects can be included via the gradients 
of the basal topography in the x- and y-directions 
(Fischer et al. 2012). The governing equations, based 
on the conservation of mass and momentum, can be 

expressed as (Liu et al. 2021) 
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Fig. 5 a) Field observation of the landscape in the corner (propagation area A), which indicates that the speed of the 
passing debris flow was relatively slow; b) the debris flow overrunning phenomenon occurred in the accumulated & 
restarted area; c) the largest particle size (approximately 12 m in diameter) found in the area accumulated & restarted 
area; d) aerial view of the debris deposits at the gully entrance and the nearby buried house. 
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where h is the flow depth; zb is the bed surface; αs 
denotes the volume fraction for the solid phase; and αf 
denotes the volumetric fraction for the fluid phase, αf 
= 1–αs. Note that before slope failure, αf = 1 is applied 
to all the computation areas for simulating runoff. us 
= (us, vs) and uf = (uf, vf) are the velocities for the solid 
and fluid phases in the x and y directions, respectively; 
the aspect ratio ε is expressed as ε = H/L, where H is 
the typical depth and L is the typical topography-
parallel length; γ = ρf/ρs is the density ratio, where ρf 
and ρs are the densities of the fluid and solid phases, 
respectively; (gx, gy, gz) are the gravitational 
acceleration components; usb = (usb, vsb) and ufb = (ufb, 
vfb) are the erosion velocities for the solid and fluid 
phases at the bottom boundary, respectively, which 
are associated with the erosion drift coefficients and 
the mean flow velocities (Pudasaini and Fischer 
2020). nb is the Manning friction coefficient; Es = (1–
θs)E and Ef =θsE are the solid and fluid entrainment 
rates, respectively. The premise of using this 
expression is that the sediments are saturated when 
they are eroded. θs is the sediment porosity; φbed is the 
Coulomb friction angle of the basal surface; and kx 
and ky are the earth pressure coefficients. Other 
parameters involved in the model equations are βxs = 
εkxpbs, βys = εkypbs, βxf = βyf = εpbf, pbs = (1–γ)pbf, pbf = 

–gz, NR = ρfH(gL)0.5/(αfμf), NRA = ρfH(gL)0.5/(Aμf). A 
is the mobility of the fluid at the interface and can be 
treated as a phenomenological parameter; χ refers to 
the fluid velocity of vertical shearing; ξ is the shape 
factor that takes into account different distributions 
of αs (Pudasaini 2012); μf is the fluid viscosity; Rs is 
the solid mass from the slope failure; Rf is the fluid 
mass from the rainfall event. fd is the drag force 
between two phases, and here, a formula proposed by 
Pitman and Le (2005) based on the experimental data 
is adopted to express this force: 
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e

s f s f

d f sM
T f

h

V

ρ ρ α α
α

−
= −f u u                      (4) 

where VT is the terminal velocity of a particle falling in 
a fluid and the value of Me varies from approximately 
4.65 to 2.4 as the Reynolds number increases from 
zero to infinity (Pitman and Le 2005). Eq. (4) 
produces a singularity as αf trends to 0, so the 
unboundedness of the drag is cut off by considering a 
threshold in this work. The entrainment rate E can be 
expressed as follows (Liu and He 2017): 
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where um = αsus + αfuf and vm = αsvs + αfvf are the 
phase-averaged variables; the total basal shear 
traction τb is considered τb = αsτbs + αfτbf, where τbs = 
(ρs–ρf)gzhtanφbed is the basal shear stress for the solid 
phase and τbf = ρfgznb2 uf|uf|/h1/3 is the basal shear 
stress for the fluid phase. This form of τb combines the 
Coulomb friction model and Manning model to better 
describe the basal shear stress of flow with a variation 
in the solid volume fraction. τr = cp+ρm(1–η)gzhtanφint 
is the sediment shear resistance from the erodible 
sediment, where cp is the soil effective cohesion and 
φint is the internal friction angle of the sediment 
material; η is the pore pressure ratio that indicates 
the degree of liquefaction of the sediments from a dry 
state (η = 0) to a fully liquefied state (η = 1); and ρm = 
αsρs + αfρf is the density of the debris flow mixture. 
Equation (5) also produces a singularity as the mass 
flow stops, and this singularity is avoided by assuming 
that entrainment will not happen if the flow velocity is 
smaller than a setting value. More details and 
explanations about the presented model can be found 
in Liu et al. (2021). 

A numerical scheme consisting of the finite 
volume method (FVM) and Riemann approximation 
solver is applied to manage the governing equations 
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(Loukili and Soulaïmani 
2007). To preserve a steady 
state between the flux and 
source terms during 
calculation, a well-balanced 
scheme proposed by 
Audusse et al. (2004) is 
implemented. In addition, 
the local bed slope and 
variables such as depth and 
velocity are modified at the 
wet or dry fronts to prevent 
non-physical flux 
generation (Liang and 
Borthwick 2009). The time 
step is computed according 
to the Courant-Friedrichs-
Lewy stability conditions (Gnedin et al. 2018). The 
variables of the solid and fluid phases are computed 
for each cell with Eqs. (1) and (2) and are used in Eq. 
(3) to provide the rate of change in bed elevation. 

2.5 Topographic data processing 

The ALOS PALSAR 12.5-m Hi-Res Terrain 
Corrected data can be used in the numerical 
simulation of a gully debris flow, which can basically 
reflect the overall movement of a debris flow; 
additionally, by processing the existing DEMs, we can 
effectively analyse the overall characteristics of the 
debris flow and estimate the volume of the priming 
source (Tang et al. 2019). However, because the 
Heixiluo debris flow has unique properties at branch 
ditches and collapsed piles, the 12.5 m accuracy of the 
original terrain did not fully reflect this, so the 
following was performed to determine the original 
terrain: (a) ArcGIS software was used to partition the 
debris flow and grid the XYZ grid data of the pre-
event DEMs and the post-event DEMs into a 5 m grid 
in Surfer software (version Ⅰ). The source area was 
replaced with post-event mesh terrain data in the 
original terrain grid by Grid Mosaic in Surfer software. 
The difference between the pre-event and the post-
event grid data in this area is used as the material 
volume for debris flow initiation. (b) According to the 
Google images captured and site investigation 
performed before the disaster, there were three 
obvious branches in reach Ⅳ. Propagation area B and 
the further erosion and confluence of the branches 
played an important role in the expansion of the 

debris flow. Unfortunately, the initial DEM with a 
12.5 m accuracy could not display these features well. 
Combined with field investigation and reconstruction 
of the 3D model, we reset the elevation value of the 
debris flow channel erosion surface for the filling 
treatment (Fig. 6). 

3    Results  

This section aims to reproduce the entire 
formation process of debris flows with models 
through two components: hydrological modelling and 
debris flow propagation modelling. Hydrological 
modelling provides runoff hydrographs that directly 
contribute to the fluid phase of debris flows. A small 
amount of sediments may be eroded by runoff before 
forming debris flows; however, this phenomenon is 
neglected since slope failure is the major source of the 
initial debris materials. Similar to the runoff, the 
collapsed mass directly contributed to the solid phase 
when debris flow passing by. Properties of both the 
runoff and collapsed mass are used as inputs for 
debris flow propagation modelling. A 5-m grid terrain 
data that is modified from the ALOS PALSAR 12.5-m 
Hi-Res Terrain Corrected pre-event DEM and 0.5-m 
UAV post-event DEM is used in simulation. With that, 
a uniform size of 5m and a total number of 1.6 million 
for the computational grid are used in simulation. 

3.1 Hydrological simulation 

The rainfall-induced runoff modelling for the 

 
Fig. 6 Processing of the branch ditches in reach Ⅳ. Propagation area B: a) pre-
disaster image from Google Earth; b) pre-event ALOS PALSAR DEM; c) pre-disaster 
DEM after processing. 
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Heixiluo basin depicted in Fig. 1 is carried out by the 
presented model with αf = 1. The model calculates the 
flow discharge at each computational cell of the basin 
and routes it through the optimal path to the main 
gully. The parameters considered in the runoff 
calculation are rainfall intensity Rs and Manning 
friction coefficient nb. In general, the mass from the 
rainfall in the runoff is influenced by the soil 
properties and vegetation conditions (Bagarello et al. 
2014; Patle et al. 2019; Puigdefábregas 2005; Rengers 
et al. 2016). However, the mechanisms of these 
influences are complex and remain unclear, and for 
simplicity, we assume that the mass from the rainfall 
event equals the rainfall intensity. Two typical values 
of nb, 0.15 and 0.03, corresponding to vegetated 
ground and bare ground, are assigned to a 
computational cell (Cui et al. 2013; Han et al. 2017). 
Runoff hydrographs for the three record points 
(marked by stars) located in the Heixiluo basin are 
presented in Fig. 7a, with observed uniform rainfall 
from 01:00 to 23:00 on 30 August applied to the 
whole area. During this period, tributaries were 
formed and further collected into runoff along the 
steep terrain. The runoff amount was enhanced in the 
key period between 16:00 and 23:00 on 30 August. 

This may be one of the important factors affecting the 
stability of slopes that contributes to the solid phase 
of debris flows. Furthermore, it is worth noting that a 
pool of water was formed in the middle of 
propagation area A (Fig. 7b), which means that there 
exists a concave terrain that favours debris flow 
accumulation. On the other hand, a dam break flow 
can be formed and causes serious erosion of the 
downstream channel if a breach is generated by flow 
overtopping. As shown in Fig. 5b, a breach occurred, 
and the adjoining terrain was seriously eroded. Thus, 
we can speculate that a dam-break debris flow has 
occurred and that this process enhances the mobility 
and impact of a debris flow downstream. 

3.2 Debris flow propagation simulation 

The sites on the Heixiluo basin where the slope 
collapsed after the impact of the runoff with the 
debris deposits could not be surveyed because of their 
inaccessibility. Therefore, we determined that the 
time when slope collapse occurred in the source area 
was 20:00 on 30 August. For the other five slopes, we 
assumed that they collapsed when the debris flow 
passed through their toe. Parameters of debris flow 

Fig. 7 Process of runoff generation (a-d) and modelled runoff hydrographs for the three record points located in the 
Heixiluo basin corresponding to the measures of rainfall intensity (e-f). The colour bar represents the flow depth (m). 
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propagation simulation depend on the terrain and 
slope materials and sediments because flow 
properties, deposition and entrainment processes 
vary with them. Fig. 6b shows the land use of the 
terrain obtained from the pre- and post-event DEMs. 
The values of the parameters used for the propagation 
simulation are shown in Table 1. This set of 
parameters was determined based on field 
investigation and the comparison between 
observations and simulations of deposition and 
erosion depths and impact areas. 

The simulated debris flow propagation results at 
different times are shown in Fig. 8. For a better 
comparison between the estimates of the deposited 
and eroded sediment volumes, the flow pattern was 
divided into five reaches corresponding to the reaches 
mentioned above. In particular, both the estimated 
deposition and erosion depths are shown in four 
reaches (Fig. 4), II-V, allowing a more detailed 
analysis together with a table of the values of the 
estimated and simulated sediment volumes (Fig. 9) 
that were eroded and deposited for each reach. The 
comparison of the simulation results with the 
observations shows that the main features of the flow 
pattern are captured by the presented method except 
at the gully entrance where the terrain is flat and 
adjoins the Niri River. The simulated volumes of the 
eroded and deposited materials are 4.7×105 m3 and 
12.4×105 m3, respectively, which are overestimations 
by approximately 7.4% and 6.2%. This overall 
satisfactory agreement between the simulations and 
observations was a validation of the presented model 
used here for simulating solid-liquid flows. The 
examination of the results reach by reach allows a 

better understanding of the model capability to 
simulate the phenomenon that occurred. In reach II, 
the simulated eroded material volume somewhat 
coincides with the estimated eroded material volume, 
and both correspond to a deep eroded depth. This 
could be because the narrow path of reach II forces 
the simulated debris flow to concentrate and therefore 
results in heavy erosion. Regarding deposition, the 
small deposits in this zone are not satisfactorily 
reproduced because the local bed slope of the terrain 
is not captured in the pre-event DEM. Debris flow 
materials that were not deposited there during the 
simulation were deposited just downstream of the 
confluence (beginning of reach III). In fact, the 
deposition depth in this zone is on average much 
smaller than the estimated eroded depth according to 
the field investigation. Routing along reach III was 
satisfactorily simulated with an average deposition 
depth of 2.5 m, which reflects a good agreement 
between the observations and simulations. After the 
deposits uplifted the elevation of the middle and right 
sides of this reach, the debris mass propagated into 
reach IV along the right side first and then along the 
middle and right sides of reach III. In reach IV, the 
agreement between the simulated and estimated 
deposition and erosion volumes is not satisfactory 
(the percentage of simulated erosion volume is 8% 
larger than that observed). Nevertheless, the areas 
subjected to the main deposition and erosion 
phenomena nearly coincide. For reach V, the 
agreement is satisfactory for both the flow pattern and 
the volumes, although the simulated volume of the 
deposits is underestimated compared with that 
estimated (approximately 5%). Fig. 9 shows the 

Table 1 The parameters used in the model, their values, and sources.

Input data Parameter Value Source 
Rainwater density ρf 1000 kg/m3 Liu et al. (2021) 
Pure fluid viscosity μf 0.065 Pa·s Rutgers (1962) 
Basal coulomb friction angle φbed 22° Measured 
Solid density ρs 2700 kg/m3 Measured 
Soil effective cohesion cp 2100 Pa Measured 
Sediment porosity θs 0.4 Measured 
Soil internal friction angle φint 35° Measured 
Pore pressure ratio η 0.6 Ouyang et al. (2015)

Manning friction coefficient 
nb (vegetated ground) 0.15 s/m1/3 De Doncker et al. (2009)
nb (bare ground) 0.03 s/m1/3 De Doncker et al. (2009)

Gravitational acceleration g 9.8 m/s2 Pitman and Le (2005)
Solid-fluid drag force coefficient Me 3 Pitman and Le (2005) 
Particle terminal velocity VT 1 Pitman and Le (2005)
Velocity shape factor ξ 3 Pudasaini (2012) 
Solid distribution shape factor χ 5 Pudasaini (2012) 
Aspect ratio ε 1 Pudasaini (2012) 
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simulated erosion pattern and the solid-liquid 
discharge after the debris flow occurred. After the 
collapse of the slope in reach I, the debris flow 
discharge peak at record point A has the maximum 
value. However, the debris flow at in record point B is 
reduced to less than 80% due to the large deposition 
phenomena, which are mostly controlled by the local 
terrain features. A record point C, the small discharge 
in the first half hour is liquid because of the runoff 
confluence and reaches the peak caused by the 
collapse of the slope on both sides of the gully. 

4    Discussion 

4.1 Applied method 

In this paper we applied a two-phase model that 

incorporates the effect of entrainment to simulate the 
formation process of Heixiluo debris flow. Comparing 
with previous studies (Ouyang et al. 2015; Pitman and 
Le 2005; Pudasaini 2012), the applied model could 
describe the characteristics of runoff and debris flow 
simultaneously by defining some judgement 
conditions. For a calculation grid, the applied 
rheological model for fluid phase varies with the value 
of solid volume fraction αs. The Manning friction law 
is applied to runoff (αs=0) and the fluid phase of 
debris flow (αs<0.2) (Beverage and Culbertson 1964). 
Otherwise, the viscous friction law is used to relfect 
the behaviour of the fluid phase of debris flow 
(Iverson and Denlinger 2001; Pudasai 2012). This 
approach is also in favour of entrainment calculation 
since a more accurate basal shear force from the fluid 
phase of debris flow can be obtained and further 
applied in Eq. (5). 

 
Fig. 8 Propagation process of the studied debris flow in the Heixiluo basin at different times. The colour bar 
represents the flow depth (m).  
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4.2 Reliability and uncertainty of the results 

The back-analysis of the debris flow shown in the 
previous section appears to be satisfactory in general. 
Apart from some parts of reaches II and IV, the 
deposition and erosion pattern is well reproduced 
both in terms of areas and volumes. One reason for 
this finding is the low accuracy of terrain data. The 
estimated data are obtained based on pre- and post-
event DEMs. Unfortunately, the pre- and post-event 
terrain was subjected to excavation during the 
restoration works in the month between the data 
collection time and the event. Some paths and flat 
areas (especially those of the gully surfaces in reaches 
IV and V) built by excavators could have conditioned 
the flow propagation and led to data error. The 
simulations in reaches II and IV are conditioned by 
pre-event topographical data that have a 5-m 
resolution and thus are inaccurate because they only 
partially reflect local terrain features. As a 
consequence, the deposition in this area was not 
captured. Moreover, the presence of rivers (in reach V) 
may have an important impact on debris flow 
accumulation, due to processes such as river channel 
terrain restriction and fluvial scouring. Therefore, the 
availability of pre- and post-event data is key for 
reliable simulation results and for a deeper 
understanding of debris flow behaviour (Gregoretti et 
al. 2018). The contribution of the collapsed mass 
incorporated into the debris flow is also key. Here, 
only a simple assumption was applied to these 

collapsed slopes; however, the collapse time and 
collapse sequence of these slopes also could have had 
an important impact on debris flow propagation, 
especially at reach IV. The satisfactory and reliable 
reproduction of the event provides a confirmation 
that the presented approach can simulate a landslide-
generated debris flow from runoff generation to 
debris flow propagation while considering sediment 
entrainment. 

4.3 Limitation and future work 

The present back analysis work of debris flow 
behaviour is important since it supplements the 
details of debris flow propagation that cannot be 
obtained from field investigation and provides a 
framework for predicting or preventing other debris 
flow events with similar conditions. Notably, the 
values of the parameters used for running the models 
were generally determined by comparing the field 
observations, estimated data and simulation results. 
These parameters keep a constant in simulation, and 
however, it would be preferable to determine the 
values of these parameters by flow state and dynamics 
rather than a set of fixed values for obtaining more 
accurately results of debris flow formation. In 
addition, the formation process of debris flow is 
complex and contains several stages that are closely 
related to each other (Bout et al. 2018; Liu et al. 
2020). Some issues, e.g., the influence of vegetation 

 
Fig. 9 Simulated erosion pattern (left), hydrographs of solid-liquid discharge (upper right), erosion and deposition 
volumes compared with the estimated volumes (lower right). Locations of record points A, B and C have been shown 
in Fig. 7. 
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on runoff generation, sediment conservation and 
slope stability, still need to be further incorporated 
into the presented modelling approached based on 
mechanism analysis and in situ monitoring data 
collection. Further research on these aspects of the 
formation of debris flow and the improvement of 
multiphase model is required. 

5    Conclusion 

On 30 August 2020, a high-intensity storm hit 
the Heixiluo basin and triggered a channel debris flow 
that buried a bridge of the ChengKun railway and 
temporarily blocked the Niri River. This debris flow 
started after a slope collapse occurred during the 
storm and was of large magnitude, with 
approximately 6.9o105 m3 entrained materials. Direct 
field investigation and formation analysis of this 
debris flow allowed the recognition of the solid and 
liquid contributions to the debris flow and its main 
features and the mapping of the deposition and 
erosion volumes. Finally, the dynamic process of 
debris flow was modelled from rainfall-runoff 
transformation to debris flow propagation with 
satisfactory results. Most of the deposition and 
entrainment processes were captured; however, in 
some areas, the topography data were inaccurate due 
to the low accuracy of pre-event DEMs and 
anthropogenic disturbance. Based on these analyses 
and modelling results, the causes, dynamic process 
and contributing factors of the studied debris flow 
were presented. A detailed field investigation 
provided a guide for the implementation of models to 

simulate the evolution processes of debris flows and 
determining the initial conditions of the models. The 
two main contributing factors for this debris flow 
event were sediment entrainment and slope collapse. 
The former enlarged the scale of debris flow, and the 
latter provided the initial mass source and input 
energy into the system during flow propagation. Local 
terrain features partially determine the presence of 
debris deposits. Furthermore, the satisfactory results 
obtained in the reproduction of the debris event 
suggest that a two-phase model can be used for 
simulating all the evolution processes of a debris flow 
with the consideration of the rainfall-generated runoff, 
slope collapse and sediment entrainment. The 
capability of the models used to capture the main 
features of this debris flow event and the entrainment 
and deposition processes that occurred during debris 
flow propagation was validated by comparing the 
simulation results with the estimated data. 
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