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Abstract: The Bailong River Basin is situated at the northeastern edge of the Qinghai–Tibet Plateau
and the western transition zone of the Loess Plateau, characterized by steep terrain and heavy rainfall.
This area experiences frequent occurrences of debris flows, posing serious threats to towns and
construction projects. Focusing on the Huaiyazigou debris flow in the Bailong River Basin, numerical
simulations of debris flow processes were conducted using Digital Surface Model (DSM) data with
a resolution of 5 m × 5 m for various recurrence periods. The simulation results indicate that the
debris flow develops rapidly along the gully after formation, decelerating and beginning to deposit
upon reaching the cement plant area near the mouth of the gully, eventually merging into the Bailong
River. The primary destructive modes of debris flow disasters encompass impact and burial. When
encountering buildings, their flow characteristics manifest as deposition and diversion. A debris flow
hazard classification model, based on intensity and recurrence periods, was established according to
Swiss and Austrian standards, dividing the hazard into low, medium, and high levels. This method
generated a debris flow hazard zone map, offering guidance for risk prevention and monitoring.
This research demonstrates that using high-precision Digital Surface Models (DSM) can accurately
represent the digital information of debris flow gully terrains and buildings. During the simulation
process, it realistically reflects the characteristics of the debris flow movement, allowing for the more
precise delineation of hazard zones.

Keywords: Bailong River Basin; debris flow; numerical simulation; hazard assessment

1. Introduction

Debris flows, frequent and catastrophic geological disasters in mountainous areas, are
widely recognized by scholars as among the most severe geological hazards globally [1,2].
They pose significant threats to human life, property, and critical infrastructure [3]. Debris
flows are characterized by short eruption times, powerful impacts, and strong disaster-
causing capabilities. They often result in the destruction of buildings and other structures,
posing serious threats to people’s lives and property security. Due to their widespread
distribution and significant hazards, research on debris flow disasters is of great importance
for disaster prevention and mitigation [4–6].

Debris flow hazard assessment is considered a crucial step to mitigate the potential de-
structive power of debris flows [7]. The assessment of debris flow hazard typically involves
quantitatively estimating key parameters such as debris flow volume, average flow velocity,
and runoff distance, as well as determining the probability of debris flow events occurring
in specific debris flow basins [8,9]. Traditional assessment methods include gray system
evaluation [10], Analytic Hierarchy Process (AHP) [11], fuzzy mathematics [12], and neural
network evaluation [13], among others. Numerical simulations have become a key tool
for studying debris flow characteristics, with their accuracy continuously improving due
to technological advancements. Various numerical simulation software programs have
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emerged, such as FLO-2D (2009), RAMMS (1.8.0), and MASSFLOW (V2.0) [14]. Among
them, the FLO-2D software model has gained international recognition due to its advan-
tages such as easy operation, accurate simulation of the temporal and spatial variations
of debris flow, and high consistency between evaluation results and actual situations [15].
There are significant differences in methodology between traditional assessment methods
and numerical simulation evaluation. The focus of numerical simulation evaluation lies
in simulating the movement and deposition of debris flows in complex terrain, and it
emphasizing the quantitative assessment of characteristics such as depth, flow velocity,
and deposition range of debris flows [16].

In recent years, scholars have conducted extensive research on the hazard assessment
of debris flow by using numerical simulation methods [17]. Luna and Peng utilized
the FLO-2D model to simulate debris flows, evaluating their hazards [18,19]. Gentile
et al. assessed four types of debris flow hazards by analyzing the damage they caused
in Southern Italy [20]. Franco-Ramos et al. utilized RAMMS software to retrospectively
analyze a historical debris flow event in a sector of Jamapa Gorge (Pico de Orizaba Volcano,
Mexico), combining botanical evidence and numerical modeling to reconstruct the event’s
magnitude and assess its implications for hazard mitigation strategies [21]. Similarly,
Hussin et al. employed RAMMS2D software to conduct sensitivity analyses on entrainment
parameters and evaluate their effects on run-out, height, and velocity during a historical
debris flow event [22]. Additionally, Horton A J focused on post-earthquake debris flows
in the Wenchuan epicentral region, using Massflow to identify key controls of bulking and
develop hazard maps for post-earthquake planning [23]. Choi et al. utilized the DAN3D
software to explore the influence of source-to-barrier distance on the characteristics of
debris flows, providing a scientific basis for predicting the dynamic behavior of debris
flows in front of closed-type barriers and optimizing barrier design [24].

Debris flow simulations commonly utilize Digital Elevation Models (DEM) as the
underlying data, and simulation accuracy is highly dependent on the resolution of the
DEM used. However, even with high-resolution DEMs, accurately simulating the true
movement characteristics of mudslides remains a challenge [25,26]. This is mainly because
DEMs focus on bare ground elevation data and do not include surface features such as
buildings or vegetation. In contrast, high-precision Digital Surface Models (DSM) ensure
that the terrain of the mudslide channels matches actual conditions and retain digital
model information of vulnerable elements such as buildings. When encountering buildings,
mudslides exhibit characteristics such as flow diversion and deposition [26,27]. Therefore,
in mudslide simulations, DSMs provide the advantage of offering more comprehensive
and realistic terrain information, accurately reflecting the movement characteristics of
mudslides, thus enabling the more precise delineation of hazard zones.

This research assessed the hazards of mudslides in the Huiyazi area of Longnan City.
Firstly, the FLO-2D model is used, combined with a high-precision Digital Surface Model
(DSM), to numerically simulate the process of debris flow movement. The simulations
analyzed mudslide activities in the region across various recurrence periods (10, 20, 50,
and 100 years) and assessed their intensity accordingly. Secondly, based on the hazard
grading standards of Switzerland and Austria, a classification model was developed based
on the intensity and recurrence periods of the mudslides, categorizing the disaster into
low, medium, and high levels. Finally, a mudslide hazard map was produced, providing a
scientific reference for local mudslide early warning and management efforts.

2. Study Area

The Huiyazi catchment is located on the right bank of the Bailong River, north of
the Qilian Mountains Cement Factory, in Huiyazi Village, Yaozhai Town, Wudu District,
Longnan City. The geographical coordinates are 33◦24′56.20′′ N and 104◦53′44.60′′ E. The
surrounding area is a high-mountain landform with erosional structures (Figure 1), with
an average slope of approximately 34◦. The elevation of the mountain peak is around
1957 m, while the elevation at the foot of the slope in the Qilian Mountains Cement Factory
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area ranges from 1003 to 1026 m, and the normal water level of the Bailong River is 996 m.
The Huiyazi debris flow is leaf-shaped with a main channel length of about 1.5 km. The
elevation at the head of the channel is 1826 m, while the elevation at the outlet is 1022 m,
resulting in a longitudinal slope ratio of 536‰ (Figure 2). The length of the branch channels
is 440~500 m, with an average longitudinal slope ratio of 491‰. The watershed area is
approximately 1.2 square kilometers. The upper reaches of the channel exhibit intense
incision, with a narrow and steep V-shaped valley, while the lower reaches feature a
gradually widening channel with a width of about 10 to 30 m, reaching up to 50 to 60 m at
its widest point. The slope gradually becomes gentler. Moreover, the area where the debris
flow occurs exposes phyllites from the Silurian Bailong Formation, with the upper part of
the mountain covered by loess, and the foot of the slope consisting of the Bailong River
alluvial terrace at the second level and debris flow alluvial fans. The Huiyazi debris flow
is a typical slope-type debris flow, and the difference between the formation area and the
circulation area is not obvious. The phyllite on both sides of the channel exhibits strong
weathering and severe exfoliation, and a large number of loose depositions are distributed
on the slope surface. Multiple landslides develop along the channel from top to bottom,
providing abundant material sources for debris flows.
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Figure 2. Geologic profile of Huyazi debris flow.

Continuous heavy rainfalls, torrential rains, and repeated intense rainfall events
occurred in the middle and upper reaches of the Bailong River Basin, including Zhuoqu,
Wudu, and Wen counties on 17 August 2020. During this period, the region experienced
numerous short-term heavy rainfall events that were intense, extensive, and persistent.
According to rainfall data provided by the Longnan City Meteorological Bureau, the rainfall
on the 17th Zhongloutan Street, Wudu District, was 97 mm. This rainfall triggered a massive
flash flood and debris flow disaster in a century-old area. According to field surveys and
interviews, excessive rainfall resulted in the flooding of the cement plant area. The flow
depth on the factory road surface reached approximately 1.6 m, and in the drainage ditch,
it even reached about 1.8 m. This caused the cement plant to cease production for over
40 days. The situation is particularly severe, with direct economic losses amounting to
CNY 90.5 million and indirect losses reaching CNY 210 million.

3. Method and Data Preprocessing
3.1. Method
3.1.1. FLO-2D Model

The FLO-2D software model was proposed by O’Brien in 1988. It divides the DEM
into regular and equal-sized grids, and the elevation value and roughness in each grid are
unique and have the same reduction coefficient and area. By solving the motion equation
and continuity equation for each grid, the changes in debris flow in each grid can be
obtained, including velocity, deposition depth, and so on. The FLO-2D model follows
the principle of mass conservation, ensuring that the total mass within each grid remains
constant, and determines the volume changes in solids and fluids within each grid based
on volume concentration. The distribution of debris flow can be determined by parameters
such as flow velocity and depth. The accuracy of numerical simulation of debris flow
using FLO-2D has also been verified by many scholars. There are several advantages of
using FLO-2D for debris flow simulation: 1⃝ simple operation; 2⃝ short calculation time;
3⃝ various resistances can be simulated; 4⃝ the results include mud level, flow velocity, and

intensity; and 5⃝ the results can be post-processed in GIS. The fundamental assumptions of
simulating debris flow motion include the following: 1⃝ the motion process of the fluid is a
shallow water wave motion mode; 2⃝ its motion equation satisfies the fixed-length flow
equation; 3⃝ the distribution of fluid pressure is a hydrostatic pressure distribution; 4⃝ the
elevation and Manning coefficient within each calculation grid are unique; and 5⃝ the flow
pattern within the differential time interval is steady flow. The governing equations of the
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FLO-2D software are the constitutive fluid equations, including continuity equations and
motion equations (dynamic wave momentum equations).

(1) Continuity equation:

∂h
∂t

+
∂hV
∂x

= I (1)

where h is flow depth, t is simulation time, I is effective rainfall intensity, and V is the
average depth flow velocity in the X direction among the eight water flow directions.
This equation governs the conservation of mass in the fluid during the simulation. Sub-
sequently, the one-dimensional continuity equation was extended to a two-dimensional
plane continuity equation:

∂h
∂t

+
∂(uh)

∂x
+

∂(vh)
∂y

= I (2)

where u is the average flow velocity in the X direction, and v is the average flow velocity in
the Y direction.

(2) Equations of motion:

The equation of motion in one dimension is as follows:

S f = So −
∂h
∂x

− V∂V
g∂x

− ∂V
g∂t

(3)

where Sf represents the friction slope along the X-direction (based on the Manning equation),
So is the bed slope, h is the water depth, t is the simulation time, and g is the gravitational
acceleration. This equation represents one-dimensional average depth river flow. However,
for flat terrains such as floodplains, flow occurs in multiple directions. The one-dimensional
motion equation of FLO-2D calculates the average flow velocity passing through the
boundary of grid cells in a single direction. Obviously, this clearly does not correspond
to the actual situation. Therefore, a two-dimensional motion equation, derived from the
one-dimensional motion equation, was developed later:

S f x = Sox −
∂h
∂x

− ∂u
g∂t

− u
∂u
∂x

− v
∂u
∂u

(4)

S f y = Soy −
∂h
∂y

− ∂v
g∂x

− u
∂v

g∂x
− v

∂u
g∂y

(5)

where Sfx and Sfy represent the friction slopes in the X and Y directions, and Sox and Soy
represent the slopes of the riverbed bottom in the X and Y directions. This two-dimensional
equation can calculate the flow of debris flow on a two-dimensional plane.

(3) Rheological equation:

τ = τc + τmc + τv + τt + τd (6)

where τc, τmc, τv, τt, and τd are viscous yield stress, Mohr–Coulomb shear stress, viscous
shear stress, turbulent shear force, and discrete shear stress, respectively.

The above equation is rewritten into a dimensionless form as follows:

S f = Sy + Sv + Std (7)

where Sf is friction slope, Sy is yield slope, Sv is viscous slope, and Std is turbulence
dispersion slope. This equation is mainly used to calculate stress changes.

The first term Sy, yield slope, in the above formula can be rewritten as τy
γmh .

The second term viscous slope, Sv, can be expressed by the average depth flow velocity
u, which can be rewritten as Kηu

8γmh2 .
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The third term Std represents turbulent dispersion slope expressed as the velocity in

terms of equivalent Manning’s coefficient, water depth, and average depth, given by n2
tdu2

h3/4 .
Where η is the viscosity coefficient, K is the laminar flow resistance coefficient, γm is

the unit weight of debris flow, and ntd is the equivalent Manning coefficient.

The above three equations Sy =
τy

γmh , Sv = Kηu
8γmh2 , and Std =

n2
tdu2

h3/4 are substituted into
Equation (7) to obtain the dimensionless form of the rheology equation:

S f =
τc

γmh
+

Kηu
8γmh2 +

n2
tdu2

h3/4
(8)

Based on the continuity equation (Equation (2)) and the motion equations (Equations
(4) and (5)) on a two-dimensional plane, as well as the rheology equation (Equation (8)),
each grid cell in the computational domain is solved to obtain the essential parameters of
debris flow motion. Consequently, the results of the debris flow fluid motion process across
the entire computational domain are obtained.

3.1.2. Hazard Zoning Model

At present, debris flow hazard classification standards are primarily defined by three
factors: flow velocity, flow depth, and occurrence probability. The intensity of debris flows
is defined by a combination of flow velocity and flow depth. Identifying hazard zones
based solely on the intensity of the hazard is insufficient. Typically, Swiss and Austrian
standards are referenced, employing a debris flow hazard zoning model that combines the
intensity of debris flows with the frequency of occurrence, categorizing the level of debris
flow hazards into three levels: low, medium, and high [28].

3.2. Data Preprocessing

Using high-precision Digital Surface Model (DSM) data with a pixel size of 5 m × 5 m,
it was converted into an ASCII format with elevation information recognizable by the
FLO-2D software using the conversion tool in ArcToolbox in ARCGIS (10.8). Subsequently,
major elements such as boundaries and outflow points of the Huiyazi debris flow were
vectorized.

After importing the ASCII data into FLO-2D, the first step is to divide the elevation
data grid. To ensure more accurate simulation results and take into account factors such as
the area of the Huiyazi debris flow and computation time, the grid cells were determined to
be 5 m × 5 m. Following this, vector elements such as watershed boundaries and outflow
points were loaded, and elevation values were assigned to the entire Digital Surface Model
(DSM), completing the preprocessing of terrain data.

3.2.1. Volumetric Sediment Concentration

Debris flows consist of a mixture of water and solid particles, forming a two-phase flow.
Most debris flows contain large solid particles, resulting in an uneven distribution of flow
depth and flow direction during movement. These large solid particles not only increase
the destructive potential of debris flows but also determine the rheological characteristics
of the debris flow body relative to the total volume of the debris flow. Additionally, they
have a certain influence on the morphology of debris flow deposition fans. According to
the Formula (9) for calculating the volume concentration of debris flow,

CV =
γC − γW
γH − γW

(9)

where CV denotes volume concentration, γc denotes specific gravity of solid particles in
debris flows/(KN/m3), γw denotes the gravity of water, and γH denotes the gravity of
solid matter in debris flows. γc = 17.86 KN/m3, γw = 10 KN/m3, and γH = 25 KN/m3, and
thus, CV = 0.524.



Water 2024, 16, 1349 7 of 17

3.2.2. Viscosity Coefficient

The simulation in FLO-2D requires the setting of the viscosity coefficient (η) and yield
stress τc. The formula is as follows:

η = α1eβ1cv (10)

τc = α2eβ2cv (11)

According to the formula, obtaining the viscosity coefficient and yield stress only
requires determining the correlation coefficients of rheological parameters α1, α2, β1, and
β2. The rheological parameters in this study are calculated using the relationship proposed
by Wang Yuyi et al. between rheological parameters and the ratio of sediment to water as
well as the volume concentration [29].

τc = 0.021Rns
−0.3exp[19.64 × Rns

0.25 × Cv f

]
(12)

η = 1.39 × 10−4 × Rns
−0.47exp[18.07 × Rns

0.13 × Cv f

]
(13)

Thus, the correlation coefficients of the rheological parameters for the Huiyazi debris
flow can be obtained as follows: α1 = 0.0002, α2 = 0.0255, β1 = 16.61, and β2 = 16.71.

3.2.3. Manning’s Coefficient

The Manning coefficient is used to represent the roughness of the ground and its impact
on the fluid. Its magnitude greatly affects the simulation of debris flows, and different
regions and vegetation covers have significant influences on the Manning coefficient [30].
Referencing suggested values from the FLO-2D software manual and by combining them
with field survey results, due to the presence of gravel and sparse vegetation covers in the
flow area, a value of 0.05 is chosen for the Manning coefficient. However, in the deposition
area where buildings are constructed, the Manning coefficient is larger compared to the
flow area, and a value of 0.1 is selected [31].

3.2.4. Resistance Parameter for Laminar Flow

The laminar flow drag coefficient (K) represents the inter-layer frictional force during
the stratified flow of debris flows. Combining with the FLO-2D manual, the laminar flow
drag coefficient is determined to be 2275.

3.2.5. Simulation Time

Based on field investigations of the runoff depth in the debris flow channel during
debris flow events and the recollection of local residents regarding the debris flow, along
with data such as basin area and debris flow discharge under different recurrence periods,
the simulation time for the Huiyazi debris flow under the four recurrence periods is
determined to be 1.2 h.

3.2.6. Inflow Node and Peak Discharge

Debris flows originate from runoff points and flow towards the mouth of the gully,
so the selection of the runoff point is crucial [32]. Generally, the formation area of loose
debris in the catchment area of each debris flow channel is chosen as the runoff point for
numerical simulation, also known as the starting point. Based on field investigations and
considering the distribution of loose materials and the characteristics of the catchment
area, the runoff point for the Huiyazi debris flow channel is set at the confluence of the
tributaries.

The Flow Duration curve is also an important factor determining the accuracy of
FLO-2D numerical simulations. Firstly, reference is made to the “Atlas of Isohyetal Maps
for Different Periods and Frequencies of Rainstorms in the Mountainous Area of Longnan”
to check for different frequency design rainfall amounts for intervals such as 1/6 h, 1 h, 6 h,
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and 24 h. Secondly, according to the peak flow calculation formula in the “Handbook for
Rainstorm and Flood Calculation in Small and Medium-sized Basins in Sichuan Province”,
clear water flow is calculated. Then, using the formula for calculating debris flow discharge
based on completing the square (14):

QC = (1 + φ)QBD (14)

where QB denote the clear water discharge for specific recurrence periods (m3/s), QC
denotes the debris flow discharge for the same recurrence interval as QB (m3/s), D denotes
obstructive coefficient, 2.65, and φ denotes sediment coefficient.

The calculation formula is as follows:

φ =
γc − 10
γH − γc

(15)

where γc denotes specific gravity of solid particles in debris flows/(KN/m3), γH denotes
the gravity of solid matter in debris flows, with γc = 17.86 KN/m3 and γH = 25 KN/m3,
and thus, φ = 1.1.

By calculation, the flow process lines of debris flows with different recurrence periods
can be obtained (Figure 3).
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4. Hazard Assessment of Debris Flow
4.1. Simulation Results

From Figure 4, it can be observed that, under recurrence periods of ten years, twenty
years, fifty years, and one hundred years, the maximum flow velocity of the debris flow
occurs at locations with significant changes in terrain within the channel. In narrow and
straight channels, the highest flow velocity can reach approximately 10.58 m/s, while the
flow velocity rapidly decreases as the debris flow exits the channel, ranging from 0 to
6 m/s. Near the factory buildings, the flow velocity is generally between 0 and 1.5 m/s.
In the drainage channel, for example, under a one-hundred-year recurrence period, the
flow velocity is mainly between 0 and 4.5 m/s, with higher velocities. This is because the
flow channels are relatively narrow, resulting in higher flow velocities. However, when the
debris flow enters the Bailong River, the flow velocity significantly decreases.
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From Figure 5, it can be seen that, under a ten-year recurrence period, the flow depth
along the main road in the factory area is generally between 0.5 and 1.5 m, while under
twenty-year, fifty-year, and one-hundred-year recurrence periods, the flow depth along the
main road is generally between 1.0 and 1.5 m. In some areas, the maximum flow depth
can reach 1.55 to 2.44 m under all four recurrence periods. When encountering narrow
channels, the flow depth increases. Under a ten-year recurrence period, the flow depth in
the drainage channel is between 1.0 and 1.5 m. With the increase in debris flow discharge,
the flow depth in the drainage channel gradually increases, reaching approximately 1.5 to
4.45 m under a one-hundred-year recurrence period. On 17 August 2020, after experiencing
a one-hundred-year recurrence period, a debris flow erupted in the Huiyazi Gully, with a
flow depth of approximately 1.6 m within the Qilian Mountains Cement Factory (Figure 6).
Numerical simulation shows that, under a one-hundred-year recurrence period, the average
flow depth in the factory area is 1.26 m, with an error rate of 21.25% compared to the actual
depth. The accuracy of the numerical simulation results is relatively high when compared
to the results of the actual investigation.

When the debris flow enters the Bailong River, it did not cause the deposition of
sediment to overflow the river channel and pose a risk of sedimentation to downstream
buildings. At this point, the Bailong River acts as a natural barrier to intercept sediment at
the foot of the slope.
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In the ArcGIS software, the deposition area of the debris flow was accurately delineated
by using the results of FLO-2D simulation. Based on different recurrence periods, the
characteristic values of the deposition area of the Huiyazi debris flow were determined, as
shown in Table 1 below. The study found that, with the increase in the recurrence period,
the deposition area, volume, and average deposition thickness all showed a gradually
increasing trend.
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Table 1. Characteristic values of debris flow deposition areas under different recurrence periods.

Recurrence
Periods/Years

Deposition Area
(km2)

Deposition Volume
(×104 m3)

Average Deposition
Thickness (m)

10 0.068 2.44 0.36
20 0.078 2.93 0.38
50 0.087 3.42 0.39

100 0.102 4.26 0.42

The simulation results of the debris thickness for the four recurrence periods were
overlaid onto the satellite imagery. From Figure 7, it can be observed that with the increase
in debris flow discharge, the deposition area gradually expands, accumulating around the
houses and within the Bailong River. The average deposition thickness varies between
0.36 m and 0.42 m for different recurrence periods, posing a threat to the houses within the
deposition area.

Water 2024, 16, x FOR PEER REVIEW 11 of 17 
 

 

 
Figure 7. Comparison of debris flow deposition area under different recurrence periods. 

4.2. Assessment of the Degree of Hazard 
In this study, based on Swiss and Austrian standards, combined with the intensity 

and occurrence probability of debris flows, the hazard of debris flows is categorized into 
three levels: low, medium, and high. The debris flow intensity is defined as the maximum 
simulated depth (H) multiplied by the maximum simulated velocity (V) and the 
maximum simulation depth (H) [33]. Based on different combinations of H and V, the 
intensity of the debris flow in Huaiyazi was classified into different levels, as detailed in 
Table 2. According to the classification criteria in Table 2, the classification results of the 
intensity of debris flows for different recurrence periods are obtained (Figure 8A–D). 

Table 2. Debris flow intensity classification. 

Debris Flow Intensity 
Maximum 

Depth H (m) 
Relation 

Maximum Depth H 
Multiplied by Maximum Velocity 

(V) (m2/s) 
High H ≥ 1 OR VH ≥ 1 

Medium 0.5 ≤ H < 1 AND 0.5 ≤ VH ≤ 1 
Low 0 ≤ H < 0.5 AND VH < 0.5 

The occurrence probability of debris flows can be calculated using the following 
equation: 

𝑃 = 1 − (1 −
1

𝑇
)  (16)

where Pm represents the probability of debris flows occurring within m years, and T 
represents the recurrence period of debris flows, with m specified as one. The probability 
of debris flow occurrence is classified as follows: if the probability exceeds 10%, it is 
considered to be of high frequency; if it falls between 5% and 10%, it is categorized as 

Figure 7. Comparison of debris flow deposition area under different recurrence periods.

Especially in the cement factory, the debris flow flows through the gaps between the
buildings, showing evident diversion phenomena. Additionally, the debris flow mainly
flows within the Qilian Mountains Cement Factory, with no observed flow on the left or
right sides. The main reason for this may be that the debris flow rushes toward the channel
mouth, and the left side is closer to the mountain with a narrow channel, and the left
channel has a higher elevation than the cement factory channel. This results in the debris
flow mainly passing through the cement factory buildings and flowing downward until it
enters the Bailong River.

4.2. Assessment of the Degree of Hazard

In this study, based on Swiss and Austrian standards, combined with the intensity
and occurrence probability of debris flows, the hazard of debris flows is categorized into
three levels: low, medium, and high. The debris flow intensity is defined as the maximum
simulated depth (H) multiplied by the maximum simulated velocity (V) and the maximum
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simulation depth (H) [33]. Based on different combinations of H and V, the intensity of the
debris flow in Huaiyazi was classified into different levels, as detailed in Table 2. According
to the classification criteria in Table 2, the classification results of the intensity of debris
flows for different recurrence periods are obtained (Figure 8A–D).

Table 2. Debris flow intensity classification.

Debris Flow
Intensity

Maximum Depth H
(m) Relation

Maximum Depth H
Multiplied by Maximum

Velocity (V) (m2/s)

High H ≥ 1 OR VH ≥ 1
Medium 0.5 ≤ H < 1 AND 0.5 ≤ VH ≤ 1

Low 0 ≤ H < 0.5 AND VH < 0.5
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The occurrence probability of debris flows can be calculated using the following
equation:

Pm = 1 − (1 − 1
T
)m. (16)

where Pm represents the probability of debris flows occurring within m years, and T
represents the recurrence period of debris flows, with m specified as one. The probability
of debris flow occurrence is classified as follows: if the probability exceeds 10%, it is
considered to be of high frequency; if it falls between 5% and 10%, it is categorized as
moderate frequency; a probability range between 2% and 5% indicates low frequency; and
if the probability is between 1% and 2%, it is classified as very low frequency.

Combining intensity levels with occurrence probability, the hazard of debris flow is
categorized (Figure 9). Based on this classification system, a hazard zoning map of the
Huiyazi debris flow was created (Figure 10).
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(1) The high hazard areas account for 16.74% of the total area. Due to the uneven width
and steep terrain of the mudslide ditch, the blockage of buildings, and the narrow
width of the drainage channel, the high-hazard areas are mainly concentrated in the
channels, factory buildings, and drainage channels. Damage to the factory buildings
is particularly significant due to siltation phenomena. There is a high risk of damage
in the event of future mudslides, and it is important to remove silt in a timely manner
to prevent further siltation from damaging the factory buildings.

(2) The medium hazard area accounts for 62% of the area, which occupies the largest area
and is mainly located on both sides of the channels, buildings, and within the Bailong
River, and although its hazard level is relatively low, the potential hazard of mudslides
should not be ignored due to its wide range. Therefore, effective monitoring, early
warning, and risk management measures need to be taken for the medium-hazard
area in order to mitigate the potential damage caused by mudslides.

(3) The low hazard area accounts for 21.26% of the area and is mainly located within the
buildings and the Bailong River, which is less hazardous to the buildings. However,
there is still a need for vigilance and ongoing monitoring and assessment to ensure
safety.
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5. Discussion
5.1. Comparison of DEM and DSM Simulation Results

In this research, in order to demonstrate the advantages of DSM (Digital Surface
Model) data compared to DEM (Digital Elevation Model) data in simulating debris flow
movement characteristics, we selected scenarios of a one-hundred-year recurrence period
for the comparison of simulation results between the two.

As illustrated in Figure 11, the DEM simulation results show that the debris flow did
not deposit when passing through the cement plant area but instead exhibited a planar
flow, which is inconsistent with the actual observed debris flow events. Conversely, the
DSM simulation results revealed characteristics of flow diversion and deposition when
encountering buildings, aligning with the observed data from the actual debris flow event
on 17 August 2020, where approximately 1.6 m of flow depth was recorded on the main road
of the cement plant area. Therefore, DSM provides more accurate and realistic simulation
results by considering the complexity of surface structures and other features impacting
debris flow behavior, which holds significant value for hazard assessment and disaster
management.
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5.2. Debris Flow Characteristics Analysis and Protective Measure Suggestions

This research simulated the behavior of debris flows in the Huiyazi debris flow under
different recurrence periods using the FLO-2D software, revealing significant changes in
debris flow velocity and deposition depth with terrain changes. The simulation results
indicate that, in narrow and steep channels, the velocity of the debris flows significantly
increases, but it rapidly decreases when the flow exits the channel and encounters buildings.
This observation is consistent with the findings of Zhang et al., who also reported similar
terrain effects on debris flow velocity [34].
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Conversely, regarding the depth of the debris flow, it tends to be shallow within narrow
channels due to the rapid flow speed that prevents deposition. Upon exiting the channel and
encountering obstacles such as buildings, the debris flow exhibits deposition and diversion.
This observation aligns with the research by Han et al. on the dynamic characteristics of
debris flows in narrow and steep channels, further validating the significant influence of
terrain on the movement characteristics of debris flows [35].

This research classified the hazard levels of debris flows based on Swiss and Austrian
standards, considering the intensity and probability of occurrences. The results indicate
that high hazard areas are primarily concentrated in channels, cement factory areas, and
drainage channels. To reduce the potential threat of debris flows to these areas, enhanced
protective measures should be implemented, such as reinforcing drainage channels and
constructing protective embankments. The Bailong River serves as a natural barrier that
effectively intercepts debris flows, suggesting that strengthening protective facilities along
both banks of the river, such as building sediment traps and reinforcing riverbanks, could
be effective mitigation measures to prevent sediment from affecting downstream build-
ings. Although the risk in medium hazard areas is relatively lower, their widespread
distribution necessitates the implementation of effective monitoring and early warning
systems. Additionally, regular hazard assessments should be conducted to identify and
mitigate potential threats. For low hazard areas, where the threat to buildings is minimal,
basic preventive measures should still be implemented, such as establishing emergency
plans and conducting community education to enhance public awareness of disasters and
self-help capabilities.

6. Conclusions

In the study, the Huiyazi debris flow in Longnan City is examined as a case study.
Using the FLO-2D numerical simulation software, the study simulates the movement and
deposition characteristics of debris flows under four different recurrence periods. The main
conclusions obtained are as follows:

(1) Under different recurrence periods, the flow velocities of the debris flow after exiting
the gully range from 0 to 6 m/s, with velocities near the factory buildings generally
ranging from 0 to 1.5 m/s. The velocities in the drainage channels are relatively
higher, typically around 0 to 4.5 m/s. But the flow velocities noticeably decrease after
entering the Bailong River. After leaving the gully, the debris flow exhibits distinct
diversion, primarily flowing towards the cement plant area. Limited flow is observed
on the left and right sides, likely due to the obstruction of the mountainous terrain
and narrow channels.

(2) Under different recurrence periods, the depth of debris deposition in the factory
area is generally less than 1.5 m. With an increase in debris flow volume, the depth
of deposition gradually increases, with the maximum deposition depth typically
occurring within the drainage channels. Upon flowing into the Bailong River, the
debris flow does not cause deposition material to cross the river channel, posing a
risk of diversion to downstream buildings. At this point, the Bailong River serves as a
barrier intercepting sediment deposition at the foot of the slope.

(3) According to Swiss and Austrian standards, combined with the intensity and prob-
ability of debris flow occurrences, the hazard of debris flows is classified into three
levels: low, medium, and high. By categorizing the intensity of the Huiyazi debris
flow and considering the frequency of occurrences under different recurrence periods,
corresponding hazard zone maps were generated. High-hazard areas are mainly con-
centrated in the channels, factory buildings, and drainage channels, where enhanced
protective measures are required. The medium hazard area is primarily distributed
along both sides of the channels, buildings, and within the Bailong River, with a
widespread distribution and significant potential hazard. The low hazard area is
mainly located within buildings and the Bailong River, posing minimal hazard to
buildings. Based on terrain and remote sensing images, the main threatened ob-
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jects for all four recurrence periods are the cement factory and the houses below it,
providing valuable insights for debris flow risk management and mitigation.

(4) Debris flow channels typically lack vegetation or have sparse vegetation cover. Com-
pared to traditional Digital Elevation Model (DEM), high-precision Digital Surface
Model (DSM) ensure that the terrain of debris flow channels accurately reflects reality
while also preserving digital model information of structures and other vulnerable
elements. The simulation results indicate that employing high-precision DSM (Digital
Surface Model) for debris flow hazard assessment demonstrates characteristics such
as sediment deposition and diversion when encountering buildings in the deposition
zone. The movement process and disaster features of debris flows closely resemble
real conditions, resulting in more accurate evaluation outcomes.
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