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Abstract

The risk of debris flow comprehensively reflects both the natural and social attributes of
debris flow disasters, composed of the hazard of debris flow and the vulnerability of the
bearing body. The geological environment of the Kashgar-to-Khunjerab section of the
China-Pakistan Economic Corridor is complex, with widespread debris flow disasters,
strong activity, and severe hazards, posing a significant threat to corridor construction
and public safety. Therefore, conducting debris flow risk assessments in the Kashgar-to-
Khunjerab section of the China—Pakistan Economic Corridor has great significance for dis-
aster prevention and control. Based on field investigation data of debris flows, this study
evaluates the hazard of debris flows in the study area through the frequency ratio and
frequency ratio-logistic regression coupled models. The vulnerability of debris flows was
evaluated through a contribution weight model. Based on the assessment results of haz-
ard and vulnerability, a risk assessment model was utilized to explore the risk situation
of debris flow disasters in the Kashgar-to-Khunjerab section of the China—Pakistan Eco-
nomic Corridor. The results show that the frequency ratio-logistic regression coupled
model (AUC = 0.867) is more suitable for debris flow disasters hazard assessment. The
area of medium hazard zones and above accounts for 68.6% of the total area. The vulner-
ability in the study area is generally concentrated in the township regions along the Kash-
gar-to-Khunjerab section of the China-Pakistan Highway. The proportion of medium and
above vulnerability zones areas reaches 55.6%. The risk levels of the study area generally
radiate outward from the Kashgar-to-Khunjerab section of the China-Pakistan Highway,
exhibiting a decreasing trend of from high to low. The distribution areas of different risk
zones initially increase and then decrease with the rise in risk levels, and the area of me-
dium risk zones and above accounts for 50.8% of the total area. Approximately 91.7% of
debris flow disaster points are located in high and very high risk zones. This indicates that
the study area has a high level of risk. The study results can provide a scientific basis for
planning debris flow disasters prevention and mitigation measures, and the proposed as-
sessment methods can also serve as a reference and guidance for debris flow risk assess-
ment in the study area and other regions.
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1. Introduction

Worldwide, mountainous geological hazards are one of the most common natural
disasters [1], and debris flows are among the most widespread and destructive geological
hazards in mountainous regions [2]. In recent years, the increased frequency of earth-
quakes and extreme weather events has significantly raised the occurrence and scale of
debris flow activity [3]. Meanwhile, with the continuous development of socioeconomics
and the expansion of human activities in mountainous areas, infrastructure construction
has accelerated, further exacerbating the adverse impacts of debris flows. These disasters
pose serious threats to human safety and property. The China—-Pakistan Economic Corri-
dor is one of the six major economic corridors identified as part of China’s Belt and Road
Initiative. It connects the “Maritime Silk Road” in the south with the “Silk Road Economic
Belt” in the north, making it a pioneer zone for the Belt and Road development. It is a
critical economic route that encompasses transportation, energy, communications, agri-
culture, and hydropower, holding significant strategic importance [4]. The China—Paki-
stan Economic Corridor is located in the southwest of Xinjiang, eastern Pamir Plateau, and
western section of the Kunlun Mountains, where the geological environment is highly
complex and variable. Under the influence of a warming and humidifying climate, debris
flow disasters in this area have become more frequent, expanding the disaster risk, se-
verely threatening road transportation, and posing a significant challenge to the sustain-
able socioeconomic development [5-7]. Therefore, conducting research on regional debris
flow risk has great significance for disaster mitigation and risk control in the area.

Risk is defined as the expected degree of loss resulting from a potentially hazardous
event with a given intensity and frequency [8]. It involves three key components: the haz-
ard-forming environment, triggering factors, and elements at risk [9]. In the context of
debris flow disasters, the regional risk assessment is a more suitable quantitative assess-
ment method, which can systematically predicts and quantifies the probability of debris
flow occurrence and its potential impacts, including casualties, property damage, and eco-
nomic losses [10-15]. Scientific and effective risk assessment for debris flows can not only
guide the precise implementation of disaster relief measures but also provide a theoretical
basis for disaster prevention planning [16-18]. Based on this, many researchers have car-
ried out studies on debris flow risk assessment by various methods. The core components
of debris flow risk assessment are hazard assessment and vulnerability assessment [7].
Debris flow hazard refers to the likelihood of debris flow occurrence in a specific region
and the extent of damage it could cause to human life, property, and the ecological envi-
ronment [19]. The influencing factors are related to topography, geological structure, veg-
etation cover, land use, and climatic and hydrological condition, such as elevation, eleva-
tion difference, slope, aspect, lithology, distance to faults, vegetation cover, land use, an-
nual mean precipitation, and distance to rivers [20-22]. For hazard assessment, many
scholars have used qualitative and quantitative analysis methods for debris flow hazard
assessment [23]. The qualitative methods, such as expert scoring and analytic hierarchy
process, tend to be influenced by human factors and lack objectivity [24-27]. While quan-
titative methods extract and analyze a large amount of data to determine the weights of
assessment indicators, they reduce the influence of expert subjectivity. Sujatha et al. [28]
employed the Analytical Network Process (ANP) to generate a debris flow susceptibility
map by integrating key factors including material availability, peak flow, slope gradient,
land use and land cover, and distance to streams, etc. Xu et al. [29] employed a method
combining GIS technology with the Information Value to evaluate debris flow hazard in
Sichuan Province, selecting seven environmental factors, such as elevation, slope, aspect,
flow accumulation, vegetation coverage, soil type, and land use type. Zhou et al. [7] uti-
lized remote sensing and GIS technologies to select 17 influencing factors, including area,
average slope, lithology, net primary productivity (NPP), mean annual precipitation,
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landslide density, drainage density, and fault density, etc., and applied machine learning
algorithms to develop a debris flow hazard assessment model for the Bailong River basin.
Through research, it has been found that the above-mentioned single assessment methods
have certain limitations and cannot fully reflect the complex nonlinear relationships be-
tween debris flow and the indicator factors. Based on this, after conducting a comparative
analysis of the advantages of various methods, this study selected the frequency ratio and
the frequency ratio-logistic regression coupled model to assess the debris flow hazard in
study area. The advantage of the coupled model lies in its ability to not only consider the
contribution rates of different factor classes to debris flow occurrence, but also to incorpo-
rate the relative importance of each influencing factor. This coupled model enhances the
overall accuracy and reliability of the hazard assessment [30].

Vulnerability is a complex concept involving numerous factors, originating from the
study of natural disasters, used to evaluate human socioeconomic systems as elements at
risk. It is a component of disaster risk analysis and reflects the strength of the disaster-
bearing capacity, guiding disaster prevention and mitigation efforts to ensure the safety
of lives and property [31,32]. For vulnerability assessment, scholars have proposed many
practical and effective assessment methods. Li et al. [33] introduced a comprehensive ap-
proach combining Bayesian network models and spatial analysis to predict the impacts of
natural disaster vulnerability. Chen et al. [34] summarized the conceptual framework of
vulnerability based on collected literature. Formulation and components of vulnerability,
exposure, sensitivity, and adaptive capacity were analyzed in depth under different re-
search contexts. Shu et al. [5] considering the exposure (debris flow catchment area, den-
sity of debris flow disaster points), sensitivity (casualties and property losses), and recov-
ery capacity (total local fiscal revenue, occupational structure of residents) of disaster-
bearing body, the vulnerability values of various townships in the Wudu District were
calculated by the DEA model and C-D function, and then, vulnerability grading map of
villages and towns in the study area was obtained. Ding et al. [35] adopted the Contribu-
tion Weighting Superposition method to construct a regional debris flow vulnerability
assessment model and system. The model includes 13 indicator factors, covering popula-
tion, economy, road density, and other related aspects. Cui et al. [36] utilized factor anal-
ysis to establish a vulnerability index system for roads in earthquake-affected areas and
obtained a vulnerability zoning map for Provincial Road 303 in Sichuan Province. Gao et
al. [37] employed the Contributing Weight Superposition model to establish a quantitative
method for geological disaster vulnerability assessment in the Qiaojia seismic area in
Southwestern China. In conclusion, most current studies focus on exposed buildings, in-
frastructure, and lifelines, while lacking research on the multidimensional characteristics
of vulnerability. The Contribution Weighting Superposition method offers a new ap-
proach to vulnerability assessment; its advantage lies in the fact that the predictive weight
of each indicator is entirely determined by objective data, thus overcoming the subjective
biases often present in manual scoring [7]. Therefore, this paper applies this method to
evaluate the vulnerability of debris flows in the study area.

The primary goal of debris flow risk assessment is to systematically evaluate the haz-
ard and potential impacts of debris flows, identify high-risk areas, and reduce the proba-
bility and losses of debris flow disasters. This is critical for the prevention and mitigation
of mountain hazards [38]. In this study, the section from Kashgar to Khunjerab along the
China-Pakistan Economic Corridor is selected as the study area. Based on field study data
of debris flow disasters, key indicators for hazard and vulnerability assessment are cho-
sen. Various models are used to explore the spatial distribution characteristics of debris
flow hazard, vulnerability, and risk, the debris flow assessment specifically focuses on the
road corridor and its adjacent areas. The results not only assist in further enriching and
improving the theoretical framework of debris flow assessment, but also hold significant
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practical significance, providing a solid theoretical foundation and practical guidance for
sustainable regional development.

2. Study Area

Kashgar-to-Khunjerab section of the China—Pakistan Economic Corridor coincides
with the southwest end of the National Highway 314. It is an important national defense
highway connecting China and Pakistan, also known as the “China—Pakistan Friendship
Highway”. In the administrative division, this area is divided into two administrative re-
gions: Kashgar and Kizilesukeerkezi, which starts from Kashgar of Xinjiang in the east
and enters Pakistan through Aoyitake, Bulunkou, Tashikuergan, Dabudaer, and Khunje-
rab, crossing river terraces or valleys between snow-covered mountains [6]. Rainfall is
unevenly distributed in the study area, mainly concentrated from May to September each
year. Intense rainfall provides favorable conditions for the formation of debris flow [39].
In addition, the study area is located in an area with harsh natural conditions such as
geology, topography, climate, and hydrology, with frequent occurrences of multiple geo-
logical disasters such as debris flows. According to hydrodynamic triggering condition
analysis, the study area not only exhibits rainfall-triggered debris flows, but also contains
a significant number of glacier-triggered and hybrid rainfall-glacier-triggered debris
flows [40], which seriously threaten road travel and safety. After remote-sensing interpre-
tation and field investigation, it was found that there were 511 debris flow channels, which
are distributed mainly along the Kashgar-to-Khunjerab section of the China—Pakistan
Highway (Figure 1), and the distribution density of various types of debris flows along
the China-Pakistan Highway reaches 1.2 per kilometer [6].
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Figure 1. Distribution of debris flow disasters in the study area.

3. Data and Methods

This study selects 12 hazard assessment indicators from five aspects—topography
and geomorphology, geological structure, vegetation and soil, climatic, and human activ-
ities—to establish a hazard assessment system. The frequency ratio model and the fre-
quency ratio-logistic regression coupled model are used to evaluate the debris flow
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hazard in the study area, and the models are evaluated using the AUC value of the ROC
curve to determine the optimal model. For vulnerability, six assessment indicators are se-
lected from the aspects of exposure, sensitivity, and resilience to establish a vulnerability
assessment system. The Contributing Weight Superposition model is applied to evaluate
the debris flow vulnerability in the study area. Based on the hazard and vulnerability as-
sessment results, a risk assessment model is used to obtain the debris flow risk assessment
results for the study area. The specific process is shown in Figure 2.

Topograph Geologid i Gt Human activiti itivity resilience Exposure
data dTa and soil data C""“““ data 1 and others data data data
-------------- ettt
Fi Rati '
Frequency th:(;z’ﬁ % F debris flow Contributing Weight
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To provide important practical guidance
for sustainable regional development

Figure 2. Flow chart of this study.

3.1. Data
3.1.1. Debris Flow Hazard Data

The occurrence of debris flow needs to fulfill three key conditions, steep topography,
sufficient material sources, and heavy rainfall. Therefore, this study synthesizes various
factors; historical debris flow disasters characteristics, unique topography, geomorphol-
ogy, environmental conditions of the study area, literature and expert consultation, field
survey, and the assessment indicators related to topography and geology, vegetation and
soil, temperature and precipitation, distance to rivers, and land use were selected. We
employed the Variance Inflation Factor (VIF) to test for multicollinearity among these in-
dicators, retaining only the 12 indicators with VIF < 10 [41,42], establishing a debris flow
disasters hazard assessment system in the study area. The specific data sources for these
assessment indicators are shown in Table 1.

Table 1. Data sources for debris flow disasters hazard assessment indicators.

Category Indicators Unit Scale/Resolution Source
Elevation m
elevation difference  m Geospatial Data Cloud
Topography 30m 30 May 2024
Slope ) (http://www.gscloud.cn/search)
Aspect /
Lithology / 1:250,000 National Geological Data Museum
Geological struc- 30 May 2024
ture Distance to faults m 1:250,000 (https://www.ngac.cn/125cms/c/qggnew/in-
dex.htm)
Modis/terra Data
NDVI / 1:250,000 30 May 2024
Surface vegeta- (https://ladsweb.nascom.nasa.gov/search)
tion and soil National Cryosphere Desert Data Center
Soil type / 1:1,000,000 30 May 2024

(http://www.ncdc.ac.cn)
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Climatic condi-
tions

Annual mean pre- Resource and Environmental Science Data

mm 1000 m

cipitation Platform

Annual mean tem- 30 May 2024

°C 1000 m

perature (https://www.resdc.cn/)

Human activities
and others

Land use / 30 m

National Catalogue Service For Geographic
Information
30 May 2024
(https://www.web-
map.cn/commres.do?method=globe-
Detailsé&type=EasyAccess)

National Catalogue Service For Geographic
Information

Distance to rivers m 1:250,000 30 May 2024

(https://www.web-
map.cn/main.do?method=index)

(1) Topographic and geomorphological

The topographic and geomorphological data mainly include elevation, relative ele-
vation difference, slope, and slope direction, among which the elevation directly reflects
variations in topographic undulation, gullies, vegetation types, soil types, and precipita-
tion in the study area. Therefore, elevation has a significant impact on debris flow. In this
study, the elevation of the study area is classified into eight classes: 0-1500 m, 1500-2500
m, 2500-3500 m, 35004500 m, 4500-5500 m, 5500-6500 m, 6500-7500 m, >7500 m, as
shown in Figure 3a.

The elevation difference mainly controls the development of surface vegetation and
bedrock exposure. The study area is located in the southwestern part of the Xinjiang Ui-
ghur Autonomous Region, the eastern part of Pamir Plateau, and the western part of Kun-
lun Mountain Range, and the road crosses the river terrace or canyon area between high
mountains (snow mountains). The mountains are steep, the rivers are strongly undercut,
and the alpine canyon terrain is very developed, which provides dynamic conditions for
debris flow initiation. Based on the elevation data of the study area, the relative elevation
difference is divided into five classes: 0-1500 m, 1500-3000 m, 3000-3500 m, 3500 m—6000
m, >6000 m, as shown in Figure 3b.

Aspect has a significant influence on the formation, distribution, and activity inten-
sity of debris flow. Aspect controls the distribution pattern of microclimate and water—
heat ratio on mountain slopes. The difference in topographic slope between mountains
and river valleys affects the amount of snow and ice accumulation, melting, and rainfall,
as well as the growth of vegetation and the degree of rock weathering. In the shaded slope
zone, snow and ice storage conditions are favorable, the snow line is lower than the sunny
slope, glaciers are more developed than the sunny slope, the altitude of glacial terminus
is low, the glacier is relatively stable, so the debris flow formation solid material source
and water source conditions are poor, debris flow activity is not obvious. On the sunny
slope, there is more sunlight intensity and radiation, the ice and snow melt quickly, the
rock weathering is fast and high, the rock and soil structure is looser, and the debris flow
material source and water source are more abundant, which causes the phenomenon that
the debris flow on the sunny slope is generally more developed than that on the shady
slope, as shown in Figure 3c.

The slope is a critical factor influencing the development of debris flows. The slope
directly reflects the steepness change in the terrain, which affects the stability of loose ma-
terial sources, the flow rate of surface runoff, and indirectly affects the development of
debris flow. It has some influence on the mechanism of slope deformation. The slope was
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obtained from elevation data by slope function extraction. In this study, slope was classi-
fied into five classes: 0-15°, 15-30°, 30-45°, 45-60°, 60-75°, and >75°, as shown in Figure
3d.

Elevation (m)

I <1500

I 1500-2500 o

[ 2500-3500 Elevation difference (m)
[T 3500-4500 . <1500

1 4500-5500 [ 1500-3000

[ 5500-6500 [ 3000-4500

I 6500-7500 [ 4500-6000

. >7500 B 6000

®  debris flow disaster points

® debris flow disaster points
20 40 0 20 40 80 km
- —

km

0

() (b)

Aspect

Flatland .
I North Slope (°)
[ Northeast CJos
[ JEast . 1530
[ South—east I 3045
[1South B 45-60
I Southwest
— 60-75
I Northwest - -7

o debris flow disaster points ® debris flow disaster points
0 20 40 80 km 0 20 40 80 km
T

(c) (d)

Figure 3. Distribution of four topographic factors. (a) elevation, (b) elevation difference, (c) aspect,

(d) slope.

(2) Geological structure

In lithology, stratigraphic rocks are one of the main substances that form the source
of debris flow. The lithology of different types of rocks has different physicochemical
properties and weathering levels [43]. The properties of stratigraphic rock masses vary,
resulting in differences in weathering degree, distribution of joints and fissures, rock
strength, and water content. The rocks have been affected by weathering for a long time
in the study area, and the broken rocks often converge into the channel, which provides
favorable conditions for the recharge of loose solid material sources. Based on the actual
geological data and field investigation, the stratigraphic lithology of the study area is di-
vided into six categories: loose rock, clastic rock, granite, metamorphic rock, ice and mod-
ern glaciers, and intrusive rock, as shown in Figure 4a.
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The formation of debris flows is generally inextricably linked to fault structures, es-
pecially in the cross-compound parts of regional fault structures, where fault movements
make rocks broken and less stable, and easily form structural conditions favorable for the
development of debris flows. Therefore, this study chooses the distance from fault to an-
alyze the risk of debris flow. Based on the actual situation of the fault distribution in the
study area, a buffer zone of 1 km from the faults is analyzed and divided into five catego-
ries: 0-1000 m, 1000-2000 m, 2000-3000 m, 3000-4000 m, and >4000 m, as shown in Figure
4b.

Lithology Distance to faults (m)

[ Loose rock type 0 o-1000
B clastic rocks
1000-2000

B Granite rocks =
B Metamorphic rocks (71 2000-3000
[ Ice, snow and modern gl#€fers B 3000-4000
I ntusive rock I >4000

> debris flow disaster points o debris flow disaster points
0 20 40 80 ki 0 2 40 80 km
————

(a) (b)

Figure 4. Distribution of geological factors. (a): lithology, (b) distance to faults.

(3) Vegetation and soil

Vegetation is one of the key factors influencing the development of debris flows,
mainly reflected in the fact that the rhizome of vegetation has a certain root reinforcement
effect on the soil; this helps to reduce the flow velocity and infiltration rate of water on
slopes, enhance the shear strength of the geotechnical body and the degree of soil consol-
idation, and ultimately prevent soil erosion [10]. The normalized Difference Vegetation
Index (NDVI) can effectively reflect the vegetation growth status and vegetation cover.
Therefore, NDVI is used as an indicator to evaluate the impact of vegetation cover on
debris flow disasters and to judge the distribution of debris flow disaster. Based on NDVI
data, this study classifies NDVIinto five categories: 0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, and 0.8
1, as shown in Figure 5a.

Soil type has a large impact on surface infiltration and erosion resistance. Different
soil types have different particle sizes, different degrees of compactness, and different per-
meability. The more compact the soil structure, the better its water retention, the less soil
erosion occurs, and the fewer loose materials are carried by the water flow, resulting in
less material source replenishment for debris flow formation; on the contrary, loose soil
structures allow rainwater to erode the surface, increasing material source replenishment
for debris flow. Therefore, the soil plays a crucial role in the formation of loose surface
materials. Through field surveys and remote sensing data analysis, the soil types in the
study area are classified into 15 categories; specific classification is shown in Figure 5b.
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Figure 5. Distribution of vegetation and soil factors. (a) NDVI, (b) soil type.

(4) Climatic conditions

Precipitation is the main factor that induces debris flows [44]. As precipitation in-
creases, the pore water pressure within loose rock and soil on slopes rises, reducing shear
strength, which leads to landslides and collapses, providing abundant loose solid materi-
als for the formation of debris flows. In addition, heavy precipitation can generate channel
floods, and the strong currents generate strong impact force and a powerful scouring and
transporting effect on materials at the foot of slopes and in riverbeds, ultimately leading
the solid materials to be mobilized by the floodwaters, forming debris flows. Approxi-
mately 70% of the annual precipitation in the study area occurs between June and August,
and short-duration, intense convective weather events frequently occur [45]. These cli-
matic conditions are highly conducive to the initiation of debris flow disasters. Therefore,
in this study, annual mean precipitation from 1960 to 2020 in the study area was used as
an indicator to evaluate the impact of precipitation on debris flow disasters. The maxi-
mum annual mean precipitation is 763.35 mm, the minimum annual mean precipitation
is 113.45 mm, and the annual mean precipitation is 359.56 mm. Based on the maximum
and minimum annual mean precipitation values, the annual mean precipitation in the
study area is classified into seven categories; specific classification is shown in Figure 6a.

The China-Pakistan Economic Corridor is located in mountainous areas with a com-
plex geological environment, and glaciers are present in the valleys. In summer, the high
temperatures in the study area accelerate glacier melting, generating substantial meltwa-
ter that may trigger glacial meltwater debris flow disasters. For instance, at 15:00 on 22
July 2021, during a debris flow survey in Bulunkou Township, Akto County, scientific
investigators observed a debris flow event triggered by glacial meltwater. Therefore, tem-
perature is another important factor influencing debris flow disasters in the study area.
This study selected the annual mean temperature from 1960 to 2020 to reflect the climate
conditions of the study area. The maximum annual mean temperature is 12.08 °C, the
minimum annual mean temperature is -28.67 °C, and the annual mean temperature is
-3.05 °C. Based on the maximum and minimum annual mean temperature values, the
annual mean temperature is classified into seven categories; specific classification is
shown in Figure 6b.
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Figure 6. Distribution of climatic conditions factors. (a) annual mean precipitation, (b) annual mean

temperature.

(5) Human activities and others

Land use types influence the occurrence of debris flows by altering surface vegetation
cover and hydrological conditions. Different land use types exert varying impacts on the
formation and development of debris flows, with activities that damage the ecological
environment exacerbating the formation and occurrence of debris flows. Through field
surveys and remote sensing data analysis, the land use types in the study area are classi-
fied into nine types; specific classification is shown in Figure 7a.

The debris flow often occurs in mountainous gullies, which often block rivers, and
river gullies also provide flow channels for debris flow, extending their flow distance and
increasing their scale. The buffer zones of rivers in the study area are classified into five
categories, which are 0-1000 m, 1000-2000 m, 2000-3000 m, 3000-4000 m, and >4000 m, as
shown in Figure 7b.

Land use type

I Grassland

[ Cropland

[ Bare land

[0 Water body Distance to rivers (m)

[ Land surface . 01500

[ Wetland I 1500-3000
[ 30004500

[ Scrubland

I Forest [ >4500

o debris flow disaster points o debris flow disaster points

0 20 40 80 km 0 20 40 80 km

N S—
(a) (b)

Figure 7. Distribution of human activities and others. (a) land use type, (b) distance to rivers.
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3.1.2. Debris Flow Vulnerability Data

The vulnerability assessment of debris flows consists of three components: exposure,
sensitivity, and resilience [5]. The exposure index is measured by the relative spatial loca-
tion of debris flows and the density of debris flow disaster points. The sensitivity index is
represented by population density and road density in terms of hazard losses. Resilience
is relatively abstract and difficult to quantify. It is represented by GDP and the distance
from towns. Specific details and the source of data are shown in Table 2.

Table 2. Data sources for debris flow disasters vulnerability assessment indicators.

Category Indicators Unit Scale/Resolution Source
lati tial position of debri
relative spatia’ posttion of debris m 30 m Institute of Geological Natural Disaster
flow .
Exposure . . . Prevention and Control, Gansu Acad-
density of debris flow disaster .
. m 30m emy of Sciences
points
density of road network / 30m National Catalogue Service For Geo-
graphic Information
Sensitivity . . ) 30 May 2024
density of population People/km 1000 m (https://www.web-
map.cn/main.do?method=index)
GDP 10,000 CNY/km? 1000 m National Catalogue Service For Geo-
graphic Information
Resilience . 30 May 2024
distance to town m 30 m
(https://www.web-

map.cn/main.do?method=index)

Exposure reflects the degree of external disturbance and threat. Under the same de-
bris flow conditions, the higher the exposure of the area, the greater the absolute value of
the damage caused by the disaster. In this study, exposure is measured by the density of
debris flow disasters and the relative spatial location of debris flow. The density of debris
flow disaster points reflect the spatial distribution characteristics of debris flow in the area,
while relative spatial location of debris flow directly determines the degree of damage
suffered by debris flow in the area. Both are the basic factors influencing the vulnerability
of debris flows, as shown in Figure 8.

Density of debris flow
disaster points
High:4436.81

Relative spatial position of ‘
debris flow

P High:111,593
s Low:0.276455

Low:0
©  debris flow disaster points ®  debris flow disaster points

0 20 40 80 km 0 20 40 80 km
— o — — o —

() (b)

Figure 8. Distribution of exposure. (a) relative spatial location of debris flow, (b) density of debris
flow hazard points.
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Sensitivity reflects the potential changes that disturbances may cause in socio-ecolog-
ical systems. In this study, sensitivity is measured by population density and road density.
Population density reflects the characteristics of regional population distribution; the
lower the population density, the smaller the impact caused by debris flow disasters. Road
construction is a prerequisite for economic development. Road accessibility is crucial for
debris flow disaster prevention and mitigation. Higher road density indicates stronger
capacity to cope with debris flow disasters. Additionally, road density is also important
for social security in emergency situations, as shown in Figure 9.

Density of road network
ensity of road networ Density of population

- High:0.326384 P High:143
Low:0
X - . |
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N —
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Figure 9. Distribution of the sensitivity. (a) density of road network, (b) density of population.

Resilience reflects the system’s ability to recover from the adverse effects caused by
disturbances. In this study, resilience is measured by GDP and the distance to town. GDP
mainly reflects the economic strength of a region. The larger the GDP value, the faster the
recovery from the damage caused by the debris flow disasters. The closer the distance to
a town, the quicker the rescue and recovery after the destruction caused by debris flows,
as shown in Figure 10.
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Figure 10. Distribution of resilience. (a) GDP, (b) distance to town.

3.2. Methods
3.2.1. Hazard Assessment Method
(1) Frequency Ratio Model

The frequency ratio method is widely applied in geological hazard assessment; its
principle involves analyzing the spatial relationships between debris flow distribution
and influencing factors [30,42]. This method integrates spatial data with analytical models
to quantitatively evaluate the hazard of debris flow disasters. The frequency ratio model
has been effectively applied in previous geological disaster assessments and factor contri-
bution calculations. Its formula is as follows:

LN,
LN
FR, = ZN_ 100% 1)
ij
>N
H=)FR, )

In the formula, FRj is the frequency ratio of the i factor and j grade; LNj; is the i factor
and j grade debris flow pixel; ) LN is the study area debris flow pixel; N is the i factor and
j grade area pixel; }'N is the total study area pixel; H is the debris flow susceptibility index.

(2) Frequency Ratio-Logistic Regression Model

In order to take into account the advantages of frequency ratio and logistic regression
models, the coupled model was invoked to evaluate the debris flow disasters in this study.
The model not only comprehensively considers the effects of different intervals of influ-
encing factors on debris flow disasters but also analyzes the contribution of each factor at
different levels and its importance to the occurrence of debris flows. In order to reduce the
influence of different amplitudes, the frequency ratio is normalized between [0, 1] [46],
and the specific calculation formula is as follows:

LogitH=b,+by, +b,y, +-----b,y, ®)

In the formula, LogitH is the probability function of debris flow occurrence, bo is a
constant term, by, bz, ..., b are the regression coefficients of the normalized values, which
belong to the frequency ratio of each factor, and y: denotes the normalized value of the
frequency ratio of each factor.

(3) ROC Curve

In this study, ROC (Receiver Operating Characteristic Curve) curve and model plau-
sibility testing are used to choose more suitable hazard assessment method. The AUC is
usually used to assess the reliability of the model, representing the area under the ROC
curve. The criteria are as follows: when the AUC < 0.5, the prediction results are not cred-
ible; when the AUC = 0.5, the results are random; when AUC is between 0.5 and 0.7, the
accuracy is low; when AUC is between 0.7 and 0.9, the accuracy is high; and when the
AUC > 0.9, the accuracy is extremely high [44]. In this study, there were 511 debris flow
disaster points in the study area, which were taken as debris flow disaster sample points
with a value of “1”, and 511 points were randomly taken as non-debris flow disaster sam-
ple points with a value of “0” in the area. All points were used for accuracy verification.
Before logistic regression analysis, covariance analysis was performed to avoid multicol-
linearity between independent variables [46].
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3.2.2. Vulnerability Assessment Method

In this study, the Contributing Weight Superposition (CWS) model is used to calcu-
late the vulnerability results of debris flow. This primarily involves calculating the contri-
bution of vulnerability factors and calculating intra-factor weights (self-weights) and in-
ter-factor weights (mutual weights) through the weight transformation model. Specific
calculation formula is as follow [7,35]:

Xzzl:R;.xW," xW' (4)

In the formula, X stands for exposure, sensitivity, and resilience; R; is the contribu-

tion rate of each level of the indicator to debris flow development; W, is the self-weight

of the indicator contribution level; W' is the mutual weight of each indicator.

The contribution rate indicates the relationship between the factor and the probabil-
ity of debris flow occurrence, and the larger the contribution rate, the greater the proba-
bility of debris flow occurrence. In this study, we define m into 5 levels: Li = {very high,
high, medium, low, very low}. The contribution rate of each class to the factor is calculated
by Equation (5):

R =n! /n ®)

In the formula, R:n is contribution of factor i to debris flow within class m (m=1, 2, 3,
oy 5); n,in is the number of debris flows disasters within class m for factor i; n is the total
number of debris flow disasters in the study area.

The factor self-weights are obtained by summing and averaging the factor contribu-
tion rates, as shown in Equation (6):

W=i&/

m=1

ﬁ/iﬁ ®)

In the formula, W, is the self-weights of the factors of each contribution level. Lil is

the series of averaged values for each factor at different levels, [ is the number obtained
by averaging the factors of different levels, and |L}| is the number of factors of each con-
tribution rate level.

The mutual weight of each indicator is calculated by Equation (7):

W=D ZD’ @)

In the formula, D' is the sum of the contribution levels of factor i normalized within
contribution level [.

3.2.3. Risk Assessment Method

The risk of debris flow comprehensively reflects both the natural and social attributes
of debris flow disasters, composed of the hazard of debris flow and the vulnerability of
the bearing body. Thus, the risk degree (R) is established based on the hazard and vulner-
ability, as shown in Equation (8).

R=A-(HxV) 8)
In the formula, R is the risk degree, H is the hazard degree, and V is the vulnerability

degree. All three values range from 0 to 1. A is the regional risk coefficient. Based on Liu’s
risk assessment model, the regional risk coefficient is set at A = 1.1 [47,48].



Water 2025, 17, 2841

15 of 22

4. Results
4.1. Debris Flow Hazard Assessment

The natural breakpoint method was adopted to classify the hazard indexes into very
high, high, medium, low, and very low hazard zones, according to the selected grading
status of the debris flow disaster influence factors and the assessment model. The debris
flow hazard grading maps of the frequency ratio model and the frequency ratio-logistic
regression model were obtained, as shown in Figure 11.
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Figure 11. Debris flow hazard maps based on two models. (a) the frequency ratio model; (b) the

frequency ratio-logistic regression model.

Figure 12 illustrates the variations in the distribution areas, debris flow disaster
points, and disaster points density of different hazard zones for two models as the debris
flow hazard level. It can be observed from the figure that the distribution areas of different
hazard zones for two models initially increase and then decrease with the rise in hazard
levels. Additionally, the number of debris flow disaster points and disaster points density
for two models increase as the hazard level increases. However, the two models show
differences in their calculation results. For the frequency ratio model, in the very high
hazard zones, the distribution area, the proportion of debris flow disaster points, and the
density of debris flow disaster points are 2688 km? (11.2%), 57.4%, and 11.5 x 102, respec-
tively. In the high hazard zones, these values are 5706 km? (23.8%), 30.5%, and 2.9 x 102,
respectively. In the medium hazard zone, these values are 7272 km? (30.4%), 8.6%, and 0.6
x 1072, respectively. In the low hazard zones, these values are 5312 km? (22.2%), 2.4%, and
0.2 x 1072, respectively. In the very low hazard zones, these values are 2982 km? (12.4%),
1.1%, and 0.2 x 102, respectively. For the frequency ratio-logistic regression coupled mod-
els, in the very high hazard zones, the distribution area, the proportion of debris flow
disaster points, and the density of debris flow disaster points are 3114 km? (13%), 67.7%,
and 11.7 x 102, respectively. In the high hazard zones, these values are 6469 km? (27%),
22.3%, and 1.9 x 107, respectively. In the medium hazard zones, these values are 6852 km?
(28.6%), 6.5%, and 0.5 x 102, respectively. In the low hazard zones, these values are 5256
km? (21.9%), 3%, and 0.3 x 102 respectively. In the very low hazard zones, these values
are 2269 km? (9.5%), 0.6%, and 0.1 x 1072, respectively.
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Figure 12. Comparison of the number of debris flow and density between the two models.

To evaluate the reliability of the model, Figure 13 presents the ROC curves of the
frequency ratio model and the frequency ratio-logistic regression coupled model. The
AUC values for the two models are 0.85 and 0.867, respectively, which shows that the
accuracy of the coupled model is slightly higher than the single model. Therefore, the
hazard results obtained from the frequency ratio-logistic regression coupled model is
more accurate.
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Figure 13. ROC curves based on two models.

By analyzing the hazard assessment results of the frequency ratio-logistic regression
coupled model, it was found that the debris flow hazard is largely distributed in a band
along the Kashgar-to-Khunjerab section of the China-Pakistan Highway, with a small
sporadic distribution in other areas. Very high hazard zones are mainly located in
Aoyitake, Bulunkou, Kekeyaeraerkezi, and along the route. High hazard zones are scat-
tered in Aoyitake, Bulunkou, Kekeyaeraerkezi, Taheman, and Tizinafu, while medium
hazard zones are mainly located in Bositantielieke, Tashimilike, Bulunkou, Waqia, Ban-
dier, Tizinafu, and Dabudaer. And low and very low hazard zones are located in
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Bulunkou, Bositantielieke, Yaoertuokuoyi, Tizinafu, Wagqia, and other areas at the bound-
ary.

4.2. Debris Flow Vulnerability Assessment

The vulnerability of the study area was obtained by integrating the exposure, sensi-
tivity, and resilience. Based on the evaluation results of the vulnerability, the vulnerability
was divided into five levels—very high, high, medium, low, and very low —by combining
the distribution of debris flow disasters and the vulnerability characteristics of each town-
ship in the region, and the debris flow vulnerability grading map was obtained, as shown
in Figure 14.
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Figure 14. Debris flow vulnerability maps based on the contributing weight superposition model.

The vulnerability in the study area is generally concentrated in the township regions
along the Kashgar-to-Khunjerab section of the China—Pakistan Highway. Very high vul-
nerability zones are mainly located in Kekeyaeraerkezi, Taheman, Tizinafu, and
Dabudaer. High vulnerability zones involve eight townships, namely Aoyitake,
Bulunkou, Kekeyaeraerkezi, Taheman, Dabudaer, Bandier, Wagqia, and Yaoertuokuoyi.
Medium vulnerability zones are mainly located in Yaoertuokuoyi, Bositantielieke,
Aoyitake, Tizinafu, and Dabudaer. Low and very low vulnerability zones are mainly lo-
cated in Bulunkou, Tizinafu, Wupaer, Aoyitake, and other areas in the north and south-
west corner of the study area.

According to the vulnerability classification criteria, the area of very high vulnerabil-
ity zones account for 9.7% of the total area; the high vulnerability zones account for 23.4%;
the medium vulnerability zones account for 22.5%; the low vulnerability zones account
for 26.3%; and the very low vulnerability zones account for 18.1%. The proportion of me-
dium and above vulnerability zone areas reaches 55.6%, indicating relatively high vulner-
ability. The vulnerability assessment of the region provides further insights into the
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socioeconomic attributes of debris flows, offering valuable information for risk assessment
of the Kashgar-to-Khunjerab section of the China—Pakistan Economic Corridor.

4.3. Debris Flow Risk Assessment

Figure 15 illustrates spatial distribution of debris flow risk in the study area. It can be
observed that the risk levels generally radiate outward from the Kashgar-to-Khunjerab
section of the China—Pakistan Highway, exhibiting a decreasing trend of from high to low.
The very high risk zones are mainly distributed in a band across parts of in Aoyitake,
Kekeyaeraerkezi, Taheman, and part of Tizinafu. The high risk zones have a similar dis-
tribution pattern to the very high risk zones and are mainly located in Bositantielieke,
Wagia, Bandier, and other areas. The medium risk zones are mainly located in the towns
and villages near the Kashgar-to-Khunjerab section of the China—Pakistan Highway, such
as Aoyitake, Bulunkou, Bositantielieke, Kekeyaeraerkezi, Taheman, Tizinafu, Dabudaer,
etc. The low and very low risk zones are mainly located in Bulunkou, Bositantielieke, and
Tizinafu.
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Figure 15. Spatial distribution of debris flow risk.

Figure 16 illustrates the variations in the distribution areas, debris flow disaster
points, and disaster points density at different risk zones. It can be observed that the dis-
tribution areas of different risk zones initially increase and then decrease with the rise in
risk levels. Additionally, the number of debris flow disaster points and disaster points
density increase as the risk level increases. In the very high risk zone, the distribution area,
the proportion of debris flow disaster points, the density of debris flow disaster points are
1661 km? (6.9%), 53.2%, and 17.2 x 1072, respectively. In the high hazard zone, these values
are 4548 km? (19%), 38.5%, and 4.5 x 102 respectively. In the medium hazard zone, these
values are 5955 km? (24.9%), 8%, and 0.7 x 1072, respectively. In the low hazard zone, these
values are 6269 km? (26.2%), 0.4%, and 0.03 x 102, respectively. In the very low hazard
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zone, the distribution area is 5527 km? (23.1%), and no debris flow disasters occurred.
Based on the analysis of the aforementioned data, it is concluded that the area of medium
risk zones and above accounts for 50.8% of the total area, and approximately 91.7% of
debris flow disaster points are located in high and very high risk zones. This indicates that
the overall risk level in the study area is high, with frequent occurrences of debris flow
disasters. Through field investigations, it was found that one of the main reasons for the
frequent debris flow events is the large accumulation of the solid loose materials from the
debris flow channel [49], making it very easy for debris flow disasters to occur under
short-term heavy rainfall conditions. On the other hand, the mountainous region in the
northern part of the China—Pakistan Economic Corridor includes the Kush Mountains, the
Himalayas, and the Karakorum Mountains, and three of the world’s seven major glaciers
are located in this region [50]. However, most glaciers are rapidly thinning at a rate of 0.66
+0.09 m per year due to human activities and global warming [51]. The melting of glaciers
and the increase in water volume also raise the probability of debris flow disasters. There-
fore, the prevention and control of debris flow disasters should be strengthened in this
study area.
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Figure 16. The variations in debris flow disaster points, areas and density of debris flow disaster
points at different risk zones. (a) debris flow disaster points; (b) area; (c) density of debris flow dis-

aster points.

5. Conclusions

This study analyzed field survey data and employed the frequency ratio and fre-
quency ratio-logistic regression coupled model to evaluate the hazard of debris flows in
the study area. The contribution weight model was used to evaluate the vulnerability of
debris flows in the region. Based on the assessment results of hazard and vulnerability, a
risk assessment model was utilized to explore the risk situation of debris flow disasters in
the China-Pakistan Economic Corridor. The main conclusions are as follows:
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(1) The frequency ratio-logistic regression coupled model (AUC =0.867) is more suitable
than the frequency ratio model (AUC = 0.85) for debris flow disasters hazard assess-
ment. the debris flow hazard is largely distributed in a band along the Kashgar-to-
Khunjerab section of the China—Pakistan Highway, with a small sporadic distribu-
tion in other areas; the area of medium hazard zones and above accounts for 68.6%
of the total area.

(2) The vulnerability in the study area is generally concentrated in the township regions
along the Kashgar-to-Khunjerab section of the China-Pakistan Highway. The pro-
portion of medium and above vulnerability zones areas reaches 55.6%.

(3) The risk levels of the study area generally radiate outward from the Kashgar-to-
Khunjerab section of the China—Pakistan Highway, exhibiting a decreasing trend of
from high to low. The distribution areas of different risk zones initially increase and
then decrease with the rise in risk levels, and the number of debris flow disaster
points and disaster points density increase as the risk level increases. The area of me-
dium risk zones and above accounts for 50.8% of the total area. Approximately 91.7%
of debris flow disaster points are located in high and very high risk zones. This indi-
cates that the study area has a high level of risk, with frequent occurrences of debris
flow disasters.
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