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Abstract: The Hengduan Mountains in China are known for their complex geological environment,
which leads to frequent geological disasters that pose significant threats to the safety and economic
and social development of the local population. In this study, we developed develop a multi-
dimensional evaluation index system from the aspects of economy, society, ecology, and infrastructure,
and the resilience inference measurement (RIM) model was developed to assess resilience to regional
disasters. The clustering evaluation of exposure, damage, and recovery variables in four states
was conducted by way of K-means clustering. The results of K-means clustering are confirmed
by discriminant analysis, and the disaster resilience index was empirically verified once. At the
same time, the obstacle factor was further analyzed with the obstacle degree model. The results
indicate that there are 8 susceptible areas, 23 recovering areas, 27 resistant areas, and 7 usurper
areas. The classification accuracy of the model is 95.4%. The disaster resilience of high-risk areas
was found to be low, with “extremely poor” differentiation, where the majority of the areas had low
resilience and only a minority had high resilience. A “high in the southeast and low in the northwest”
spatial distribution was observed. High-resilience areas were “dotted” and mainly concentrated in
core areas with a high population density and strong economic activity, while low-resilience areas
had a pattern of “edge extension” and were mainly distributed in the transition zone between the
Qinghai-Tibet and Yunnan Plateaus. There were clear differences in the barriers of disaster resilience
among the 65 counties (cities). The economic barrier degree was found to be the largest barrier
to disaster resilience, followed by ecological, social, and infrastructure barrier degrees. The main
factors affecting the distribution of disaster resilience in the high-risk areas were topographic relief,
proportion of female population, cultivated land area, industrial structure, number of industrial
enterprises above a designated size, and drainage pipeline density in the built-up area. Additionally,
primary barrier factors classify the 65 counties (cities) into three types: economic constraint, natural
environment constraint, and population structure constraint.

Keywords: disaster resilience; RIM model; obstacle factor; Hengduan Mountains

1. Introduction

In recent years, with the spread of population and economic urbanization, frequent
geological disasters have become an important limiting factor for the sustainable devel-
opment of regional economies and societies. In 1987, the United Nations General As-
sembly adopted the period 1990-2000 as the “International Decade for Natural Disaster
Reduction (IDNDR)” [1] to implement the Disaster Reduction plan with the main pur-
pose of strengthening disaster assessment, prediction, and prevention. The actions of the
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World Conference on Disaster Reduction (Risk) held in 2003, 2005, and 2015 respectively
reflect the increasing status of the international comprehensive disaster prevention ca-
pacity and regional disaster resilience in sustainable development [2—4]. In this process,
traditional passive risk prevention can no longer meet the needs of regional development
going forward. Therefore, the concept of disaster resilience was introduced from a new
perspective of regional disaster prevention and reduction [5-7].

The word “resilient” derives from the Latin “resilio”, referring to the ability of an
object to return to its original state [8]. It was first introduced in the field of ecology by
Holling et al. (1973) [9]. Since then, resilience has gradually become a research hotspot in
the fields of psychology [10] and disaster science [11]. Disaster resilience, as an early
field of resilience research, has been studied by different scholars. For instance, the
concept of resilience was first studied from the perspective of “catastrophology” by
Mileti (1999) [12], who argued that disaster resilience was the level of acceptable loss
of a region due to extreme natural events. Furthermore, some scholars believe that disaster
resilience is the ability to resist and adapt to disasters, which has certain dynamic balance
characteristics [13-15]. Some scholars believe that disaster resilience is the process and
ability of social adaptation and recovery after disasters [16]. Some scholars believe that
disaster resilience refers to the adaptability of the environment after disasters, the self-
organization ability of the social system, the timely adjustment ability of decision making,
and the ability to learn from historical disasters [17]. However, most scholars believe that
disaster resilience is the ability to resolve external shocks and maintain its main functions
in times of crisis [18-23]. Numerous scholars have also studied disaster resilience from
global, urban, and community dimensions [5,24-28]. The disaster resilience index of a
community to floods was assessed through a questionnaire survey, applied to a flood-prone
area in Pakistan [29]. Disaster resilience began to be studied and was applied relatively late
in China; however, it developed rapidly. For example, the concept of disaster resilience
has been redefined based on the concepts and theory of resilience, and trends in its de-
velopment and measurement indicators have been discussed [17,30,31]. The quantitative
analysis of disaster resilience has been used in specific regions under the action of a disaster
type [32-34]. At the same time, based on the baseline resilience model (BRIC), the disaster
resilience of prefecture-level cities was evaluated using an evaluation index system by
Ya Li and Zhai (2017) [35]. At present, the research methods for disaster resilience mainly
use the index evaluation, scorecard scoring, and tool evaluation models [36—44]. To date,
various concepts, theories, and measurement indicators have been used to research dis-
aster resilience in China and elsewhere. In terms of the research methods, most studies
on disaster resilience remain qualitative, while few quantitative studies have been per-
formed. Authoritative and recognized research paradigms and index systems have not
yet been developed.

Traditional disaster resilience studies have difficulty in selecting and incorporating
relevant indicators and lack follow-up verification of the resulting indicators. In this paper,
resilience inference measurement (RIM) and barrier degree models were used to evaluate
the resilience of the Hengduan Mountain high-risk area of geological disasters and analyze
the barrier factors. On the one hand, the disaster resilience level of Hengduan Mountain
high-risk area of geological disasters is objectively reflected. It provides reference value for
disaster resilience research. On the other hand, it provides reference for regional disaster
risk management and sustainable development.

2. Materials and Methods
2.1. Study Area

In terms of administrative division, the Hengduan Mountain area mainly comprises
Sichuan Province, Yunnan Province, and some districts and counties of the Tibet Au-
tonomous Region [45]. The altitude decreases from northwest to southeast, with the highest
altitude of 7713 m and the lowest of 76 m. The topology is dominated by inter-mountain
basins, lakes, and ancient glacial erosion and deposition features, forming a geomorphology
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with high mountains and deep valleys and a great relative elevation difference [46]. Under
the control of monsoon circulation and the influence of topography, the climate in the region
varies greatly. According to the data from meteorological stations, the annual average
rainfall in the region is as high as 1137 mm. Rainfall is mainly concentrated from May to
October and mainly occurs as heavy, torrential, night, and topographic rain. In terms of the
spatial distribution, rainfall is abundant in the south and northeast; however, it is lower
in the north and west. Owing to the natural environment, the area is sparsely populated,
transportation is difficult, and it has a relatively underdeveloped economy. Driven by earth-
quakes, extreme rainfall events, disturbance by human engineering activities, among other
factors [47], geological disasters, such as debris flows, collapses, and landslides, frequently
occur in the Hengduan Mountains [48], aggravating regional poverty and environmental
deterioration, and severely restricting the economic and social development of this area.

Based on the ArcGIS platform, Xu et al. (2019) [49] built an index system based on two
aspects of vulnerability and risk and provided a dynamic risk assessment of the Hengduan
Mountain area every 5 years from 2000 to 2015. The results show that the northwest
Hengduan Mountain area is large and sparsely populated, and industry and commerce
are relatively underdeveloped; therefore, vulnerability is relatively low and the risk levels
are medium to low. By contrast, the high- and extremely high-risk regions of the south
and northeast are densely populated and economically active; therefore, their vulnerability
levels are relatively high and the corresponding risk levels are also relatively high. As this
region is constantly affected by disasters and is under great threat, how to effectively resist,
absorb, accommodate, adapt, and transform the impact of disasters and how to actively
recover from them and move towards sustainable development is a major challenge for
disaster prevention and mitigation. In this paper, 65 counties (cities) located in the area at a
high risk of geological disasters in the south and northeast of the Hengduan Mountains
(Figure 1) were selected as case studies to evaluate their resilience in the face of high-risk
geological disasters, explore the factors that affect resilience coping ability, and provide a
scientific basis for regional effective response to natural disasters.

The Hengdian Mountain area with a high risk of geological disasters is mostly located
in the southeast of the Qinghai-Tibet Plateau. The terrain is high in the northwest and
low in the southeast, spanning 98° E~104° E and 25° N~32° N. The administrative region
covers 26 counties (cities) of Sichuan Province and 39 counties (cities) of Yunnan Province,
with a total land area of 193,000 km? and a total population of 17.95 million. The local
climate in the area is varied, the soil is relatively moderate and low, the plants and animals
are diverse, and the land-use types are diverse. The mountainous terrain has a large relief
degree and the ground is rugged. By 2021, the GDP of the region was CNY 7.23 million,
with a low GDP output and relatively backward economy.

2.2. Methods and Data Collection
2.2.1. Data Collection

Annual precipitation data from 2015 to 2020 were obtained from NOAA (National Oceanic
and Atmospheric Administration). Topographic relief data were retrieved from the grid data
setdataset of Chinese land relief in kilometers calculated by Zhen You et al. using the digi-
tal elevation model (SRTM90m) [50]. Geological disaster data were derived from the spatial
distribution data of geological disaster sites and field surveys. The social and economic data
used in this paper, such as per- capita green area of parks, industrial structure, per- capita
GDP, urban registered unemployment rate, population density, and per- capita urban dis-
posable income, were derived from the 2021 Statistical Yearbook of Yunnan Province [51],
Sichuan Statistical Yearbook [52], Sichuan Yearbook [53], Yunnan Yearbook [54], China County
Statistical Yearbook [55], and China County Statistical Yearbook of Regional Construction [56],
and the statistical bulletin of national economic and social development of counties (cities). The
natural population growth rate, aging rate, working population ratio, female population ratio,
and other data were derived from the main data bulletins of the seventh National Population
Census of each county (city) (Table 1). Some missing data were averaged for completion.
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Figure 1. Counties (cities) examined in this study.



Sustainability 2023, 15, 16111

50f 20

Table 1. Data source table.

Name

Data Source Data Type Year

Annual precipitation

National Oceanic and

Atmospheric Administration Vector Data 2015~2020

Degree of relief

Grid dataset of Chinese land
relief in kilometers calculated
by Zhen You et al. using the Vector Data 2018
digital elevation model
(SRTM90m) [50]

Administrative area, registered

population, personnel in the secondary

industry, personnel in the tertiary

industry, gross regional product,
general public budget revenue, general
public budget expenditures, household

Statistical Yearbook of Yunnan
Province [51],
Statistical Yearbook of Sichu

savings deposits, number of industrial Sichtlfa?‘;:e:fb[jc%l](, [53] Vector Data 2021
enterprises above a designated size, ',
. . . Yunnan Yearbook [54], China
fixed-line subscribers, number of Countv Statistical
regular middle-school students, Year%ook [55]

number of beds in medical and health

institutions, number of social
welfare institutions

Population density, road density,

cultivated area, living area of urban

residents, daily domestic water

consumption per capita, penetration

rate of gas, density of water supply

pipelines in built-up area,

green-covered area as a percentage of
built-up area, road surface area per

China County Statistical
Yearbook of Regional Vector Data 2021
Construction [56]

capita, garden green area, area of park
green land per capita, ratio of water
treated centrally, harmless disposal rate

of household garbage

Frequency of natural disasters, threat to

property, damage to the house,

damaged roads, threats
to the population

Field Survey Research Vector Data 2020

Natural population growth rate, aging Main data bulletins of the
rate, working population proportion, seventh National Population Vector Data 2020

female population proportion

Census of each county (city)

Among them:
Gross regional product

To both GDP = -
Area of region

This indicator reflects the degree of economic concentration in a region:

Gross fixed asset formation
Area of region

Investment density of fixed assets =

This index reflects the exposure degree of a region in urban construction:

General public budget revenue
General public budget expenditures

Fiscal expenditure ratio = x100%

This indicator reflects a region’s level of local financial self-sufficiency.

)

@

®)
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2.2.2. Standardized Processing

Raw data can be divided into vector data and raster data. Due to the different di-
mensions and quantities of raw data, direct analysis with raw data will highlight the role
of indicators with higher data in the comprehensive analysis, while weaken the role of
indicators with lower values. Therefore, in order to make sure the reliability of the analysis
results, it is necessary to standardize the original data of each index. In this paper, Z-score
standardization is adopted to standardize the original data, and the data is scaled to make
them fall into a specific interval. After standardization, the mean value of all features
was 0 and the standard deviation was 1, avoiding the influence caused by different sizes of
different dimensions.

Z(x) = (X—X) /ox @

where, respectively, X, ox are the mean and standard deviation of the variable X.

2.2.3. Entropy Model

At present, there are many methods to determine index weights, which can be roughly
divided into subjective weighting and objective weighting methods. The analytic hierarchy
process (AHP) and expert scoring method are subjective weighting methods, and to some
extent, they are subjective arbitrary. Therefore, this paper selected the entropy method
of the objective weighting method to conduct data standardization according to the size
value and influence of indicators, and then determined the weight of the disaster resilience
index for the Hengduan Mountain geological disaster high-risk area, so as to eliminate the
deviation caused by subjective human factors to a certain extent. Using the data entropy of
the regional disaster resilience index, the weight vector was W; = (W1, Wy, ..., Wy). The
indicator weight was then calculated by:

G e ©)
¢ = (~1/Inn) x Y, Pyin(Py) §

where d; is the index information entropy; e; is the proportion of index value in the i year of
the j indicator; n is the number of evaluation years; and m is the number of indicators [57].

2.2.4. The Resilience Inference Measurement (RIM) Model

The RIM model is a method used to indirectly evaluate observed resilience and
validate the selection of external and internal variables. The RIM model is evaluated based
on vulnerability and adaptability. Vulnerability refers to the adverse impact of carrier
exposure to disasters [58-60], while adaptability refers to the ability of a region to recover
over time after disasters [59-61]. These two attributes can be measured by exposure (the
number of times a region is exposed to disasters, such as geological disasters), damage (the
losses suffered by a region, such as property losses and casualties), and recovery [60,62].
Vulnerability and adaptation are expressed as slopes between exposure and damage and
between damage and recovery (Figure 2). From low to high, different regions are divided
into four disaster resilience states: susceptible (with high vulnerability and low adaptability
characteristics), recovering (with average vulnerability and adaptability characteristics),
resistant (with low vulnerability and average adaptability characteristics), and usurper
(with low vulnerability and high adaptability characteristics) in the RIM framework [60].
Vulnerability and adaptability indicate the relationship between exposure to damage and
damage to recovery, respectively (Figure 3).
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Figure 2. Four disaster resilience states in the RIM framework. The y-axis shows deviations in
exposure, damage, and recovery from their means redrawing from [60,62].

Resilience

Vulnerability Adaptability

Exposure Damage Recovery

Figure 3. The conceptual framework of the disaster resilience inference measurement (RIM) model
redrawing from [60,62].

The application of the RIM model involves two statistical techniques: K-means cluster
and discriminant analyses. (1) K-means cluster analysis is a prior classification method
to determine the number of clusters, while (2) discriminant analysis is a method used to
verify the relative importance of K-means clustering results and indicators.

The continuous disaster resilience of each region can be calculated using Equation (1):

DR =) "ixPR 8)

where DR is the disaster resilience index, m is the number of disaster resilience groups in
K-means clustering, i is the ranking of disaster resilience groups, and PR(i) represents the
posterior probability of belonging to a particular disaster resilience group i.



Sustainability 2023, 15, 16111

8 of 20

2.2.5. Obstacle Degree Model

The main feature of the obstacle degree model is that it can calculate the obstacle degree
of each evaluation index in the comprehensive evaluation, find out the key factors that
restrict the further development of things, clarify the factors that have the main influence
on the evaluation results, clarify the influence degree of the key constraints, and provide
scientific basis for the formulation of scientific and reasonable policies. After calculating
the continuous disaster resilience for the area at high risk of geological disasters in the
Hengduan Mountain, the obstacle degree model was built to diagnose the main obstacle
factors restricting the disaster resilience of this high-risk area. The specific calculation
process is as follows:

1-P;, P;<1

. — ] ] =
O { 0 Pj>1 ©)
Vi FjX O] (10)

- 2]-65:leij

where P]- is the standardized value of each index, Oj is the index deviation degree (i.e.,
the difference between the evaluation value of a single index and 100%), F is the factor
contribution degree, and the optimal combination weight of the JTH index is adopted here,
and V; represents the obstacle degree index [63].

2.3. Index System Construction
2.3.1. Evaluation Index Construction

By referring to the existing research results at home and abroad [35,64,65], this pa-
per comprehensively considered the local characteristics and development differences of
Hengduan Mountain counties (cities) and the difficulty of data acquisition. Forty-one
indexes were selected from four subsystems (economic, social, eco-, and infrastructure
systems) and two aspects (vulnerability and adaptability) to evaluate the disaster resilience
of the Hengduan Mountain geological disaster high-risk area (Table 2).

Table 2. Weight of evaluation indicators.

System Layer

Resilience (0.116)

. . Criterion . . Combination
Dimension Layer Indicator Layer Weight Weight
E; Proportion of built-up area to land 0.229 0.027
area (%) (+)
Exposure E, Cultivated area (m2) (+) 0.189 0.022
E3 Annual precipitation (mm) (—) 0.043 0.005
E4 Degree of relief (°) (=) 0.076 0.009
Es5 Area of park green land per capita
Ecological (person/m?) (+) 0-111 0.013
Eg Garden green area (m?) (+) 0.216 0.025
Recovery E; Green-cov.ered area as a percentage of 0.045 0.005
built-up area (%) (+)
Eg Ratio of water treated centrally (%) (+) 0.035 0.004
E9 Harmless dlsposalorate of household 0.015 0.002
garbage (%) (+)
Damage Eg Frequency of natural disasters 0.041 0.005

(number) (—)
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Table 2. Cont.
. . Criterion . . Combination
System Layer Dimension Layer Indicator Layer Weight Weight
: 4
D; GDP per capita (CNY 10*/ 0.089 0.041
person) (+)
4 2
Exposure D, To both GDP (CNY 10*/km<) (+) 0.314 0.146
D3 Fixed asset investment density (CNY
10%/km?) (+) 0.245 0.114
D, Urbanization rate (%) (+) 0.032 0.015
Ef:onomic Ds Fiscal expenditure ratio (%) (+) 0.146 0.068
Resilience (0.465)
Dg Industry structure (%) (+) 0.016 0.007
Recovery D7 Savings deposits per capita
(CNYY/person) (+) 0.082 0.038
Dg Number of industrial enterprises
above a designated size (number) (+) 0.065 0.030
Dg Threat to property (CNY 10%) (—) 0.004 0.002
Damage
D;o Damage to the house (number) (—) 0.007 0.003
I; Density of highways (km/ km?) (+) 0.137 0.025
I, Density of water supply pipelines in
built-up area (km/ km?) (+) 0.055 0.010
I3 Living area of urban residents per
Exposure capita (m?/person) (+) 0.058 0.010
I4 Daily domesnc.water consumption per 0.017 0.003
capita (L) (—)
Infrastructure I5 Penetration rate of gas (%) (+) 0.065 0.012
Resilience (0.179)
I Number of beds in health institutions 0.160 0.029
per 1000 people (number) (+) ’ ’
I Number of social welfare institutions 0133 0.024
Recovery (number) (+)
Ig Fixed-line subscribers (number) 0.308 0.055
Iy Road suzrface area per capita 0.060 0.011
(m*=/person) (+)
Damage I Damaged roads (km) (—) 0.007 0.001
S; Population density (person/km?) (—) 0.011 0.003
S, Natural poltlulatlon growth 0.056 0.013
rate (%o) (-)
Exposure Sz Female population proportion (%) (—) 0.104 0.025
S, Aging rate (%) (—) 0.031 0.007
Social Resilience S: Urb ; d 1
5 Urban registered unemployment rate
(0.240) %) () 0.013 0.003
Sg Proportion of labor force (%) (+) 0.05 0.012
Sy Urban disposable income per capita
Recovery (CNY/person) (+) 0.022 0.005
Sg Proportion of employees in tertiary 0114 0.027

industries (%) (+)
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Table 2. Cont.

. . Criterion . . Combination
System Layer Dimension Layer Indicator Layer Weight Weight
Sg Number of health technicians per 1000 0.283 0.068
people (number) (+)
S10 Number of regular secondary school 0.28 0.067
students per 1000 people (number) (+)
Damage S11 Threats to the population 0.036 0.009

(104 person) (—)

Note: (1) Systems are represented by the first letter of the English alphabet and economic systems are represented
by D for disaster resilience; (2) “+” represents a positive indicator and “—" represents a negative indicator.

2.3.2. Index Weight Determination and Evaluation

First of all, this paper needed to conduct z-score standardized processing on the
acquired original data. Then, in order to eliminate the deviation caused by subjective
factors, this paper used the entropy method to determine the weight of the criterion and
index layers. The combined weight was obtained by multiplying the weights of the criterion
and index layers (Figure 4).

Evaluation path for Division of Al s Fadex Sesti Selection of Indicatiors for disaster
disaster resilience Dimansion HERALE indicator resilience evaluation
Standardization and
Entropy Method — Exposure
+ Calculate the weight and
status of each indicator = 5
K-means analysis e Damage
Multidimensional [
evaluation [
— Recovery
Calculate the comprehensive el
+ index of each dimansion Prior resilience
classification
E
Geographical difference of
disaster resilience in the P AR
+ Hengduan Mountains,China g Discriminant analysis usgl:::iﬂl:aﬁon
ety
Obstacle factors at the Accuracy
criterial level
‘Obstacle factor of disaster
resilience in the Hengduan Continuous resilience
Mosntaing China Obstacle factors at the S
‘ indicator level
Final Results
Figure 4. Study workflow showing key steps in the evaluation of disaster resilience.
3. Results
3.1. Spatial Distribution of Disaster Resilience in High-Risk Areas for Hengduan Mountain
Geological Hazards

The final clustering center values (Table 2) and spatial distribution of the four dis-
aster resilience types were obtained by K-means clustering calculation (Figure 5a). The
65 counties (cities) were classified into four disaster resilience states from low to high,
among which seven counties (cities), including Fumin county, Lushui city, and
Fugong county, were classified as “Susceptible”. These counties (cities) were mainly
distributed in the west and south, where infrastructure and the ecological environment
were subject to a high level of exposure, and the damage degree of disasters was the
highest following disasters. The final cluster center value of restoration was low, and
following a geological disaster, it cannot be completely restored by itself. Miyi county,
Huize county, Yongsheng county, and 25 other counties (cities) were clustered as “Recov-
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central and northern regions. These counties (cities) only had low damage and recovered
well, even after high exposure. Seven counties (cities), such as Dong district, Xichang city,
and Dali city, were clustered as “Usurper”, and mainly distributed in the northeast and
southwest. These counties (cities) can not only withstand disasters, but also have good
prospects for sustainable development.
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Figure 5. Disaster resilience classification from K-means clustering (a) and discriminant analysis (b).
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According to the results of the step-based discriminant analysis (Figure 5b),
eight counties (cities) were classified as “Susceptible”, 23 as “Recovering”, 27 as “Resistant”,
and seven as “Usurper”. Xundian county was classified as “Susceptible” to “Recovering”,
Tianquan and Wuding counties as “Recovering” to “Resistant”, and Ninglang county as
“Resistant” to “Recovering”. The classification accuracy of the discriminant analysis was
95.4%, indicating that the 41 indicators could be used to explain the disaster resilience of
65 counties (cities). Meanwhile, the average prediction results of 65 iterations showed
that the accuracy of missed cross-validation was 93.4%, and the difference between clas-
sification and missed cross-validation accuracies was low, indicating that the RIM model
was quite robust.

The four disaster resilience states were expressed as 14 in the discriminant analysis.
Then, based on the probability of group members, the continuous disaster resilience scores
of each county (city) were calculated via Equation (1). According to the data character-
istics of the calculated results, the continuous disaster resilience scores were divided into
five levels from high to low, expressed as high resilience (2.0-2.5), medium-high resilience
(1.5-2.0), medium resilience (1.0-1.5), medium-low resilience (0.5-1.0), and low resilience (<0.5).
The average continuous disaster resilience score for the 65 counties (cities) in high-risk areas
was 0.942, which was at a low resilience level. Dong district had the highest continuous
disaster resilience score (2.45), followed by Yao’an county and Xi district (1.93 and 1.61,
respectively), and Gongshan county had the lowest score (0.036). The highest continuous
disaster resilience score was 68-times higher than the lowest value. There were significant
differences among counties (cities), among which the counties (cities) with high resilience
accounted for 3% of the total, and the medium-high resilience scores accounted for 9%.
The number of counties (cities) with medium-high resilience, medium resilience, and
medium-low resilience was significantly higher than that with high and low resilience
levels, indicating that there was no obvious “polarization” phenomenon in the disaster
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resilience of the high-risk area. As can be seen from Figure 6, the spatial distribution of
disaster resilience in the Hengduan Mountain area with a high risk of geological disasters
is significant, showing a distribution pattern of “high in the southeast and low in the
northwest”. Those counties (cities) with high and medium-high resilience levels showed a
“spot-like” distribution pattern, mainly in the core areas with high population density and
strong economic activity. The distribution pattern of medium-resilience counties (cities) was
“clumpy”, mainly distributed in the central and southeastern regions. Those counties (cities)
with medium-low and low resilience levels showed a “marginal extension” distribution
pattern, mainly in the transition zone between the Qinghai-Tibet and Yunnan Plateaus.
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Figure 6. Spatial distribution of disaster resilience in the Hengduan Mountains high-risk area.

3.2. Analysis of Obstacle Factors
3.2.1. Criterion Layer Obstacle Degree Analysis

According to the obstacle degree model, the obstacle degree of the disaster resilience
criterion layer of the Hengduan Mountains high-risk area was calculated. According to
these results (Figure 7), each subsystem has different obstacle degrees to disaster resilience
of the high-risk area; however, the overall performance was: economic barriers (32%) >
ecological barriers (31%) > social barriers (22%) > infrastructure barriers (15%). Economic
strength was the most important factor affecting the spatial differentiation of disaster
resilience of most counties (cities) in the Hengduan Mountains area at high risk of geological
disasters, which restricted improvements to the disaster resilience of other subsystems,
such as society, ecology, and infrastructure. The geography in the region limited the space
for economic growth, resulting in a single level of industrial economic structure in the
region, a small number of factories of a certain scale, a lack of industrial support in the face
of uncertain disaster impacts, and poor ability to resist risks and recovery ability, which
was not conducive to the improvement of disaster resilience. The main obstacle factor in
the northeastern and western regions was infrastructure construction. Key infrastructure
construction in the region was relatively short term, especially regarding investments in
disaster prevention engineering and support facilities, disaster early warning systems,
post and telecommunications, drainage pipes, and other facilities in the built-up area.
Therefore, the region had a low-risk prevention ability, was vulnerable to disaster stress
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during a disaster, and was relatively limited in its ability to recover following a disaster.
The normal operation of regional functions could not be guaranteed. The northern region
was mainly affected by social factors. In this region, the natural population growth rate
was low, the number of workers in tertiary industries was relatively small, and the number
of women and the elderly was relatively high. This not only increased the financial burden
of the government, but also made it vulnerable to the impact of disasters, and it lacked
the main workforce needed for recovery after disasters. It hindered improving regional
disaster resilience. The main obstacle factor in the northeast and northwest regions was the
ecological environment. In this region, there are many mountains and few rivers, and there
are many ravines and valleys. The natural environment is extremely complex and fragile,
and the ecological environment carrying capacity is low.

94°0'0"E 96°0'0"E 98°0'0"E 100°0'0"E 102°0'0"E 104°0'0"E
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Figure 7. Barrier types of the disaster resilience criterion layer in the Hengduan Mountains geological
disaster high-risk area.

3.2.2. Obstacle Degree Analysis of the Indicator Layer

The obstacle degree model was used to analyze the obstacle factors of disaster re-
silience in 65 counties (cities) at a high risk of geological disasters in the Hengduan Moun-
tains, determine the resistance factors affecting disaster resilience, and select the top-five
obstacle factors in each county (city) to explore the source of the improvement of disaster
resilience in this high-risk region (Table 3).

Table 3. Z-scores of final clustering center values of the four disaster resilience states the three

dimensions.

Susceptible Recovering Resistant Usurper
Exposure -0.07 —0.16 0.11 0.25
Damage 1.22 —0.47 —-0.13 —0.24
Recovery -0.19 —0.14 0.21 1.15
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In the region as a whole, the top-five disaster resilience barrier factors and occurrence
numbers were, respectively, E; appearing 23 times; S, appearing 21 times; Sg, S, and Ep
appearing 15 times each; S4 and Dy appearing 14 times each; and I, and I5 appearing 13
times each (Table 3). Among them, topographic relief had the greatest obstacle degree to
disaster resilience in the high-risk area and most counties (cities) were affected by it. Due to
the particular natural geographical conditions of the Hengduan Mountain area, mountain
barrier and undulating terrain were the key factors restricting the development of the social
economy and population, resulting in poor transportation, a low degree of contact with
the outside world, difficulty in population movement, and relatively slow development
of social and economic activities, which, to a large extent, limited the improvement of
disaster resilience. S; and E; belonged to the human-land relationship elements and
were the most basic elements of regional development. For the Hengduan Mountains
area at a high risk of geological disasters, excessive population growth will lead to the
continuous expansion of the scale of built-up areas, resulting in the encroachment on
and occupation of a large amount of cultivated land, and at the same time increased the
burden for resources and the environment supporting capacity, which means that the
human-land relationship will continue to suffer. Thus, the ecological space is disjointed
and occupied, and the regional bearing capacity to geological disasters is constantly being
reduced, which affects improvements to disaster resilience. Slow population growth will
cause wastage and extensive land resources and will make the carrier overly exposed to
disasters, which will have an adverse impact on disaster resilience. S3 and S4 belong to
the vulnerable groups. They are relatively weak in terms of escape ability, emergency
response ability, disaster resistance and relief ability, self-protection awareness, and other
aspects in response to geological disasters, and are vulnerable to the impact of geological
disasters. The increase in their numbers is not conducive to improving disaster resilience
within the region. Sg, Dg, I, and I5 belong to the construction of infrastructure and the
level of regional industrialization. In the final analysis, they reflect the level of economic
development. The higher the level of economic development, the higher the level of
industrialization, the better the infrastructure construction, and the higher the disaster
resilience of the high-risk area. Therefore, the main obstacle factors for disaster resilience in
the 65 counties (cities) at high risk of geological disasters in the Hengduan Mountains can
be summarized as three factors: economic development level, human-land relationship,
and the natural environment.

From the perspective of the primary obstacle factors, the different counties (cities)
can be divided into three types as follows. (1) Natural environment barrier type: the
state of the natural environment in the counties (cities) with this obstacle type has a neg-
ative impact on improving disaster resilience. The natural environment in 40% of the
counties (cities) is complex and fragile, with rugged mountains, closed inter-regional
links, few available land resources, and poor production conditions, as well as under-
developed infrastructure and poor transportation accessibility, which limit the space for
economic growth in the area and are not conducive to improving disaster resilience. Among
them, the most important obstacle factor is topographic relief, such as in Yongren and
Midu counties. These counties (cities) need to adapt to local conditions, undertake the
reasonable and effective development and utilization of resources, reduce the consumption
of various resources, reduce the environmental damage caused by urbanization and other
human activities, steadily promote the development of the overall regional economy, and
improve the carrying capacity of the natural environment to geological disasters to improve
disaster resilience. (2) Economic barrier type: in this obstacle-type region, the economic
structure and urbanization rate are low, the industrial structure is characteristically single,
and the degree of resource exploitation and utilization is not high, resulting in a lack of over-
all economic development in the region, which directly affects investments in infrastructure,
basic social security, and improving the ecological environment. For example, Dong district,
Renhe district, and Mianning county need to optimize the industrial structure and resource
allocation, extend the industrial chain, improve the level of industry and the added value
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of products, and promote improvements to the overall regional economy. (3) Demographic
barrier type: in this obstacle-type area, vulnerable groups, such as those younger than
14 years old, older than 65 years old, and the female population occupy a dominant position.
A possible reason is that the area is relatively underdeveloped economically and prone
to geological disasters. Poverty and a return to poverty are prominent due to disasters.
The lack of basic mass resources for disaster prevention, mitigation, and relief is not only
detrimental to the development of counties (cities), but also increases the burden on the
government and is not conducive to improving disaster resilience. Examples include Butuo,
Huaping, and Nanhua counties. On the one hand, such counties (cities) need to develop
regional characteristics, improve the regional economy, create job opportunities, improve
incentive mechanisms, and retain young and middle-aged labor forces. On the other hand,
the government needs to actively create a cultural atmosphere for disaster prevention, re-
sistance, reduction, and relief, and strengthen the knowledge and skills relating to disaster
prevention through scientific and effective training exercises (Table 4).

Table 4. Top-five obstacle factors of disaster resilience in the Hengduan Mountains geological disaster
high-risk area.

Obstacle Factor Ranking Obstacle Factor Ranking
Area Area
1 2 3 4 5 1 2 3 4 5
Mlyl Dé E3 Iz Ig 11 Wuding I3 12 E4 82 511
Yanbian D6 Iz Sll E3 S3 Lufeng E4 S3 S5 D9 110
Shimian I5 E2 E10 Il 811 Xiangyun E4 15 Sz ElO 12
Tianquan IZ E2 83 I3 11 Binchuan Dé Sz 58 E4 D10
Baoxing E9 EZ I3 E6 Il Midu E4 15 Sz D10 13
Luding Eg E2 13 Eé Il Yongping I5 Sg I4 52 Dg
Yanyuan Dé 15 E3 83 E7 Yunlong E10 Sg 811 I3 E1
Dechang ElO 14 Il Sg Sll Eryuan Sg SZ Dg Dg D1
Huili EIO Il D6 E4 DlO ]ianchuan E10 Sg 13 Eé Dg
Huidong E7 12 E10 Eé 53 Heqing I4 D6 52 D10 Dg
Ningnan E7 55 E5 15 E6 Fugong S7 Ez D4 E5 S5
Puge E; Se Sy E¢ Iy Xi District Sy Dg Ej Ep Ey4
Butuo Se Eg Sy 24 Eq Dong District E; E, E4 S, Do
]inyang S6 54 19 14 12 Renhe D6 E1 ElO E4 E3
Zhaojue S6 55 S4 Iz El() Gucheng E2 17 S4 Sg Sg
Xide Eg Sé 87 84 E7 Dongchuan I7 Sg E2 E3 110
Mianning  Dg Iy Se Eg Sy Shangri-la E3 S3 Eq Sy Sy

Yuexi S6 14 15 54 12 Dali E3 81 1 Ez DlO E4
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Table 4. Cont.
Obstacle Factor Ranking Obstacle Factor Ranking
Area Area
1 2 3 4 5 1 2 3 4 5

Ganluo Eg 54 E5 I5 19 Lushui 53 S7 55 54 E1
Meigu E7 Sé E5 55 84 Xichang 55 E7 Eg Ig El()

Leibo Eg E7 12 I3 S(, CthiOI‘lg Sz E4 E3 110 D9
Fumin S3 14 E4 I7 E2 Ebian I5 Ig IZ E2 D6
Songming E4 511 54 Ew Dl() Yangbi I5 D4 E10 Iz Sg

Huize 83 D4 E4 D7 S(, Nanjian SB 15 E4 E6 Sz
Qiaojia 53 15 57 511 Dg Yulong I4 D4 511 Dg 53
Yongsheng  Sg Sy Es Dg Sy Ninglang Sy Sg E7 Sy Iy
Huaping 86 D4 Sg D(, E4 Weixi Sg D4 Dg E2 E3
Mouding E4 D6 52 I4 511 Luquan Sg D4 510 Iz 52
Nanhua 56 E4 52 55 Ig Xundian E4 D4 D1 Sg D7

Yaoan E4 51 E6 14 Ez Weishan I5 14 Sg Sz 811
Dayao S Dg Ss Ey Ig Gongshan Sy S3 Iy E» Sy
Yongren E4 53 13 D10 Sz Lanping S5 Dg S7 S3 D4
Yuanmou E4 Dy S I3 Sy

4. Discussion

In the Section 4, we explored the findings of the study in depth and investigated the
reasons for spatial patterns of risk and resilience in the Hengduan Mountain area. The
distribution of risk and resilience in the Hengduan Mountain region was influenced by
many factors, which are worthy of further exploration.

First, topographical relief plays a significant role in shaping the spatial patterns of
risk and resilience. The rugged terrain and steep slopes of the north-west increase the
risk of geological catastrophes. High altitudes and the challenging terrain increase the
risk of landslides, rockfalls, and other disasters, reducing the resilience of these areas. In
contrast, the relatively mild topography of the south-east offers more favorable conditions
for enhancing resilience, because the region is less prone to geological risks. Second, the
demographics also influence spatial patterns of risk and resilience. The resistant core is
characterized by a densely populated population and strong economic activity. These
regions have benefited from improved resource allocation, a robust infrastructure, and
economic opportunities, improving their response and resilience. Skilled workers, easy
access to basic services, and a high degree of social cohesion also contribute to overall
resilience. In contrast, the transition zone between the Qinghai-Tibet and Yunnan Plateaus
may face specific challenges, including low population density, limited economic devel-
opment, and inadequate infrastructure, resulting in low levels of resilience in these areas.
Third, spatial risk and resilience profiles are influenced by economic, ecological, social, and
infrastructure factors. Economic obstacles, such as limited resources and income disparities,
call into question the resilience of high-risk areas. The unequal distribution of wealth and
resources can affect the preparation and resilience of communities. Ecological barriers also
play an important role because areas where ecosystems are degraded are more susceptible
to geological disasters. The protection and restoration of ecosystems can increase resilience
through the provision of natural defenses. Social barriers relate to education, awareness
and community involvement, and in areas with low levels of education and awareness,
pre-disaster preparedness, and post-disaster responses may be weaker. In conclusion, our
study provided invaluable information on spatial risk assessment and resilience in high-risk
areas of the Hengduan Mountain region. By establishing a multi-dimensional evaluation
index system and using the research in motion (RIM) model, we evaluated the disaster
resilience of high-risk areas in the Hengduan Mountains and identified patterns of spatial
risk and resilience. The results suggest the need for effective risk management strategies
and targeted interventions to increase the resilience of high-risk sectors. This conclusion
was consistent with the research conclusions determined by Bai et al. (2019) [66], Li and



Sustainability 2023, 15, 16111

17 of 20

Zhai (2017) [35], Zhiming Feng et al. (2011) [67], and Chen et al. (2016) [68], indicating that
the overall disaster resilience evaluation index system in this paper was reasonable.

Furthermore, the importance of conducting similar studies and considering other
criteria cannot be overlooked. By incorporating other factors and indicators, future studies
can more comprehensively assess risk and resilience, thereby providing more targeted
recommendations and decisions for disaster risk management and sustainable development
in the Hengduan Mountain region. Exploring the changes in space models under different
conditions will contribute to a more in-depth understanding of the dynamic relationship
between risk and resilience. This will not only benefit the Hengduan Mountain area, but
will also provide valuable references for similar regions facing geological disasters and
seeking to improve resilience.

In general, the resilience assessment of high-risk areas in the Hengduan Mountain
region is important to reduce regional disaster risks and promote sustainable develop-
ment. Our study enriched the research content in the field of disaster resilience, ob-
jectively and truly reflected the resilience level of the Hengduan Mountain geological
disaster high-risk area, and provided a reference for the future research and disaster risk
management policy intervention.

5. Conclusions

It is of great significance to evaluate the resilience of the Hengduan Mountain high-risk
area for reducing regional disaster risks and promoting regional sustainable development.
In this paper, 65 counties (cities) in the Hengduan Mountain were selected as the research
objects, and the disaster resilience evaluation index system for the Hengduan Mountain
high-risk area of geological disasters was constructed from four subsystems of economy, so-
ciety, ecology, and infrastructure, as well as the two aspects of vulnerability and adaptability.
The RIM model was used to analyze the regional resilience of the Hengduan Mountain high-
risk area for geological disasters. Combined with the obstacle degree model, the obstacle
factors affecting disaster resilience were analyzed, and the conclusions are as follows:

(1) The four coupling coordination states showed that 27 counties (cities) were classified
as “Resistant”, which showed reduced losses after the disaster and recovered well,
even after a high level of exposure. A total of 23 counties (cities) were classified as
“Recovering”, which showed that the exposure level was high before the disaster,
the unbalanced state could not be rapidly changed to the equilibrium state after the
disaster, and the recovery period was relatively long. Eight counties (cities) were
classified as “Susceptible”, showing that the carrier suffered from a high level of
exposure before the disaster and could not fully recover by itself after the disaster.
Seven counties (cities) were grouped into “Usurper”, showing that they could not only
withstand disasters, but also presented broad prospects for sustainable development.
The classification accuracy rate was 95.4%, indicating that disaster resilience was
composed of multi-element capability. The accuracy of missing cross-validation was
93.4%, which confirmed the robustness of the model.

(2) The disaster resilience of 65 counties (cities) in the Hengduan Mountains with a high
risk of geological disasters was evaluated, and the average score of continuous disas-
ter resilience was 0.942, which was at a low resilience level. From the perspective of
the number of counties (cities) with different disaster resilience levels, the number of
counties (cities) with low resilience accounted for the majority, while the number of
counties (cities) with high resilience accounted for a relatively small proportion, an
“extreme” differentiation. From the perspective of spatial distribution, the distribu-
tion pattern was “high in the southeast and low in the northwest”. Those counties
(cities) with high and medium-high resilience levels showed a “dot” distribution
pattern, mainly distributed in the core areas with a gentle terrain, high population
density, strong economic activity, complete infrastructure, and good ecological en-
vironment quality. The distribution pattern of medium resilience was “clumpy”,
mainly distributed in the central and southeastern regions. Those counties (cities)
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with medium-low and low resilience levels showed a “marginal extension” pattern
of distribution, mainly distributed in the transition zone between the Qinghai-Tibet
and Yunnan Plateaus.

(3) There were clear differences in the disaster resilience barrier degree of this high-risk
area: criterion layer barrier degree, economic barrier degree > ecological barrier
degree > social barrier degree > infrastructure barrier degree. From the perspective
of the index layer obstacle degree, the main factors affecting the disaster resilience
distribution in this high-risk area included topographic relief, proportion of female
population, natural growth rate, cultivated land area, industrial structure, number
of industrial enterprises above a designated size, gas penetration rate, and drainage
pipe density in built-up areas, among others. In addition, according to the difference
in the primary obstacle factors, the different regions can be classified into three types:
natural environmental obstacle type, economic obstacle type, and population structure
obstacle type.

There remain deficiencies in the study of disaster resilience. First, improving disaster
resilience is affected by multiple factors. This paper only selected some indicators from
economy, society, ecology, and infrastructure to evaluate the disaster resilience of the
Hengduan Mountain area at high risk of geological disasters, and further explorations and
optimizations are needed with regard to the selection of indicators and system construction.
Secondly, this study evaluated the disaster resilience of this high-risk area only for 2015 and
therefore does not provide a dynamic assessment of disaster resilience for a long time series.
Finally, due to the limited availability of the disaster data, the lack of formal statistics on
disaster data, and relevant disaster literacy, it was not possible to determine how and how
strongly disaster shocks affect resilience during the assessment process. Therefore, how to
construct an index system suitable for evaluating disaster resilience and how to conduct
targeted empirical research on disaster resilience still need further in-depth research.
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