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Abstract. With the rapid urbanization, the geological disaster risk has attracted increasing
attention in the safety risk of town construction. This paper proposes a six-step technical
framework for geological disaster risk evaluation in town, i.e., slope unit division, rainfall
condition analysis, automatic extraction of disaster-bearing bodies, hazard evaluation,
quantitative evaluation of vulnerability, and risk evaluation. The migrant town along the
Yangtze River, Dazhou Town in Wanzhou District of Chongqing, is selected as the study
area. An improved hydrological analysis method for multi-scale division of slopes is
proposed, which can be employed to extract the evaluation units for geological disaster
risk. Based on the fifty-year rainfall conditions through the Gumbel distribution, the limit
equilibrium method is adopted to estimate the stability and occurrence probability of slopes.
Furthermore, the object-oriented approach is utilized to quickly extract information about
buildings and traffic roads, etc. Finally, the hazard evaluation model and the vulnerability
evaluation model are established to achieve the risk evaluation of geological disasters in
towns, which are based on the slope unit and hazard source analysis, respectively.
According to the risk map, 34.5%10° m? of buildings and 15.0x10° m? of roads are in the
extremely high risky zone, while about 36.3x10% m? of buildings and 38.3x10° m? of roads
are in the high risky zone. It is found that the results of the risk evaluation are consistent
with the field observations and surveys.

Keywords-Risk Assessment; Town Scale; Geological disaster; Slope Unit; Disaster-
bearing

1 Introduction

With the rapid new urbanization in China, the geological safety risks posed by urbanization
construction should not be underestimated[1]. As an important area of new urbanization in China,
the Three Gorges Reservoir area has become the hotspot affecting the geological safety risk of
immigrant towns along the Yangtze River because of the frequent occurrence of geological
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disasters[2]-[4]. In recent years, both governments and researchers have paid more attention to
the geological disaster risks in towns. In 2020, China’s Ministry of Natural Resources proposed
to coordinate and promote the pilot national geological disaster risk surveys. In 2021, the
government of Chongqing carried out city-wide geological disaster survey and risk evaluation,
providing a basis for territorial spatial planning, disaster prevention and mitigation management,
etc. To mitigate the risk of geological disaster, establishing a prediction model that is capable to
provide the spatial and temporal probabilities of disaster occurrence, as well as the intensity of
disaster and spatial distribution of disaster-bearing bodies information, is essential but
challenging[5]. Various studies have assessed the susceptibility, hazard, and vulnerability of
geological disasters from regional and individual perspectives[6]-[8]. For example, several
studies have used machine learning methods to evaluate susceptibility for predicting the spatial
probability of geological disaster occurrence on a regional scale[9]-[15]. Several researchers
have attempted to build up the hazard evaluation model by analyzing the relationship between
historical disaster events and rainfall triggering factors[5], [16]-[18]. In addition, some models
have been proposed for vulnerability evaluation based on statistical data, satellite image data,
etc.[19]-[21]. In all the studies, the geological disaster risk analysis utilizes abundant spatial-
temporal data, and various approaches including three-dimensional structure modeling,
numerical modeling, statistical modeling, dynamic modeling, time series modeling, and spatial
distribution modeling[22].

However, many studies on geological disaster risk evaluation have focused on a regional scale or
individual scale, and there is limited research on the town scale[23]. Geological disaster risk
evaluation on the town scale is an intermediate scale evaluation between regional scale and
individual scale, which considers not only the pattern and threat objects of disaster from the
perspective of region, but also the intensity of disaster and vulnerability of the disaster-bearing
body from individual perspective. This study, taking disaster units and disaster-bearing bodies as
the research objects, proposes a hazard evaluation method based on slope unit analysis and a
quantitative evaluation method for the vulnerability of disaster-bearing bodies based on hazard
source analysis. Finally, a set of ideas and technical method for the geological disasters risk
evaluation in towns are put forward.

2  Materials and Methods

2.1 Study Area

The study area is located in Dazhou Town, Wanzhou District, Chongqing, which is a migrant
town along the Yangtze River, as shown in Figure 1. The area has a northern subtropical mountain
climate with abundant rainfall, with an average annual rainfall of 1,243mm. Rainfall occurs
mostly in May and September, accounting for 70% of the annual precipitation. As an area highly
prone to geological disasters, its terrain is strongly cut by rivers and spreads with a step-like shape,
the elevation distributes in the range of 145-350m. The lithology is majorly composed by Jurassic
thick, nearly horizontal sandstone sandwiching mudstone and Quaternary loose rock. According
to the Seismic Parameter Zoning Map of China (GB18306-2015), the peak ground vibration
acceleration (g) in this area is 0.05.
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Figure 1. Illustration of the study area

2.2 Data Sources

Geological disaster risk evaluation data sources contain various elements, including temporal,
spatial, macroscopic, and microscopic data. The topographic data were obtained from the digital
elevation model (DEM) at a scale of 1:2000. Geological data contains stratigraphic lithology,
slope structure, geotechnical parameters, surface deformation, groundwater, and other data
obtained by means of survey, drilling, and trenching. The rainfall data were obtained from the
National Meteorological Information Center for the last 50 years of daily rainfall at the Wanzhou
site. The reservoir water level data were collected from the daily water level records of China
Yangtze River Three Gorges Group Ltd. for the period 2011-2018. Land use types were
deciphered by UAV aerial images. Population distribution data were collected from local
government census information.

The flow chart of geological disaster risk evaluation is shown in Figure 2. The evaluation
processes include two parts: the first part is the hazard evaluation based on slope unit, and the
second part is the vulnerability evaluation based on hazard source analysis.
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2.3 Evaluation Unit Division

The selection of evaluation units is the basis for geologic disaster risk modeling[24]. Currently,
there are five common categories of evaluation units used in risk modeling, i.e., grid unit, terrain
units, unique-condition units, slope units, and topographic units[25]. Among different evaluation
units, the slope unit has been widely used as it can effectively reflect the physical relationship
between disasters and basic terrain elements, especially in mountainous areas[26]. The traditional
hydrology-based method divides slope units by extracting catchment and anti-catchment areas
from the DEM through hydrological analysis[27]. The task of extracting slope units can be done
directly through the hydrological analysis tool in the ArcGIS 10.2 environment. However, the
approach often leads to unexpected slope units, such as illogical long strips, particularly at the
area with complex topography. Therefore, it is necessary to optimize the hydrology-based
method for areas with obvious terrain change. Due to the influence of geological structure and
river erosion, the area along the Yangtze River has a multi-step topography, as shown in Figure
3. The topography has an obvious change of slope, which leads to different geological disasters,
such as steep terrain producing collapses and gentle terrain producing landslides. To this end, we
propose a modified slope segmentation method on the basis of the hydrological-based method,
as shown in Figure 4. The slope segmentation method, as compared to the traditional hydrology-
based method, employs slope data interpreted from a digital elevation model (DEM) to segment
more suitable slope units. This method takes into account the influence of topographic relief and
better reduces the interference in the segmentation results[28]. In addition, the approach can
provide more uniform units and increase slope unit partition precision[11], [29].
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Figure 3. Schematic diagram of the multi-scale division of slope units
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2.4 Hazard Evaluation Methods

Hazard evaluation is a fundamental step in reducing the risk of geological disaster, which needs
to consider the uncertainty characteristics of triggering factors, such as rainfall, reservoir water,
and earthquake[30]. To calculate the rainfall conditions for different return periods, a rainfall
probability distribution model has been established, which can be combined with the limit
equilibrium analysis method for slope stability evaluation[31]. The evaluation process is to use
the Slope module of Geo-studio software[32]. The slope engineering geological profile is
regarded as the calculation profile. Also, different return periods of rainfall conditions are
considered. Subsequently, the Bishop method is selected to numerically simulate each slope
unit[33]. Then, the instability probability is determined according to the Monte-Carlo simulation,
where the slope stability coefficient and instability probability under different rainfall conditions
can be obtained.

2.4.1 Rainfall Frequency Analysis

The meteorological rainfall data follows an exponential asymptotic distribution, i.e., the Gumbel
distribution. This probability density function is defined by:

F(x)=P(&<x)=e"" (1)

where @ is location parameter, U is scale parameter and X denotes the random variable.

The rainfall intensity R, for a certain recurrence period 7" is given by
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2.4.2Bishop's Modified Method

The Bishop method is widely used for the stability calculation of gravel soil landslides[34]. It is
assumed that the slip crack surface is circular, and the combined forces act horizontally between
the soil bars. Then the moment balance condition can be applied to obtain the solution.

N, =Wsina 3
[ v —ulltan g +cl
__cosa
N = tan a tan ¢ @
4 tanatand
F

a

_2M
E=Sy )

where W is the weight of slice, € is cohesion intercept, ¢ is friction angle, ¥ is pore pressure,

a is the angle between the base of slice and horizontal, and [ is the length of slip surface
segments measured along the base of the slice. F, is an assumed F, and F', means the

calculated F' .



2.4.3 Rigid Body Limit Equilibrium Method

The rigid body limit equilibrium method is one of the traditional methods for stability analysis,
its effectiveness is confirmed by factual engineering[35]. The safety coefficient is always used to
judge the dangerous rock mass safety degree. The stability coefficient of the dangerous rock mass
is calculated by Eq. (6).
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where F is the stability factor, /W is the weight of rock, 6 is inclination of soft structural
surface, Q is torque of earthquake, V is fracture water pressure, C is a cohesion coefficient, /
is the length of the sliding surface, and ¢ is the angle of internal friction.

2.5 Vulnerability Evaluation Methods

Vulnerability refers to the degree of destruction or damage that occurs to one or more affected
objects under a specific geohazard intensity[36]. Vulnerability indicates the degree of interaction
between the geohazard intensity and the disaster-bearing body. Therefore, evaluation of
vulnerability can help to reduce the risk of geological disaster[37], [38].

Vulnerability refers to the degree of destruction or damage that occurs to one or more affected
objects under a specific geohazard intensity[36]. Thus, vulnerability evaluation can help to
quantify the relationship between geological disasters and the hazard-bearing body.

2.5.1 Object-Oriented Disaster-Bearing Body Extraction Method

UAYV remote sensing imagery has a high resolution that contains a large amount of feature
information, but it also raises challenges for data processing. Traditional pixel-based
classification methods produce salt and pepper noise, causing a low classification accuracy.
Therefore, object-oriented classification methods are adopted, which can take into account the
spectral , texture, and context information , with a high accuracy of the classification. [39] Image
segmentation plays an important role in object-oriented classification methods and directly
affects the accuracy of the classification results. It employs the Estimation of Scale Parameters
(ESP) tool to calculate the optimal segmentation scale. The tool selected two parameters, local
variance, and rate of change, to evaluate the multi-scale segmentation results. The higher of the
local variance means the more delicate of the segmentation result, and the greater complexity of
the classification. The rate of change is the speed at which the information on the segmentation
results changes between the two scales. The process of object-oriented multi-scale segmentation
is shown in Figure 5. The first step of the extraction is to determine the optimal image
segmentation scale through large range pre-segmentation, small range step-by-step segmentation,
and scale parameter evaluation. Then, the typical disaster-bearing bodies are selected to build the
classification training samples, which will be used to classify the image segmentation objects
according to the spectral factors and shape factors. Finally, the images are classified into four
categories, including buildings, roads, fruit forests, and fish ponds.
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Figure 5. An object-oriented automatic extraction method for the disaster-bearing body

2.5.2Quantitative Calculation Method of Vulnerability

As mentioned above, vulnerability is a function of the intensity of the hazard and the resilience
of the disaster-bearing body. The intensity of the hazard is inversely proportional to the landslide
run-out distance or rockfall travel distance. The resilience of the disaster-bearing body is related
to its structural type and construction materials. To facilitate comparative calculations, the
intensity of the hazard and the resilience of the disaster-bearing body were normalized. Then, the
empirical model proposed by Li [40] was adopted for geological disaster susceptibility evaluation,
as shown in Eq. (7).
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where /' denotes vulnerability factor, / is the intensity of the hazard, and R is the resilience
of the disaster-bearing body.

3 Results & Discussion

3.1 Division Of Slope Evaluation Units

The study area was divided into seven slope units as shown in Figure 6a using traditional
hydrological analysis for slope unit division. While using the improved slope splitting method
for secondary division of slope units, the study area was divided into 20 slope units, including 14
landslide assessment units and 6 collapse assessment units, as shown in Figure 6b. By comparing
the slope unit division results, the improved slope splitting method performs better not only on



spatial segmentation, but also on slope type determination, such as landslide or collapse, than the
traditional hydrological analysis method.
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Figure 6. Maps of slope units extracted by two methods, (a) traditional hydrology-based method (b) slope
segmentation method.

3.2 Extraction Of Disaster-Bearing Bodies

Using UAV remote sensing images with a resolution of 0.1m as the data source, the results of the
ESP estimation based on the multi-scale segmentation method are shown in Figure 7. The
segmentation scale varies from 100 to 1100. As the segmentation scale increases, the local
variance of the segmentation results tends to increase. When the segmentation scale is 260, the
rate of change is zero at first time. Considering the delicacy of the segmentation and the
complexity of the classification, the optimal segmentation scale is 260. By selecting training
samples of classification objects, image classification was done with the nearest neighbor method
and then categorized into 4 types, including building, road, fruit forest, and fish pond according
to reality, as shown in Figure 8. The number of the extracted buildings is 600 and the area is 93.8
x10° m?. The length of the extracted road is 14,400 meters and the area is 89.3 x10°> m?. The area
of fruit forest is 1985.2x10% m2. The area of fish pond is 40.1x10* m?. In terms of area, fruit
forests occupy the majority of the study area. However, in terms of socio-economic value,
buildings and roads are the main disaster-bearing bodies.
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33 Evaluation Of Geological Disaster Risk

A complete geological disaster risk evaluation incorporates two assessment phases: the hazard
and the vulnerability[41]. The hazard evaluation results indicated that under the 50-year rainfall
condition (i.e., rainfall probability = 2%), there were 6 very high hazard slope units (i.e., 4
landslide units and 2 collapse units), 5 high hazard slope units (i.e., 4 landslide units and 1
collapse unit), 4 medium hazard areas (i.e., 4 landslide units), and 5 low hazard slope units (i.e.,
2 landslide units and 3 collapse units), as shown in Figure 9a.

The vulnerability evaluation was to calculate the intensity of hazard and the resistance of the
disaster-bearing body quantitatively by Eq. (7) and classify the results into different classes, i.e.,
very high (0~0.3), high (0.3~0.5), medium (0.5~0.7), low (0.7~0.9). The results indicated that
about 5.4x103m? of buildings and 3.4x103 m? of roads were in the very high vulnerability zone,
about 51.5x10° m? of buildings and 11.4x10° m? of roads were in the high vulnerability zone,
about 18.3x10° m? of buildings and 52.8%103 m? of roads were in the medium vulnerability zone,
about 18.6x10° m? of buildings and 21.7x10° m? of roads were in the low vulnerability zone, as
shown in Table 2 and Figure 9b.



The geological disaster risk level map is the final product of geological disaster risk evaluation.
Based on hazard and vulnerability, geological disaster risk evaluation adopts the matrix criterion
method to realize the risk level classification. The results indicated that about 34.5%10% m? of
buildings and 15.0x10° m? of roads were in the very high risk zone, about 36.3x10° m? of
buildings and 38.3x10° m? of roads were in the high risk zone, about 4.4x10° m? of buildings and
17.5x10% m? of roads were in the medium risk zone, about 18.6x103 m? of buildings and 18.5x10°
m? of roads were in the low risk zone, as shown in Table 3 and Figure 9c.
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Figure 9. A series of maps for geological disaster risk evaluation in town, (a) hazard zoning map, (b)
vulnerability zoning map, (c) risk zoning map.

Table 2 Vulnerability evaluation of Dazhou town

Building Road
Level Area (10°m?) Percentage | Area (10°m?) Percentage
Very high 54 5.76% 34 3.81%
High 51.5 54.90% 114 12.77%
Medium 18.3 19.51% 52.8 59.13%
Low 18.6 19.83% 21.7 24.30%




Table 3 Risk evaluation of Dazhou town

Building Road
Level
Area (10°m?) Percentage | Area (10°m?) Percentage
Very high 345 36.78% 15.0 16.80%
High 36.3 38.70% 38.3 42.89%
Medium 4.4 4.69% 17.5 19.60%
Low 18.6 19.83% 18.5 20.72%

Three sites were selected from the very highly risky zone for validation purposes. According to
the field survey and monitoring information, a comprehensive assessment of the chosen sites was
made, as shown in Figure 9c and Figure 10. Verification point No. 1 (VP1) is a viewing platform
along the Yangtze River, where the slope is under continuous slow deformation with a maximum
crack of 10cm, and the monitoring data showed a deformation rate of 4cm/year. The verification
point is a tourist hotspot of the town. Thus, we comprehensively assessed the risk level to be very
high. Verification point No.2 (VP2) is located at the back edge of the Qingkangling landslide.
Through field investigation, we found that the landslide is in deformation state, resulting in house
cracking up to Scm, threatening 5 people, and causing a potential economic loss of 0.3 million
RMB. Therefore, the risk level of this verification point is assessed to be very high. Verification
point No. 3 (VP3) is located in the protective engineering zone along the river. Affected by the
fluctuations of the reservoir water level, the slope deformation is significant, and the maximum
deformation drop is 3.5 meters. The annual deformation amount is 10~15cm/year. The disaster-
bearing body is the viewing trail and cottages, and the potential economic loss is about 2 million
RMB. Therefore, the comprehensive evaluation of this point has a high risk. The verification
results show that the geological disaster risk evaluation results are consistent with the field survey
and monitoring, indicating that the evaluation results are accurate and reliable.
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Figure 10. Results of the validation of the geological disaster risk evaluation.



4 Conclusions

This paper proposes a technical method for town scale geological disaster risk evaluation. By
focusing on improving and optimizing the division of slope units and extraction of disaster-
bearing bodies, the proposed method shows superior performance to the traditional method in
terms of accuracy and effectiveness of risk evaluation.

Taking Dazhou town as an example, we evaluated the risk level of geological disasters under 50-
year rainfall return period conditions and achieved reasonable and reliable evaluation results that
were in line with the actual situation, which could provide reference for the risk evaluation of
geological disaster in towns along the Three Gorges Reservoir area.

Accurate and dynamic evaluation and application of geologic disaster risk will be the future trend,
which will play an important role for local geohazard prevention and control as well as a territory
development plan.
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