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To overcome the reliance on large samples and high-quality data in existing
evaluation methods, while also improving evaluation efficiency and accuracy,
this paper proposes a method for rapid landslide hazard assessment. This
method utilizes existing research findings and specific analytical techniques for
the study area to conduct rapid assessments. Taking the landslide in Yongxing
Town, Mingshan Area, Ya'an City, Sichuan Province as an example, the Analytic
Hierarchy Process (AHP) is combined with the Information Value (IV) method,
Certainty Factor (CF) method, and Frequency Ratio (FR) method from previous
studies, The AHP-IV and AHP-FR methods assess the study area as a moderately
hazardous zone, while the AHP-CF method assesses it as a slightly hazardous
zone. Affected by the strong 2013 Lushan earthquake, the landslide in the
study area caused permanent damage. Field investigation results show that the
landslide hazard in the study area is moderate, and the AHP-IV and AHP-FR
methods are more consistent with the actual field results. The AHP-CF method,
due to not considering the water system factor and having certain errors in
its discrimination method, leans towards a safer assessment, The results of the
three evaluation methods are somewhat consistent.

KEYWORDS

hazard assessment, analytic hierarchy process, information value method, certainty
factor method, Frequency Ratio method, peak ground acceleration

1 Introduction

China, with its vast territory and complex geological environment, frequently
experiences various geological disasters, causing significant economic losses and casualties.
According to the “National Geological Disaster Bulletin” for 2007-2016, there are over 8,000
geological disasters in China each year, with landslide disasters occurring more than 5,000
times annually (Figure 1A). Landslides account for over 50% of geological disasters. As
shown in the proportion of landslides in geological disasters over the past decade, landslides
account for as much as 76%. The direct economic losses and casualties caused by geological
disasters in China in recent years are shown in Figure 1B. Annually, landslides in China
cause direct economic losses of about 4.446 billion yuan and 1,073 casualties. In recent
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FIGURE 1
(A) Frequency of disaster and Proportion of landslides (B) Economic loss and casualties.

years, China has experienced several major landslide events: In
1989, a torrential rain triggered the Xikou landslide, causing
direct economic losses of over 6 million yuan and 221 casualties,
making it the largest landslide disaster in China in the late
1980s; in September 2011, thousands of gentle slope landslides
occurred in Nanjiang County, Sichuan, severely affecting villages
and farmland; in September 2014, a gentle slope landslide occurred
in Xiangjiaping, Jiangkou Town, leveling an entire residential area;
the “6-24” major landslide in Maoxian, Sichuan in 2017 resulted in
83 casualties; in November 2018, a gentle slope landslide in Yutai
Village, Toutuo Town, Chongqing, posed a huge threat to local
residents and construction projects in progress (Zhu, 2022).

In the study of landslide hazard assessment (Cheng et al., 2024;
Marin-Rodriguez et al., 2024), two research methods have been
widely applied: one is the empirical rule analysis method based
on expert knowledge, and the other is the data-driven statistical
regression analysis method. The first type, empirical rule analysis, is
characterized by its simplicity and independence from data samples.
By utilizing expert knowledge to compare the relationships between
various factors one by one, it can also effectively reduce human error
and achieve relatively accurate and reliable hazard analysis. Among
these, the Analytical Hierarchy Process (AHP) has been widely
applied, which involves selecting typical landslide predisposing
environmental factors and triggering factors based on expert
experience, and determining the contribution weights of different
factors before conducting an overlay analysis assessment (Feizizadeh
and Blaschke, 2014; Mandal and Mandal, 2018). Wu et al. used
the AHP to compile a landslide susceptibility map for Gangu
County, China, providing an important reference for geological
disaster management and risk assessment (Wu et al., 2016) Sandeep
Panchal et al. applied the AHP for landslide disaster assessment on
National Highway 5 in India, determining the weights of each factor
through a hierarchical structure and pairwise comparison matrix,
and generated a landslide hazard distribution map (Panchal and
Shrivastava, 2022). Chunhung Wu et al. combined rainfall and six
site factors, and through the AHP, obtained landslide susceptibility
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assessment results for different areas in central Taiwan and mapped
the susceptibility distribution (Wu and Chen, 2009).

The advantage of the second type, statistical regression analysis
lies in its ability to reveal relationships between variables and to
make predictions and inferences. By calculating parameters and
conducting significance tests, the importance of influencing factors
can be determined. Additionally, statistical regression analysis
is highly interpretable, explaining the impact of independent
variables on dependent variables, which aids in further exploring
the relationships between variables. Among these, Lee etal.
used the Frequency Ratio (FR) and Logistic Regression (LR) to
assess landslide susceptibility in the Selangor area of Malaysia,
comparing the applicability of these two methods in landslide
susceptibility mapping (Lee and Pradhan, 2007). Shraban Sarkar
used the Information Value (IV) method for landslide susceptibility
assessment in parts of the Darjeeling Himalayas (Sarkar et al., 2013).
Zhang et al. optimized the Frequency Ratio method and applied
it to landslide susceptibility assessment in the Caiyuan Basin in
the southeast mountainous region of China (Zhang et al., 2020).
Bai used the Logistic Regression method to analyze landslide
susceptibility in the Youfang River basin (Baietal., 2015). Xing
used a modified LR method to assess the susceptibility of rainfall-
induced landslides (Xingetal.,, 2021). Abdo employed both the
Frequency Ratio and Statistical Index methods to analyze the
impact of different factors on landslide susceptibility, proposing
corresponding susceptibility distribution maps and suggestions
(Abdo, 2022). Wang etal. evaluated landslide hazard in Wen
County, northwest China, using the IV, Weights-of-Evidence
(WOE), and Certainty Factor (CF) methods (Wang et al., 2019).
Chen et al. compared the application of the Frequency Ratio model,
Statistical Index model, and Weights-of-Evidence model in landslide
susceptibility mapping, providing a basis for comparison and
selection in landslide susceptibility assessment (Chen et al., 2016a).

The advantage of the first type, empirical rule analysis is
very extensive, but its weight assignment relies on the subjective
judgment of decision-makers, making it highly subjective. The
advantage of the second type, statistical regression analysis, which
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starts from the statistical information of a large amount of
data, is highly objective. However, mathematical statistical models
have limitations in precisely expressing the nonlinear relationship
between factors and landslide hazards (Chen et al., 2021). To further
enhance the accuracy of landslide hazard assessment, some scholars
have combined empirical rule analysis with statistical regression
analysis. Chen et al. used the AHP and CF methods to map landslide
susceptibility in the Baozhong area of Baoji City, China (Chen et al.,
2016b). Tonut Cristi Nicu applied the AHP, FR, and Statistical
Index methods for landslide susceptibility assessment (Nicu, 2018).
Guoliang Du et al. compared the effects of the AHP-IV and LR-IV
methods in the susceptibility distribution map of the Himalayan
convergence zone in China (Du et al., 2019).

Statistical regression analysis requires a large sample size and
high-quality data. Landslide data are often limited and exhibit
spatial and temporal unevenness, which may lead to inaccuracies
or significant biases in the results of statistical regression analysis.
When studying individual landslides, researchers often do not
use this method due to its high data requirements. Today, for
regional landslide hazard assessments, many researchers have
applied statistical regression analysis to obtain evaluation results. If
the results of previous studies can be appropriately applied when
studying individual landslides, it can overcome the drawbacks of
data requirements in statistical regression analysis and significantly
improve the efficiency of landslide hazard assessment. If the first
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type of empirical rule analysis method based on expert knowledge
is also applied, the accuracy of landslide hazard assessment can be
enhanced.

This article focuses on the landslide in Yongxing Town,
Mingshan Area, Ya'an City, Sichuan Province. By selecting statistical
regression analysis results from similar areas, it obtains the IV, CE,
and FR values. It combines previous research results with the AHP
method in empirical rule analysis, using AHP-IV, AHP-CE, and
AHP-FR methods to assess the landslide hazard in Yongxing Town.
The AHP-IV and AHP-FR methods assess the landslide in the study
area as moderately hazardous, which is more consistent with field
survey results. The AHP-CF method, due to not considering factors
such as rainfall and distance from water system, and having errors
in its discrimination method, assesses the area as slightly hazardous,
leaning towards less safe assessment.

2 Overview of the study area
2.1 Basic characteristics

Thelandslide islocated on the south side of the Mingshan-Cheling
County Road in Huacheng Village, Yongxing Town, Mingshan Area,

Yaan City, Sichuan Province, with coordinates at East Longitude
103°09'41" and North Latitude 30°02'51" (Figure 2). The landslide

frontiersin.org


https://doi.org/10.3389/feart.2024.1429346
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

He et al.

10.3389/feart.2024.1429346

0 40

Holocene Quatemnary residual
Q 4 slope deposits

Landslide hazard zone E’ Crack

FIGURE 3
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has an irregular planar shape, mainly sliding along two gullies. The
rear edge of the landslide is below a steep slope formed by bedrock
ridges, with an elevation of 665 m, while the front edge is at the foot
of the slope with an elevation of 615 m, bounded on both sides by
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bedrock ridges. The landslide has a length of 250 m, an average width
ofabout 500 m, an average thickness of about 4.0 m, covering an area of
125,000 square meters and a volume of 500,000 cubic meters, classified
as a medium-sized traction-type soil landslide.
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FIGURE 5
(A) Foundation settlement (B) Cracking damage of the houses.

FIGURE 6
Influence range of faults in Mingshan District.
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The landslide is located to the east of Group 2 of Huacheng
Village in Yongxing Town. The rear edge of the slope is formed
by a bedrock ridge, 3-30 m high with a slope of 30°-60°, forming
the rear boundary of the landslide. The middle part of the slope
forms a ridge, with gullies on both sides. The rear edge of
the gully has a slope of about 15°-18° and a width of about
50-60 m. Near the middle ridge, the slope is gentler at 8°-12°.
The middle part of the gully is relatively gentle, with a slope of
about 12°-14° and a width of 50-60 m, with some areas flattened
for housing construction. The middle front edge of the terrain is
steeper, with a slope of about 14°-18° and a width of 30-50 m,
with some parts forming steep steps of 3-5m due to cutting.
The front edge of the terrain is gentler, with a slope of about
11°-13° and a width of about 80 m. The landslide slope faces 257°,
underlain by mudstone and siltstone of the Cretaceous Guankou
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Formation, with rock layer attitude 305°216°, forming a dip-slope
(Figure 3).

The landslide mass consists of Quaternary residual slope deposit
fine clay Q,*'*%!, with a layer thickness of 3-6 m, and is plastic.
The landslide sliding surface is above the interface formed by the
mudstone and siltstone of the Cretaceous Guankou Formation (k,g),
with a slope of about 257°212°. Its typical structural cross-section is
shown in Figure 4.

2.2 Deformation and damage
characteristics

The landslide first occurred in 2001, with deformation mainly
distributed in the gullies on both sides, causing effects such
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Hierarchical structure model.

TABLE 1 Description of judgment matrix.

Scale Meaning ‘
1 iand j are equally important
3 iis slightly more important than j
5 iis significantly more important than j
7 iis strongly more important than j
9 iis extremely more important than j
2,4,6,8 Represents the median value of the above neighboring judgments
reciprocal If the ratio of the importance of i to j is By, then the ratio of the
importance of j to i is B;;

as cracking of residential walls and ground fissures, leading to
the relocation of 12 households with 56 villagers. The landslide
undergoes slow creep annually, particularly intensifying during
heavy rain. Current landslide deformations include subsidence at
the front edge, with farm roads and house foundations sinking
10-30 cm (Figure 5A), causing cracks in roads and houses; cracking
of houses in the middle, with ground fissures opening 1-5 cm wide
and extending 2-10 m; partial slumping at the steep step behind
the houses in the middle-front, compressing the houses; and in the
middle-rear part of the landslide, partial collapse of the slope, house
cracking with openings of 0.5-3 cm (Figure 5B), extending 1-3 m,
and ground bulging.

2.3 Impact of earthquakes on landslides
Newmarks method (Newmark, 1965) is commonly used to

determine the stability of slopes under seismic activity. Its main
principle is that under the coupled effect of seismic acceleration,
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the slope undergoes instantaneous displacement along the sliding
surface, accumulating continuously. When the applied peak seismic
acceleration exceeds the critical acceleration of the slope, a landslide
is triggered. This is determined by performing a double integration
of the difference between these two accelerations to obtain the
cumulative displacement value (Jibson, 2007; Roy et al., 2016; Ma
and Xu, 2019). If the cumulative displacement is small, the slope
will recover after the seismic activity stops, without suffering
damage. However, if the cumulative displacement exceeds the
critical displacement, the slope is considered to have suffered
permanent damage (Wang et al., 2010).

When using the Newmark method, it is necessary to obtain
both the critical acceleration of the slope and the peak seismic
acceleration. The critical acceleration of a slope is the minimum
seismic acceleration needed to overcome shearing resistance of
the soil and initiate sliding under seismic activity. It reflects the
maximum acceleration the slope can withstand and is an inherent
parameter of the slope (Liand Su, 2021). The critical acceleration of a
slope is related to the material composition of the slope, its geometric
shape, and factors such as the cohesion, friction angle, density and
the slope angle (Wang and Lin, 2010) The more loose the slope
material and the steeper the slope angle, the smaller the magnitude
of critical acceleration required to generate large movements and
the poorer the seismic resistance; conversely, for materials with
good cohesion, the critical acceleration is larger, and the seismic
resistance is better (Qiu et al., 2024). The critical acceleration of a
slope needs to be determined for specific slopes through repeated
experiments and is unknown for most cases (Maharjan et al., 2021).
According to field survey results, the overall stability of the landslide
in the study area is poor, and the slope is steep. Referring to the
research results from Wang et al. (2010), a critical acceleration of
0.1 g (98 cm/s*) can be assumed for the landslide in this study area.
The peak seismic acceleration can be determined using empirical
attenuation relationships of seismic acceleration (Yu and Wang,
2004). The attenuation relationship for the peak seismic acceleration
along the major axis is given by Eq.1, and along the minor
axis by Eq. 2.
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FIGURE 8
Influence range of water system in Mingshan District.
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TABLE 3 Combination of evaluation factors.

List of evaluation factors

Combination sequence

number

1 Lithology, slope gradient, elevation,
distance from fault, distance from
water system

2 Lithology, slope gradient, slope
direction, elevation, distance from
fault
3 Lithology, slope gradient, slope

direction, elevation, distance from
fault, distance from water system,
rainfall

1g¥!m = 0.617 + 1.163M — 0.046M? — 2.207 Ig [ D + 1.694¢ 44" |
(1)

Ig¥!ma = —0.644 + 1.080M — 0.043M? — 1.626 Ig [ D + 0.255¢(*7M) |
)
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However, in earthquakes that occur in mainland China, there
is some uncertainty in the direction of the earthquake fault and
the orientation of the long and short axes of the isoseismal lines.
To consider the relationship between the orientation of the long
and short axes of the isoseismal lines and the azimuth of the
seismic impact point, the peak accelerations along the long and
short axes are calculated separately, and their geometric mean
is used as the reference value for the peak acceleration at the
seismic impact point (He et al., 2023). The calculation process is
given by Eq. 3.

Apax = Val max xaw max (3)

In Eqs 1-3: D is the horizontal distance from the study area’s
slope to the epicenter; M is the magnitude of the earthquake; al max
is the peak seismic acceleration on the long axis; aw max is the

peak seismic acceleration on the short axis; a,,,, is the peak seismic

max
acceleration.

Based on the principles of the Newmark method, it is known
that when the peak ground acceleration of an earthquake exceeds

the critical acceleration of a slope, it will cause permanent
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Lithology ‘ Slope gradient ‘ Elevation ‘ Distance from fault = Distance from water system
Lithology 1 2 3 0.5 2
Slope gradient 0.5 1 3 1 2
Elevation 0.333 0.333 1 0.25 0.5
Distance from fault 2 1 4 1 2
Distance from water system 0.5 0.5 2 0.5 1
TABLE 5 Judgment matrix of combination 2 (AHP-CF).
Index Lithology Slope gradient Slope direction ‘ Elevation Distance from fault
Lithology 1 2 3 3 0.5
Slope gradient 0.5 1 3 3 1
Slope direction 0.333 0.333 1 2 0.25
Elevation 0.333 0.333 0.5 1 0.25
Distance from fault 2 1 4 4 1

TABLE 6 Judgment matrix of combination 3 (AHP-FR).

Index Lithology Slope Slope Elevation Distance Distance RETELL
gradient direction from fault from water
system

Lithology 1 2 3 3 0.5 2 2
Slope gradient 0.5 1 3 3 1 2 1
Slope direction 0.333 0.333 1 2 0.25 0.5 0.333

Elevation 0333 0.333 0.5 1 0.25 0.5 0.333
Distance from 2 1 4 4 1 2 1

fault

Distance from 0.5 0.5 2 2 0.5 1 0.5
water system

Rainfall 0.5 1 3 3 1 2 1

damage to the slope. Earthquake data were obtained from the
National Earthquake Science Data Center. Calculations show
that the peak ground acceleration caused by the severe “4.20”
Lushan earthquake in 2013 in this study area was 183.11
cm/sz, which is greater than the critical acceleration of the
slopes in the study area (98 cm/s?). Therefore, it would cause
permanent damage at the study site. Additionally, there are
faults near the study area (Figure6), and the influence of

Frontiers in Earth Science 08

earthquakes should be considered when assessing landslide risks in
this area.

3 Research methods

Numerous scholars in China and abroad have conducted a
series of studies on landslide risk assessment (Qiu etal., 2022).
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TABLE 7 Analysis results of AHP hierarchy method (AHP-IV).

Evaluation factor Weight value of Value of CI
each factor (%)
Lithology 25.917
Slope gradient 22.548
Elevation 7.328 0.039
Distance from fault 31.01
Distance from water system 13.197

TABLE 8 Analysis results of AHP hierarchy method (AHP-CF).

Evaluation factor Weight value of Value of CI
each factor (%)
Lithology 26.538
Slope gradient 23.185
Slope direction 9.511 0.049
Elevation 7.103
Distance from fault 33.663

TABLE 9 Analysis results of AHP hierarchy method (AHP-FR).

Evaluation factor Weight value of Value of CI
each factor (%)

Lithology 21.454
Slope gradient 17.026
Slope direction 6.427

Elevation 5.201 0.038
Distance from fault 22.833
Distance from water system 10.034
rainfall 17.026

Among them, empirical rule analysis based on expert experience
and knowledge, and statistical regression analysis based on a large
amount of data and statistical information, have been widely applied.
Empirical rule analysis can select landslide disaster-causing factors
and quantify their weights, offering intuitive and interpretable
results. Statistical regression analysis reveals the relationships
between variables, enabling prediction and inference. However,
empirical rule analysis is highly subjective and statistical regression
analysis struggles to precisely express the non-linear relationship
between factors and landslide risks. This paper adopts a combination
of both methods, using the Analytical Hierarchy Process (AHP)
in empirical rule analysis combined with the Information Value
Method, Certainty Factor Method, and Frequency Ratio Method

Frontiers in Earth Science
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from statistical regression analysis. Specifically, it employs AHP-IV,
AHP-CF, and AHP-FR methods to assess landslide risk in Yongxing
Town, Mingshan District, Yaan City.

3.1 Analytical Hierarchy Process

The Analytical Hierarchy Process (AHP), developed in the
1970s by the American operations researcher Saaty (1977),
has evolved over the years into a mature methodology. Its
basic principle is to decompose the elements of the evaluation
systems alternative solutions into levels such as objectives,
criteria, and plans, and then conduct qualitative and quantitative
decision-making analysis. This method 1is characterized by
mathematizing the decision-making process of decision-makers
using a limited amount of quantitative information, based on in-
depth analysis of the influencing factors and internal relationships
of complex decision making problems. This provides a convenient
decision-making tool for complex problems having multiple
objectives, multiple criteria, or unstructured characteristics
(Vaidya and Kumar, 2006).

The application of AHP generally involves the following
three steps:

(1) Establishing a hierarchical structure model. This includes the
goal layer, criteria layer, and plan layer (Figure 7).

(2) Constructing a judgment matrix. Constructing the judgment
matrix is a key step in AHP decision-making. Starting
from the goal layer, each element within the same layer is
compared pairwise to determine their relative importance
(Table 1).

(3) Consistency test. To ensure the reliability of the matrix, the
consistency of the judgment matrix is tested by calculating its
consistency index:

Cl= Ay —n)/(n-1) (4)

where A is the largest eigenvalue of the judgment matrix;
n is the order of the judgment matrix; CI is the consistency
index of the judgment matrix. When CI = 0, the judgment matrix
has complete consistency; otherwise, the larger the CI is, the
poorer the consistency of the judgment matrix. RI represents the
average random consistency index of the judgment matrix (Table 2)
(Kayastha et al., 2013).

3.2 Information Value method

The Information Value (IV) method, introduced in 1948 by
the American mathematician and founder of information theory,
Shannon, in his paper “A Mathematical Theory of Communication,”
employs probability theory and logical methods to derive the
formula for calculating information value (Shannon, 1948). In the
1980s, Professor Yan Tongzhen first introduced information theory
into landslide disaster prediction research (Yin, 1988), and later it
was widely applied by experts and scholars in the field of disaster
assessment. The concept of information prediction suggests that
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TABLE 10 Analysis results of AHP-1V method.

10.3389/feart.2024.1429346

Factor Information value AHP weightage The product of
information value
: : - and AHP
Ni/km  Si/km | Ni/Si  Results :
weightage
Cretaceous mudstone, 0.261 32.903 0.79 0.05112 0.01329
sandstone
Jurassic mudstone, 0.016 4.401 0.36 —0.73481 —0.19105
Lithology sandstone 0.26
Quaternary 0.000 0.504 0.00 0.00000 0
Paleogene mudstone 0.040 4.423 0.90 0.18148 0.04718
<10 0.061 16.172 0.38 -0.68075 -0.15657
10~20 0.084 9.983 0.84 0.11248 0.02587
20~30 0.097 11.409 0.85 0.12432 0.02859
Slope gradient/° 0.23
30~40 0.038 3.467 1.1 0.38215 0.08789
40~50 0.023 0.878 2.62 1.25001 0.2875
50~60 0.014 0.322 4.35 1.75701 0.40411
500~1,000 0.101 25.784 0.39 -0.65470 —0.04583
Elevation/m 1,000~1,500 0.215 16.223 1.33 0.57202 0.07 0.04004
1,500~2,000 0.001 0.224 0.45 -0.51167 —0.03582
<3 0.001 0.347 0.29 -0.95104 -0.29482
Distance from fault/km 3~6 0.212 23.205 0.91 0.19253 0.31 0.05968
6~9 0.104 18.679 0.56 -0.29298 —-0.09082
<0.2 0.119 26.271 0.45 -0.51167 —-0.06652
0.2~0.4 0.069 6.722 1.03 0.31640 0.04113
0.4~0.6 0.071 4.077 1.74 0.84072 0.10929
Distance from water
0.6~0.8 0.054 2.669 2.02 0.98994 0.13 0.12869
system/km
0.8~1.0 0.001 1.546 0.06 —-2.52657 -0.32845
1.0~1.2 0.003 0.764 0.39 —-0.65477 —0.08512
1.2~1.4 0.000 0.182 0.00 0.00000 0

the occurrence of a landslide disaster is related to the quantity
and quality of information obtained during the prediction process
and is measured by the amount of information. The greater the
information value, the more conducive it is to the occurrence of a
disaster (Sharma et al., 2015). The calculation of information value
can be expressed by the following formula:

P(Y, x5, x,)

(1) ©)

I(Y,x;,%y,++x,) = In
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where I(Y,x,,x,,...x,) represents the information value provided

by the combination of factors x;,x,,.. for geological
landslides
the probability of geological disasters occurring under the

condition of the factor combination x,x,,...x,; P(Y) is the

X,

disasters such as and collapses; x;,%,,...x, is

probability of geological disasters occurring in the entire
study area. The total information value within a single
evaluation factor can be simplified and represented by the
following formula:
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TABLE 11 Analysis results of AHP-CF method.

Factor Area of Number of Certainty AHP The product
class/km? landslide factor weightage of certainty
factor and
AHP
weightage
Soft and hard 1012.50 137 0.2538 0.0685
intersand mudstone
group
Hard basalt group 244.86 20 -0.2012 -0.0543
Hard stratified 195.97 8 —-0.5010 —-0.1353
limestone group
rock, dolomitic
Engineering limestone group 027
geological group '
Hard - semi-hard 324.87 14 —-0.6990 —-0.1887
sandstone group
Soft rock group 90.32 16 0.4316 0.1165
Soft and hard tuff 38.21 0 —-1.0000 -0.027
Semi-cementation 0.27 0 -1.0000 -0.027
group
<10 190.90 17 —-0.2316 —-0.0533
10~20 497.15 78 0.3222 0.0741
20~30 620.30 77 0.2071 0.0476
Slope gradient/® 0.23
30~40 438.61 20 -0.4983 -0.1146
40~50 138.49 3 —-0.8235 —0.1894
>50 21.54 0 -1.0000 -0.023
North 237.61 17 —-0.5370 —-0.0483
North-East 229.75 17 -0.2019 —-0.0182
East 264.22 29 —-0.0747 —-0.0067
South-East 223.00 23 0.0879 0.0079
Slope direction 0.09
South 213.81 23 0.0795 0.0072
South-West 228.02 22 0.1118 0.0101
West 269.04 42 0.3331 0.0300
North-West 241.54 22 —-0.0384 0.0035
<1,250 18.04 8 0.7892 0.0552
1,250~1,500 73.97 60 0.8685 0.0608
1,500~1,750 127.88 39 0.6513 0.0456
Elevation/m 1,750~2,000 181.76 38 0.5495 0.07 0.0385
2,000~2,250 260.21 31 0.2116 0.0148
2,250~2,500 277.74 10 —-0.6479 —0.0454
>2,500 967.41 9 —-0.9368 —-0.0656

(Continued on the following page)
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TABLE 11 (Continued) Analysis results of AHP-CF method.

10.3389/feart.2024.1429346

Factor Class Area of Number of Certainty AHP weightage  The product of
class/km? landslide factor certainty factor
and AHP
weightage
<0.5 577.04 108 0.4381 0.149
0.5~1 37213 44 0.1047 0.0356
Distance from 1~15 27236 20 ~0.1921 0.34 ~0.0653
fault/km ) ) ) ’ )
1.5~3 476.60 19 -0.5896 -0.2005
>3 208.88 4 ~0.7659 ~0.2604
" N/N PR . . . .
1= ZIn i 6) distribution of landslides and the gradation of each influencing
=T factor. The frequency ratio is the ratio of the area where landslides

Where I; is the total information value of a single evaluation
factor; N; is the area of the geological disaster body within the graded
region; N is the area of the graded region; S; is the total area of the
geological disaster body in the study area; and S is the total area of
the study area (Zhang et al., 2014).

3.3 Certainty Factor method

The Certainty Factor (CF) method is a common method for
assessing landslide susceptibility, based on the probability function
of landslide occurrence. It calculates the certainty factor of the
evaluation factor using the following formula:

PP, - PP,
PP (1-PP)
PP, PP,
pP,(1-PP)

(PP, < PP,)
CF= (7)

(PP, > PP,)

Where CF represents the certainty factor of landslide occurrence;
PP, is the ratio of the number of landslides to the area of a in
factor grade category a, representing the conditional probability of
landslides occurring in factor grade category a; PP, is the ratio of
the total number of landslides to the total area of the study region,
representing the prior probability of landslides occurring in the
entire study area.

The range of CFis [-1, 1]. A positive value indicates an increased
certainty of landslide occurrence, with values closer to 1 indicating a
higher likelihood of landslides. A negative value indicates decreased
certainty, with values closer to —1 indicating a lower likelihood of
landslides. A value of 0 indicates that the conditional probability and
prior probability are the same, and it is uncertain whether a landslide
will occur (Xiong et al., 2022).

3.4 Frequency Ratio method

The Frequency Ratio (FR) method calculates the probability
of landslides occurring for each influencing factor within different
grading intervals, analyzing the spatial relationship between the
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occur in a particular grading interval of an influencing factor to
the total landslide area of the study area, and the ratio of the area
under that grade to the total area of the study area (Solaimani et al.,
2013; Panchal and Shrivastava, 2021) The formula and calculation
process of the frequency ratio are as follows:

N. A.
FR= 2% (8)
N, A,

In the formula: FR is the frequency ratio value; Nj; is the area of
landslides occurring in the j -th category of the i-th influencing
factor; N, is the total landslide area of the study area; A;; represents
the area of the j-th category of the 7 -th influencing factor; and A,
represents the total area of the study area.

Methods such as AHP, IV, CF, and FR are applicable for evaluating
the impact of various factors on outcomes, each with its unique
advantages and limitations. AHP is easy to understand and suitable for
complex decisions, but it may be influenced by subjective biases; IV is
simple to operate and effective for large data sets, but it relies on the
quality of the data; CF is intuitive and effective for rapid analysis, but
it can distort results when factor correlations are high; FR effectively
analyzes the relationship between event frequency and factors, but
it requires extensive historical data. The choice of method should
consider the research needs and data conditions comprehensively to
ensure the accuracy and practicality of the evaluation results.

4 Selection of evaluation factors

The selection of evaluation factors is fundamental to landslide
risk assessment. Choosing and analyzing these factors is key to
quantifying the occurrence and evolution of landslides. By considering
different evaluation factors, one can gain deeper insights into the
potential risks and evolutionary trends of landslides. This paper
comprehensively evaluates landslide risks in the study area using seven
evaluation factors: lithology, slope, aspect, elevation, distance from
faults, distance from hydrological systems, and rainfall. The data on
lithology, slope, aspect, and elevation are obtained from field survey
results. The distance from faults is indicated in Figure 6, the distance
from hydrological systems is shown in Figure 8, and rainfall data is
available from the Mingshan District annals.
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The selection of evaluation factors is subjective, and the
combination of single evaluation factors is limited. Based on
the analysis of landslide formation mechanisms and previous
research experience (Liuetal, 2024; Qiuetal, 2024; Yeetal,
2024), this paper selects three types of combinations of evaluation
factors (Table 3). By using multiple combinations of different
evaluation factors and comprehensively considering various factors,
a more thorough understanding and assessment of landslide
risks are achieved. Such an integrated evaluation approach helps
to reduce the subjectivity and one-sidedness of single-factor
evaluations, enhancing the reliability and accuracy of the assessment
results. By comparing results from different combinations, the
relative importance of each evaluation factor in different contexts
can be explored, thus providing more targeted suggestions and
decision-making support for landslide prevention and disaster
management.

5 Landslide risk assessment

5.1 Determining the weight of evaluation
factors using the Analytical Hierarchy
Process (AHP)

(1) The results of pairwise comparisons of evaluation factors
were obtained through expert argumentation, Constructing
the judgment matrix (Tables 4-6):

(2) Result verification (refer to Eq. 4 for the calculation method):

CI(AHP—1V) = 0.039 < 1.12, CI(AHP — CF) = 0.049 < 1.12,

and CI(AHP - FR) =0.038 < 1.32, indicating that the entire

hierarchical model has good consistency, and the judgments

are reasonable (results shown in Tables 7-9).

5.2 AHP-1IV method

Some scholars have used the Information Value method
for landslide risk assessment (Sarkaretal., 2013; Zhangetal,
2014; Duetal, 2019; Wangetal,, 2019). This paper combines
the information values from the article by Zhangetal. (2014)
with the weights of the AHP method, by selecting relevant
factors (see Table3) and conducting overlay analysis, the
information value of each factor category is calculated. Then,
these information values are multiplied by the weights from the
Analytic Hierarchy Process (AHP) and aggregated to assess the
landslide susceptibility of specific locations, with the detailed
calculation process shown in Table 10, refer to Eqs 5, 6 for the
calculation method.

5.3 AHP-CF method

Some scholars have used the Certainty Factor method for
landslide risk assessment (Chen etal., 2016b; Wang et al., 2019;
Xiong et al., 2022) This paper combines the certainty factor values
from the article by Xiong et al. (2022) with the weights of the AHP
method, by analyzing the spatial distribution of factors related to
landslides (see Table 3), the certainty coeflicients of these factors
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are calculated. Then, these certainty coefficient values are multiplied
by the weights from the Analytic Hierarchy Process (AHP) and
aggregated to assess the landslide susceptibility of specific locations,
with the detailed calculation process shown in Table 11, refer to Eq. 7
for the calculation method.

5.4 AHP-FR method

Some scholars have used the Frequency Ratio method for
landslide risk assessment (Lee and Pradhan, 2007; Chen et al.,
2016a; Nicu, 2018; Zhangetal.,, 2020; Zhang et al., 2020; Abdo,
2022). This paper combines the frequency ratio values from the
article by Zhang Qiukai (Zhang et al., 2020) with the weights of the
AHP method, by analyzing the classification of factors related to
landslides (see Table 3), the frequency ratio for each factor category
is calculated. Then, these frequency ratios are multiplied by the
weights from the Analytic Hierarchy Process (AHP) and aggregated
to assess the landslide susceptibility of specific locations, with the
detailed calculation process shown in Table 12, refer to Eq. 8 for the
calculation method.

5.5 Evaluation results

The calculation results and risk identification methods of the
three approaches are shown in Table 13.

6 Results and discussion
6.1 Results analysis

The AHP-IV and AHP-FR methods classify the area as a
moderate-risk zone, while the AHP-CF method assesses it as a
low-risk zone.

The landslide in question first occurred in 2001, causing damage
to 12 residential houses. It has been sliding annually in recent years,
particularly during the “4.20” Lushan earthquake in 2013, where
the peak ground acceleration caused by the earthquake was greater
than the critical acceleration of the landslide, resulting in permanent
damage. Field investigations reveal that the stability of landslide is
currently poor. Under the action of rainfall, it is highly susceptible
to overall sliding. The assessments of the AHP-IV and AHP-FR
methods, categorizing the area as a moderate-risk zone, align more
closely with the actual situation. The AHP-CF method, assessing
it as a low-risk zone, shows some variance from the other two
methods’ results. This discrepancy mainly arises from two aspects:
Firstly, the AHP-CF method did not consider rainfall and proximity
to the water source as evaluation factors for this landslide, even
though both are significant influence factors. Rainfall increases
pore water pressures in the soil, leading to a reduction in effective
stress and reduced shear strength, thus triggering landslides. Areas
close to water systems often have higher groundwater levels and
hence lower effective stresses, thus increasing the probability
of landslides. The exclusion of these factors in the AHP-CF
method leads to an “apparently” safer assessment of the study
area. Secondly, the judgment method of the AHP-CF method
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FIGURE 9
Flow chart of rapid landslide risk assessment method.

is derived from the inherent nature of the CF method itself.
Applying the results of this study directly into it may introduce
certain errors.

To improve the accuracy of the AHP-CF method for landslide
risk assessment, the following improvements can be made:
Firstly, more comprehensive evaluation factors should be selected,
considering hydrological factors like rainfall and proximity to
the water system. Secondly, the judgment method of the AHP-
CF method should be adjusted according to the actual situation,
to be better align with the reality of the study area, thereby
enhancing the accuracy of the assessment. Finally, integrating
such as AHP-IV and AHP-FR,
and considering various factors, the AHP-CF method can be

other assessment methods,

continuously optimized.

6.2 Discussion

The geographical and geological conditions of different study
areas may significantly vary. Directly applying the results of one
study to another area may not yield safe evaluations. This paper,
while using previous research results, uses the AHP method to
better adapt these results to the current study area. However, the
judgment of the AHP-IV approach is derived from the Information
Value (IV) values cited in the original article, which did not use the
AHP. Therefore, directly applying the AHP-IV method’s evaluation
results to the cited article’s IV evaluation method can lead to a
certain errors. The same applies to the judgment results of the AHP-
FR method. The judgment of the AHP-CF method, derived from
the inherent nature of the CF method, allows for only a general
judgment, and its accuracy remains to be verified. Nevertheless,
the evaluation results of all three methods show high consistency
and align with the actual conditions of the landslide in the study
area. Therefore, despite some errors, the evaluation results are still
considered reasonable.

Landslide risk assessment has always been a hot topic in
the field of geological disaster research. To improve evaluation
efficiency and accuracy, this paper proposes a rapid method

Frontiers in Earth Science

18

for landslide risk assessment. This method comprehensively
considers various factors such as geological conditions, geographical
environment, and triggering factors. It utilizes existing research
conclusions and study methods specific to the study area for quick
calculation and evaluation. The method involves the following
steps (Figure 9):

(1) Collect data on geological disasters in the study area,
including geological conditions, geographical environment,
and triggering factors.

) Summarize the basic characteristics of the landslide.

—
(SS)
=~

Choose targeted methods for analysis based on the basic
characteristics of the landslide.

—
o~

) Use suitable research results from similar areas.
) Establish a
on targeted evaluation methods and previous research

comprehensive evaluation method based
findings.

(6) Apply the comprehensive evaluation method, combined with

the basic characteristics of the landslide, to assess its risk.

Currently, for regional landslide risk assessment, many
researchers have applied statistical regression analysis to obtain
evaluation results. If appropriate previous research results are
applied to individual landslide studies, it can overcome the
shortcomings of statistical regression analysis in terms of data
requirements and greatly improve the efficiency of landslide risk
assessment. For example, in this study, after seven data including
lithology, slope, aspect, elevation, distance from faults, distance
from hydrological systems, and rainfall were easy to obtain, we can
make a rapid assessment of landslide risk.

It is important to note that when applying previous research
results to different study areas, the accuracy of landslide risk
assessment needs to be verified. To enhance accuracy, this
paper selected research results from three similar areas and
combined them with the AHP method. Ultimately, the three
evaluation results showed high consistency, thus considered
reasonable. However, due to the lack of an appropriate judgment
method, the research results of this method may still contain
some errors.
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7 Conclusion

Through the landslide risk evaluation, the risks associated with
the landslides in the study area were assessed, leading to the
following conclusions.

(1) The study employed three landslide risk assessment
methods: AHP-IV, AHP-CF, and AHP-FR. Both AHP-
IV and AHP-FR methods assessed the study area as a
moderate-risk zone, while the AHP-CF method rated it as a
low-risk area.
(2) Field investigation results classified the landslide risk in the
study area as moderate. When these findings were combined
with the cumulative displacement caused by earthquakes in the
surrounding areas, the assessments of the AHP-IV and AHP-
FR methods, categorizing the area as a moderate-risk zone,
were found to be more consistent with the actual situation.
The AHP-CF method, which assessed the area as low-risk, was
analyzed for its error sources, and suggestions for improvement
were proposed.
(3) The study proposed a rapid method for landslide risk
assessment. This method takes into account various factors
including geological conditions, geographical environment,
and triggering factors. It utilizes existing research findings
and methods tailored to the study area to quickly evaluate
landslide risk.
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