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Abstract: Earthquake-triggered landslides represent a significant seismic-related disaster, posing threats to 
both the lives and properties of individuals in affected areas. Furthermore, they can result in road and river 
blockages, as well as other secondary disasters, significantly impacting post-earthquake rescue efforts. Efficient 
and accurate rapid assessment of high-risk landslide zones carries important implications for decision-making 
in disaster response and for mitigating potential secondary disasters. This study uses the high-intensity Zone 
VII to IX of the 5 September 2022 Luding Ms6.8 earthquake as a case study. The “difference method” and the 
“cumulative displacement method,” based on the simple Newmark model, are employed to assess earthquake-
triggered landslides. The evaluation results from both methods demonstrate that the areas posing an ex-
tremely high risk of earthquake-triggered landslides are predominantly situated on the western side of the 
Xianshuihe Fault. Actual landslide data verification shows that both models have high predictive accuracy, 
with the difference method model slightly outper-forming the cumulative displacement method model. 
Moreover, the study recommends determining threshold values for each landslide hazard interval with 
significant physical meaning using past strong earthquake data as soon as possible when utilizing the 
difference method to assess the risk of earthquake-triggered landslides. 

Keywords: earthquake-triggered landslides; rapid assessment; Luding Ms6.8 earthquake; 
Newmark method; the difference method; the cumulative displacement method 
 

1. Introduction 

Earthquake-triggered landslides occur when slope materials slide due to the strong seismic 
motion. These landslides directly jeopardize the lives and property of individuals in earthquake-
prone areas. For instance, the 2008 Wenchuan earthquake led to a landslide in the western region of 
Beichuan County, resulting in the burial of approximately 1600 people and the destruction of 
hundreds of houses [1]. Additionally, earthquake-triggered landslides can disrupt traffic, damage 
critical infrastructure, and create blockages in rivers, leading to the formation of barrier lakes in 
affected areas, all of which have detrimental effects on rapid rescue efforts [1–3]. Therefore, the 
efficient and accurate rapid assessment of high-risk areas for earthquake-triggered landslides holds 
great significance in reducing losses caused by secondary disasters during the rapid response stage 
following earthquakes. 

Currently, there are numerous rapid assessment methods for regional earthquake-triggered 
landslides, which can be broadly categorized into two groups.The first category consists of the 
indicator system methods, which involve developing evaluation techniques based on various 
parameters related to earthquake-triggered landslides and faults, such as magnitude, distance to the 
epicenter, and the distribution of rivers and roads. These methods include models such as logistic 
regression [4,5], support vector machines [6,7], and neural networks [8,9]. The second category is the 
Newmark method, which is based on the principle of mechanical equilibrium and has been widely 
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applied in earthquake landslide risk assessment worldwide [10–20]. Unlike the indicator system 
method, the Newmark method is not constrained by geological background differences and provides 
evaluation results with relatively clear physical significance. This method has been used in various 
earthquake cases globally [21]. 

Within the Newmark method, there are two main approaches for determining earthquake 
landslide risk: the “difference method” and the “cumulative displacement method”. The difference 
method assesses risk based on the magnitude of the difference between Peak Ground Acceleration 
(PGA) and the critical acceleration of rock-soil mass, with a larger difference indicating a higher risk 
of earthquake-triggered landslides [16,17,19,22,23]. On the other hand, the cumulative displacement 
method uses the relationship between PGA and permanent cumulative displacement to calculate the 
displacement of rock-soil mass and determine landslide risk based on the magnitude of the 
displacement value[20,24–27]. While both methods have shown effectiveness in previous earthquake 
case studies, further comparative research is required to fully understand their respective advantages, 
disadvantages, and applicability. 

On September 5, 2022, Luding County in Sichuan Province was struck by a magnitude 6.8 
earthquake, with its epicenter located at (29.25°N, 102.08°E) and a focal depth of 16km. The 
earthquake reached an intensity of Ⅸ  according to the China Earthquake Networks Center 
(www.cenc.ac.cn), causing widespread damage to infrastructure, including transportation networks, 
power systems, and buildings. Additionally, the seismic event triggered a substantial number of 
landslides, exacerbating the devastation [27–30]. By the end of the emergency response phase on 
September 11th, the earthquake had claimed 118 lives, with 86% attributed to secondary geological 
disasters such as landslides and collapses. 

Following the earthquake, researchers conducted extensive field investigations and utilized 
remote sensing data to compile distribution data on the earthquake-triggered landslides, providing 
valuable insights for studying rapid assessment methods in such scenarios. This study focuses on 
high-intensity areas, notably Moxi Town and Detuo Town, during the Luding earthquake (rated 
VII~IX), employing the “difference method” and “cumulative displacement method” to assess the 
risk of earthquake-induced landslides in the region. The validation of these methods relies on actual 
landslide data, allowing for a comprehensive analysis of their strengths, weaknesses, and 
applicability in similar contexts. 

2. Method and Data 

2.1. Two Assessment Methods Based on Newmark Method 

The Newark model, introduced by Newmark in 1965, was originally developed to assess the 
stability of dams in response to seismic activity. According to this method, when ground motion 
produces peak acceleration surpassing the critical acceleration (Ac) associated with the most 
precarious surface, the slider is initiated to slide along this surface, leading to cumulative 
displacement. Essentially, the model posits that a rock-soil mass with a higher Ac necessitates a 
greater peak ground acceleration (PGA) to induce cumulative displacement, indicating that a larger 
Ac generally corresponds to enhanced stability during seismic events. Furthermore, in the absence of 
external forces, the static safety coefficient can be computed using the principle of limit equilibrium 
[31]. 

w
s

' tan ' tan '-
sin tan tan
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ϕ γ ϕ
γ α α γ α

= +  (1)

In formula (1), Fs represents the static factor of safety, while c’, φ’, and γ denote the physical and 
mechanical parameters of the rock-soil mass, specifically the effective cohesion (kPa), effective 
friction angle (°), and unit weight (kN/m³) respectively. The variable t represents the thickness of the 
failure slab, which, in the context of this earthquake, where landslides are predominantly small to 
medium-sized, is considered as 3m. The slope angle (°), denoted by α, is determined using Digital 
Elevation Models (DEMs) within the study area, while m signifies the proportion of the slab thickness 
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that is saturated. Given the absence of rainfall during this seismic event, the value of m is assumed 
to be 0. Ac, representing the critical acceleration of the rock-soil mass in the study area, can be 
computed from Fs using formula (2): 

c s( 1) sinA F g α= −  (2)

By employing the difference method and cumulative displacement method, the seismic-
triggered landslide risk of the rock-soil mass in the study area can be evaluated based on the critical 
acceleration (Ac) and peak ground acceleration (PGA). The difference method involves treating PGA 
and Ac as distinct entities and utilizing their difference as the primary metric for assessing the risk of 
earthquake-induced landslides. A larger difference indicates a heightened risk of such landslides, 
while a smaller difference suggests a lower risk. 

On the other hand, the cumulative displacement method involves fitting Ac with PGA to directly 
determine the permanent cumulative displacement of the rock-soil mass (DN) under the influence of 
ground motion. DN serves as the basis for assessing the risk of earthquake-induced landslides. It is 
important to note that the empirical formula used to calculate DN exhibits regional characteristics, 
and the same formula may yield significantly different fitting results in various regions. Therefore, it 
is advisable to employ fitting formulas that are most suitable for the specific study area. Figure 1 
illustrates the processes of these two assessment methods. 

 

Figure 1. Research flowchart 

2.2. Data source 

This study utilized 1:200,000 scale geological map data obtained from the National Geological 
Data Center (www.ngac.cn). Slope data was derived from pre-earthquake SRTM 30m resolution 
Digital Elevation Models (DEMs), sourced from the official website of the United States Geological 
Survey (www.usgs.gov). 

Given the limited number of seismic stations within the earthquake zone, only one station is 
situated in the study area, located at the perimeter. Consequently, PGA data for this study were 
acquired through transformation and interpolation analysis, leveraging the earthquake intensity map 
released by the Ministry of Emergency Management of the People’s Republic of China 
(www.mem.gov.cn) and the Chinese seismic intensity scale  (refer to Figure 2) [32].The interpolated 
PGA data ranged from 174 to 830 gal, exhibiting consistency with both the seismic station recordings 
within the earthquake zone and the seismic intensity map released by the Ministry of Emergency 
Management of the People’s Republic of China. 
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Figure 2. Distribution of PGA 

The physical and mechanical parameters of the rock-soil mass utilized in this study were derived 
from regional 1:200,000 large-scale geological maps. In accordance with the engineering classification 
standard for rock mass [33], the rock-soil mass within the research area was categorized into four 
groups (refer to Figure 3): very hard (I), harder (II), softer (III), and extremely soft (IV). 

In detail, the very hard category predominantly encompasses intermediate acidic intrusive rocks 
such as granite and diorite, while the harder types include limestone, dolomite, calcareous dolomite, 
and dolomitic limestone. The softer types comprise sedimentary rocks like conglomerate, mudstone, 
and slate, while the extremely soft type refers to loose deposits of the Holocene series. Drawing upon 
the aforementioned standards and relevant studies in neighboring regions [11,16–18], we assigned 
specific values to the physical and mechanical parameters of various rock-soil masses (see Table 1). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 July 2024                   doi:10.20944/preprints202407.0658.v1

https://doi.org/10.20944/preprints202407.0658.v1


 5 

 

 
Figure 3. Categories of rock-soil mass 

Table 1. Physical and mechanical parameters of the rock-soi masss in the study area 

Rock-soil mass c’（kPa） φ’（°） γ（kN/m3） 
Ⅰ 35 38 26 
Ⅱ 28 33 23 
Ⅲ 22 24 22 
Ⅳ 15 10 16 

3. Results 

3.1. The Susceptibility of Earthquakes-Triggered Landslides in the Research Area 

Leveraging the physical and mechanical parameters, as well as the slope data of the rock-soil 
mass within the study area, we computed the critical acceleration (Ac) of the rock-soil mass using 
formulas (1) and (2) (refer to Figure 4). The results of the calculations reveal that the critical 
acceleration of the rock-soil mass within the area is constrained by the Xianshuihe Fault. Notably, 
there exists a distinct numerical pattern characterized by lower values in the west and higher values 
in the east. This suggests a higher propensity for earthquake-triggered landslides on the western side 
of the Xianshuihe Fault under ground motion. 
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Figure 4. Critical acceleration of rock-soil mass 

3.2. Assessment Results of Difference Method  

Conducting a differential analysis between PGA and Ac, we then utilize the natural breaks 
method—an approach characterized by small intra-class differences and significant inter-class 
differences—to classify the earthquake landslide risk into five distinct categories: extremely low risk 
area, low risk area, medium risk area, high risk area, and extremely high risk area. 

Observing Figure 5, the earthquake-triggered landslide hazard evaluation conducted using the 
difference method exhibits a distinctive pattern of high risk in the west and low risk in the east, 
delineated by the Xianshuihe Fault. Particularly noteworthy is the concentration of the extremely 
high hazard zone predominantly on the western side of the fault line. Additionally, the seismic 
landslide hazard classification demonstrates a gradual decrease towards the surrounding regions, 
mirroring the distribution trend of PGA. Statistical analysis reveals that the distribution of 
earthquake-triggered landslide hazard classification, ranging from extremely high to extremely low 
in the study area, stands at 8.27%, 22.77%, 27.21%, 21.50%, and 20.25%, respectively. 
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Figure 5. Risk assessment results of earthquake-triggered landslides (by the difference method) 

3.3. Assessment Results of Cumulative Displacement Method  

In this study, we employed empirical formulas to compute the permanent cumulative 
displacement of the rock-soil mass within the study area under ground motion. Subsequently, we 
assessed the earthquake-triggered landslide hazard by evaluating the magnitude of the cumulative 
displacement value. To ensure regional applicability, we utilized an empirical formula derived from 
previous research, specifically based on cumulative displacement records from the Wenchuan strong 
earthquake, to calculate the cumulative displacement of the rock-soil mass in the current earthquake 
event (refer to Formula 3) [26]. 

2.262 1.754
c c

Nlg 0.194 lg[ 1 * ]A AD
PGA PGA

−
   = + −   
   

 (3)

The formula utilizes DN to represent the permanent cumulative displacement (in cm), while Ac 
and PGA denote the critical acceleration (in g) and peak ground acceleration (in g), respectively. 
Notably, the empirical formula boasts an impressive judgment coefficient R2 of 91.4%. Integrating the 
results derived from this formula with the critical displacement values determined in prior studies 
[13,27,34,35], the earthquake-triggered landslide risk within the study area is classified into extremely 
low risk, low risk, medium risk, high risk, and extremely high risk zones, with boundary values set 
at 0.5, 1, 2, and 5 cm.  

Derived from Figure 6, the earthquake-triggered landslide risk classification obtained through 
this method spans from extremely high to extremely low, encompassing 19.8%, 3.67%, 3.10%, 3.15%, 
and 70.26% of the study area, respectively. 
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Figure 6. Risk assessment results of earthquake-triggered landslides (by the cumulative displacement 
method) 

4. Analysis and Discussion 

4.1. Analysis of Assessment Results  

On the whole, the evaluation results from both methods demonstrate that the areas posing an 
extremely high risk of earthquake-triggered landslides are predominantly situated on the western 
side of the Xianshuihe Fault, exhibiting a similar distribution pattern to that of the critical acceleration 
of the rock-soil mass. Concurrently, the difference method identifies elevated earthquake-triggered 
landslide risks on both sides of the Daduhe Fault, aligning with the observed real-world scenario. 
Conversely, the cumulative displacement method indicates a relatively heightened risk of 
earthquake-triggered landslides on the eastern side of the Daduhe Fault, accompanied by isolated 
high-risk zones on the western side. Notably, the actual distribution of seismic landslides deviates 
somewhat from the assessment results. 

In the study area, a comprehensive collection of 476 earthquake-triggered landslides was 
amassed [29], covering an approximate total area of 17.81 km2. This data was employed in this study 
as validation data to facilitate a comparative analysis of the assessment results derived from the two 
methods.  

We evaluated the accuracy of two models using ROC curves, which are Receiver Operating 
Characteristic curves, a comprehensive indicator reflecting sensitivity and specificity of continuous 
variables [36]. The evaluation criteria are as follows: when AUC < 0.5, the prediction results are 
opposite; when AUC = 0.5, it indicates a random model; AUC between 0.5 and 0.7 suggests low 
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accuracy; AUC between 0.7 and 0.9 indicates high accuracy; and when AUC > 0.9, the model accuracy 
is very high [37].  

We used 476 actual landslides triggered by the earthquake as landslide samples. Additionally, 
we randomly selected 476 non-landslide samples outside a 100-meter buffer zone from the actual 
landslide samples, totaling 952 sample points (Figure 7). Based on this, we calculated the predictive 
accuracy of different models. The results show that both models have high predictive accuracy (both 
exceeding 0.7), with the difference method model slightly outperforming the cumulative 
displacement method model (Figure 8). 

 
Figure 7. Actual landslides and non-landslide samples 
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Figure 8. Actual landslides and non-landslide samples 

4.2. Discussion  

This article employs the Luding 6.8 earthquake as a case study, utilizing both the difference 
method and the cumulative displacement method based on the Newmark model to evaluate the risk 
of earthquake-triggered landslides and conduct a comparative analysis. 

The validation results show that both evaluation methods have high reliability, with the 
difference method slightly outperforming the cumulative displacement method. Unlike the complex 
cumulative displacement fitting formula, the difference method directly performs the difference 
operation between PGA and Ac. As a result, the assessment results obtained by this method not only 
reflect the characteristics of seismic landslide susceptibility of rock-soil mass but also capture the 
distribution and attenuation of PGA. The difference method has demonstrated effective performance 
in the study of earthquake landslides across numerous earthquake cases [17,19,22,23,38]. 

Nevertheless, it is important to note that the natural breaks method, which forms the basis of the 
difference method for classifying the risk level of earthquake-triggered landslides, lacks clear 
physical significance in its natural break values [19,38]. Consequently, different sample data may 
result in varying break points, potentially leading to the classification of the same risk level by 
different thresholds in distinct earthquake case studies, thus potentially impacting the assessment 
results. 

The cumulative displacement method employs empirical formulas to calculate the permanent 
cumulative displacement values of rock-soil mass for assessing earthquake-triggered landslide risk. 
This method not only facilitates a rapid evaluation of such risks but also enables predictions 
regarding potential loosening points within the rock-soil mass induced by earthquakes. It is crucial 
to bear in mind that the regional applicability of the empirical formula utilized for calculating 
permanent cumulative displacement must be considered when employing this method [25,26,39]. 
Selecting an appropriate empirical formula tailored to the specific study area is imperative to avoid 
potential deviations in the assessment results. 

In conclusion, the regional earthquake-triggered landslide risk assessment technology based on 
the Newmark method has significantly advanced from its initial stage; however, there are still 
numerous shortcomings that require urgent improvement. Regarding the difference method, it is 
imperative to determine threshold values for each landslide risk interval with clear physical 
significance through the study of previous significant earthquake data. This approach will ensure 
that the assessment results not only receive verification-level support but also possess a solid 
theoretical foundation. As for the cumulative displacement method, establishing a fitting formula 
with a high regression coefficient between ground motion and cumulative displacement in each 
earthquake-prone area is crucial. Furthermore, improving the Newmark method itself entails 
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establishing a more refined database of physical and mechanical parameters for rock-soil mass, along 
with regular updates of high-precision terrain data [13,18,40,41]. These measures will contribute to 
enhancing the accuracy and reliability of the method’s assessment results. 

5. Conclusion 

(1) The evaluation results from both methods demonstrate that the areas posing an extremely 
high risk of earthquake-triggered landslides are predominantly situated on the western side of the 
Xianshuihe Fault, exhibiting a similar distribution pattern to that of the critical acceleration of the 
rock-soil mass.  

(2) Actual landslide data verification shows that both models have high predictive accuracy 
(both AUC exceeding 0.7), with the difference method model slightly outperforming the cumulative 
displacement method model. 

(3) When employing the difference method to analyze the risk of earthquake-triggered 
landslides, it is imperative to determine threshold values for each landslide risk interval with clear 
physical significance through the study of previous significant earthquake data. 
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