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On September 5, 2022, a magnitude 6.8 earthquake occurred along the Xianshuihe Fault Zone in Luding County, Tibetan Plateau, China, leading to a significant outbreak of landslides. The urgent need for a swift and accurate evaluation of earthquake-induced landslides distribution in the affected area prompted this study. This research delves into regional geological data, scrutinizes post-earthquake Peak Ground Acceleration (PGA) and Arias Intensity (Ia) associated with the Luding earthquake, and conducts earthquake-induced landslides risk assessments within the Luding earthquake zone using the Newmark model. Validation of the earthquake-induced landslides risk assessment outcomes rooted in PGA and Ia relies on an earthquake-induced landslides database, revealing Area Under the Curve (AUC) values of 0.73 and 0.84 in respective ROC (Receiver Operating Characteristic) curves. These results unequivocally affirm the exceptional accuracy of earthquake-induced landslides evaluation using Ia calculations, emphasizing its suitability for the swift prediction and evaluation of earthquake-induced landslides. The earthquake-induced landslides risk assessment based on Ia computation reveals the area with extremely high-risk and high-risk of earthquake-induced landslides encompass 0.71% of the entire study area. Notably, these areas are predominantly clustered within seismic intensity VII zones and primarily trace the Moxi fault zone, extending from the southern portion of the middle east along the Dadu River and the Moxi fault, with reach up to Dewei Township in the north and Caoke Township in the south. Hazard-prone regions predominantly align with slopes featuring gradients of 30°–45° and bear a strong correlation with fault activity. Furthermore, the results of this evaluation are harmonious with the findings from remote sensing interpretation and on-site field investigations pertaining to the earthquake-induced landslides. This body of knowledge can serve as a crucial reference for expedited assessment, emergency response and subsequent supplementation of earthquake-induced landslide databases when confronting similar earthquake-induced landslide scenarios.
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1 INTRODUCTION
On September 5, 2022, a strong earthquake of Ms6.8 occurred in Luding County, Sichuan Province (An et al., 2022; Xie et al., 2022), leading to the loss of life and damage to infrastructure properties. As of September 14, 118 people were reported missing or dead in areas with seismic intensity degree VIII and above, covering an area of 785 km2, primarily in Luding County and Shimian County (Han et al., 2022; Qu et al., 2022; Yang et al., 2022; Zhou et al., 2023). According to the China Seismic Network, the epicenter of the earthquake was located in the southwestern part of Moxi Town, Luding County (102.08°E, 29.59°N), with a focal depth of 16 km and a maximum seismic intensity of IX degrees (Qu et al., 2022; Sun et al., 2023). The earthquake occurred in the eastern part of the Tibetan Plateau, which has a complex topography and geological structure. The epicenter was located on the Moxi fault, which is situated in the southeastern section of the Xianshuihe fault zone. The Moxi fault is known for its sinistral strike-slip activity since the late Quaternary period and has clear fault traces. It has experienced at least five paleoseismic events since the Holocene period and is a fault with high activity and frequent earthquakes (Chen et al., 2016; An et al., 2022; Bai et al., 2022; Li et al., 2022). The landslides induced by the Luding earthquake were densely distributed along high and steep slopes such as the Xianshuihe fault zone and Dadu River, and were mainly small and medium-sized in the shallow surface layer (Fan et al., 2022a; Huang et al., 2022).
Earthquake-induced landslides are the result of slope sliding under the effect of earthquakes, and their distribution and development are influenced by internal dynamic geological processes (Zhang et al., 2013; Song et al., 2020a; Song et al., 2020b; Song et al., 2021). Earthquake-induced landslides are particularly severe and significant during strong earthquakes (Wang and Lin, 2010; Xu et al., 2014; Zhang et al., 2017; Fan et al., 2018). For instance, the 2005 Kashmir earthquake in India triggered 1,293 landslides (Owen et al., 2008; Shafique et al., 2016), the 2008 Wenchuan earthquake caused more than 200,000 landslides (Yin, 2008; Xu et al., 2014; Froude and Petley, 2018), the 2015 Lushan earthquake in China triggered 22,528 landslides (Xu et al., 2015; Yang et al., 2015), and the 2015 Nepal earthquake triggered more than 25,000 landslides (Gallen et al., 2016; Roback et al., 2018). The impact of geological disasters can last for decades after a strong earthquake, and the characteristics of mass disasters and chain effects of geological disasters become more pronounced, with the scale increasing significantly (Shen ad Wang, 2016; Tie et al., 2020). Therefore, accurately and rapidly identifying the distribution range of earthquake-induced geological disasters is crucial for emergency rescue and reconstruction efforts following an earthquake (Huang and Li, 2008; Yang et al., 2017; Iqbal et al., 2018).
Earthquake-induced landslides risk assessment is the determination of the probability of earthquake-induced landslides occurring in a particular area and time period. Researchers have made significant progress in developing methods for earthquake-induced landslides risk assessment, ranging from analyzing the relationship between earthquake-induced landslides and seismic faults, magnitude, and epicentral distance to using expert experience, data mining, and statistical analysis-based index system methods (Nowicki Jessee et al., 2018; Tang et al., 2020; Jafarian et al., 2021; Fan et al., 2022b; Liu et al., 2022) and the Newmark cumulative displacement method based on mechanical principles (Chousianitis et al., 2014; Zang et al., 2020; Gupta and Satyam, 2022).
However, earthquake-induced landslides are influenced by various factors, and the mechanism of formation is complex, making it challenging to quickly obtain a complete catalog of earthquake-induced landslides and the macrodisaster situation in the earthquake zone. This difficulty makes it challenging to perform rapid earthquake-induced landslides risk assessment using statistical analysis methods after an earthquake (Xu et al., 2013; Chen et al., 2020; Chen et al., 2022; Chen et al., 2022; Zhao et al., 2022).
The Newmark cumulative displacement model is an earthquake-induced landslides risk assessment method proposed based on the limit equilibrium theory of infinite slope (Newmark, 1965), which is an effective approach to assess the risk of earthquake-induced landslides by calculating the cumulative displacement of slopes under earthquake action. Unlike the index system approach, this model does not rely on cataloging earthquake-induced landslides, and it is not limited by differences in geological background, allowing for a rapid predictive evaluation of post-earthquake-induced landslides groups (Jibson, 1993; Wang et al., 2015; Du et al., 2017; Liu et al., 2018; 2022; Gu o et al., 2021; Guo et al., 2021; Maharjan et al., 2021). Due to the scarcity of historical earthquake acceleration records, the strictly Newmark model, calculated based on acceleration integration, lacks widespread adaptability, so many scholars have made improvements to the Newmark model based on extensive statistical analysis results. By considering the characteristics of earthquake-induced landslides in different regions, relationships have been established between seismic slope displacement and earthquake-induced landslide occurrence probability, thereby enhancing the model’s adaptability (Jibson et al., 2000; Xu et al., 2012; Dreyfus et al., 2013). At present, the Newmark model has been well applied in the earthquake-induced landslides risk assessment in Chi-Chi Mw 7.6 earthquake, Wenchuan Ms 8.0 earthquake, China (Wang et al., 2013; Chen et al., 2014), Lushan Ms 7.0 earthquake (Yuan et al., 2016; Jin et al., 2019; Li et al., 2022), and Ludian Ms 6.5 earthquake (Zhao et al., 2022). Among the refined Newmark models, the simplified models developed by Rathje and Sayg. (2008) and Pareek et al. (2014), based on the study of statistical patterns of earthquake-induced landslides, exhibit good practicality (Rathje and Sayg, 2008; Chousianitis et al., 2014; Nowicki et al., 2014; Pareek et al., 2014). These models are applicable to the prediction of earthquake-induced landslides in high-mountain canyon areas with strong seismic activity.
After Luding earthquake, some research institutions and scholars have conducted extensive studies on the characteristics, distribution patterns, and earthquake-induced landslides induced by the Luding Ms6.8 earthquake (Fan et al., 2022a; Liu et al., 2022). These studies have generally clarified the spatial development and distribution characteristics of earthquake-induced landslides triggered by the Luding Ms6.8 earthquake. However, there remains considerable controversy regarding the rapid predictive assessment results and accuracy of earthquake-induced landslides. In order to better guide the rapid earthquake-induced landslides risk assessment in the future, this study, based on the establishment of an earthquake-induced landslides database, utilizes a simplified Newmark model, and conducts a comparative analysis of earthquake-induced landslides risk assessments under two conditions: Peak Ground Acceleration (PGA) and Arias intensity. The aim is to figure out a method that can better predict and recognize earthquake-induced landslides.
The results were compared with the earthquake-induced landslides distribution obtained through remote sensing interpretation. As a result, a more applicable method for the rapid prediction and evaluation of earthquake-induced landslides is proposed. The study aims to analyze the spatial analysis and development characteristics of earthquake-induced landslides in key areas and to discuss the rapid prediction and evaluation methods of earthquake-induced landslides. The research findings can provide insights into the development pattern of earthquake-induced landslides and guide disaster prevention and mitigation work.
2 GEOLOGICAL BACKGROUND
2.1 Active fault
The Luding earthquake epicenter is situated on the eastern boundary between the Bayankela Block and the Sichuan-Yunnan Rhombus Block, forming a “Y”-shaped intersection with the Longmenshan fault zone, Xianshuihe fault zone, Dadu River fault zone, and Anning River fault zone (Figure 1). The Xianshuihe fault zone has undergone a complex tectonic evolution history since the Paleozoic era and is known to have formed during this time (Roger et al., 1995; Xu et al., 2007; Guo et al., 2015a; Guo et al., 2015b; Li et al., 2022). This fault zone extends approximately 400 km, stretching from Ganzi Donggu in the north to the Anshunchang area of Shimian County in the south, with an overall trend of 320°–330°, forming an arc that curves toward the northeast (Qian, 1988; Xiong et al., 2010; Bai et al., 2014). The Xianshuihe fault zone consists of several faults, including the Luhuo fault, Daofu fault, Qianning fault, Yalahe fault, Zhonggu fault, Selaha fault, Zheduotang fault, Mugecuonan fault, and Moxi fault (Figure 1; Pan et al., 2020; Bai et al., 2021).
[image: Figure 1]FIGURE 1 | Structural location map of the Sichuan Luding earthquake on September 5, 2022: (A) Regional location map of the Xianshuihe fault zone, and (B) Luding earthquake research area.
Throughout history, the Xianshuihe fault zone has been frequently impacted by strong earthquakes. There have been 8 recorded earthquakes with a magnitude of Ms≥7.0 since 1725, making it a seismically active region (Li and Du, 1997; Cheng and Yang, 2002; Liu et al., 2022). The Luhuo Ms7.9 earthquake in 1973 was the most significant recorded earthquake in the area, and the closest strong earthquake was the Daofu Ms6.9 earthquake in 1981. The Moxi fault is characterized by high-speed left-lateral strike-slip movement, accompanied by a certain vertical component, since the late Quaternary period. The fault has a clear trace, and the strike-slip rate is estimated to be between 9.3–13.4 mm/a, while the vertical rate is between 1.5–3.2 mm/a. At least five paleoseismic events have occurred since the Holocene, indicating its seismogenic potential (Xu et al., 2003; Chen et al., 2016; Bai et al., 2022).
2.2 Characteristics of the Luding Ms6.8 earthquake
According to measurements recorded by the China Seismic Network, on September 5th, 2022, an earthquake of magnitude Ms6.8 occurred in Luding County, Sichuan Province, with a focal depth of 16 km and a maximum intensity of IX degrees (Qu et al., 2022; Sun et al., 2023). The United States Geological Survey (USGS) has reported the scalar seismic moment of this earthquake to be 1.158 × 1019 N m, with a moment magnitude of Mw6.64, and the centroid coordinates to be 29.726°N and 102.279°E, with a centroid depth of 15.5 km. The rupture model obtained by inversion indicates that the earthquake rupture surface is in the NNW‒SSE direction, with a rupture duration of 15 s. The entire rupture extends from the epicenter to the southeast direction, from deep to shallow, with a maximum slip of approximately 0.8 m (Dai et al., 2022; Li et al., 2022; Yang et al., 2022).
2.3 Basic characteristics of landslides induced by the Ms6.8 Luding earthquake
The Luding Ms6.8 earthquake triggered a significant number of earthquake-induced landslides. According to Tie et al. (2020) and Sun et al. (2023), the earthquake mainly consisted of medium and small clusters of high-level collapses and landslides, with a concentrated distribution of seismic intensity Ⅸ zone and high and steep slopes on both sides of the Dadu River. Specifically, the affected areas included Moxi Town, Detuo Town, Shimian County, Caoke Township, and Wanggangping Township (Figure 2A; Xie et al., 2022; Fan et al., 2022a; Huang et al., 2022; Xiao et al., 2023). While shallow surface slip occurred at the top of the Mogangling landslide, the overall stability of the landslide was not affected (Figure 2B). The Wandong River Basin, located in the seismic intensity Ⅸ zone, showed a dense development of geological disasters, with high-level collapses mostly occurring in the shallow surface layer. These collapses displayed extremely high density and were characterized by distribution along fault zones and river valleys (Figures 2C,D; Wang et al., 2022).
[image: Figure 2]FIGURE 2 | Typical landslides triggered by the Luding Ms6.8 earthquake: (A) Earthquake-induced landslides in the Moxi Platform; (B) Mogangling earthquake-induced landslides; (C) Earthquake-induced landslides in the Wandong River Basin, and (D) Earthquake-induced landslides in the estuary of the Wandong River (mirror-oriented NE).
3 METHODOLOGY AND DATA
3.1 Data and sources
Seismic and geological data were utilized to evaluate the earthquake-induced slope displacement. The seismic data were sourced from the China Seismic Network, with the surface wave magnitude of the Luding earthquake recorded as 6.8 and the focal depth at 16 km. The digital elevation model (DEM) data were derived from the Panchromatic Remote Sensing Stereo Mapping Instrument (PRISM) aboard the ALOS satellite, with a resolution of the Luding zone. Terrain data with a resolution of 12.5 m were obtained from the NASA Earth Science Data Website (https://nasadaacs.eos.nasa.gov).
The regional stratigraphic data were acquired from the 1:200,000 geological map of the Yingjing map, and the stratigraphic units were divided into 13 engineering geological rock groups based on factors such as geological structure, stratum age, rock-soil mass type, and rock mass weathering and fragmentation degree (Figure 3B). The physical and mechanical parameters of the engineering geological rock groups were obtained by referring to the “Engineering Geology Handbook” (fifth edition) (Hua and Zheng, 2018) and combining the results of mechanical strength tests (Table 1).
[image: Figure 3]FIGURE 3 | Distribution map of engineering geological rock formations.
TABLE 1 | Summary of engineering geological units and rock mechanical properties.
[image: Table 1]To calculate the slope displacement induced by the Luding earthquake, the peak ground acceleration (PGA) and Arias intensity (Ia) were obtained from the State Key Laboratory of Chengdu University of Technology and the seismic moment magnitude and source distance of the earthquake, respectively. The cumulative displacement of the slope was then calculated based on the correlation expressions between earthquake-induced slope cumulative displacement (Dn), critical acceleration (ac), and PGA (Eq. 5), as well as the correlation expression between the Newmark cumulative displacement and critical acceleration (ac) and Arias intensity (Ia) (Eq. 6) proposed by previous studies (Harp EL Wilson, 1995; Jibson et al., 2000; Jibson, 2007) (Figures 4A,B).
[image: Figure 4]FIGURE 4 | Peak ground acceleration (PGA) and Arias intensity (Ia) in the Luding earthquake zone: (A) Distribution map of peak ground acceleration (PGA) in the Luding earthquake zone (according to the Key Laboratory of Chengdu University of Technology), and (B) distribution map of the Arias intensity (Ia) in the Luding earthquake zone (calculated by earthquake data).
3.2 Earthquake-induced landslides risk assessment based on the Newmark model
The Newmark slope displacement model is a method for assessing the risk of earthquake-induced landslides. The method was proposed by British scientist Newmark in 1965 based on the limit equilibrium theory of infinite slopes. It is commonly used when the seismic structure is well understood or when earthquake intensity and parameter records are relatively complete. Wang et al. (2015) conducted an analysis of the factors affecting earthquake-induced landslides and risk inversion assessment using the Newmark model.
However, using the Newmark model based on the acceleration integral can be challenging in regional earthquake-induced landslides risk assessments. To address this issue, some scholars have introduced the regression model method. The relationship between ground motion parameters and Newmark cumulative displacement (Jibson, 2007; Jibson, 2011; Du et al., 2017), as well as the relationship between Newmark cumulative displacement and landslide probability (Jibson, 2011), have been studied.
To conduct a rapid risk assessment of regional earthquake-induced landslides, this paper uses the probabilistic seismic hazard analysis method to calculate the seismic probability and intensity of potential earthquake-affected slopes. With the help of empirical relations, the Newmark cumulative displacement model is used to obtain an approximate cumulative displacement value (Dn) for any slope in the region. The evaluation process is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Flow chart of earthquake-induced landslides risk assessment based on the Newmark model.
The aim of this study is to evaluate the landslide occurrence probability under earthquake action by analyzing the slope static safety factor (Fs), critical acceleration, and cumulative displacement. The calculation process is divided into four main steps, as follows: First, the slope static safety factor (Fs) is calculated using the slope safety factor formula based on the slider limit equilibrium theory proposed by Miles and Ho. (1999) and Jibson et al. (2000). This formula takes into account the physical and mechanical parameters of the rock and soil mass and the slope. Second, the limit equilibrium state equation of the slider under earthquake action is established by comparing the stress state of the slider under no external force and earthquake action. The critical acceleration of the slope is then calculated using the safety factor (Fs) and the equation proposed by Wilson and Keefer. (1983). Third, the relationship between the Arias intensity (Ia) and the peak ground acceleration (PGA) and the slope critical acceleration (ac) is calculated using the formulae proposed by Wang et al. (2013), Zhang et al. (2017), and Gupta and Satyam. (2022). This calculation enables the evaluation of the slope in the two cases of cumulative displacement (Dn). Finally, the landslide occurrence probability (P) is predicted and evaluated under earthquake action, according to the statistical law of slope cumulative displacement (Dn) and landslide occurrence probability (Jibson et al., 2000).
(1) Static safety factor (Fs)
In this study, the slope safety factor formula based on the slider limit equilibrium theory (Eq. 1; Jibson et al., 2000; Miles and Ho, 1999) is used to calculate the static safety factor (Fs) of the slope. This formula takes into account the physical and mechanical parameters of the rock and soil mass and slope, which are essential factors for the stability analysis of slopes.
[image: image]
where, c′ is the effective internal cohesion of the rock masses (kPa), φ′ is the effective internal friction angle of the rock masses (°), γ is the weight of the rock masses (kN/m3), γw is the weight of the groundwater (kN/m3), t is the thickness of the potential sliding masses (m), α is the dip angle of the potential sliding surface (°), and m is the proportion of the saturated portion in the total potential sliding masses.
(2) Critical acceleration (ac)
The stress state of the slider is compared under no external force and under the earthquake to establish the limit equilibrium state equation of the slider under earthquake conditions. The calculation formula of the critical acceleration (ac) is derived by using the safety factor (Fs) (Eq. 2; Wilson and Keefer, 1983).
[image: image]
where, g is the acceleration of gravity (m/s2) and α is the dip angle of the potential sliding surface (°).
(3) Arias intensity (Ia)
The Arias intensity (Ia) is used to determine the ground motion parameters in strong earthquake records. The Arias intensity is calculated by integrating the square of the ground motion acceleration over time and multiplying it by a constant (Arias, 1970). This method has the advantage of reflecting the amplitude, frequency, and duration of the ground motion, providing a comprehensive assessment of the seismic hazard. The Arias intensity is calculated by using the seismic moment magnitude Mw and the field source distance R (Eq. 3), and the moment Mw is converted by Eq. 4 (Wilson and Keefer, 1985; Zhang et al., 2017).
[image: image]
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where Mw is the moment magnitude, Ms is the surface wave magnitude, and R is the source distance (km).
(4) Slope displacement (Dn)
Many studies have analyzed a large number of seismic acceleration records and earthquake-induced landslides examples to establish the correlation expressions of earthquake-induced slope cumulative displacement (Dn), critical acceleration (ac), and peak ground acceleration (PGA). The resulting correlation expressions (Eq. 5; Jibson, 2007) are important for understanding the behavior of slopes during earthquakes and for assessing the potential risk of landslides.
The Newmark cumulative displacement generated by regional earthquake-induced landslides and the critical acceleration (ac) and Arias intensity (Ia). This correlation is shown in Eq. 6, which was proposed by Jibson et al. (2000), Jibson (2007), and Harp EL Wilson. (1995). The correlation provides a useful tool for predicting the potential for landslides in areas affected by earthquakes.
In addition, this study also found a good functional correlation between the Newmark cumulative displacement generated by regional earthquake-induced landslides and the critical acceleration ac and Arias intensity (Ia). This correlation is shown in Eq. 6, which was proposed by Jibson et al. (2000), Jibson. (2007), and Harp EL Wilson. (1995). The correlation provides a useful tool for predicting the potential for landslides in areas affected by earthquakes.
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where, ac is the critical acceleration of the slope (g), PGA is the peak ground acceleration (g), and Ia is the Arias intensity (m/s).
(5) Landslide occurrence probability (P)
According to the correlation between seismic slope displacement and landslide occurrence probability (Eq. 7; Jibson et al., 2000), the landslide occurrence probability (P) under earthquake action was calculated.
[image: image]
4 RAPID ASSESSMENT OF EARTHQUAKE-INDUCED LANDSLIDE HAZARDS
4.1 Static safety factor
Based on earthquake-induced landslides risk assessment experience, the slopes with slope degree of less than 5° are typically stable, and large-scale landslides are infrequent. Therefore, the calculations exclude slopes with slopes of less than 5° (Gupta and Satyam, 2022). Model parameters are adjusted through multiple cycle calculations to achieve a static safety factor (Fs) greater than 1 without external force. The parameters used are listed in Table 1 and include c', φ′, and γ, with γw set to 10 kN/m3, t set to 2.5 m, m set to 0.3, and α representing the terrain slope. Steep slopes, such as the banks of the Dadu River and the Moxi River, have lower static safety. In contrast, slopes with high static safety are typically distributed in areas with gentle slopes, such as the Tagong Grassland, Xinduqiao, and Yingjing County, where the static safety factor exceeds 5 (Figure 6A).
[image: Figure 6]FIGURE 6 | Distribution map of the static safety factor and critical acceleration of slope instability: (A) Static safety factor distribution map, and (B) Slope instability critical acceleration distribution map.
4.2 Critical acceleration of slope instability
The spatial distribution characteristics of the critical acceleration in the region have been calculated based on the static safety factor (Fs) and slope gradient. The stability of the region with a higher slope is found to be worse in correspondence to the static safety factor, indicating that the lower the static safety factor is, the smaller the critical acceleration required to induce slope instability. The critical acceleration on steep slopes along the Dadu River and near the Moxi River is less than 0.15 g, while in the valleys, basins, and Tagong Grasslands with gentle slopes, the critical acceleration is greater than 0.6 g, and the maximum can reach 0.93 g (Figure 6B).
4.3 Cumulative displacement of slope

(1) Based on the slope cumulative displacement calculated by PGA
Based on the PGA-based calculations, the cumulative displacement of the slope indicates that the displacement area is primarily distributed in the VII intensity zone (Figure 7A). The region with significant slope displacement is predominantly situated in the southeast direction of the earthquake, and it extends along the Dadu River and the Moxi Fault. The farthest affected area extends northward to Dewei Township and southward to the vicinity of Shimian County and the western side of Caoke Township along both sides of the Dadu River. The cumulative displacement of the slope in these areas can reach over 5 cm, and the cumulative displacement of the Wandong River Basin exceeds 10 cm.
(2) Cumulative slope displacement calculated based on the Arias intensity
[image: Figure 7]FIGURE 7 | Slope cumulative displacement distribution of the Luding Ms6.8 earthquake (A) Slope cumulative displacement calculated based on PGA, and (B) Slope cumulative displacement calculated based on Arias.
The cumulative displacement of the slope calculated based on Ia indicates that the displacement area is limited to the VII intensity zone (Figure 7B). The slope displacement area is predominantly concentrated in the VIII intensity zone and distributed on the eastern side of the Moxi Fault Zone along both sides of the Dadu River. The farthest influence range extends up to Dewei Township in the north and Caoke Township in the south. It is noteworthy that the cumulative displacement of the slope can exceed 5 cm, in particular, the cumulative displacement of the Moxi Platform and the Wandong River Basin exceeds 10 cm, indicating that the potential risk of landslide and slope instability in the region should not be underestimated.
4.4 Earthquake-induced landslides risk assessment
Based on the Newmark model, this study uses PGA and Ia to calculate the landslide risk of the Luding Ms6.8 earthquake. The study area is divided into low-risk, medium-risk, high-risk, and extremely high-risk areas based on the probability of earthquake-induced landslides. The results indicate that the high-risk and extremely high-risk areas of earthquake-induced landslides are mainly distributed along both sides of the Dadu River and the Moxi fault. The prediction and evaluation results of earthquake-induced landslides risk are consistent with the landslide hazard predictions of the Luding Ms6.8 earthquake made by Chen et al. (2022) and Fan et al. (2022b).
The earthquake-induced landslides risk divisions calculated using PGA indicate that earthquake-induced landslides are extremely high, and the distribution of high-risk areas is relatively large, accounting for 1.81% of the total study area. They are mainly distributed along the Dadu River and on both sides of the Moxi fault, reaching to the north of the Jiajun Township, reaching south to the vicinity of Shimian County and the west side of Caoke Township (Figure 8A). The extremely high-risk zone area fluctuates and generally decreases as the distance from the fault increases, Within the slope range of 30°–45°, the extremely high-risk area occupies a larger area (Figure 9A).
[image: Figure 8]FIGURE 8 | Landslide occurrence probability in the Luding Ms6.8 earthquake: (A) Distribution probability map of earthquake-induced landslides calculated based on PGA, and (B) Distribution probability map of earthquake-induced landslides calculated based on Ia.
[image: Figure 9]FIGURE 9 | Statistical map of the distribution of extremely high-risk and high-risk areas of the Luding Ms6.8 Earthquake-induced landslides: (A) Statistical map of distribution characteristics of extremely high-risk and high-risk areas calculated based on PGA, and (B) Statistical map of distribution characteristics of extremely high-risk and high-risk areas calculated based on Ia.
The earthquake-induced landslides risk division calculated using Ia shows that the extremely high-risk and high-risk areas of earthquake-induced landslides are distributed over 0.71% of the total study area, mainly in intensity zone VII along the Dadu River and the Moxi fault, with the northernmost area being Dewei Township and the southern end extending to Caoke Township (Figure 8B). The extremely high-risk area of earthquake-induced landslides decreases as the distance from the fault increases, and the extremely high-risk area decreases within the slope range of 30°–45° (Figure 9B). The extremely high-risk area of earthquake-induced landslides is consistent with the distribution of earthquake-induced landslides interpreted by Huang et al. (2022).
5 DISCUSSION
5.1 Discussion on the effect of PGA and Arias intensity on earthquake-induced landslides risk assessment
This paper aimed to assess the accuracy of landslide hazard assessment induced by the Luding Ms6.8 earthquake using PGA and Ia calculations based on the Newmark model. To verify the hazard assessment results, the paper used earthquake-induced landslides data shared by Huang et al. (2022). The success rate (ROC) curve method was used to test the earthquake-induced landslides risk assessment results. The closer the AUC value under the ROC curve is to 1.0, the higher the accuracy of the model. The study found that the area under the ROC curve of the earthquake-induced landslides risk assessment results obtained by PGA calculation was 0.73 (Figure 10), while the AUC value of the earthquake-induced landslides risk assessment results obtained by Ia calculation was 0.84. Therefore, the earthquake-induced landslides risk assessment method based on Ia calculation has high accuracy and reliability.
[image: Figure 10]FIGURE 10 | Success rate curve of earthquake-induced landslides risk assessment results induced by the Luding Ms6.8 earthquake.
Previous studies have also conducted risk assessments of earthquake-induced landslides using the Newmark cumulative displacement model and the Arias intensity based on the Newmark model. Wang et al. (2013) and Chousianitis et al. (2014) obtained accurate results that showed overall consistency between the hazard zones and the earthquake-induced landslides intensive areas revealed by post-earthquake surveys. However, Liu et al. (2022) conducted a rapid prediction assessment of Luding Ms6.8 earthquake-induced landslides based on the Newmark model using the peak ground acceleration obtained by estimation. The evaluation results showed that the risk of earthquake-induced landslides on both sides of the Dadu River was low and differed from the actual earthquake-induced landslides distribution.
The use of appropriate ground motion parameters is crucial for accurate earthquake-induced landslides risk assessment. In the Luding Ms6.8 earthquake, PGA and Ia were used to calculate earthquake-induced landslides risk assessment based on the Newmark model. It was found that the earthquake-induced landslides risk assessment method based on the Ia calculation has high accuracy and reliability. The reason for this is that Ia can reflect comprehensive information on earthquake amplitude and frequency at the same time and can more accurately reflect the real earthquake level compared to PGA. Therefore, it is suggested that when analyzing the relationship between regional earthquake-induced landslides and ground motion intensity, Arias intensity should be used rather than peak ground acceleration to avoid missing important ground motion information. Combining the established earthquake-induced landslides database, this study validates the results of earthquake-induced landslides risk assessments based on both PGA and Ia methods. The validation indicates that the earthquake-induced landslides risk assessment results calculated using Ia are more accurate. The model proves effective in predicting the hazard of earthquake-induced landslides and is applicable to earthquake-induced landslides risk assessments in tectonically active regions, such as the Tibetan Plateau. This is consistent with the findings of previous studies (Harp EL Wilson, 1995; Jibson, 2007; Jibson, 2011; Wang et al., 2013).
5.2 Discussion of the spatial characteristics of the earthquake-induced landslides
To analyze the spatial distribution of landslide risk zones induced by the Luding Ms6.8 earthquake based on Arias intensity calculations, several key characteristics were identified:
First, the findings suggest that earthquake-induced landslides tend to be concentrated along the fault zone, particularly in the NNW‒SSE Xianshuihe fault zone and the adjacent Dadu River region. As the distance from the fault increases, the area of extremely high-risk of earthquake-induced landslides decreases (Figure 9A). These observations can be attributed to the formation of structural landforms such as mountains and valleys due to faulting activities, which lead to relatively high seismic parameters in the fault zone area and the fracturing of the rock mass. These conditions increase the likelihood of landslide disasters. Therefore, it is important to take into account the proximity of a region to a fault zone and fractured rock mass when assessing landslide risks induced by earthquakes.
Second, the risk of landslides induced by the Luding earthquake exhibits a characteristic distribution along rivers and high and steep slopes. Slopes of 30°–45° are predominant in the extremely high-risk areas of earthquake-induced landslides. Specifically, the areas with high and steep slopes on both sides of the Dadu River, Wandong River and the Moxi Platform greater risks. High and steep slope areas experience unloading cracks due to the long-term effect of their own gravity, and some slopes undergo creep deformation. In the presence of earthquake action, these conditions contribute to an increased risk of landslides.
Huang et al. (2022) conducted a comprehensive study on the Luding Ms6.8 earthquake-induced landslides by establishing an earthquake-induced landslides database using field investigations and human-computer interaction visual interpretation of optical satellite images. The database includes at least 5007 earthquake-induced landslides, covering a total landslide area of 17.36 km2. This paper compared the results of earthquake-induced landslides risk assessment based on the earthquake-induced landslides database with those obtained using Ia calculations. The analysis shows that 2672 earthquake-induced landslides were distributed in extremely high-risk and high-risk areas of earthquake-induced landslides, accounting for 53.37% of the total number of landslides. Moreover, these landslides were distributed over an area of 13.34 km2, accounting for 76.95% of the total landslide area. The average area of earthquake-induced landslides decrease as the risk of earthquake-induced landslides decreases, as shown in Figure 11. The results of the risk prediction and evaluation are more consistent with the actual distribution of earthquake-induced landslides.
[image: Figure 11]FIGURE 11 | The area distribution of earthquake-induced landslides in the landslide hazard zone induced by the Luding Ms6.8 earthquake.
6 CONCLUSION
This study aimed to develop a rapid prediction and evaluation method for Luding Ms6.8 earthquake-induced landslides based on the PGA and Arias intensity.
First, the PGA and Arias intensity based on the Newmark cumulative displacement model were used to carry out rapid prediction and evaluation of earthquake-induced landslides. The results showed that the earthquake-induced landslides were extremely high, and high-risk areas were mainly distributed along the Dadu River, on both sides of the Moxi fault, to the north of Jiajun Township, to the south near Shimian County, and west of Caoke Township. The earthquake-induced landslides risk distribution obtained by the Ia calculation indicated that the earthquake-induced landslides were extremely high, and high-risk areas were mainly distributed in intensity zone VII, mainly along the Dadu River and Moxi fault distribution.
Second, the accuracy of the earthquake-induced landslides risk assessment results was verified using the earthquake-induced landslides database. The AUC value of the risk assessment results calculated by Ia was 0.84, which was more accurate than the risk assessment based on PGA and was more suitable for the rapid prediction and evaluation of earthquake-induced landslides.
Third, the regional risk distribution of Luding earthquake-induced landslides was highly influenced by active faults and had a tendency to concentrate along the fault zone, especially the NNW‒SSE to Xianshuihe fault zone. The areas with extremely high-risk and high-risk of earthquake induced landslides are mainly located on high and steep slopes affected by Dadu river incision and with relatively broken lithology, and in the dip range of 30–45°, the area occupied by the extremely high-risk zone was the largest. So, in the tectonically active regions, special attention should be directed towards areas controlled by faults, characterized by highly fragmented rock structures and steep slopes.
The research findings provide scientific guidance for subsequent remote sensing interpretation of earthquake-induced landslides and geological investigations, contributing to the establishment of a more comprehensive catalog of earthquake-induced landslides.
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ID Engineering geological units /(kPa)

1 Hard thick-bedded sandstone 2

2 Relatively hard medium-thick-bedded sandstone interbedded with conglomerate, mudstone and slate 25 32 25
3 Alternate of soft and hard medium-thick-bedded sandstone and mudstone interbedded with limestone 25 32 2
4 Soft and relatively hard and thin to medium-thick-bedded sandstone and mudstone 2 31 21
5 Soft thin-bedded mudstone and shale 20 27 2
6 Hard medium-thick-bedded limestone and dolomite 23 31 25
7 Relatively hard and thin to medium-thick-bedded limestone and argillaceous limestone 2 30 4
8 Alternate of soft and hard medium-thick-bedded limestone and dolomite interbedded with sandstone and mudstone 22 29 2
9 Relatively hard and thin to medium-thick-bedded slate, phyllite and metamorphic sandstone 21 2 2
10 Soft and relatively hard and thin to medium-thick-bedded phyllite, Schist sandwiching tuff, sandstone, volcanic rock 28 35 21
1 Hard blocky basalt 27 34 29
2 Hard blocky granite, andesite and diorite 2 37 29
13 Soft loose sediments and deposits 15 2 18

Notes: ID, the corresponding number of engineering geological units in Figure 3; ¢, effective internal cohesion; @', effective internal friction angle.
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