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ABSTRACT. The earthquake triggered numerous secondary geological disasters, mainly landslides, which
can have considerable impact on the environment as well as people's lives in the affected region. In this
research, to obtain clear understanding of the restoration level and the evolution of landslides after an
earthquake as massive as the Wenchuan earthquake, Beichuan County of Sichuan Province was considered
an example, and the development characteristics and the evolution of post-earthquake landslides in the
affected area were studied. Using ALOS, GF-1, and ZY-3 remote sensing images and GIS technology, the
development of landslides in Beichuan County over a period of 13 years (2007-2019), comprising the period
before and after the Wenchuan earthquake, was analysed. The main inducing factors of landslides before
and after the disaster were discussed from many aspects. After the Wenchuan earthquake, the number and
the area affected by landslides in Beichuan County drastically increased. Five years after the earthquake,
there was rapid recovery in the development of landslides; however, it has not fully returned to the state
before the earthquake yet. Many landslides have also occurred in medium- and high-altitude areas and
medium- and high-slope areas. However, as time goes on, the high-risk areas of landslides began to migrate
slowly to areas with lower altitude and gentle slope. Before the earthquake, river erosion was the main cause of
landslides in the study area. After the earthquake, landslides were concentrated in the southeast and central parts
of this area—places with strong earthquake intensities—which was attributed to seismogenic faults. With the
recovery of landslide development, river erosion became the main contributing factor again. The findings of this
research can provide insights to aid disaster prevention in the Wenchuan earthquake-stricken area and the
spatio-temporal evolution of landslide disaster development in earthquake-stricken areas.
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Introduction

Earthquakes cause many landslides and affect large areas (Lu et al., 2022; Xie et al., 2022). The casualties
caused by the landslides are second only to the earthquake itself. These landslides are extremely destructive
to natural resources, ecosystems, and infrastructure (Aditian et al., 2018), thus exacerbating the negative
social and economic impact of the earthquake (Valagussa et al., 2019). The magnitude 8.5 earthquake in
Haiyuan, Ningxia Hui Autonomous Region, China in 1920 caused thousands of loess landslides, leading to
thousands of deaths and river blockages (Zhuang et al., 2018). The Ludian magnitude 6.7 earthquake in 2014
induced at least 1,024 landslides that were > 100 m?, with a total area of 5.19 km? (Xu et al., 2014). After the
magnitude 7 earthquake in Jiuzhaigou, Sichuan Province, China in 2017, a large area of landslides ruined the
roads in this scenic area, resulting in the drying up of many lakes (Wang et al., 2018). As one of the most
catastrophic natural disasters in China in recent years, the Wenchuan Ms 8 earthquake on 12 May, 2008
caused a large number of secondary geological disasters (Lan & Chen, 2020; Liu et al., 2021; Yuan et al., 2022),
resulting in a large number of casualties and property loss (Guo et al., 2015; Li et al., 2022; Luo et al., 2023).
As the most serious secondary disaster after an earthquake, landslides have attracted the attention of many
experts at home and abroad, and they have carried out various studies, such as susceptibility evaluation,
landslide occurrence mechanism, risk analysis, and post-earthquake deformation (Chen et al., 2012; Deng
et al., 2017; Diao et al., 2018; Fan, Zhan, et al., 2018; Huang et al., 2012; Huang & Li, 2014; Jiang et al., 2017;
Li et al., 2022; Xu et al., 2014). However, most of these studies have focused on landslides occurring during
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the earthquake or within a few years after the earthquake; there is scant research on the post-earthquake
evolution of landslides over time. Landslide activities could last for a long time after an earthquake. Although the
impact of the earthquake on landslides gradually weakens over time, the landslides in Wenchuan have not yet
recovered to the state before the earthquake. Therefore, it is necessary to study the development characteristics
and spatio-temporal evolution of landslides after the earthquake to aid local disaster prevention.

Yingxiu and Beichuan were the two areas that suffered the most serious damage and casualties in the 2008
Wenchuan earthquake (Dai et al., 2011; Li et al., 2023; Zhang et al., 2010). Moreover, Beichuan is located on
the Longmenshan fault zone, and the rupture on the earth’s surface caused by the earthquake also passed
through Beichuan. Therefore, to some extent, the earthquake in Beichuan was stronger than that in the
epicentre area (Yingxiu) (Zhuang et al., 2018). Taking Beichuan as an example, by comparing the development
characteristics of landslides before the earthquake, this study examines the evolution of the landslides after
the Wenchuan earthquake, providing insights on the recovery of landslides after the earthquake and the
variation of inducing factors in this area.

A regional landslide survey usually covers a large region with complex terrain and geological conditions.
This makes it challenging to understand the distribution of landslides in a short period of time via
conventional survey methods (Kumar et al., 2018; Wang et al., 2023). Remote sensing detection technology
was developed in the 1960s, and it has been widely used in the extraction of ground objects (Kincey et al.,
2014; Di Martire et al., 2017; Prince, 2019; Smith et al., 2019; Soria-Perpinya et al., 2020). Remote sensing
can rapidly and clearly identify the shape, tone, texture, and surrounding disaster formative environment of
landslides (Feng et al., 2020; Fu, 2023; Huang et al., 2023; Zhang et al., 2021).Thus, it has become essential
in the fields of landslide hazard analysis, sensitivity evaluation, identification, and emergency treatment.
Using aerial photos and the digital elevation model in the north Aso volcano, Atsuhisa Yano et al. (Yano et al.,
2019) studied the distribution of Aso volcanic landslides from the list of six landslides from 1955 to 2016.
Darya Golovko et al. (Golovko et al., 2017) used time-series remote sensing data to reconstruct a large-scale
landslide event at the foot of the Tianshan Mountain in Osh, Kyrgyzstan and analysed the likelihood and risk
of landslides in this region. Wang et al. (Wang et al., 2019) used PlanetScope images to analyse landslides triggered
by the Iburi Mw 6.6 earthquake in Eastern Hokkaido in 2018 and summarised the landslide distribution and the
controlling factors. Taking Beichuan as an example, in this study, the landslide development characteristics of
Beichuan in the 13 years before and after the Wenchuan earthquake are analysed using remote sensing images,
and the impact of the Wenchuan earthquake on landslides in this area are discussed.

Material and methods

Overview of the earthquake-stricken area

Beichuan is located in Mianyang, Sichuan (Figure 1), with coordinates of 103°44'-104°42’ East longitude and
31°14'-32°14' North latitude. Located in the northwest of the Sichuan Basin, the county is dotted with mountains
and crisscrossing valleys. Beichuan stretches to the Minshan mountains in the west and Longmenshan Mountains
in the east. It has a subtropical monsoon climate, i.e., the whole county is warm and humid with adequate rain.
The annual average rainfall is 1,399.1 mm, and the rainy season mainly lasts from June to August. A developed
river system runs through the county. There is lush vegetation with a forest coverage rate of 46.93%.

The Wenchuan earthquake occurred on 12 May, 2008 (Figure 2). It caused the dislocation of two large
thrust faults in the Longmenshan thrust belt on the eastern edge of the Qinghai Tibet Plateau, forming a 240
km-long surface fracture zone along the Beichuan fault and a 72 km-long surface fracture zone along the
Pengxian County—-Guanxian County fault. The maximum vertical and horizontal offsets along the Beichuan
fault zone are 6.5 m and 4.9 m, respectively (Xu et al., 2009). The large-scale thrust and strike-slip movement
caused by the Wenchuan earthquake in the fault zone destroyed the stability of the rock bodies (Cui et al.,
2011), causing a large number of collapses, landslides, and mudslides (Liu et al., 2023; Tian et al., 2023; Zhang
et al., 2016). The landslides caused by the Wenchuan earthquake mainly occurred near the Beichuan-Yingxiu
and Pengxian—Guanxian fault zones, especially in the upper-plate of the Beichuan-Yingxiu fault zone. The
places that suffered the most include Yingxiu, Dujiangyan, Wenchuan, Beichuan, Mianyang, and Jiangyou.
The upper-plate of the Beichuan-Yingxiu fault zone is mountainous, and the terrain is complex with a high
degree of relief; this region was seriously affected by the landslides (Tian et al., 2023). The lower-plate of the
Beichuan-Yingxiu fault zone is, however, in the low-lying Sichuan Basin, which was slightly affected by the
landslides. Yuan et al. (Yuan et al., 2013) determined that > 70% of the co-seismic landslides occurred in the
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southwest and middle of the Beichuan-Yingxiu fault zone; the number and frequency of landslides was also
high near the main rivers. Dai et al. (Dai et al., 2011) categorised these landslide movements as shallow broken
landslides, rock collapses, deep landslides, and rock avalanches. The most common ones are shallow
landslides and rock collapses from steep hillsides. Deep landslides are also common, but these mostly occur
near fault zones. Other types of landslides mostly occur near mountain ridges.
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Figure 1. Overview of the earthquake-stricken area.
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Figure 2. Intensity map of the Wenchuan earthquake.
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Landslides, collapses, and mudslides triggered by the Wenchuan earthquake have caused considerable
damage in the earthquake-stricken region (Wu et al., 2022; X. Zhang et al., 2022). In Beichuan, there have
been new geological disasters in > 500 locations, and many villages or communities in Qushan, Leigu, and
Chenjiaba have been completely buried. The towns of Xuanping and Yuli were flooded by the barrier lake. The
total area of collapsed, broken, or significantly damaged buildings in the urban and rural areas was 981 million
m?, and a total of 8,605 lives were lost. In particular, landslides in Chenjiaba Yingtaogou, Beichuan Xinzhong,
Hanjiashan, Hongyan village, and Taihong village have caused > 30 casualties. The smallest disaster mass of
the Hanjiashan landslide group reached 300,000 m3, while the largest one, the Chenjiaba landslide, reached
12 million m? (Yin, 2008). The Wangjiayan landslide in the old urban area of Beichuan led to a disaster volume
of 4.8 million m3 and caused 1,600 deaths. It was one of the most severe landslides resulting from the
earthquake. Using FLAC3D simulation, Yin et al. (Yin et al., 2015) obtained the shear strain increment and
the displacement contours; the Wangjiayan landslide was found to be stable before the Wenchuan
earthquake, but the shear strain increment after the earthquake was approximately 3,000 times that before
the main shock. Li et al. (Li et al., 2016) simulated the failure of Wangjiayan landslides and analysed the
movement of the failure bodies from the aspects of displacement, velocity, effective plastic strain field, and
topographic change in movement. The Tangjiashan landslide was located on the bank of Jianjiang River in Dashui
village, Qushan town, Beichuan County, towards the west of the northern part of Longmenshan Mountain. It was
a large-scale and hazardous secondary geological disaster induced by the Wenchuan earthquake (Li et al., 2010).
The Tangjiashan barrier lake formed by the Tangjiashan landslide was the largest one formed by this earthquake,
with a volume of 2.4x10® m3. Six towns and two cities downstream of the landslide dam were at the risk of dam
breakage and flood, posing a huge threat to a population of approximately 1.2x10° downstream.

Data and methods

This study used 9 ALOS, 4 ALOS, 12 ZY-3, 20 GF-1, 14 ZY-3, and Google Earth images obtained in 2007,
2010, 2013, 2015, 2017, and 2019, respectively, and ASTER GDEM data with 30 m resolution. The
panchromatic resolution of the ALOS Image was 2.5 m. The ZY-3 satellite, launched in January 2012, had a
panchromatic resolution of 2.1 m. The GF-1, launched in April 2013, had a panchromatic resolution of 2 m
and a multispectral resolution of 8 m. The research results of Fang et al. (Fang et al., 2012) are adopted herein
as the landslide data after the earthquake.

The remote sensing images of each year in the study area were obtained and corrected, registered, spliced,
fused, and cropped using ENVI software. The terrain of the landslide in the study area appeared in various
shapes such as armchairs and tongues and with irregular geometries. The double grooves were homologous,
and the colour tone was dark. Key features, such as the landslide wall, the edge of the landslide, the steps of
the landslide, and the tongue of the landslide, were clear. According to these identification marks, landslides
in the study area over the years were visually interpreted (Figure 3).
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Figure 3. Distribution of landslides in Beichuan over the years.
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Variations in the number of landslides, distribution area, density, and landslide plane area in Beichuan
before and after the Wenchuan earthquake were analysed based on these interpretation results. The landslide
distribution map was superimposed on the topographic factors (Figure’s 4 and 5), the river system (Figure 6),
the seismogenic fault (Figure 1), and the seismic intensity distribution map (Figure 7). The relationship and
changes between these factors were analysed, revealing the evolution and development of landslides before
and after the earthquake.

(Figure 4) shows the elevation reclassification thematic map of the study area; the elevations therein are
divided into five levels: 500 ~ 1,000 m, 1,000 ~ 1,500 m, 1,500 ~ 2,000 m, 2,000 ~ 2,500 m, and > 2,500 m.
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Figure 4. Elevation reclassification thematic map of Beichuan.
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Figure 5. Slope reclassification thematic map of Beichuan.
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(Figure 5) shows the slope reclassification thematic map of the study area. First, the slopes of Beichuan
were extracted using the 30 m resolution DEM data and then divided into six categories: 0° ~ 10°, 10° ~ 20°,
20° ~ 30°, 30° ~ 40°, 40° ~ 50°, and > 50°.

(Figure 6) shows the distribution map of the river system buffer zones in the study area. The zones are
established in a sequence of 200 m, 400 m, 600 m, 800 m, 1000 m, and 1,200 m, with the river system as the centre.

The seismic intensity distribution map of the study area adopts an intensity distribution map of the
Wenchuan earth-quake (China Earthquake Administration, 2008) compiled by the China Geological Survey
(Figure 7). The seismic inten-sity in Beichuan can be divided into four grades; it gradually decreases as the
distance from the seismogenic fault zone increases, and the area of the upper wall of the seismogenic fault
with the highest intensity is larger than that of the lower wall.
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Figure 6. Distribution map of the river system buffer zones.
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Figure 7. Seismic intensity distribution map of Beichuan during the Wenchuan earthquake.

Results

Change in number of landslides and distribution area

Before the Wenchuan earthquake in 2008, frequent landslides did not occur in Beichuan. In 2007, 200
landslides were interpreted in the whole county, with a distribution area of only 5.07 km?. Due to the
Acta Scientiarum. Technology, v. 47, e70856, 2025
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Wenchuan earthquake, Beichuan has become one of the most severely impacted places, and it has also led to
many landslides, resulting in a sharp increase in the number and distribution area of the disasters
(distribution area of landslides > 50 km?, estimated total volume of landslides > 25x10° m%) (Fan, Scaringi, et
al., 2018; Fang et al., 2012). In 2010, 937 landslides were interpreted that were distributed across an area of
14.59 km?. Specifically, certain rainstorms also led to severe consequences. For example, during the ‘8-13’,
‘8-19’, and ‘9-09’ floods in 2010, the number of disasters increased considerably. Compared with 2010, the
number of landslides decreased by 29.67% in 2013; the total distribution area of landslides, however,
increased to 14.77 km?2. This was also mainly attributed to rainstorms. For example, from 8 to 12 July, 2013,
there was a rainstorm in the Beichuan region, and it caused a large number of geological disasters. On 16 July,
2013, Chenjiaba of Guixi counties witnessed sudden mudslides triggered by the rainstorm. More than 500,000
m?® of mud and rocks rushed into the Qinglin gully, raising the riverbed by nearly 4 m, forming a barrier lake
(Li & She, 2015; Tang & Wang, 2015; Wang et al., 2014). Within five years after the earthquake, because of
the ruptured surface of the earth, loose rock and soil mass, and frequent rainstorms, the recovery of landslide in
Beichuan was not significant. In 2015, the total number of landslides in Beichuan decreased to 475, with a distribution
area of 14.44 km? (decrease of 27.92% compared to 2013); this shows that landslides in this area began to enter a
relatively stable recovery period. In 2017, the total number of landslides decreased to 358 (decrease of 24.63%
compared with 2015), and the distribution area decreased to 10.19 km?2. By 2017, nine years after the earthquake,
although the development of landslides in Beichuan had not recovered to the level before the earthquake, there has
been significant progress in landslide recovery; compared with 2010, the number of landslides had decreased by 60%
and the distribution area of landslides had decreased by 30%. By 2019, the total number of landslides had decreased
to 315, with a total area of 8.42 km?, showing slight landslide recovery compared with 2017.

Change in landslide density

Landslide density was calculated as the relative index for earthquake intensity using the core density
calculation tool in ArcGIS. Based on landslide density, the earthquake activity intensity of the regional
geological disasters was divided into three levels, i.e., areas with landslide density < 0.1 km2,0.1-1 km2, and
> 1 km were less developed areas, moderately developed areas, and more developed areas, respectively.
(Figure 8) shows the density variation of landslides in Beichuan before and after the Wenchuan earthquake.
Before the Wenchuan earthquake, the landslide activity in this area was weak; only some sporadically
distributed small areas were identified as more developed areas, and the distribution of moderately developed
areas was relatively uniform. The distribution of landslide disasters in the study area before the earthquake is
not largely influenced by seismic structures. After the Wenchuan earthquake, the more developed areas
expanded, especially in the first few years after the earthquake, and strong landslide development areas
increased sharply. Landslides were concentrated in the centre and southeast of this area and were influenced
by seismic structures. Specifically, the southeast of the study area, located near the Longmenshan surface
fracture zone, suffered the most damage from severe landslides. Over time, landslides in the central area
gradually decreased. Landslide distribution area in the southeast was decreasing, but it was still the main
affected area, indicating that the impact of the Wenchuan earthquake on the slope would not disappear soon
enough. Table 1 shows the annual proportion of different landslide development areas. (Figure 9) shows the
annual change in different types of development areas. According to Table 1 and (Figure 9), the area with
strong landslide development before the disaster (2007) was very small, accounting for only 0.4% of the whole
county; the whole county mainly comprised less developed areas. A few years after the earthquake (2008-
2010), many less developed areas swiftly transformed into medium or strong landslide development areas.
After 2010, these areas slowly increased, and after 2013, they started increasing considerably and gradually
approached the level before the earthquake. The size of the moderately developed area showed an increasing
trend from 2008 to 2013, and then, after peaking in 2013, it decreased every year. The size of the more
developed area peaked in 2010 and then began to decrease every year, indicating that the impact of the
Wenchuan earthquake on landslide development in this area gradually weakened since 2010. From 2010 to
2013, the increase in the less developed area was insignificant, and the moderately developed area reached
its peak in 2013. This was mainly attributed to the frequent rainstorms in the study area during this period,
which influenced the restoration of landslides to some extent. After 2015, the growth of the less developed
area tended to stabilise, indicating that the recovery process had entered a stage with reduced recovery speed.
By 2019, 11 years after the earthquake, although the impact of the earthquake had gradually weakened,
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landslide development had not fully returned to the level before the earthquake. It is a long process for the
landslides in Beichuan to return to the state before the 2008 Wenchuan Ms 8 earthquake.
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Figure 8. Annual landslide density distribution; (a) 2007, (b) 2008, (c) 2010, (d) 2013, (e) 2015, (f) 2017, (g) 2019.
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Table 1. Classification of landslide development.

2007 2008 2010 2013 2015 2017 2019
Less developed area 80.03% 62.5% 58.84% 61.39% 73.32% 74.56% 79.78%
Moderately developed area 19.57% 30% 30.07% 32.32%. 21.88% 22.41% 17.74%
More developed area 0.4% 7.5% 11.09% 6.29% 4.80% 3.03% 2.48%
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Figure 9. Landslide density variation with time in different development areas.

Changes in landslide area

According to the area, the landslides can be divided into six categories, namely, 0-0.01, 0.01-0.025, 0.025-
0.05, 0.05-0.075, 0.75-0.1, and > 0.1 (km?) (Li et al., 2018). (Figure 10) shows the annual distribution of the
number of landslides in different areas. Before the earthquake, landslides in the study area were mainly in the
range of 0-0.01 km?, followed by 0.01-0.025 km? and 0.025-0.05 km?, and landslides in other sizes were
uncommon. In contrast, after the earthquake, the number of landslides in the range of 0-0.01 km? was still the
highest every year, especially in 2010. Heavy rainfalls in that year caused local landslides, with more landslides
with smaller areas. Landslides with areas of 0.01-0.025 km? and 0.025-0.05 km? also increased significantly and
showed a decreasing trend every year after 2013. In 2013, although the number of small-scale landslides decreased
significantly, the number of medium-sized landslides increased compared to that in 2010 because of the extreme
rainfalls in 2012 and 2013. Although there were fewer landslides with sizes of 0.075-0.1 km? and > 0.1 km?, their
numbers decreased significantly slowly than among other categories. In particular, the number of landslides with
size of > 0.1 km? stabilised during the first couple of years after the earthquake. Before 2015, the number of 0-0.01
km? landslides decreased rapidly, while that of 0.01-0.025 km?2, 0.025-0.05 km?, and 0.05-0.075 km? decreased
slowly. After 2015, the number of 0-0.01 km? landslides decreased slowly. By 2017, the number of 0.05-0.075 km?
landslides decreased significantly, along with 0.75-0.1 km? and > 0.1 km? landslides, indicating that the number of
medium and large landslides decreased gradually. By 2019, the number of 0.75-0.1 km? and > 0.1 km? landslides
changed only slightly, suggesting that the recovery of larger landslides takes some time.
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Figure 10. Number of landslides of different areas in each year.
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Relationship between landslides and topographic factors

Relationship between landslides and elevation

The landslide distribution of each year was superimposed with the elevation data to obtain the landslide
distribution of each year within different elevation ranges (Figure 11). Before the earthquake, 92.63% of the
landslides occurred on slopes with elevation < 2,000 m, 43.81% occurred in the elevation range of 500-1,000
m, 33.53% occurred in the range of 1,000—1,500 m, 15.29% occurred in the range of 1,500-2,000 m, and only
a small number of landslides occurred > 2,000 m. According to Fang et al. (Fang et al., 2012), after the 2008
earthquake, most landslides still occurred below the elevation range of 2,000 m, and the proportion increased,
accounting for 95.4%. In particular, 56.9% landslides occurred in the elevation range of 1,000-2,000 m, and
38.5% occurred < 1,000 m, both of which show significantly increases compared to that before the earthquake.
From 2008 to slightly before 2017, most landslides occurred within the elevation range of 1,000-1,500 m. By
2017, most landslides occurred in the elevation of 500—1,000 m. By 2019, the number of landslides within the
elevation range of 500m-1000m decreased slightly, but its proportion was higher than that in 2017, indicating
that the more developed areas have gradually shifted to low altitude areas. (Figure 4) shows that the area
above 2,000 m was mainly located in the west of the study area. In addition to the factor of high altitude, the
area was also far away from the seismogenic fault zone and less affected by the earthquake; therefore, there
were fewer landslides. In comparison, the altitude in the east of the study area was < 2,000 m and close to the
seismogenic fault zone. Consequently, there were many landslides in this area before the earthquake, which
primarily occurred at the foot of the mountain (elevation < 1,000 m). After the earthquake, the number and
ratio of landslides within the elevation range of 1,000-2,000 m increased, suggesting that the earthquake
destroyed the stability of the ridge and the slope near the mountain top. Since 2013, the number of landslides
in the elevation ranges of 1,000—1,500 m and 1,500-2,000 m started decreasing. This shows that through the
action of internal and external forces over the years, the landslides progressed towards areas with lower
elevations. The number of landslides in the region with elevation > 2,500 m remained unchanged before and
after the earthquake. Compared to before the earthquake, there were more landslides in the elevation range
of 2,000-2,500 m after the earthquake, but the number was relatively stable.
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Figure 11. Bar chart of landslide distribution with elevation.

Relationship between landslide and slope

Figure 12 shows the relationship between the landslide and slope for different years. Before and after the
earthquake, most landslides occurred on 20°-50° slopes. Before the earthquake, only a few landslides
occurred in areas with slope > 50°; after the earthquake, the number of such landslides increased. Over time,
the number of these landslides decreased, and by 2017, this number had decreased to the level before the
earthquake. From the Wenchuan earthquake in 2008 to 2010, the number of landslides on 20°-50° slopes
increased and then decreased after 2010. The number of landslides on slopes of other degrees decreased after
2008, indicating that the recovery speeds of landslides on flat and steep slopes were faster. After several heavy
rainfalls in 2013, the number of landslides in the 30°-40° slopes decreased, while the proportion of landslides
in the 10°-30° slope increased. This indicated that some debris on steep slopes gradually migrated to the
flatter slopes because of the rainfall, increasing the probability of landslides. From the point of level of
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recovery, areas with steep slopes were less affected by the external force factors, so the recovery was the best.
Among other slopes, the recoveries of areas with slope = 10°-20° and 20°-25° were relatively good. Compared
with that before the earthquake, the number of landslides in areas with slope = 0°~10° changed only slightly.
By 2019, the number of landslides had recovered to that before the earthquake. In areas with small slopes,
landslides do not occur easily; therefore, there were fewer landslides in this area. For areas that are most
prone to landslides, the degree of recovery was also relatively high (Chen et al., 2021).
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Figure 12. Relationship between number of landslides and slopes in different years; (a) bar chart; (b) variation of the number of
landslides with time for different slope ranges.

Relationship between landslide and river system

The river system buffer zone map was overlapped with that of distribution of landslides to obtain the
distribution of landslides with the river system distance (Figure 13). Before as well as after the earthquake,
probability of landslides occurring was higher closer to the river system. Before the earthquake, many landslides
occurred in the area 0-200 m away from the river system, accounting for > 50% of the total. After the earthquake,
there were still many landslides in that range, but the number was significantly smaller. The number of landslides
within 0-200 m away from the river system decreased in 2010 and 2013 and then increased, indicating that river
erosion was not the main factor affecting occurrence of landslides in 2010 or 2013. In 2017, the number of
landslides within 0—200 m away from the river system was > 50%, which was similar to that before the earthquake,
indicating that the river system has once again become the main influencing factors.
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Figure 13. Distribution of landslides with the river system.
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The number of landslides in all river system buffer zones peaked in 2010 and decrease thereafter every
year. Compared with 2008, buffer zones with the largest increase in 2010 were 400-600 m and 600-800 m
away from the river system. Compared with 2010, the number of landslides within 400—600 m and 600-800
m away from the river system showed a significant decrease in 2019, suggesting that the landslides in these
two areas recovered relatively well but had not yet reached the level before the earthquake.

Relationship between landslides and seismogenic faults

The Beichuan-Yingxiu fault zone was the main seismogenic fault zone of the Wenchuan earthquake.
(Figure 14) shows the number of landslides within different distances from the fault. Before the earthquake,
the landslide density within 2—-4 km away from the seismogenic fault zone was the highest, followed by that
within 2 km and 10 km away. The relationship between the distribution of landslides in this period and the
seismogenic fault zone was not very clear, indicating that fault activity was not the main factor affecting the
distribution of the landslides. After the earthquake, the activity of the fault zone significantly aggravated the
landslide activity, i.e., landslide density was higher closer to the fault zone. In 2010 and 2013, the density
distribution of the landslide sites changed due to heavy rainfalls, and the landslide density in areas far from
the fault zone increased. (Figure 8) also shows that the area with serious landslides after the earthquake was
towards the centre and southeast of the study area, which is close to the seismogenic fault zone. Over time,
the area with serious landslides in the centre of the study area decreased after a short expansion; only a small
area remained by 2017, and it further decreased by 2019. For the area close to the fault zone in the southeast
of the study area, however by 2019, there were fewer but serious landslides.
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Figure 14. Variation of landslide density with fault distance in different years.

Relationship between landslide and earthquake intensity

Figure 15 shows the distribution of the number of landslides in areas with different earthquake intensities
in different years. Before the earthquake, the distribution of landslides in each category was relatively even,
and the one with the largest number fell in the category intensity XI. After the earthquake, the number of
landslides was proportional to the earthquake intensity. In 2008, there was no significant change in the
number of landslides in the area with intensity VIII. The number of landslides in the area with seismic
intensities IX and X increased, and the area with the strongest seismic intensity, XI, experienced the largest
increase. In the first ten years since the earthquake, the number of landslides in the area with intensity VIII
was relatively stable, remaining almost unchanged compared with that before the earthquake, and it
decreased from 2015 to less than that before the earthquake. In areas with intensities IX, X, and XI, the
number of landslides increased since the earthquake and then decreased after 2013. The number of landslides
in areas with earthquake intensities IX and X decreased sharply, reaching the levels before the earthquake by
2017; thereafter, there was no significant reduction by 2019. For the area with earthquake intensity XI, the
number of landslides decreased slightly, but it remained an area with severe landslides.
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Figure 15. Bar chart distribution of landslide number and seismic intensity.

Discussion

According to the characteristics of landslide development in Beichuan before and after the earthquake,
landslide development in the study area can be divided into five stages. Before the earthquake, landslide
development was evenly distributed in the study area along the river; it was stable and not intense, which is
called the normal development period before the earthquake. From 2008 to 2010, the occurrence of the
earthquake directly impacted the distribution of landslides; the number and area of landslides increased
considerably, and the area of frequent landslides expanded, suggesting that the development of landslides
entered the earthquake-induced stage. From 2010 to 2013, due to aftershocks, rainfalls after the earthquake,
and other factors, the number and area of landslides further expanded and more areas were affected by the
landslides, indicating that the development of landslides entered the post-earthquake development stage. From
2013 to 2017, the number and area of landslides, as well as the affected area, began to decrease significantly, and
thereafter, the development of landslides entered a rapid recovery stage. After 2017, the decrease in the number
and area of landslides decelerated, and the development of landslides entered a stable recovery stage.

The earthquake reduced the strength of rocks and generated a lot of slope cracks, making it easier for
rainwater to penetrate the rocky slopes. Rainfall considerably influences slope stability and landslide
behaviour after an earthquake (Chen et al., 2019; Yang et al., 2019). Once rainwater has penetrated the rock
slope, it can change the mechanical properties of the rock and the soil by reducing their strengths, while the
infiltrated rainwater can add to the weight of the rock and soil, creating a seepage force and increasing the
landslide sliding force, thus increasing the probability of landslides (Chen & Zhang, 2014). Under the
combined influence of the earthquake and rainfall, landslide activities were relatively strong in Beichuan in
the first five years after the earthquake. In particular, the ‘8-13’ and ‘8-19’ floods in 2010, the ‘8-17’ floods in
2012, and a 300-mm rainfall in 2013 (the heaviest in 50 years) further exacerbated the landslides. During this
period, rainfall dominated the distribution of landslides to some extent. After 2013, the development of
landslides in the study area started to recover steadily. By 2019, the number of landslides had decreased
significantly, and the area affected by landslides had gradually decreased, entering a stable recovery stage
where the impact of the earthquake had decreased (Xiong et al., 2022).

Before the earthquake, the landslides were more influenced by river erosion than other factors; more
distance from the river implied less susceptibility to landslides. After the earthquake, the number of landslides
in other areas increased, but it was highest close to the river, suggesting that the impact of the earthquake
was superimposed on the regional background conditions.

Areas with gentle slopes and low altitudes are prone to landslides due to frequent human activities
(McAdoo et al., 2018). Therefore, the post-disaster reconstruction work is also mainly concentrated in these
areas, such as the construction of small towns, houses, roads, and even small hydropower stations. These
constructions not only influence the stability of nearby rock slopes, but also produce a large number of
artificial ones, increasing the probability of landslides.
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The restoration of landslides is also closely related to the vegetation. In high-altitude areas, vegetation
restoration is limited by environmental conditions. Therefore, although landslides are relatively less likely to
happen in high-altitude areas, the restoration is also relatively slow. Furthermore, at high altitudes, sunny
slopes recover better than shady ones (Gorokhovich & Vustianiuk, 2021). Sunny slopes experience
considerable environmental changes and strong evaporation, which reduces soil water content and makes soil
loose; however, they also have a suitable environment for vegetation growth. Vegetation therefore recovers
faster and better after the disaster, contributing to the satisfactory recovery of landslides. The growth of
vegetation also closely depends on soil nutrients. The accumulation of soil organic matters in the landslide
area is slow and fertiliser retention is poor, because of which vegetation restoration is difficult. In areas with
steep slopes, soil nutrients may be lost to areas with lesser slopes due to rainfall erosion, making this area
suitable for accumulation of nutrients and providing a good environment for growth of vegetation (Chen
et al., 2022). Therefore, landslide recovery is better in areas with smaller slopes.

Areas struck by strong earthquakes are prone to landslides for long durations, especially exacerbated by
rainfall, weathering, and erosion. Landslides in the study area were not very active before the strong 2008
earthquake. Although more landslides are likely to happen in the area closer to the fault zone, there was no
obvious difference in the actual occurrences of landslides. After the Wenchuan earthquake, the number of
landslides increased considerably, being inversely proportional to the distance from the fault zone, and the
frequency of landslides also decreased significantly. More importantly, the relationship between the number
of landslides and the distance of the seismogenic fault zone became obvious (Qin et al., 2023). By 2017, the
area closest to the seismogenic fault zone was still the main landslide area. As of 2019, although the number
of landslides in this area had decreased, their scales increased under the influence of extreme climate.
Therefore, under the combined influence of the earthquake, climate, and other factors, landslides in this area
are expected to remain active for a long time. Extreme rainfall may induce large-scale landslides and rush the
deposits to places with lower elevations and gentler slopes (Wang et al., 2023).

Conclusion

When the earthquake happened, The landslides activities were influenced by the seismogenic fault. After
the earthquake, The main factor affecting landslide shifts has shifted from rivers to fault zones. But the
distribution of the water system remained the main role.

Within the first few years after the earthquake, landslides in this area began to recover. Nine years later,
landslide recovery had improved. In the meantime, the number of landslides in high slope and high altitude
increased. Specifically, small- and medium-sized landslides have recovered to a higher level than the large ones.
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