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Spatial distribution of landslide shape induced
by Luding Ms6.8 earthquake, Sichuan, China:

case study of the Moxi Town

Abstract Landslides induced by the 2022 Luding Ms 6.8 earth-
quake mainly occurred in the Moxi Town, the Detuo Town, and
the Wanggangping County, causing serious casualties and property
losses. Among these places, the Moxi Town is the nearest one to the
earthquake epicenter, where the landslides triggered by the Luding
earthquake are not huge but with distinctly different shapes. Based
on field investigation, the shapes of landslides are identified and
can be categorized into 9 types (e.g., wide shape, strip, vertical rec-
tangle, horizontal rectangle, water drop, fan,Y shape, sporadic, and
knife shape), which are influenced mainly by 8 influencing factors,
including land use type, lithology, slope, slope style, aspect, eleva-
tion, starting position, and watershed evolution index. According
to the statistical analysis results, lithology could be the main factor
causing the different shapes of landslides. Landslides with the wide
shape are more likely to occur in the looser gravel layer. The long
and narrow landslides with the strip shape are more likely to occur
in the granite formation, the moving direction of which is affected
mainly by fractures in the rock mass. In the same lithology, the
shapes of landslides are affected mainly by the slope, the elevation,
and the original position. The distribution characteristics of dif-
ferent landslide shapes could be used to investigate the influences
of the local terrain, lithology, and other factors. At the same time,
landslide shapes can reflect the landslide evolution, which provides
essential support on the emergency response and risk mitigation.

Keywords Luding Ms6.8 earthquake - Landslide induced by
earthquake - Shape of landslide

Introduction

On September 5,2022, the Luding Ms 6.8 earthquake occurred in the
Luding county, Sichuan province of China, the epicenter of which is
located in the Moxi Town (29.59° N, 102.08° E), and the seismogenic
fault of which is the Moxi fault. Field investigation showed that the
coseismic landslides are distributed mainly around the epicenter
area, including the Moxi Town, Detuo Town, and Wanggangping
County, or along the Moxi fault, suggesting that the earthquake
energy is released concentratedly near the epicenter and along the
fault. Although most of the coseismic landslides triggered by this
earthquake are not huge, they still caused serious casualties and
property losses (Fan et al. 2022; Xiao et al. 2023). The Moxi Town is
the nearest one to the epicenter, where coseismic landslides show
obviously different shapes with a certain spatial distribution char-
acteristic. The landslide shapes could reflect the landslide evolu-
tion, such as their expansion direction. Here, the study region is
only in the Moxi Town with a relatively small area, being located in

the same seismic intensity zone (VII) and peak ground acceleration
area (0.3 g) (China Seismological Bureau, Ministry of Emergency
Management 2022. 9), where the precipitation rate also is similar;
therefore, the conditions of earthquake energy and rainfall are con-
sidered unchanged in the study area. It thus inferred that the differ-
ence of landslide shapes can reflect the different basic background
settings, such as terrain, landform, lithology, and land use type. In
this study, the spatial distribution characteristics of landslide shapes
in the Moxi Town were discussed first, and the causes of them were
then analyzed. The results can be used for explaining the influence
of topographic, lithology, and other background factors on seismic
amplification and provide a reference for risk assessment of coseismic
landslides (Huang et al. 2008; Xu 2009, Xu et al. 2009; Xu and Li 2010).

Study area

The Moxi Town is located in the east of the Gongga Mountain and
in the northeast of the Moxi fault, with the height difference of over
1km. The central part of this area is flat, the southeast area is rela-
tively lower, and the other places are surrounded by hills or moun-
tains. In the study area, the main river (Yajiagan River) runs from
northwest to southeast, connecting with the Yanzigou Valley, Moz-
igou Valley, and Hailuogou Valley in the west. They converged at the
southeast corner of the Moxi Platform and runs into the Moxi River,
which finally flows into the Dadu River. The Moxi Platform is seated
between Xinxing Town and Moxi Town with a height difference of
about 120 m, which is about 10 km long and 1 to 2 km wide (Zheng
2001; Zhang et al. 2013; Li et al. 2010; Ma et al. 1994). The sediments
in the Moxi Platform consist of glacial/glacial water sediments and
debris deposits from the Last Glacial period to the Holocene. Most
of them came from the Swallow Gully, the Mozi Gully, and the Conch
Gully. The terraces on both sides of the platform can be divided into
four levels (Zheng 2001). The study area includes part of the Moxi
Platform, mainly being composed of quaternary glacial looser gravel
layer, and the mountains around the platform, mainly being com-
posed of granite. The whole study area is about 5 km long and 2 km
wide with about 7 km from the epicenter (Figs.1and 2).

Field investigation showed that the landslides induced by this
earthquake are mainly distributed along rivers and roads. Although
the landslides are not huge, most of the roads along the mountains
were destroyed by landslides, which caused some casualties and
seriously affected the emergency rescue work (Fig. 3) (Fan et al.
2022; Huang et al. 2022).

The landslide shapes are formed by the combined action of
earthquake energy and the factors such as topographic, lithol-
ogy and others, which can reflect the evolution of landslide.
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Fig. 1 Spatial distribution of landslides in the study area

Susceptibility assessment of landslides with different shapes can
provide a reference for emergency disaster prevention in the
early times after earthquake. (Luo and Wang 2013; Zhang 2012;
Xu 2009a; Xu 2009b; Xu and Li 2010; Jibson 2007; Makdisi and
Seed 1978; Liu et al. 2013; Huang and Xu 2008; Oji et al. 2009;

Chigira et al. 2010; Marc et al. 2016; Mahdavif and Solaymani
2006; Li et al. 2010).

1668 | Landslides 20 * (2023)

102° 8’0"k

N eesssss— ilometre)

Landslide characteristics

The 7-cm-resolution unmanned aerial vehicles (UAV) image data
on September 7, 2022, in the study area, supplied by Chengdu Zong-
heng Dapeng UAV Technology Co., Ltd. was used to interpret the

landslides. The interpretation results were verified and corrected
by field survey results (Fig. 4).
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Fig.2 The epicenter of the Luding earthquake and UAV image of
study area

As it is shown in Fig. 4a, the zone a is identified as landslide on
the image, but actually, it is the river beach gravel (Fig. 4a). While
the zone a in Fig. 4b is not as large as it presented in the UAV image,

because some old landslides are distributed around the new one. In
Fig. 4¢, the zone a and zone b are shaded by plants, the boundary
of these landslides is thus not clear, which can be clarified based on
the field survey results. In zones ¢, d, e, f, and g in Fig. 4¢, landslide
sources are developed near the hill foot and mixed with river beach
sand gravel, resulting in a difficult to distinguish landslide boundary.
The zones a, d, ¢,d, and e in Fig. 4d are narrow and long; the bounda-
ries of these landslides are also unclear because of the influence of
plants. The photos of these landslides thus were taken from differ-
ent sides during field investigation to clarify their boundaries. After
being verified and corrected, there are 192 co-seismic landslides in
the study area with a total area of 38.6 x 10* m*. The scale of these
landslides in the study region is relatively small but with obviously
different shapes and a certain spatial distribution characteristic.

Characteristics of landslide shapes

In the study, the shape of the landslide only refers to the geomet-
ric shape being outlined on the covered area of the landslide. The
landslide shapes can be classified into 9 types, as shown in Fig. 5.
The landslides with the sheet and strip shapes are the two principle
types in this region. Other shapes include the shapes of the vertical
rectangle, horizontal rectangle, water drop, fan, Y shape, sporadic,
and knife.

Statistical results of number and area showed that the number
of sporadic landslides is the largest among the 9 shapes, followed
by the strip, water drop and vertical rectangle landslides (Fig. 6),
which suggested that the landslide features of large number but
small scale. The sheet landslides with very large covering area but
small in number (Figs. 6 and 7). The numbers and areas of strip,
water drop and vertical rectangle landslides are at a medium level.

Fig. 3 Landslide hazards induced by the Luding earthquake in the Moxi Town (September 11 to 15, 2022)
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Fig.4 Landslide spatial distribution and shapes

Here, 8 background factors of the landslide shapes in the study
area are further analyzed, including the land use type, lithology,
slope, slope style, aspect, elevation, starting position, and watershed
evolution index.

Among them, the land use type can be classified into 12
categories, including forest, river, ditch, farmland, road, resi-
dence, between river and residence, between river and farm-
land, between river and road, between river and ditch, between
road and bridge, and between farmland and road. The statistical
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results show that landslides are mainly located near the river,
between river and residence, between river and road, and
between river and farmland. In particular, the sheet landslides
are mainly located between river and farmland and between
river and road. The strip landslides are mainly located near the
road. The water drop landslides are mainly located between river
and residence and between river and road. The vertical rectan-
gular landslides are located between road and farmland. The Y
shape landslides are mostly located between road and bridge.



Fig.5 Nine shapes of landslides in the study area a knife, b vertical rectangle, ¢ water drops, d horizontal rectangle, e strip, f Y shape, g fan, h

sporadic, i sheet

The sporadic landslides are scattered between road and ditch.
The fan landslides are located near the river, between river and
road. The knife landslides are mainly between river and resi-
dence (Fig. 8).

The lithologies are mainly loose gravel layer and granite in the
study area (Fig. 9) (Chen et al. 2011; Lanbin Shi and Chuanyong
Lin 1992; Yang and Hongtai 2013), which is the main materials of
landslides. According to the statistical results, the knife, sheet, fan,
water drop, horizontal rectangle and vertical rectangle landslides
are mostly located in the loose gravel layers. The Y shape and strip
landslides are mainly occurred in the granite mountains on both
sides of the Moxi Platform. Half of the sporadic landslides occurred
in the loose gravel layer and half in the granite area (Fig. 10).

In order to analyze the influence of topographic on the land-
slide’s shapes, the slope type, landslide starting position, elevation,
slope, aspect, and basin hypsometric index of each landslide shape
were counted (Fig. 11). Statistical results show that the fan, water
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Fig.6 Numbers of landslides with different shapes in the study area
a knife, b sheet, ¢ horizontal rectangle, d sporadic, e fan, f water
drops, g Y shape, h vertical rectangle, i strip

drop,and Y shape landslides are mostly located on concave or con-
vex slopes. The half of sheet and strip landslides occurred in the
concave or convex slopes and half in the flat slopes. For the sporadic
landslides with small scales, it is difficult to distinguish the slope
types, although the results show that they are mostly located on a
flat slope. The knife, horizontal rectangle, and vertical rectangle
landslides are mostly located on the flat slope.

Statistical results of landslide original positions show that
knife, sheet, and fan shape landslides almost start from the upper
part of slopes. Most of the horizontal rectangle and vertical rec-
tangle starts from the upper part of slopes, and a few of them
starts from the middle part of slopes. By contrast, most of the
water drop and strip landslides start from the middle of slopes,
and a few of them starts from the upper part of the slope. The Y
shape landslides almost start from the middle of the slope. How-
ever, the sporadic landslides can originally occur at all three parts
of slopes (Fig. 12).
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Fig.7 Areas of landslides with different shapes in the study area a
knife, b sheet, ¢ horizontal rectangle, d sporadic, e fan, f water drops,
g Y shape, hvertical rectangle, i strip
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Fig.8 Landslides in the different land use areas a knife, b sheet, ¢ horizontal rectangle, d sporadic, e fan, f water drops, g Y shape, h vertical
rectangle, i strip (I forest, Il river, Ill ditch, IV farmland, V road, VI residence, VIl between river and residence, VIl between river and road, 1X
between river and farmland, X between river and ditch, XI between road and bridge, XIl between farmland and road)

Fig.9 Landslides with different lithologies in the study area a loose
gravel layer, b granite

Based on the statistical results of elevation (Fig. 13), it shows that
positions of the water drop landslides are relatively lower, mainly
from 1200 to 1500 m. The sheet, horizontal rectangle, fan, vertical
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rectangle, and sporadic landslides occurred mainly on the eleva-
tions from 1300 to 1600 m, which are higher than that of the water
drop landslides. The knife landslides developed the lever between
1500 and 1700 m. The elevation of Y shape and strip landslides is
mainly from 1500 to 1800, which is the highest compared with that
of other landslide types.

For slope angle, statistical results show that landslides in the
study area range from 30 to 50°. The slopes with the sheet, Y shape,
and strip landslides are the largest exceeding 60°. The slopes with
the horizontal rectangle landslides are relatively smaller between
10 to 30°. The slopes with the drop and sporadic landslides range
from several degrees to 60° (Fig.14).

The aspects of slopes with the knife, sheet, sporadic, water drop,
vertical rectangle, and strip landslides mostly are the southwest and
west. The aspects of slopes with the horizontal rectangle and fan
landslides are mainly southeast. The Y shape landslides are mainly
located on the north faces (Fig. 15). In the whole study area, the
aspects of slopes are mainly southeast (Fig. 16).

The basin hypsometric index is a quantitative description of
the geomorphic development stage. The different levels of which
reflected the different basin evolution stages and have different
influences on landslides (Singh et al. 2008; Altin and Gékkaya 2015;
Li et al. 2006; Xiang et al. 2015). In this study, the fluctuation ratio
method (Formula 1) is used to calculate the basin hypsometric
index (Chang et al. 2015), as following:

-
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Loose gravel layer

Fig. 10 Statistical results of landslides in different lithologies a knife, b sheet, ¢ horizontal rectangle, d sporadic, e fan, f water drops, g Y

shape, h vertical rectangle, i strip
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Fig. 11 Landslides on different slope types a knife, b sheet, ¢ horizontal rectangle, d sporadic, e fan, f water drops, g Y shape, h vertical rectan-
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Fig. 12 Start positions of landslides with different types a knife, b sheet, ¢ horizontal rectangle, d sporadic, e fan, f water drops, g Y shape, h
vertical rectangle, i strip

EL,,, —EL The basin hypsometric index is between 0.4 and 0.6, indi-
m ) cating the prime geomorphic development stage of the basin.

The basin evolution index is less than 0.4, indicating that the
where HI represents the basin hypsometric index, EL,, is the aver- ~ geomorphic development of the basin is in old age. The index
age elevation, EL,; represents the minimum elevation,and EL_,, islarger than 0.6, suggesting that the basin is in juvenile stage

HI =

represents the maximum elevation. (Strahler et al. 1952; Li et al. 2006; Xiang et al. 2015; Chang
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Fig. 13 Elevations of landslides with different types a knife b sheet, ¢ horizontal rectangle, d sporadic, e fan, f water drops, g Y shape, h verti-
cal rectangle, i strip
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Fig. 14 Slope angles of landslides with different types a knife, b sheet, ¢ horizontal rectangle, d sporadic, e fan, f water drops, g Y shape, h
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Fig. 15 Aspects of slopes with different landslide types a knife, b sheet, ¢ horizontal rectangle, d sporadic, e fan, f water drops, g Y shape, h
vertical rectangle, i strip)

et al. 2015). The study area is located at the intersection of six study area are in the prime age, which are more prone to induce
basins, where the basin hypsometric indexes range about from landslide.
0.48 to 0.5 (Fig. 17). It means that all the basins related to the
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Fig. 17 Hypsometric indexes of landslides a knife, b sheet, ¢ horizon-
tal rectangle, d sporadic, e fan, f water drops, g Y shape, h vertical
Fig. 16 Aspects of different landslide types in the study area rectangle, i strip
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Susceptibility assessment of landslides with different shapes

In this study, the information value model is used to assess the
susceptibility of the landslides with these 9 shapes. Information
value model is a statistical method based on the probability theory,
according to the relationship between influence factors and land-
slides to analyze the likelihood of landslide occurrence. ArcGIS
reclassify tools are used to classify each factor and calculate infor-
mation values by the formula as following:

12 60w o 7 oE 02" ¥ 0 1t v o'E

¥ wex

] Landslide § ¥h Sy
Susceptibility of knifc landslide
£ 00 Very Low .

% - Low

L Moderate
. High
W Very High

102° 60

o e itomtre

W

[ Landslide
Susceptibility of horizontal recta
£ VeryLow
B Low
" Moderate
T High
W Very High ©

1o o

Wy

[ Landslide c
Susceptibility of fan landslide
£ VeryLow
= 00 Law
R Moderate
O nigh
W Very High *

@ g

> W

[ 7 e e

ey

] Landwlide
Susceptibilicy of strip land
E VeryLaw

& 0 Taw

A Moderate

1 Righ

W VeryHigh

Fig. 18 Susceptibility assessment of landslides with nine shapes
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where I represents information value. i represents the ith impact
factor (e.g.,land use type, lithology, slope type, slope, aspect, eleva-
tion, starting position, and basin evolution index) of landslide. I;;
represents the jth grade of the ith impact factor (e.g.,loose gravel
layer and granite of lithology). AL; represents the total area of
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landslides occurred in the jth grade of the ith impact factor. A;
represents the total area of the ith impact factor in this study region.
AL represents the total area of landslides in the study region. A rep-
resents the total area of the study region (Yang et al. 2022; Che et al.
2012; Ba et al. 2018; Sharma et al. 2015; Deng et al. 2014).

The information value represents the contribution of the influence
factor on inducing landslide. The information values of all influence
factors are superposed as the landslide’s susceptibility values. The
larger the value is, the higher susceptibility of landslide will be (Ba
et al. 2017; Pasang and Kubicek 2018; Keefer 2000; Chen et al. 2016).

The susceptibility values of the landslides with 9 shapes are
shown in Fig. 18. The susceptibility assessment results show that
the knife landslides are mostly located between river and road,
where the high susceptibility area of the knife landslides is small
and is mainly distributed between Mozi Valley and Hailuogou Val-
ley. The sheet landslides are mainly developed in the loose gravel
layer between rivers and roads, where the area of high susceptibil-
ity is larger than that of the knife landslide area. The water drop
landsides also are located mainly in the loose gravel layer between
rivers and roads, the susceptibility features of which are similar to
that of the sheet landslides.

The horizontal rectangle landslides are distributed on both sides
of the river near the intersection of the Yanzigou Valley and Hailu-
ogou Valley. The susceptibility zones of the sporadic landslides are
distributed on the granite mountains along both sides of the Yajia-
gan River. Similarly, the susceptibility regions of the fan landslides
are distributed between river and road. While the Y shape land-
slides are distributed on the granite mountains between road and
bridge. The vertical rectangle landslides are distributed between
different rivers. The strip landslides are mainly distributed on the
granite mountains in the northeast of the Yajiagan River.

Discussion and conclusions

In this study, according to the length and width ratio of landslide
shapes, and the scale of the landslides, 9 landslide shapes can be
further regrouped into three categories, which is helpful for dis-
cussing the relationship between landslide shapes and impact fac-
tors. The first category is the wide landslide with about 1 of the
length and width ratio, including the sheet, vertical rectangle, hori-
zontal rectangle, and fan shape landslides. The second category is
the long and narrow landslides, the length and width ratio of which
is more than one. This category includes the Y shape and strip land-
slides. The third category is small-scale landslides, including the
sporadic, knife, and water drop landslides.

The loose gravel layer between river and road is the high sus-
ceptibility region for the wide landslides. Based on the field sur-
vey, the gravel layer in this area is loosely accumulated materials,
which provides the conditions for collapsing. Compared to hard
rock layer,loose gravel layer has an obvious amplification effect on
seismic waves, which increases with earthquake energy increasing.

The sliding direction of landslides caused by the earthquake is
highly correlated with the propagation direction of seismic wave.
The main sliding direction of earthquake-induced landslide is
opposite to the propagation direction of seismic wave. After the
load of seismic wave exceeds the stability limit of slope, the load
is released in the opposite direction of seismic wave, occurring
the landslide in the opposite direction. As the earthquake energy
along the fault is attenuated perpendicular to the strike of fault,
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the direction of landslide is probably perpendicular to the fault as
well. In the study area, the strike of the Moxi fault is near the south,
and the attenuation direction of earthquake energy is eastward.
Impacted by the earthquake energy, the wide landslides are thus
mainly on the west slope (Xu et al., 2009b; Huang et al. 2008; Oji
et al. 2009; Chigira et al. 2010; Marc et al. 2016), which are caused
by the earthquake energy acting on the loose gravel layer. Among
the different wide landslides, the scale of the sheet and fan land-
slides are larger than that of the vertical rectangle and horizontal
rectangle landslides. The start position and elevation of the sheet
and fan landslides are higher than that of the vertical rectangle and
horizontal rectangle landslides; therefore, there is enough space for
forming large-scale landslides. According to the above analysis, it
can be concluded that lithology is principle one of the factors to
induce wide landslides, the start position and elevation controlled
the scale of wide landslide. More important, the landslides with
high start position and elevation are likely to run a long distance.
It suggests that attention should be paid not only on the place
where landslide occurs, but also on the surrounding area of the
landslide point.

The granite mountains between road and bridge are the high
susceptibility region for the Y shape and strip landslides with
the long and narrow features. According to the field survey, this
category of landslides is mainly in the broken granite region. The
seismogenic fault (the Moxi fault) of the Luding earthquake is a
branch of the Xianshuihe fault zone. Because of extrusion of the
Xianshuihe fault zone in geological history, the rock mass along
the fault is strongly broken with poor geotechnical properties,
producing many fracture zones with the different width from tens
of meters to several kilometers along the fault zone. In fact, many
ancient or history landslides have been caused by severe activ-
ity (earthquake) or creep slipping along the Xianshui fault. The
structures in the rock mass play a controlling role for landslide
occurring (Guo et al. 2015; Tan-yu et al. 2010; Li et al. 2014). In
the study area, the directions of the Y shape or serpentine strip
landslides are also influenced by the direction of rock fractures,
which are mainly located on the high elevation and steep slope,
mostly occurred in concave-convex slope and started from the
middle of slopes. It thus can be concluded that the long and nar-
row landslides are mainly influenced by the local terrain and
lithology, and the directions of landslides are mainly controlled
by the fracture directions in the rock mass. Therefore, the long
and narrow landslides in granite mountain areas are likely to be
developed along the direction of rock fractures, more attention
should be paid on the direction of rock fractures during field
investigation.

The knife and water drop landslides with small scales are
mainly distributed between the river and farmland, and between
the road and residence. The slope and elevation of this category
landslides are lower with short distance from the starting posi-
tion to the bottom, there thus is no enough space to form large
scale landslides. Landslide materials were only accumulated at
the slope bottom, forming the shape like water drop with the
feature of narrow upper and wide lower. The elevations of knife
landslides are slightly higher than that of water drop landslide.
The starting positions of knife landslide are mostly at the upper
part of slopes, but the sliding-down force of small-scale landslide
is insufficient to push the landslide materials to the bottom, it



often formed the like shape knife with the feature of the wide
upper and narrow lower. For this category landslides, the scale
of landslides could be impacted by the land use type, the shapes
of which are impacted by the start position, elevation, and slope.

Field investigation for future earthquakes in the same region,
the susceptibility analysis results presented in this study can sup-
ply some useful information on identifying the places where are
prone to large-scale landslides and the regions where wide land-
slides are easy to occur. For the wide landslides, more attention
needs to be paid on the landslide lateral coverage. While for the
long and narrow landslides, the direction of rock fractures should
be the focus of investigation.

In summary, the terrain, lithology, and other factors impact
the landslide shapes. Among them, lithology is the main factor
that caused the different landslide shapes in this region. Under
the same earthquake condition, the looser gravel layer is more
likely to induce the wider landslides, the granite is more likely
to produce the longer and narrower landslides. In the area with
the same lithology, the landslide shape is mainly impacted by
the slope, elevation, and the start position. The susceptibility of
the landslides with different shapes could be assessed base on
the topography, geomorphology, and geological factors in this
region. The landslide shapes could reflect the landslide evolu-
tion and provide essential support for emergency response and
risk mitigation.
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