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Abstract The 12 May 2008 Mw 7.9 Wenchuan, China
earthquake triggered about 200,000 landslides, which were
controlled by a number of factors. This study examines five
factors: slope angle, slope aspect, lithology, peak ground
acceleration (PGA), and fault side (relative position on the
seismogenic fault, i.e., hanging wall or footwall), to
determine how these factors control the co-seismic land-
slide occurrence and whether one or more factors, acting
alone or in concert, are involved in promoting or
suppressing landslides. We performed a multi-factor
statistical analysis using data from the 2008 Wenchuan
earthquake. The results show that in the areas characterized
by steep topography or where strong ground shaking
occurred during the earthquake, there is a closer relation-
ship between slope aspect and landslide number density
(LND) than other areas. The relationship between lithology
and LND values depends on PGA. In turn, the relationship
between LND values and PGA is also influenced by
lithology. In addition, the controlling effect of lithology on
co-seismic landslides on the hanging wall of the
seismogenic fault is greater than that on the footwall.
Examining interactions among these factors can improve
understanding of the mechanisms of co-seismic landslide
occurrence.

Keywords Wenchuan earthquake, co-seismic landslides,
interaction among controlling factors, statistical analysis

1 Introduction

The May 12, 2008 Mw 7.9 Wenchuan, China earthquake
occurred at the Longmen Shan Mountains, which forms
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the boundary between the eastern Tibetan Plateau to the
west and the stable Sichuan basin to the east (Fig. 1). Based
on interpretations of aerial photographs, remote sensing
images, and field investigations, inventory compilation
reveals that this event triggered more than 197,000
landslides around the NE-trending Longmen Shan fault,
covering an area about 100,000 km* (Fig. 1 ) (Xu et al.,
2013a, 2014a). As in earthquakes of similar magnitude,
e.g., the October 17, 1989 California Loma Prieta Mw 6.9
earthquake in USA (Keefer, 2000), the January 17, 1994
Northridge Mw 6.7 in USA (Harp and Jibson, 1996), the
1999 Chi-chi Mw 7.6 in Taiwan, China (Liao et al., 2002;
Wang et al., 2002), the October 23, 2004 Japan Niigata
Mw 6.6 (Sato et al., 2005), the October 8, 2005 Kashmir
Mw 7.6 (Sato et al., 2007), the 2010 Yushu of China Mw
6.9 (Xu et al., 2013b; Xu and Xu, 2014a), the 2010 Haiti
Mw 7.0 (Gorum et al., 2013; Harp et al., 2013; Xu et al.,
2014b), the 2013 Lushan of China Mw 6.6 (Xu, 2013; Xu
and Xu, 2014b; Xu et al., 2015), the 2013 Minxian of
China Mw 5.9 (Xu et al., 2013c, d, 2014c), as well as other
events (Keefer, 1984; Harp et al., 2011; Guo and Hamada,
2013; Xu, 2014a, b), the occurrence of slope failures was
controlled by a number of factors, which can be aggregated
into three main categories: seismology, topography, and
lithology. Each category contains several sub factors.
Many studies of the Wenchuan earthquake (e.g., Dai et al.,
2011; Gorum et al., 2011; Xu et al., 2014a) examine the
relationships between these factors and co-seismic land-
slides, such as the slope angle and aspect (facing direction),
distance to the fault, relative position on the fault (hanging
wall or footwall), peak ground acceleration (PGA), and
geological conditions (lithology, strata). However, most of
the studies focused on correlations between individual
factors and co-seismic landslides and did not examine the
influence of these factors on the landslides. Do they work
independently or interact with each other (promoting or
suppressing each other)?
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Fig. 1 Map showing landslides triggered by the 2008 Wenchuan Mw7.9 earthquake (black area) (modified from Xu et al. (2014a)). The
black patches show the primary distribution of landslides. Box in inset is the study area of this work. White lines denote the major faults
related with the Wenchuan major event. YBF, Yingxiu-Beichuan fault, GJF, Guanxian-Jiangyou fault, XF, Xiaoyudong fault (coseismic

surface ruptures are from Xu et al. (2009a, b) and Tan et al. (2012)).

We used interactive statistical analysis to answer the
above questions. We chose five controlling factors (slope
angle, slope aspect, lithology, PGA, and relative position
on the seismogenic fault) to examine how they influence
the landslide number density of the area affected by the
Wenchuan earthquake.

2 Data and method

Although the landslides triggered by the Wenchuan
earthquake occurred in an area of about 100,000 km?, the

majority of them were concentrated in an oblong area
along the NE-trending Longmen Shan fault, covering
44,031 km?, and including 196,007 landslides (Xu et al.,
2014a). We choose this as the study area (black oval in
Fig. 1).

Topographic, geologic, and seismic factors have been
widely used for landslide spatial analyses and hazard
assessment (Kamp et al., 2008; Lee et al., 2008; Pradhan
and Lee, 2010; Mansouri Daneshvar and Bagherzadeh,
2011; Bui et al., 2012; Kayastha, 2012; Pourghasemi et al.,
2012a, b; Xu et al., 2012a, b). The study area terrain was
mapped into eight slope aspect categories: north (N),
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northeast (NE), east (E), southeast (SE), south (S),
southwest (SW), west (W), and northwest (NW) (Fig. 2
(a)), with the aid of the “Surface Analysis” function of the
“Spatial Analyst” tools on the ArcGIS platform. The
correlation between slope aspect and landslide number
density (LND) values shows that the eastern, southeastern,
and southern directions are the orientations most con-
ducive to co-seismic landslides during the 2008 Wenchuan
event (Xu et al., 2014a). The slope angle in the study area
includes four intervals: 0°-15°, 15°-30°, 30°-45°,
and >45° (Fig. 2(b)). The LND increases with slope
angle. In other words, there is a positive correlation
between LND and slope angle (Xu et al., 2014a). The LND
values change greatly with different lithology features (Xu
et al., 2014a). The lithology of the study area (Fig. 2(c)) is
classified into four groups based on ascending LND values
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or susceptibilities (Table 1) (Xu et al, 2013a). The
intensity of ground shaking during earthquakes can be
measured by several indices, such as Arias intensity (Arias,
1970) and PGA. Although Arias intensity incorporates
more information content in a single parameter and is more
representative of the earthquake impact on slope stability
than PGA (Harp and Wilson, 1995; Abdrakhmatov et al.,
2003; Hwang et al., 2004) and has been widely used in
recent years (Jibson, 1993; Miles and Ho, 1999; Jibson et
al., 2000; Pelaez et al.,, 2005; Hsieh and Lee, 2011;
Chousianitis et al., 2014), PGA is still commonly used for
correlating co-seismic landsides with the intensity of
ground shaking in a number of recent studies (Liao and
Lee, 2000; Carro et al., 2003; Khazai and Sitar, 2004; Lin
et al., 2006; Xu and Xu, 2014a; Xu et al., 2014a, b). In
most cases, Arias intensity is well correlated or has a
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Fig. 2 Maps showing areal distributions of the four factors controlling co-seismic landslides triggered by the 2008 Wenchuan
earthquake. (a) Slope aspect; (b) Slope angle; (c) Lithology; (d) PGA.
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positive correlation with PGA (Romeo, 2000; Abdrakh-
matov et al., 2003). Furthermore, although limited seismic
station records related to the Wenchuan earthquake are
available, only landslides triggered by the individual
Wenchuan event are considered in this study. Therefore,
we choose PGA for measuring the intensity of ground
shaking in this study. The PGA data used here are from the
website of US Geological Survey (2008), which are
divided into four categories < 0.4 g, 0.4-0.6 g, 0.6-0.8g,
and > 0.8 g (Fig. 2(d)). The LND values generally increase
with increasing PGA values related to the Wenchuan
earthquake (Xu et al., 2014a).

We assume that the LND value at any place of the study
area is a function of one controlling factor, which may be
influenced by another factor as well as by the relative
position on the seismogenic fault (hanging wall or
footwall). Based on the “Raster Calculator” module of
the “Spatial Analyst” on the ArcGIS platform, DEM
(digital elevation model) and the co-seismic landslide
inventory map (Xu et al., 2014a), we take the LND value
of one factor category as the dominant variable while using
another category and hanging wall/footwall as secondary
variables. This results in a group of curves which display
how the LND changes with the dominant variable and
whether such a change is influenced by the secondary
variables. For example, the LND values of each slope
aspect category are determined corresponding to four slope
angle categories and the hanging wall/footwall respec-
tively (Figs. 3(a) and 3(b)). In the two panels, we can
observe how LND varies with the slope aspect and whether
it is influenced by slope angle category and hanging wall/
footwall. A statistical analysis for each factor category is
made (Figs. 3-6), which allows us to examine whether or
how these factors interact with each other. Actually, such a
statistical process is equivalent to a multiple-factor
interactive analysis which may reveal the mutual effect
among the controlling factors.

3 Results
3.1 Influence of slope angles and fault sides

First, we examined whether slope angles and fault sides

Table 1 Lithology combinations of the study area (Xu et al., 2013a)

have an impact on the correlations between LND and the
other three factors, including slope aspect, lithology, and
PGA (Fig. 3). We found that when the slope angles are
smaller, LND values change little with slope aspect, which
holds true for both the hanging wall and footwall of the
fault (Figs. 3(a) and 3(b)). When the slope angle becomes
larger, LND values of slope aspects toward south (S) and
southeast (SE) are more conspicuous on both the hanging
wall and footwall of the seismogenic fault. In other words,
the slope aspect effect is more notable in areas with higher
slope angles (Figs. 3(a) and 3(b)). LND increases as
lithology changes from G1 to G4 for each slope-angle
category (Fig. 3(c)), and such a change is more significant
with increasing slope angles on the hanging wall of the
fault. We noted an abnormal variation which appears on
the footwall, where the LND values for G3 exceed those
for G4 (Fig. 3(d)), which differs from the pattern on the
hanging wall. LND values also rise with increasing PGA;
the greater the slope angle, the faster the LND rises with
PGA on both the hanging wall and footwall of the fault
(Figs. 3(e) and 3(f)). We found that when PGA is over
0.8 g, the LND for slope angles greater than 45° on the
footwall is greater than that on the hanging wall (Figs. 3(e)
and 3(f)).

3.2 Influence of slope aspects and fault sides

Overall, the LND values rise consistently with increasing
slope angles, lithology categories G1 to G4, and PGA for
both fault sides (Fig. 4), which shows that slope aspect has
little influence. The only exception is that the LND values
in lithology type G4 are less than those in G3 on the
footwall (Fig. 4(d)), which is inconsistent with the LND-
based definition of lithology groups (Table 1). Figures 4(c)
and 4(d) indicate that LND values for G4 on the hanging
wall are larger than those of the footwall, which shows
stronger controls by lithology on the co-seismic landslides
of the hanging wall than those of the footwall, regardless of
slope aspect. On the contrary, LND values in areas with
strong ground shaking of the footwall are larger than those
of the hanging wall. Such a phenomenon shows that there
is a stronger control by PGA on the landslides of the
footwall than that of the hanging wall.

No. Geological periods Lithology

LND interval /(km %) Average LND /(km 2) Landslide susceptibility

Gl Q,N-K, J, C2, PZI1
limestone, and quartz sandstone
G2 T2,C-P,D2,S1,S2,0

G3 P1, P2, Cl, D1
and shale

G4 T1, €, Z, PZ2, PZ3
thick layer of limestone

Quaternary deposits, conglomerates, sandstone,

Limestone, phyllite, sandstone, and marl

Dense structure of limestone, dolomitic limestone,

Sandstone, schist and andesite, granitic rocks, and

0.09-0.77 0.42 Low
1.9-4.1 2.78 Moderate
7.1-8.8 8.59 High

12.2-19.1 17.2 Very high

Note: Q, Quaternary; N-K, Neogene, Paleogene, and Cretaceous; J, Jurassic; T, Triassic; P, Permian; C, Carboniferous; D, Devonian; S, Silurian; O, Ordovician; €,

Cambrian; Z, Sinian; PZ, Presinian. LND, landslide number density.



268 Front. Earth Sci. 2016, 10(2): 264-273

30
@) — 0-15° (b) ™
s %— 15°-30° " A
§ —=— 30°-45° /k///a/ \
A {/r—’*\\\ —a— >45 e 5
10— — —
———%——————%— a— ok — ke e —X
O 1 1 1 1 1 1 1 [ > 8 1 @& 1 ry 1 y — - 1 a1} ]
N NE E SE S SW W NW N NE E SE S SW W NW
Slope aspect /Hanging wall Slope aspect /Footwall
40
ol © ) @
£
S
220 — —
| / A
-
10 —
e ———— |
Gl G2 G3 G4
Lithology /Hanging wall Lithology /Footwall
60
(e)
2 E—
@] //"’7”
420 sl s
,//
X
0 3 e L — — =9 !
<04¢g 0.4-0.6¢g 0.6-08¢g >0.8¢g <04¢g 04-0.6¢g 0.6-08¢g >0.8¢g
PGA /Hanging wall PGA /Footwall

Fig. 3 Average landslide number density (LND) versus slope aspect, lithology, and peak ground acceleration (PGA) for different slope
angle categories (inset in (a)). Definitions of lithologies are listed in Table 1. Note: (a), (c), and (e) correspond to the areas in the hanging

wall side, and (b), (d), and (f) for areas in the footwall side.

3.3 Influence of lithology and fault sides

LND has a positive correlation with slope angle in every
lithology combination (G1 to G4), especially for the areas
in the hanging wall side (Figs. 5(a) and 5(b)). At first
glance, Fig. 5(a), for G3 and G4, the LND values of slopes
with higher angles are much larger than those of slopes
with lower angles, whereas the influence of slope angle on
LND for G1 and G2 is very small. Indeed, the ratio of LND
values of slope angles > 45° and < 15° on the hanging wall
for G1 to G4 are similar and equal to 1.28/0.28 (4.6), 4.78/
1.13 (4.25), 13.21/3.52 (3.76), and 31.1/5.74 (5.42). This
means that differences in lithology do not influence the
controlling role of slope steepness in generation of
landslides. LND changes little with varied slope aspects
for lithology, and differences in LND among lithologies
G1 to G4 seem larger on the hanging wall than that on the
footwall (Figs. 5(c) and 5(d)). As shown in Figs. 5(e) and
5(f), in the four lithology categories, LND varies with PGA
in a relatively complex manner, particularly on the hanging
wall (Figs. 5(e) and 5(f)). This may indicate the possible
influence of geologic conditions on the relationship
between PGA and landslides. But this appears to occur
only on the hanging wall, rather than on the footwall.

3.4 Influence of PGA and fault sides

From Figs. 6(a) and 6(b), it can be observed that PGA has
little influence on the relationship between LND and slope
angle. From panels 6(c) and 6(d), there are obvious
differences in correlations between LND values and slope
aspect in different PGA classes. In the hanging wall areas
with PGA > 0.6 g, an obvious aspect effect is present,
implying that co-seismic landslides are more likely to
occur in areas with east, southeast, and south slope aspects.
A similar pattern is also seen in the footwall area
(Fig. 6(d)). It shows that the aspect effect is mainly present
in those areas of PGA > 0.8 g. Although there is no clear
correlation of landslide densities with slope aspects in the
hanging wall and footwall sides, the graphs still indicate
that as PGA values increase, the slope aspect effect on co-
seismic landslides becomes more obvious. In addition, in
the areas with stronger ground motion (PGA > 0.8 g),
LND on the footwall is greater than that on the hanging
wall. As in Fig. 5(e), the relationship between LND and
lithology also exhibits complicated variations on the
hanging wall (Fig. 6(e)), though not as notable on the
footwall (Fig. 6(f)). This indicates the obvious effects of
lithology on correlations between co-seismic landslides
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Fig. 4 Average landslide number density (LND) versus slope angle category, lithology, and peak ground acceleration (PGA) for
different slope aspects (inset in (a)). Definitions of lithology groups are listed in Table 1. Note: (a), (c), and (e) correspond to areas that lie
in the hanging wall side, and (b), (d), and (f) for areas in the footwall side.

and PGA values in the hanging wall side. Similarly, it also
reveals that the degree of ground shaking can also have an
influence on the relationship between lithology and co-
seismic landslide densities.

4 Discussion

The slope aspect effect shows that landslides are more
likely on certain slope aspects, whether or not the
landslides are triggered by earthquakes or other factors.
However, the mechanisms of such effects are inconclusive.
Previous studies on non-seismic landslides suggest that the
slope aspect effect is perhaps due to the differences of
exposure to sunlight, drying winds, rainfall (degree of
saturation), discontinuities, insolation (weathering),
weather conditions (precipitation, snow melt water), land
cover (forest, grassland, brush land, agricultural land), and
soil conditions (infiltration capacity) in different slopes
aspects (Kamp et al., 2008; Yalcin, 2008; Bui et al., 2012).
Recent studies demonstrate that the slope aspect effect of
co-seismic landslides could be related to the movement
direction of the hanging wall, which presumably results
from the direction of seismic wave propagation or the
inertia of geological blocks. This seems to have occurred in

a few earthquakes, such as the 2008 Wenchuan (Xu et al.,
2014a), the 2013 Lushan (Xu and Xiao, 2013), the 2010
Yushu (Xu and Xu, 2014a), and the 2010 Haiti (Xu et al.,
2014b) events. However, it is still difficult to determine
which mechanism is responsible for the slope aspect effect.

This study shows that the slope aspect effect in areas
with steeper topography is more significant than in areas
with smaller slope angles. Similarly, the slope aspect effect
is also more obvious in areas with larger PGA values than
in those with smaller PGA values. This phenomenon
would not exist if the slope aspect effect were generated
solely by topographic, geologic, or weather conditions
(Kamp et al., 2008; Yalcin, 2008) since the slope aspect
effect changes with topography. Furthermore, the seismic
wave amplification can be caused by topographic differ-
ences (Meunier et al., 2008). Therefore, the slope aspect
effect in the 2008 Wenchuan earthquake is most likely due
to seismic factors, including seismic wave propagation, the
inertia of geological blocks, and crustal stress.

Lithology can influence the relationship between PGA
and LND. The effect of PGA on co-seismic landslides
shows obvious differences among lithology categories
(Figs. 5(e) and 5(f)). On the other hand, PGA can also
influence the relationship between lithology and LND. For
example, for certain PGA, the relationship between LND
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Fig. 5 Average landslide number density (LND) versus slope angle category, slope aspect, and peak ground acceleration (PGA) for
different lithology groups (inset in (a)). Definitions of lithologies are listed in Table 1. Note: (a), (c), and (e) correspond to areas that lie in
the hanging wall side, and (b), (d), and (f) for areas in the footwall side.

and lithology generally shows similar tendencies. How-
ever, sudden changes may occur if the PGA reaches certain
thresholds (Figs. 6(e) and 6(f)). This indicates the complex
mechanisms of PGA and lithology controlling co-seismic
landslides.

Based on the “Band Collection Statistics” module of the
“Spatial Analyst Tools” in the ArcToolbox, we conducted
a simple spatial correlation analysis to the five factors
(slope angle, slope aspect, lithology, PGA and two fault
sides) (Table 2). The value of 1 indicates a perfect positive
correlation between two factors, —1 stands for a perfect
negative correlation, and 0 means no correlation. The
closer the value is to zero, the lower the degree of spatial
correlation between the two factors. It can be observed that
all the spatial correlations of the five thematic layers are
low. However, our analysis in the last section reveals a
series of interactive influences among the factors that affect
earthquake-induced landslides. Therefore, the limitations
of the simple spatial correlation analysis should be
examined in future studies.

5 Conclusions

We performed interactive analysis of five factors on

196,007 landslides triggered by the 2008 Wenchuan
earthquake. The results show that the slope aspect effect
on co-seismic landslides is more obvious in the areas with
steeper topography or stronger ground shaking. In
addition, the relationships between slope aspects and
LND show similar tendencies for different lithology
categories. This indicates that the slope aspect effect of
co-seismic landslides (Xu and Xiao, 2013; Xu and Xu,
2014a; Xu et al., 2014a, b) is different from those of non-
seismic landslides (Kamp et al., 2008; Yalcin, 2008). The
slope aspect effects of non-seismic landslides are caused
mainly by differences in vegetation cover, light, rainfall,
and soil conditions in different slope aspects, while those
of co-seismic landslides are primarily associated with
seismic factors such as the directions of geological block
movement, crustal stress, and seismic wave propagation.
The results of this study show that lithology can
influence the relationship between PGA and LND.
Conversely, PGA can also have an influence on the
performance of lithology affecting co-seismic landslides.
LND values under several factors have significant
differences from the hanging wall to footwall. For instance,
on the footwall with steeper topography (slope angle >
30°), LND values are higher than those on the hanging
wall with steeper topography. LNDs of high landslide-
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Table 2 A simple analysis of spatial correlation for the five factors related to coseismic landslides

Layer Slope angle Slope aspect Lithology PGA Fault side
Slope angle 1 0.01636 0.2851 0.08105 —-0.45053
Slope aspect 1 0.01315 0.00088 -0.01135
Lithology 1 0.38258 -0.1739
PGA 1 -0.04488
Fault side 1
prone lithology categories are more prominent on the References

hanging wall than those on the footwall, which indicates
that the controlling effect of lithology on co-seismic
landslides on the hanging wall is more intense than that on
the footwall. Although the spatial correlation analysis of
the five factors shows weak correlations between them, our
analyses show that there are interactive correlations among
these controlling factors.
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