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Numerous landslides were triggered by the 12 May 2008 Wenchuan earthquake in China, particularly near the
epicenter. During the rainy season in 2010 after the earthquake, much of the landslide debris was reactivated,
causing a large number of fatalities. The earthquake has a significant impact on the subsequent rain-induced
landslides. Based on interpretation of satellite images taken in 2008 and 2010, combined with yearly field inves-
tigations, this paper attempts to (1) map the earthquake-induced landslides near the epicenter; (2) present the
distribution of the landslides occurring during a subsequent extreme storm in the same area; and (3) compare
the distribution characteristics of the earthquake-induced landslides and the rain-induced landslides. Through
this study, the following findings were obtained: (1) the internal relief of the landslides in the study area is
much higher than that in other affected regions of the Wenchuan earthquake zone; (2) the landslide area in
hard rocks (i.e. the granite and diorite zones) is much larger than that in alluvium; (3) the volume of hill-slope
loose deposits decreased while the volume of channel deposits increased during the process of mass transporta-
tion caused by rainfall after the earthquake; (4) during the rainy seasons after the earthquake, the density of
landslides increased while the area of landslides decreased significantly and the type of landslides transformed
from debris slides to debris flows; and (5) the rain-induced landslides are less steeper than the earthquake-
induced landslides.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

A landslide is defined as a downward and outward movement of
slope-forming materials composed of natural rocks, soils, artificial
fills or combinations of thesematerials (Varnes, 1958). It includes sever-
al typical failure processes such as slides, falls, and flows. Landslide may
have a direct effect upon human life and result in economic costs (Glade
et al., 2005). Rainfall and earthquakes are two common triggering
mechanisms of landslides (e.g. Keefer, 1984). Much has been learned
about the identification and description of earthquake-induced land-
slides from previous high-magnitude earthquakes that occurred in
mountainous regions (Keefer, 1984; Jibson and Keefer, 1989; Harp
and Jibson, 1996; Jibson et al., 2004; Khazai and Sitar, 2004; Lin et al.,
2006; Sato et al., 2007; Qi et al., 2010; Gorum et al., 2011; Tang et al.,
2011; Xu et al., 2011). Among these, Keefer (1984) studied the relation-
ship between the distribution of earthquake-induced landslides and
seismic parameters based on data from 40 historical earthquakes. The
study showed that the area affected by landslides in an earthquake
correlates with the earthquake magnitude. Certain threshold levels of
hangl@ust.hk (L.M. Zhang),
ground shaking are necessary to trigger various types of landslides.
Hasi et al. (2010) believed that the distribution of landslides induced
by the Iwate–Miyagi Inland earthquake was primarily controlled by
the fault rupture, which showed a very distinct “hanging wall” effect.
Unlike landslide distributions in most previous earthquakes, Jibson
et al. (2004) found that the landslides triggered by the 2002 Denali
fault earthquake, Alaska, were mainly concentrated in a narrow zone
30-km in width that straddled the fault rupture over its entire 300 km
length.

The long-term impact of an earthquake on the slope stability during
the wet season is significant (e.g. Lin et al., 2006). Attention must be
paid to investigating detailed characteristics of rain-induced landslides
after the earthquake. However, less research has been done on this
topic. By comparing the occurrence of landslides in the Choushui River
watershed through eight SPOT images that covered the period from
1996 to 2001, the influence of the Chi-Chi earthquake on the subse-
quent rainfall-triggered landslides was investigated by Lin et al.
(2006). The density of rain-induced landslides increased substantially
after the earthquake and the landslide locations changed as well.

The 12 May 2008 Wenchuan earthquake in China triggered more
than 15,000 landslides in the form of slides and rock falls, which result-
ed in approximately 20,000 fatalities (Yin, 2008; Yin et al., 2009). During
the wet season, the debris of these landslides may lose stability due to
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rainfall infiltration, and can easily evolve into deadly debris flows. The
45 km reach of Province Road 303 (PR303) is the only path from the
epicenter of the Wenchuan earthquake, Yingxiu, to the Research and
Conservation Centre for Giant Panda at Wolong (Figure 1). Numerous
landslides were triggered on both sides of the road during the earth-
quake. The reconstruction of PR303 started in April 2009. Although
effort has been made to remove or strengthen some unsafe slopes,
many deposits at high elevations are unstable or have not been identi-
fied. During the rainy season in 2010, widespread landslides were
induced by a storm, which caused a large number of fatalities and
serious damage to the reconstructed road (Zhang et al., 2012, 2013). It
is expected that rain-induced slope failures will continue to occur in
the future. Therefore, it is important to understand the impact of the
Wenchuan earthquake on the occurrence of subsequent rain-induced
landslides. This paper attempts to (1) map the earthquake-induced
landslides along PR303 near the epicenter; (2) present the distribution
of the landslides that occurred during an extreme storm event in
the same area; (3) compare the distribution characteristics of the
earthquake-induced landslides and the rain-induced landslides. In
this study, earthquake-induced debris slides and rock falls, and rain-
induced debris slides and debris flows, in the landslide terminology of
Cruden and Varnes (1996), are all included.

2. Study area

2.1. Geological settings

Province Road 303 is primarily along the Yuzixi River that is bound-
ed by terrains with elevations from 880 m at Yingxiu Town to 5040 m
at the highest mountain peak. The terrain is rugged with steep slopes
exceeding 40° in many places. A digital elevation model (DEM) was
adopted to study the topography in the study area. The DEM was de-
rived from digitized contours with 20 m elevation intervals mapped
by Sichuan Highway Department (2011) in December 2008. Results of
a slope gradient analysis in the geographic information system (GIS)
are shown in Fig. 2. From milestone K1 to K45, the slope angles mainly
range between 20° and 70° on both sides of the highway.

The highway goes across four faults and is partly located on the
hanging wall of the Yingxiu–Beichuan fault where strong ground
Wolong

Gengda
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Fig. 1. Location of the study area
motions were up to a peak horizontal ground acceleration of 0.96 g
during theWenchuan earthquake (Li et al., 2008). The geological setting
between Yingxiu and Gengda from K1 to K18 mainly consists of
medium fine-grained granite, diorite and alluvium (Figure 3). The
hard rocks explain why the topography of the study area can be so
steep (Figure 2). Between Gengda and Wolong from K18 to K45, the
lithology turns into phyllite, sandstone and limestone starting from
theMaoxian–Wenchuan fault (Figure 3). Such a special lithological con-
trast contributed to the contrasting landsliding scenarios taking K18
(near Gengda) as a boundary. Strong weathered rock slopes with out-
ward inclined joint sets were widely distributed on both sides of the
highway from K1 to K45, especially on the upper part of the gullies. In
this paper, an area of 85 km2 between Yingxiu and Gengda shown in
Fig. 3 is investigated in detail.

2.2. Precipitation conditions

Based on rainfall records from 1957 to 1981 at 5 rainfall monitoring
stations distributed near the study area, an annual rainfall distribution
map was developed using Kringing in ArcGIS (Figure 4). The annual
rainfall amount varies greatly due to the variations in topography
along the highway. The average monthly rainfall ranges from 9.2 mm
in December to 278.4 mm in August (Table 1), approximately 66–76%
of the rainfall occurs during the rainy season from June to August. The
average number of rainy days is 202.7 during the observing years.
After the Wenchuan earthquake, the study area suffered from several
storms. Of these, the storm on 14 August 2010 was the heaviest, with
a precipitation of 163mm in 8 h. The hourly rainfall records from a pre-
cipitation station in Yingxiu Townwere used to analyze the triggering of
rain-induced landslides.

3. Investigation methodology

Digital photo interpretation techniques and field verifications
were combined to characterize the landslides in the study area. Impor-
tant aspects in the recognition of landslides are the size of landslide
features, the difference in spectral characteristics between the land-
slides and their surrounding areas, and the morphological expression
(Mantovani et al., 1996). Features such as scarps, disrupted vegetation
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cover, and state of landslide deposits are used in conjunction withmor-
phological features. Quickbird images taken on 30 May 2008 (shortly
after the Wenchuan earthquake) and Worldwide-2 images taken
on 18 December 2010 (shortly after an extreme storm) were prepared
to identify the landslides in the study area. The resolutions of the
Wolong

Gen
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Fig. 3. Geological conditions and tecto
Quickbird images andWorldwide-2 images were 0.61 m and 2.5 m, re-
spectively. The smallest landslide area that can be interpreted reason-
ably accurately from the satellite images was 367 m2. From 2008 to
2010, yearly field investigationswere conducted to check the hazardous
areas, the source material conditions, the depositional fans and the
gda

Yingxiu

K18

K1

nic structures in the study area.



Fig. 4. Annual average rainfall across the study area based on 25 years of climatology records (1957–1981) from 5 rain gauges at Yinxing, Yingxiu, Gengda, Xuankou, and Shuimo.
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depths of run-out materials. ArcGIS was used to digitize the landslides
and estimate the landslide area. The DEM created after the earthquake
was adopted to calculate the slope angles of the landslide deposits by
averaging the slopes of all pixels that fell within a given landslide.

The volumes of the hill-slope deposits, channel deposits, and run-
out debris flowmaterials were estimated by multiplying the respective
covering area by the average thickness of the deposits according
to Martin et al. (2002). By measuring the scar and deposition areas of
25 selected hill-slope deposits (Figure 5), the average ratio of the scar
area and the deposition area was determined as 1:3. The deposit thick-
nesses in the scar area and the deposition area, measured using a laser
range finder in-situ, are on average 1m and 3m, respectively. The thick-
nesses of the channel deposits were measured at exposed locations
along the gully, which were on average 10 m. The thickness of the
run-out debris was determined by borehole drilling at the middle part
of debris fan, trenching in the frontal area and direct measurement at
exposed locations around the debris fan (Figure 5). The deposition
areas of the debrisflows and the covering areas of thehill-slope deposits
were calculated on ArcGIS based on the satellite images (Figure 5).
Therefore, based on the covering area, the volume of each loose soil de-
posit and the total volume of the run-out debris materials can be
evaluated.
Table 1
Monthly precipitation in Yingxiu.

Month l 2 3 4 5 6

Rainfall (mm)a 10.3 19.5 51.3 86.1 107.7 1

a Based on rainfall data from 1957 to 1981.
4. Landslide inventory along the highway

4.1. Earthquake-induced landslides on 12 May 2008

On 12 May 2008, the Wenchuan earthquake produced widespread
shallow landslides along PR303. Most of them were concentrated on the
hanging wall of the Yingxiu–Beichuan fault due to the “hanging wall” ef-
fect (Lin et al., 2000; Hasi et al., 2010; Xu et al., 2011). Therefore, a total
area of 85 km2 near the epicenter along PR303 from Yingxiu to Gengda
(K1 to K18) was selected for this study. As shown in Figs. 6 and 7, the
road was largely buried or severely destroyed by densely populated
loose landslide deposits. A total of 305 shallow slides were identified
and are shown in Fig. 8. The slope gradients of these 305 loose deposits
range from6° to 54°. The steepest loose deposit is No. 206with an average
gradient of 54° located within the Luobaoshu Ravine. The largest one is
No. 113 in the Dayingou Ravine with a slope gradient of 21° and a cover-
ing area of 0.46 km2, located at elevations between 2300mand 3190m. A
total of 28 channel deposits were identified, which are distributed in var-
ious catchments (Figure 8). The largest one has a covering area of
0.72 km2 and a volume of 1.05 × 106 m3, which is located within the
catchment near K10. The total volume of all the loose deposits between
K1 and K18 is estimated to be 66.69 × 106 m3 (Table 2).
7 8 9 10 11 12

31.2 277.5 278.4 170.1 80.9 31.3 9.2
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4.2. Rain-induced landslides during the 14 August 2010 storm

From 17:00 on 12 August 2010, a heavy rainstorm swept Yingxiu
and its vicinity. The hourly and cumulative rainfall records are shown
in Fig. 9. A cumulative rainfall of 226 mm was recorded within 39 h
from 17:00 on 12 August to 7:00 on 14 August. Particularly, a cumula-
tive rainfall amount of 185 mm was recorded by about 4:00 am on
14 August 2010, when local residents witnessed widespread landslides
and debris flows in the study area (Figure 10).

A total of 351 fresh rain-induced landslides were identified in the
study area (Figure 11). These fresh landslides included 322 reactivated
shallow landslides which occurred on the pre-existing landslides
K10
K12

K14
K16

K18

K8

Fig. 6. Satellite image taken on 30 May 2008 showing numerous e
induced in 2008, and 29 new landslides which occurred in locations
not affected by the landslides in 2008. Among them, the largest reacti-
vation landslide was No. 248 located at the lower part of the Luobaoshu
Ravine with a covering area of 0.16 km2 and a volume of 0.38 × 106 m3

(Figure 11). Image analysis shows that the number of channel deposits
increased to 35 after the rainfall event in 2010 as illustrated in Table 3.
Due to the influence of cloud shadow in the satellite images taken in
2010 (Figure 10), the number of the rain-induced landslides might be
underestimated.

During the storm in August 2010, 12 channelized debris flows and
14 hill-slope debris flows were also triggered along PR303 (Figure 12
and Table 4). Field investigations revealed that the channelized debris
K6

K4
K2

K0

arthquake-induced landslides distributing along the highway.
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Fig. 7. Damage to the highway during the earthquake: (a) overall view; (b) damaged road; and (c) fatal landslide.
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flows were initiated in the form of channel-bed failure, while the hill-
slope debris flows were mainly initiated by firehose effect and rilling
(Chen et al., 2012, 2013). Torrents would form in a channel during a
storm. Under the combination of gravity and the scour of the torrents,
an increasing amount of bed materials could be entrained into the
flow. When themedium-size particles were mobilized by the turbulent
flow in a large scale, the channel-bed failure would be initiated. The
firehose effect is a phenomenon that the solid materials are mobilized
by concentration of water flow just like being washed away by a
firehose (Chang et al., 2011; Chen et al., 2012). Rilling is generally attrib-
uted to the concentration of overland flow inmicro-channels (Godt and
Coe, 2007). In the study area, the runoff from upstream channels flew
down and washed away the colluvium on bedrock; the firehose effect
occurred mostly on steep bedrock slopes with thin layers of materials.
Rills grew by erosion, deepening of plunge pools by turbulent flows
and bank failures. Materials entrained by rills finally entered the chan-
nels. Rilling tended to occur on relatively gentle slopeswith thick cover-
ing materials. The debris flow events resulted in the destruction of the
reconstructed road (i.e., PR303) rebuilt after theWenchuan earthquake
(Figure 13b) and fatalities (Figure 13c). The runout debris blocked the
Yuzixi River and formed landslide lakes (Figure 13d), raising the river-
bed by at least 13 m compared with that before the debris flows. The
total deposition area of the debris flows was 2.68 km2, of which
2.33 km2 was due to channelized debris flows and 0.35 km2 due to
hill-slope debrisflows (Table 3). Themost severe onewas a channelized
debris flow in the Xiaojiagou Ravine, No. CD06, which had a runout
material volume of 1.17 × 106 m3 and a runout distance of 593 m
(Table 4).



Fig. 8. Inventory of the earthquake-induced landslides within the study area.
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5. Redistributions of landslides induced by rainfall

5.1. Evolution of source materials

In the study area, the distributions of the volume of landslides along
the highway shortly after the earthquake in 2008 and after the rain-
storm in 2010 are shown in Fig. 14. The box plots display the full
range of variations of landslide volume (from the minimum to the
maximum) in every 2 km along the road. The total volume of the
305 hill-slope deposits shortly after the Wenchuan earthquake was
54.30 million m3 and the total volume of the channel deposits was
12.39 million m3 (Table 2). The August 2010 storm triggered 351
fresh landslides but the total volume of these landslideswas significantly
smaller than that triggered by the earthquake in 2008 (Figure 15). The
volumes of the hill-slope deposits from the reactivation landslides, new
landslides and original landslides were 15.42, 1.52 and 31.28 millionm3,
respectively. However, the amount of channel deposits increased obvi-
ously after the storm in 2010, with a total volume of 16.94 million m3

(Table 3).
Comparing the satellite images taken on 30 May 2008 and 18

December 2010 (Figures 6 and 10), the evolution of the loose materials
can be quantified. The catastrophic Wenchuan earthquake not only
triggered serious coseismic landslides but also disturbed the surface
strata seriously along the highway. Colluvium materials were widely
distributed on the hill slopes along PR303, which provided sourcemate-
rials for the subsequent debris flows (Figure 16b). A considerable
Table 2
Landslide materials identified based on Quickbird images taken on 30 May 2008.

Type Number Total area (km2) Volume (106 m3)

Hill-slope deposit 305 24.02 54.30
Channel deposit 28 1.24 12.39
Total – 25.26 66.69
portion of the hill-slope deposits had either slid or been washed into
the channels by surface runoff during rainy days (Figure 16c). In the
rainy season, the hill-slope deposits gradually evolved into channel de-
posits and the materials in the channels gradually moved toward the
gully mouth (Figure 16d), which finally ran out as debris flows under
storm conditions (Figure 16e). Thus the volume of the hill-slope loose
deposits decreased while the volume of the channel deposits increased
from 2008 to 2010. The reactivation of the hill-slope loose deposits was
caused by rainfall infiltration and the decrease of the shear strength of
soil (Zhang et al., 2004, 2011; Lin et al., 2006; Zhao et al., 2013; Zhao
and Zhang, 2014). Furthermore, some substrata on the hill slopes be-
came unstable due to the presence of numerous tension cracks induced
by the strong ground motion. These factors intensified the landslide
activities during the subsequent heavy rain events.

5.2. Changes in area and number of landslides

TheWenchuan earthquake has greatly aggravated landslide activities
in the study area. Image analysis shows that the area of earthquake-
induced landslides in 2008 was 24.02 km2 (Table 2). After the rainstorm
in 2010, the area of all types of landslides was 20.67 km2. The rain-
induced fresh landslide area (including the areas of the reactivated
and new landslides) was 7.26 km2, which was only one third of the
earthquake-induced landslide area (Table 3). However, the number of
landslides after the 2010 storm event was identified as 590, which
increased by 93.4% compared with the number of landslides in 2008.

What caused these unexpected changes in the area and density of
the landslides over time? The hill-slope landslides induced by the
Wenchuan earthquake could be categorized as debris slides based on
the classification of landslides proposed by Cruden and Varnes (1996).
It can be seen that there is a distinct scar zone that separates the sliding
material from more stable underlying material (Figure 17a and c). Due
to the heavy precipitation in August 2010 (Figure 9), the hill-slope
loosematerial formed in 2008 reactivated and ran out. The debris slides
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transformed into elongated debris flows with longer runout distances,
forming a bowl at the front as shown in Fig. 17b (Cruden and Varnes,
1996). Two years after the earthquake, the vegetation gradually recov-
ered, which alleviates the erosion of the loose material during the
rainy season. The rainstorm caused a loose deposit to lose stability
locally. Thus, a single original debris deposit could develop into several
smaller debris flows as illustrated in Fig. 17. This explainswhy the land-
slide number increased while the landslide area decreased in 2010
(Tables 2 and 3).

5.3. Change in landslide slope angle

There were also evident shifts in the locationswhere landslides took
place by comparing the occurrence of landslides in the images taken at
K8
K10

K12
K14

K16

K18

Fig. 10. Satellite image taken on 18 December 2010 showing num
different times. Shortly after the earthquake, the landslidesweremainly
distributed on terrains with mean slope angles between 30° and 50°.
However, the fresh rain-induced landslides in 2010weremainly distrib-
uted atmean slope angles between 20° and 40° (Figure 18), whichwere
less steep. It is ascertained that a higher mean slope angle represents
a steeper topography where landslides occur (Bhandary et al., 2013).
Steep slopes are a typical characteristic of earthquake-induced
landslides. According to Lin et al. (2006) and Xu et al. (2011), the
earthquake-induced landslides on steep terrains could be attributed to
topographic amplification of ground motions and reduced external
loads required to trigger sliding of materials on steep slopes.

In the images taken after the rainstorm in 2010, around 10% of the
fresh landslides were recognized at steep slopes between 50° and 60°.
This was mainly contributed to the failure of cut slopes distributed on
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erous rain-induced landslides distributing along the highway.



Fig. 11. Inventory of rain-induced landslides along the highway.
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both sides of the road. Due to the reconstruction of the highway, slope
cutting increased the slope gradients and caused stress relief in the
slopes, which may aggravate slope movements during the wet season.

5.4. Variation in landslide elevation

The relationships between the landslide area and elevation are
shown in Fig. 19a and b. The earthquake-induced landslidesweremain-
ly concentrated at elevations of 1500–2500 m (Figure 19a): 43% of the
landslide area was recognized at elevations of 1500–2000 m and 44%
at elevations of 2000–3000 m. In 2010, 29% of the rain-induced fresh
landslide area was recognized at elevations of 1500–2000 and 59% at
elevations of 2000–3000 m (Figure 18b). The fresh rain-induced land-
slides in 2010 had occurred at very high elevations where the terrain
is steep. The high elevation zone also possibly experienced larger rain-
fall precipitation (Figure 4), which made the landslide debris there
easier to be reactivated during the rainy season. Note that in this
paper the landslide locations are reported as the scar locations; thus,
the elevations of landslides are likely biased toward higher values.

The internal relief of a landslide is defined as the elevation difference
between the scarp of the landslide and the gully mouth. It implies the
potential sliding velocity and energy of its runoff debris. Most of the
earthquake- and rain-induced landslides in the study area were found
in zones with high internal relief values (Figure 19c and d). A total of
Table 3
Landslide materials identified based on Worldwide-2 images taken on 18 December 2010.

Type Source

Hill-slope deposit Reactivation landslides
New landslidesa

Landslides induced by the earthquake in 2008
Channel deposit
Runout material Channelized debris flows

Hill-slope debris flows
Total –

a Landslides that did not develop in the scars or deposition areas of the landslides induced b
70% of the earthquake-induced landslideswere located in areaswith in-
ternal relief between 400 m and 1200 m, while only 59% of the rain-
induced landslides were identified in the same range of internal relief.
In a higher range of 1200–1600 m, a larger percentage of rain-induced
landslides (25%) than earthquake-induced landslides (13%) were ob-
served (Figure 19d).

A comparison of the observed internal reliefs of the earthquake-
induced landslides in the study area and in other regions affected by
the Wenchuan earthquake was conducted. The latter data includes 71
earthquake-induced landslides in Beichuan, Anxian, Qingchuan, Pingwu,
Maoxian, andMianzhu reported in the literature (e.g. Cui et al., 2011; Xu
et al., 2011). The internal relief values of 71% of the earthquake-induced
landslides in these regions were between 0 and 600m, and only those of
4% of the earthquake-induced landslideswere above 1000m. Indeed, the
earthquake-induced landslides along PR303 have much higher internal
relief values than the landslides in the rest of the parts of theWenchuan
earthquake zone. The steep topography and the dominant diorite
and granite hard rocks in the study area are the main reasons for this
(Figures 2, 3 and 7).

5.5. Influence of lithology on the occurrence of landslides

In order to evaluate the influence of lithology on landslide density
and occurrence locations, the distribution of dominant rock types and
Number Total area (km2) Volume (106 m3)

322 6.61 15.42
29 0.65 1.52

239 13.41 31.28
35 1.69 16.94
12 2.33 2.80
14 0.35 0.28

– 68.24

y the earthquake in 2008.



Fig. 12. Distribution of debris flows that occurred on 14 August 2010 along the highway.
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the distribution of landslides in different lithology units are presented in
Figs. 20 and 21. The granite zones have the largest area of landslides,
which is 13.60 km2 in 2008 and 3.97 km2 in 2010 (Figure 20). During
the earthquake, the landslides were mainly concentrated in diorite and
granite zones at the mean slope angles of 30°–50° up to a maximum of
65°. The landslides in the alluvium zone were mainly distributed on ter-
rains at the mean slope angles ranging from 10° to 30° (Figure 21a). In
2010, the fresh rain-induced landslides in diorite and granite weremain-
ly concentrated at the mean slope angles of 20°–40°, while most of the
fresh rain-induced landslides in alluvium were distributed at the mean
slope angles of 15°–45° due to the increased shear strength from the
presence of soil matric suction. Particularly, new rain-induced landslides
in alluviumwith an area ratio of 6.1% were recognized in cut slopes with
the slope angles of 50°–60° (Figure 21b). The area ratio is defined as the
Table 4
Basic data of debris flows along PR303 occurring in 2010.

Type No. Catchment area (km2)

Channelized debris flow CD01 0.37
CD02 1.14
CD03 1.67
CD04 1.34
CD05 0.32
CD06 6.99
CD07 0.56
CD08 2.50
CD09 1.22
CD10 2.45
CD11 7.36
CD12 0.75

Hill-slope debris flow HD01 0.01
HD02 0.03
HD03 0.65
HD04 0.07
HD05 0.11
HD06 0.11
HD07 0.07
HD08 0.19
HD09 0.03
HD10 0.09
HD11 0.03
HD12 0.02
HD13 0.02
HD14 0.11

Total – 28.22

a The local relief is defined as the vertical difference in elevation between the highest and lo
b The runout distance is defined as the distance from the fan apex to the lowest point of the
area of landslides in each slope angle or lithology category divided by the
total area of landslides.

The above observations are reasonable because the earthquake-
induced landslides in diorite and granite tended to occur on steep slopes
in hard rocks. The hard-rock landslide materials have high friction
angles and could pose steep angles when the landslide materials ran
out.

During the rainy season, most fresh landslides reactivate in the
original landslide debris at high elevations and deposited on less steep
terrains at lower elevations. Hence the deposit slope angles are slightly
smaller than those of the earthquake-induced landslides. A relatively
small number of fresh landslides reactivated in alluvium at low eleva-
tions. The relatively fine alluvium landslide materials only ran out for
short distances and could form steep deposits at relatively large slope
Volume (106 m3) Local reliefa (m) Max. runout distanceb (m)

0.160 750 250
0.010 460 110
0.230 720 150
0.045 1590 200
0.045 1060 190
1.170 2540 593
0.311 1140 250
0.586 1330 600
0.009 1420 170
0.006 1450 80
0.211 2480 260
0.018 1500 210
0.003 380 110
0.004 440 90
0.150 550 160
0.006 940 130
0.007 840 120
0.003 560 110
0.008 690 160
0.010 980 170
0.005 590 140
0.004 740 100
0.004 440 150
0.005 380 110
0.010 340 80
0.062 800 250
3.082 – –

west points of the catchment.
debris deposit.
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Fig. 13. Photographs taken shortly after the rainstorm: (a) occurrence of debris flow; (b) buried road under reconstruction; (c) fatalities; and (d) landslide lake.
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Fig. 14. Variation of volume of landslides along the highway: (a) shortly after the earth-
quake in 2008 and (b) shortly after the rainstorm in 2010.

68 S. Zhang et al. / Engineering Geology 175 (2014) 58–73
angles due to the increased shear strength from the presence of soil
matric suction (e.g. Fredlund et al., 1978; Zhao and Zhang, 2014).

6. Conclusions

In order to understand the influence of the Wenchuan earthquake
on subsequent rain-induced landslides, landslide mapping was con-
ducted through the interpretation of satellite images and annual field
investigations along PR303 near the epicenter. Observed landslide
characteristics are described and the geological and hydrological factors
contributing to the initiation of landslides are presented. Several conclu-
sions can be drawn:

(1) Shortly after the Wenchuan earthquake, 305 hill-slope deposits
and 28 channel deposits were identified in the 85 km2 study
area. The total volume of the hill-slope deposits and channel de-
posits were 54.3 million m3 and 12.39 million m3, respectively.
The August 2010 storm triggered a total of 351 fresh rain-
induced landslides with a total volume of 16.94 million m3. In
the storm event, some of the hill-slope deposits evolved into
channel deposits and the materials in the channels gradually
moved forward to the gully mouth. Thus the volume of the hill-
slope loose deposits decreased while the volume of the channel
deposits increased.

(2) Image analysis shows that the area of earthquake-induced land-
slides in 2008 was 24.02 km2 and the area of all types of land-
slides dropped to 20.67 km2 in 2010. During the storm in 2010,
a single debris deposit could develop into several elongated de-
bris flows, which explains the increase of the landslide number
and the decrease of the landslide area in 2010.

(3) The earthquake-induced landslides were mainly distributed at
slope angles of 30°–50°. The fresh rain-induced landslides in
2010 were mainly distributed at slightly smaller slope angles
between 20° and 40°. The earthquake-induced landslides were
steeper, which can probably be attributed to topographic
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amplification of ground motions and lower external loads
required to trigger instability of materials on steeper slopes. In
addition, the earthquake-induced landslides occurring under
dry condition could pose steeper slope angles than the rain-
induced landslides did.

(4) Most of the fresh rain-induced landslides in 2010 tended to occur
at high elevations because the landslide scars and landslide
debris in the steep area at high elevations were easier to be
reactivated in the rainy season.

(5) The areas of earthquake-induced and rain-induced landslides in
the granite and diorite zones are much larger than that in the al-
luvium zone. The earthquake-induced landslides in the granite
anddiorite zones are also steeper than those in the alluvium zone.
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Fig. 16. Evolution of loose materials into debris flows: (a) initial state; (b) loose materials retained on steep hill slopes; (c) evolving into channel deposits; (d) moving toward the gully
mouth; (e) debris flow; and (f) landslide lake.
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Fig. 17. Change in the type of landslides: (a) debris slide triggered by the earthquake in 2008; (b) debris flow triggered by rainfall in 2010; (c) real case in 2008; and (d) real case in 2010.
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