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Abstract. During the 12 May 2008, Wenchuan earth- geological setting where fault type and geometry change
quake in China, more than 15000 landslides were trig-abruptly. This feature may dominate the occurrence of large
gered by the earthquake. Among these landslides, there weltandslides. The results will be useful for improving reliable
112 large landslides generated with a plane area greater thaassessments of earthquake-induced landslide susceptibility,
50 000 nt. These large landslides were markedly distributedespecially for large landslides which may result in serious
closely along the surface rupture zone in a narrow belt anddamages.

were mainly located on the hanging wall side. More than
85 % of the large landslides are presented within the range of

10km from the rupture. Statistical analysis shows that more

than 50 % of large landslides occurred in the hard rock andl ~ Introduction

second-hard rock, like migmatized metamorphic rock and

carbonate rock, which crop out in the south part of the dam--andslides and collapses triggered by strong earthquakes
aged area with higher elevation and steeper landform in combave drawn more and more attention due to the serious dam-
parison with the northeast part of the damaged area. All largé@ges they caused. For example, the vast majority of the more
landslides occurred in the region with seismic intensit) than 1000 victims of the El Salvador earthquakes of 13 Jan-
except a few of landslides in the Qingchuan region with seis-uary (Mw =7.7) and 13 February 2001y = 6.7) were

mic intensity IX. Spatially, the large landslides can be cen-directly caused by landslides (Bommer et al., 2002). Also,
tred into four segments, namely the Yingxiu, the Gaochuanduring the Wenchuan earthquake in China in 2008, about
the Beichuan and the Qingchuan segments, from southwe<0 000 deaths were directly caused by the geohazards in the
to northeast along the surface rupture. This is in good acform of landslides, rockfalls, and debris flows (Yin et al.,
cordance with coseismic displacements. With the change 0£009).

fault type from reverse-dominated slip to dextral slip from The important factors that affect landslides distribution
southwest to northeast, the largest distance between the triglufing a strong earthquake are in general rock mass type,
gered large landslides and the rupture decreases from 15 kignhdform, slope degree, seismic intensity, earthquake mag-
to 5km. The critical accelerationc for four typical large nitude and distance from the seismic faults or epicenter, etc.
landslides in these four different segments were estimated bj//any studies about earthquake-induced landslides have been
the Newmark model in this paper. Our results demonstrat&irawn on the relationship between landslide distribution and
that, given the same strength values and slope angles, tBe influencing factors mentioned above (Harp et al., 1981,
characteristics of slope mass are important for slope stabilHarp and Jibson, 1996; Guzzetti et al., 1999; Rgulez et

ity and deeper landslides are less stable than shallower landtl-» 1999; Keefer, 1984, 2000). Keefer (1984) compiled 40
slides. Comprehensive analysis reveals that the large cata§xamples of earthquake triggered landslides from all over

trophic landslides could be specifically tied to a particular the world and studied their characteristics (Keefer, 1984).
His findings about the relationship between landslides and
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seismic parameters have been quoted widely (Wilson andelationship between the rock avalanches travel distance and
Keefer, 1985; Rodguez et al., 1999; Bommer et al., 2002; their volumes. He proposed that the sturzstroms could be
Qi et al., 2010; Chen et al., 2012). Except the analysis recompared to flow of a mass of concentrated cohesionless
search done on a number of earthquake examples, addgrains in a fluid medium, and found that the coefficient of
tional work has been carried out on the landslides char4riction was different when rock fall sizes changed: it de-
acteristics and distribution features during a single earthcreased above a threshold landslide size of about 100 800 m
quake event, such as the 1994 Northbridge earthquake in U§HSsl, 1975). Studies about the large landslide mechanisms
the 1999 Chi-chi earthquake in Taiwan, and especially theand characteristics are presented after the Wenchuan earth-
2008 Wenchuan earthquake in China (Qiao and Pu, 1992quake (Sassa et al., 2005; Yin, 2009; Huang et al., 2010; Wu
Rodiiguez et al., 1999; Jibson et al., 2000; Wang et al., 2003gt al., 2010; Qi et al., 2011). Some researchers consider that
Wang et al., 2007; Wang et al., 2008; Huang et al., 2008;air cushion effect is important to long run out avalanches
Chen et al., 2010). Almost all the results show similar under-(Yin, 2009; Wu et al., 2010). Also, it has been found that
standings of the relationship between influencing factors andnost of the long run out rock avalanches have source areas
landslides distribution, but there are some new findings in thewith high relief and steep inclination, and that the saturated
recent event of the Wenhchuan Earthquake in China, 2008. Holocene loose deposits could be the most important factor

The Wenchuan earthquake occurred at the middle segmermiausing the long run out rock avalanches (Qi et al., 2011).
of the Longmenshan thrust belt at the eastern margin of the Apart from the general factors composed of landslides
Tibetan Plateau, which is characterised by rugged topograeontext setting, the effects of seismic fault mechanism and
phy, steep high mountains, deep valleys and complicated gegeometry on landslides development has not been studied in
ological structure. Historically, this region is famous for its depth. Although some earthquake-induced landslides exam-
various kinds of geohazards (Qiao and Pu, 1992; Yang et alples showed that thrust fault can cause more landslides in
2002). After the Wenchuan earthquake, post-seismic field ina wider region and result in landslides prone to occur on
vestigations as well as the interpretation of space images anthe hanging wall side rather than the foot side, such as the
aerial photographs have revealed more than 15000 geoha2:999 Chi-Chi earthquake in Taiwan, the 2004 Niigata earth-
ard sites in the damaged area (Yin, 2009). Besides triggerguake in Japan and the 1994 Northridge earthquake in US as
ing thousands of landslides during this event, there are alsavell as the 2008 Wenchuan earthquake in China (Harp and
lots of landslides with great volumes exceeding several tenlibson, 1996; Jibson et al., 2000; Wang et al., 2003; Kieffer
million cubic meters, which often cause fatalities. For ex- et al., 2006; Wang et al., 2007; Huang et al., 2008; Yin et al.,
ample, the Donghekou rock avalanche, which occurred in2009; Chen et al., 2010; Dai et al., 2011), thorough inves-
Qingchuan with an estimated volume of 230 m3, buried  tigations are still scarce. Such amounts of large landslides
one primary school and 184 houses, resulting in more tharoccurring in a single event provide a good opportunity for
780 deaths (Yuan et al., 2010). this study.

Compared with ordinary scale landslides, landslides with In this paper, considering large landslides as a special kind
a large scale of volume or plane area like deep-seated landf landslides, after analysis of the interplay between the ge-
slides and rock avalanches can cause more serious damagigical setting and the distribution of large landslide devel-
(Yin et al., 2009). Remote sensing interpretation showedopment, the influence of fault type and geometry is discussed
that during the Wenchuan earthquake there were a total oAnd preliminary estimation of the critical acceleratigrfor
112 large landslides generated, each of which had a planur typical large landslides is calculated. Then a comprehen-
area greater than 50 00&nblending of source area and de- sive discussion of the possible causes of the large landslides
position area, and can be classified as a deep-seated landsligegiven.
or rock avalanche (Xu and Li, 2010; Qi et al., 2011). Among . o
them were many large landslides with a volume bigger thar?  'nterplay between tectonics and distribution of large
ten millions cubic meters (Huang et al., 2008; Xu and Li,  landslides

2010). The fact that so many large landslides with dn‘ferent_l_he 2008 M, = 8.0 Wenchuan earthquake occurred at the

types of failure mechanisms and sliding dynamics occurredL :
: : : : : . ongmenshan fault zone (LSFZ) at the eastern margin of
simultaneously in a single triggering event is out of expecta- X : :
y 9 ggering P the Tibetan Plateau, an area that is deforming as a result of

tion, thus scientists are anxious to search for the answers. . . .
the collision between the Indian plate and the Eurasian plate.

Due to such amount of large landslides in the Wenchua . o
earthquake triggered by a single event, it is appropriatgrhe NE-NNE trending LSFZ, which is about 500km long

to consider large landslides as a special kind of Iand—and 30~ 50km wide, mainly consists of three sub-parallel

slide. Although large scale landslides show some distribu—thrUSt faults, namely the Wenchuan-Maowen (F1), Yingxiu-

tion rules similar to the ordinary landslides, they also presenfet'ChAuaT] (Fz)i aréd Guar_1X|an-|\(J|ang(31/ou (Ft3) faults (Z'.g‘ 1)£
some unique features in their distribution as well as slid- ate Archean to Cenozoic rocks and Quaternary sediments

ing mechanisms and dynamics, #s(1975) detailed stud- crop O.Ut in the region (Fig. 1). A simplified strata system is
ied sturzstroms mechanism and kinematics, as well as thglven in Table 1.
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Table 1. Simplified geologic strata system of the area most severely damaged b the8.0 Wenchuan earthquake (revised after Qi et al.,
2011).

Sequence Symbol Lithology

Holocene Qh Alluvium

Pleistocene Qp Loose deposit

Cretaceous K Conglomerate

Jurassic J Sandy slate, mudstone, sandy stone intercalated with mudstone

Triassic T Sandy stone, limestone, slate

Permian P Thick limestone intercalated slate

Carboniferous C Limestone, marble and sandy stone

Carboniferous-Devonian  C-D Carbonate rock, sandy conglomerate

Devonian D Quartzose sandstone

Silurian S Sandy stone, phyllite intercalated with limestone

Ordovician (0] Limestone, marble and phyllite of Baota formation

Cambrian € Metomorphic sandy conglomerate, limestone

Sinian Z Metamorphic sandy stone, metamorphic limestone
=]

Archean t Granite, diorite, gabbro
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Daguanghan landslide

Wenjiagou landslide

.
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Fig. 2. Area of large landslides of different segments. (1) Yingxiu
segment, (2) Gaochuan segment, (3) Beichuan segment and (4)
Qingchuan segment.

J & ' clustered along the faults, as have been proved by many stud-

k\ ' i | ies (Keefer, 1984, 2002; Khazai and Sitar, 2003; Wang et al.,
’ i@ﬁ\“%ﬂ ?w o 2003; Wen et al., 2004; Wang et al., 2007; Qi et al., 2010; Dai
e ﬁf/\"@ etal., 2011). This is the case in the Wenchuan earthquake, as

PP T e - e e e the large landslides are mainly dominated by the causative
ISR TSRS RS ottty o e o i faults from the southwest to the northeast (Fig. 1). However,
the spatial distribution of the large landslides appears un-
‘evenly along the seismic faults, with certain areas subject to
many failures whereas other areas are essentially unaffected.
EFrom the epicenter at the southwest to the northeast, large
andslides can be concentrated at four segments, namely the
Yingxiu segment, the Gaochuan segment, the Beichuan seg-
ment and the Qingchuan segment (Fig. 1). The quantity and
) plane areas of the large landslides are different between the
_The Wenchuan earthquake triggered thousands of landseyments (Table 2). The Qingchuan segment has the largest
slides ranging in size from rock falls of a few cubic meters to amount (39) of large landslides, whereas the Gaochuan seg-
rock avalanches of tens of millions cubic meters. A total of |\ o1t has the biggest landslides area (20 292 454 Fow-
112 large landslides (Fig. 1), each of which has a plane areg, o\ the average landslide plane area of these segments is
larger than 50000 f have been detected by remote image gjija except a few extra large landslides in the Gaochuan

interpretation among these landslides (Xu and Li, 2010). segment such as the Daguangbao landslidex20° m?)
Spatially, landslides triggered by earthquake have a clos%nd the Wenjiagou landslide (2910° m?) (Fig. 2)
relationship with causative seismic faults and they are e

Fig. 1. Geology map of the Wenchuan earthquake and the distribu
tion of large landslides. F1: Wenchuan-Maowen fault, F2: Yingxiu-
Beichuan fault, F3: Guanxian-Jiangyou fault. (1) Yingxiu segment;
(2) Gaochuan segment; (3) Beichuan segment; (4) Qingchuan se
ment
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Table 2. Distribution of large landslides and their plane areas.

Segment Yingxiu  Gaochuan Beichuan Qingchuan

Quantity 17 33 23 39
Total area (m) 4093201 20292454 4746898 8193967
Average area (ﬁ) 240766 614922 206 386 210101

2.1 Correlation between large landslides and seismic
faults

600 4

y=-198.In(x) + 856.3
R?=0.959

Landslides triggered by earthquakes have a closer relatior 3% 7

ship with tectonic settings than that triggered by other fac-

tors. Researches on earthquake-induced landslides show th 4 |

causative faults influence the distribution of landslides dur-

ing a strong shaking event (Khazai and Sitar, 2003; Wen € 5

al., 2004; Wang et al., 2008) and, with the increasing of the§ **

distance from the causative fault or epicenter, the number o g

triggered landslides presents a negative-exponential decling 5o -

(Simonett, 1967; Keefer, 2000; Wang et al., 2007). 3
Statistical analysis of the landslides in the Wenchuan

B normal landslides

© large landslides

100 A

earthquake indicates that the number of earthquake-induce y=-14.0In(x) + 32.93

landslides decreases with increasing distance to the seism Rt=0760 [ ] ™)

faults. Almost 80 % of landslides are within 30km to the 0 . . . . . ,
seismic faults and are spread unevenly in the damaged re 10 20 30 40 50 60 70
gion. More than 87 % of landslides were located on the hang:

ing wall side of the LSFZ where most of the large aftershocks oo Distance toground surface rupture(km)

(M > 4.0) occurred (Chen et al., 2010).

Unlike normal landslides, large landslides in the
Wenchuan earthquake show distinctly close relationship wit
the causative seismic faults in spatial distribution. They are

only limited to a very narrow zone from the ground surface . . g
steepest topographic gradient among any existing plateau
rupture. All the 112 large landslides are within a 15 km buffer edgep(Dens[r)nc?re gt al. 92007)_ g any ap

to_ the ground surfac_:e rupture._Among them, 44 large land- Geologically, the large landslides are distributed strictly
slides occurred within a 1 km distance to the ground surface"Nithin the Longmenshan thrust fault belt, where relief
rupture and more than 80 % of the large landslides are within,y, 45 sharply. On the whole, elevation at the southwest re-
5km distance (Xu et al., 2010). Meanwhile, when comparedg;q, is higher than at the northeast. From southwest to north-
with other normal landslides, the number of large Iandslldeseast four profiles (section A, B, C, D) are drawn at the places
drops more rapidly as the distance from the seismic faults inyp e |arge landslides are concentrated. With respect to the
creases, although they all have negative-exponential dec"n%eichuan segment and the Qingchuan segment, topography

Fig. 3. Relationship between large landslides and distance from the
hground surface rupture.

(Fig. 3). is steeper at the Yingxiu segment and the Gaochuan segment
(Fig. 4a and b).
2.2 Correlation between large landslides and Generally, almost all the large landslides occurred at steep
topography slopes with the gradient of 20°. Meanwhile, more than

70% of the large landslides have an original slope degree
Beside the magnitude of the Wenchuan earthquake, thef > 3(° (Fig. 5a). In respect to ordinary landslides, large
abrupt change of topography in the damaged area is anothésindslides are more likely to occur at steeper slopes. How-
important factor predisposing to landsliding. ever, the area damaged by large landslides is not obviously

Topographically, the LSFZ is a transitional zone from the affected by the degree of the slope (Fig. 5b).

Tibetan Plateau to the Sichuan Basin plain. Its relief grad-
ually decreases eastward (Fig. 4a). On the western side of
the LSFZ, the elevation is commonly above 3000 m, while
on the east side of the LSFZ, especially in the Sichuan
Basin, it is lower than 800 m. The plateau margin has the
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Statistical analysis shows that there are 15, 44 and
53 large landslides that occurred in the hard rock group

Section C

(type 1), second-hard rock group (type IlI) and soft rock
IWM\/\— group (type IlI), respectively (Fig. 6b). From the epicenter
s to the northeast along the rupture direction, the rock property

changes from the hard rock group (type I) to second-hard

section D rock group (type II) and then to soft rock group (type III)
;Ww (Fig. ).
£ Taking account of seismic rupture propagation direction
© as well as elevation and landform changes, there exists an

_ _ _ _ interesting combination of geological settings for large land-
Fig. 4. Topography of study regiorfa) Elevation;(b) Slope gradi-  slides. The harder the rock type, the steeper relief is needed
ent;(c) 4 cross sections at A, B, C, D. for forming large landslides.

2.4 Correlation between large landslides and coseismic

2.3 Correlation between the large landslides and rock displacements

mass type

. . . Field investigations indicated that thds = 8.0 Wenchuan
Although it is generally known that landslides are likely to
) ) earthquake generated a 240 km and a 90 km long surface rup-
occur in weak rocks, in the area affected by the Wenchua : o .
. . ures along the Beichuan-Yingxiu fault (F2 in Fig. 1) and the
earthquake, slope failures can be frequently found in har

rocks like granite and limestone, just as in large landslides uanxian-Jiangyou fault (F3 in Fig. 1), respectively (Xu et
(Fig. 1) al., 2009).

. . . . According to Yu et al. (2010) study, the coseismic dis-
. The study areais domlr)ated by the.prg—Ternary units. Ter. Iacementsg are not even( ann)g theysurface rupture zone.
tiary and Quaternary sediments are limited to the SOUthea%eichuan-Yingxiu grounds ruptures can be divided into

edge of the LSFZ, and are adjacent to Sichuan Basin (Fig. 1) . i o
. . : 3 /2 main segments: the Yingxiu segment at south part and the
According to rock engineering standards (“Standard for eNngisichuan segment at north part. These segments are sepa-

neering classification of rock masses”, GB50218-94, China . . i
1995), the study area can be mainly classified into four rockirated by the Gaochuan jog. Deformation along these two seg

types: the hard rock group, second-hard rack group, the Soi%nents is different: reverse faulting is dominant at the Yingxiu

. segment, while along the Beichiuan segment, a morkerh-
rock group and second-soft rock group (Fig. 6). Near the,. . . . .
: . - o between the right-lateral motion and the vertical motion
epicenter region, the strata are mainly composed of a set of _.
. ) . . . exists (Yu et al., 2010).
migmatized metamorphic rock and migmatite, named the fa- : Do L
o o . Based on the investigation of the coseismic displacements
mous “Pengguan massif”, which belongs to the hard rock :
I . along the surface ruptures (Yu et al., 2010), four bigger co-
type. Second-hard rock group in this area includes carbon-

o . seismic displacement centred zones can be delineated from
ate rock, i.e. limestone and conglomerate, while the soft rock

roun includes shale and other metamorohic rocks southwest to northeast along the surface rupture, and they are
group P ’ the Yingxiu segment, the Gaochuan segment, the Beichuan

segment and the Qingchuan segment (Figs. 7 and 8). Along
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with the physical distribution of large landslides, it can be
found that the concentration distribution of the coseismic dis-
placements correlates with large landslides (Fig. 7).

Yu and her colleagues had measured horizontal and ver-
tical coseismic displacements in the field (Yu et al., 2010).
In this paper, total displacemen®y) is used to describe the
ground surface deformation, too. It is expressed as a combi- i
nation vector value of horizontal and vertical coseismic dis-
placement following the equation at a special observation po-
sition: Fig. 7. Distribution of the coseismic displacements measured

in the field (revised after Yu et al., 2010)a: (vertical coseis-
th,/Dﬁ+D3 mic displacements distributiory: horizontal coseismic displace-

ments distributiong: total coseismic displacements distribution; (1)
whereDy, is horizontal coseismic displacement (cm) @ Yingxiu segment, (2) Gaochuan segment, (3) Beichuan segment and
is vertical coseismic displacement (cm). (4) Qingchuan segment).
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Table 3 shows the maximum coseismic displacement val-
ues of the four segments. Both the biggest vertical and hori-_, o ) ) . )
zontal displacements are presented at the Beichuan segmeﬂg' 9. Distribution of large landslides with seismic intensity.
(Table 3, Fig. 8), they are measured 6.5m and 5.4 m, respec-

tively (Yu et al., 20_10)' . landslides were distributed in the area where PGA exceeded
For horizontal displacement, the value becomes bigger an

: . o . 300 gal in the horizontal component (Wang et al., 2003). In
bigger alopg the rupture propagatlo.n dlrect|on_ from the ®P"the Wenchuan earthquake, more than 70 % of the landslides
center region to the northeast, until at the Qingchuan Se9v ere presented in the area with PGA greater than 354 gal,
. . . Shis value corresponds to seismic intensity VIII when scaled
ep|center section and the Beichuan Segme”" the valges A China seismic intensity (Li et al., 2008; Chen et al., 2010).
bigger than other segments, and the minimum value is pre- Lots of references indicate that the threshold intensity for

sented at the Qingchuan segment. As to the total dlSpIacet’riggering small landslides is of approximately seismic inten-

ments, the maximum value appears at t_he Bglchuan segmergity VI (Harp et al., 1981; Keefer, 1984), as is also proved to
that was one of the most damaged regions in the WenchuaBe true in the Wenchuan earthquake (Chen et al., 2010; Qi
earthq.uake. It is notable that all the hprizontal, vertical andet al., 2010). But as to large scale landslides trigge,red by,the
total dlsplgcements de_crez_:lse at the Qingchuan segment. \venchuan earthquake, it is found that almost all the large
The variety of coseismic displacement values in differ- landslides occurred in the region of seismic intensity higher
ent segments along the ground surface ruptures reveals tr}ﬁan X except several events that occurred in seismic inten-
Cha”‘?’e of fault type ar.1d fault geometry (Haegsslgr et al'sity IX in the Qingchuan region, the northeast end of the sur-
2004,'Shen et a!., 200.9’ .Yu ?t al., 2010). Overla.|d W't.h I"’.‘rgeface rupture (Fig. 9). This fact reveals a closer tie between
landslides physical distribution, the concentration d|str|bu-the large landslides and their geological locations. The zone

tion of coseismic d|_splacements s in good a(_:cordance .W'ﬂ}Nhere it is likely to form large scale landslides is much nar-
large landslides. This means that where the bigger coseismic

. . : __rower than that for generating comparative small scale land-
offsets slipped, heavier slope failures occurred. Meanwhile lides, and strong ground motion is an important factor of
atthe places where the fault type and fault geometry change eterr’nining large landslide incidence
the slope failures were heavier, such as at the transforming '

o . i ) . Although hundreds of seismic instrument records of main
positions (like the Beichuan county in the Beichuan segment)shock were obtained during the Wenchuan earthquake, near
and the faults junctions (like the Gaochuan segment). !

field seismic data is not optimal for further studying. Ta-
ble 4 lists seven seismic ground motion records which were
obtained at or around the area damaged by large land-

As the trigger of earthquake-induced landslides, seismicS!ides: Among them, No. 6, named Wolong Seismic Station,
ground motion plays an important role in the occurrence offecorded Fhe strongest ground motion. Peak accelerations
landslides. Research and reports indicate that the landsliddgcorded in the EW, NS, and vertical directions are 957.7,
distribution could be closely related to the distribution of 6°2-9, and 948.1 gal, respectively (Li et al., 2008).

peak ground acceleration (Harp el al., 1981; Keefer, 1984;

Wang et al., 2003; Meunier et al., 2007; Wang et al., 2007).

During the 1999 Chi-Chi earthquake in Taiwan, earthquake-

induced landslides rate generally increased with peak ground

acceleration (PGA) increasing, and more than 90 % of the

2.5 Distribution of large landslides with ground motion
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Table 3. Maximum coseismic displacements at different segments.

Segment Horizontal displacement  Vertical displacement ~ Total displacement)
name (cm) On) (cm) (Dv) (cm) (Dy)

(1) Yingxiu 450 620 620.0

(2) Gaochuan 470 520 674.759

(3) Beichuan 540 650 752.928

(4) Qingchuan 350 240 388.104

Table 4. Peak accelerations recorded in the near stations.

Seismic  Lat. Long. Distance from E-W N-S U-D  Total
station €) ) rupture (km) (gal) (gal) (gal) (gal)

1 10446 31.26 35.0 129.0 90.8 139.1 210.31
2 104.41 3177 1.6 493.4 548.6 2144 768.54
3 104.62 31.78 13.0 347.0 5125 448.1 764.10
4 104.78 3191 17.0 470.2 519.6 2108 731.78
5 104.98 31.96 19.0 279.9 302.8 214.2 464.66
6 103.2  31.0 19.2 957.7 6529 948.1 14975
7 1041 315 2.3 824.1 8027 6229 1308.2

* Locations of 7 seismic stations are shown in Fig. 9.

3 Discussion thrust faults, such as the 1999 Chi-Chi earthquake in Tai-
wan, the 2004 Niigata earthquake in Japan and the 1994
Northridge earthquake in US (Harp and Jibson, 1996; Wang
et al., 2003; Jibson et al., 2004).

Analysis of Global Positioning System and Interferomet-
ric Synthetic Aperture Radar data about the Wenchuan earth-

Qfs sjgsgri:::a?;ljlrt]f#ir;ﬁlgr?i;ricfsrsw?efl|Izgdfalﬂfsde?riefgegrsequake indicates that the geometry of the fault changes along
. . its length: in th hw he fault plane dips m ratel
not clear. Landslides triggered B3ys = 8.0 Wenchuan earth- ts lengt the southwest, the fault plane dips moderately

K ' q unity t | thi lati to the northwest but becomes nearly vertical in the north-
gﬁ; € provide a good opportunity fo explore this refation- o o (Shen et al., 2009). Besides, the motion along the fault

, L - changes from predominantly thrusting to strike-slip (Shen et
Oglesby’s study on the Chl—Chl'earthquake indicated theaI., 2009). Moreover, as to the landslides concentrated places
effects of fault geometry, nonuniform prestress, and dy-

namic waves on the physics of the Chi-Chi earthquake an uch as Yingxiu town, Gaochuan town and Beichuan County,

dip-slip faults (Oglesby and Day, 2001). Abrahamson and hee;; srﬁr? Ig?osngrtehéh?amegiiitrlg r}Ssr?;:,ath ;{Ieg;noeorg)s. \?:]c:-re
Somerville's study proposeq thgt thru_st and reverse faults Cagrating coseismic displacements with the occu;rence of large
ﬁause stronger grounq motion in thelr_hangmg walls (Abra'landslides, it is found that with the change of fault type from

amson and Somerville, 1996.)' Stu.d es on the Wenchua everse dominated to dextral from southwest to northeast, the
earthquake revealed faults spatially distribution features hav?naximum distance between large landslides and the ground
controlling effects on the aftershocks occurrence, and at th

same time, aftershocks relocation of the Wenchuan earth%urface rupture decrease (Fig. 10). This fact indicates that a

K ted that t of the aftershock d withi reverse fault can trigger large landslides in a wider region
gquake supported thal most otthe aftershocks occurred wi IrEat southwest part) than a strike-slip fault does (at northeast

tzhhe LSFf a}ndz(c))gg;h;rtuang;ngl] vvzaéli%g s_ll_c:‘esf (Zthtl;l e: Ial., dzegs; art). Therefore, a primary study shows fault type and geom-
ang etat, »£haoetal, ). The fact that landslide try may influence the landslides spatial distribution on the

were likely to occur on the hanging wall side can be con- : . : .
: . . . landslides location, size, density, and so on.
tributed to the abnormally high ground motions on it (Abra- y

hamson and Somerville, 1996; Harp and Jibson, 1996; Jib-

son et al., 2004). It is apparently that during the Wenchuan3-2  Influences of peak ground motion on landslides
earthquake, which was caused by thrust faults, hanging wall

and footwall sides experienced different intensity of ground Strong correlations were found between the variations of
motion and consequent high concentrations of landslides otandslide density and both the vertical and horizontal com-
hanging wall, as appeared in other earthquakes caused kyonents of recorded peak ground accelerations (Meunier et

3.1 Influence of seismic fault mechanism and geometry
on the triggered landslides
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Table 5. Slopes composed of coherent rock material with thickness of 20 m.

Landslide ¢ (Mpa) «(®) ¢’ (°) t(m) x((KNm3) Fs ac(gal)
Niujuangou 25 40 65 20 30.0 9.037 4871.0
Daguangbao 2.0 45 55 20 27.0 6.666 3776.0
Wangjiayan 1.0 37 45 20 25.0 4.650 2152.0
Donghekou 1.0 40 45 20 24.0 4433 2162.0
Table 6. Slopes composed of coherent rock material with thickness of 10 m.
Landslide dMpa) «(®) ¢ () t(m) A(KNmM3) Fs ac(gal)
Niujuangou 2.5 40 65 10 30.0 15,520 9146.7
Daguangbao 2.0 45 55 10 27.0 11904 7556.0
Wangjiayan 1.0 37 45 10 25.0 7.973 41129
Donghekou 1.0 40 45 10 24.0 7.674 4204.1
1 the potential landslide block first moves, which can generally

T u ~_ be approximated as the slope angle.

gw Fsis expressed as:

§ 10 \ s p

: R / tang’ tang’

£ . o~ o= g mywlany

¥, ~— ytsine = tana y tana

3

a 2

0 wherey’ is the effective friction angle;’ is the effective co-

Yingxiu Gaochuan Beichuan Qingchuan

hesiong is the slope angle; is the material unit weightay
is the unit weight of water, is the slope-normal thickness of

Fig. 10. Maximum distances of large landslides to the ground sur-ipe failure slab, aneh is the proportion of the slab thickness

face rupture at different segments.

al., 2007). Studies on the distribution characteristics of th

Wenchuan earthquake induced landslide also support thig’

viewpoint (Wang et al., 2003; Keefer et al., 2006; Wang et
al., 2008; Qi et al., 2010; Chen et al., 2010).

After selecting four typical large landslides from the four
large landslides concentrated segments separately, the a
thors tried to estimate critical acceleratiap for generat-
ing the events based on the Newmark model and compar
calculatedac with the peak ground acceleration obtained
by seismic instruments records. These four large landslide
are the Niujuangou landslide in the Yingxiu segment, the
Daguangbao landslide in the Gaochuan segment, the Wangj
ayan landslide in the Beichuan segment and the Dongheko
landslide in the Qingchuan segment (Fig. 11).

In the Newmark model (1965), it is shown that critical
acceleration of a potential landslide block is a simple func-
tion of the static factor of safety and landslide geometry, ex-
pressed as

ac = (Fs—1)gsina

whereqc is the critical acceleration in terms gf the acceler-
ation of Earth’s gravity;Fs is the static factor of safety; and

that is saturated. Because the season when the Wenchuan

earthquake took place was not the wet season, superficial
slope materials were dry. Therefore, no pore-water pressure
is included r = 0) in this calibration, and the third term
ops from the equation.

Two situations of the slopes are calculated here, one is

r

where slopes are composed of coherent rock material, and

apother is where slopes are composed of fractured rock mate-
rial. Under different conditions, the parameters of rock mate-

gals are different. The varied parameters are effective friction

angle¢’ and effective cohesiod. Based on the landslides’

Qwaterial components and for simplicity, rock materials pa-

rameters are assigned as showing in Tables 5-8 according
fo “Standard for engineering classification of rock masses”
P6850218—94, China). Meanwhile, the slope angles for dif-
erent landslides are taken from their practical typical slope
angles, while the thickness is taken the same value of 10m
and 20 m, respectively. After calculation, the results of criti-
cal acceleration. and static factor of safetls are also listed

in Tables 5-8.

The Newnark model has been applied widely and suc-
cessfully in seismic landslides hazard assessment (Jibson
et al., 2000; Jibson and Michael, 2010; Scott and Keefer,
2001). Although our calculation about the four large land-
slides is based on the Newnark model with simplified pa-

« is the angle from the horizontal that the centre of mass oframeters, some preliminary useful understanding is achieved
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Table 7. Slopes composed of fracture rock with thickness of 20 m.

Landslide ¢ (Mpa) «(°) ¢ (°) t(m) A(KNm=3) Fs ac(gal)
Niujuangou 0.25 40 40 20 30.0 1.648  408.33
Daguangbao 0.22 45 35 20 27.0 1.2763 191.466
Wangjiayan 0.15 37 25 20 250 1.117 69.18
Donghekou 0.15 40 25 20 24.0 1.042 26.45
Table 8. Slopes composed of fracture rock with thickness of 10 m.
Landslide dMpa) «(®) ¢ ) t(m) AKNM3 Fs ac(gal)
Niujuangou 0.25 40 40 10 30.0 2.296 816.667
Daguangbao 0.22 45 35 10 27.0 1.853 590.772
Wangjiayan 0.15 37 25 10 250 1.616 363.183
Donghekou 0.15 40 25 10 24.0 1528 332.636
1g =9800al.

when comparing outcomes under various slope conditionsanalysed their distribution characteristics and suggests this
first, it is seen that with the increasing of the slope thick- kind of large and deep slope failures could be specifically
ness, the critical acceleratiapis reduced, then it seems that tied to some particular geologic settings. This is in agree-
deeper landslides are less stable than shallower landslidesent with what is found in Chi-Chi earthquake (Khazai and
given the same strength values and slope angles; secondigjtar, 2003).

rock materials are important for slope stability, the harder the
rock, the more stable the slopes. This agrees with our normal 1.
knowledge of slope stability; thirdly, it needs very big PGA

to generate large landslides under natural conditions when
the slope material is composed of coherent rock material.

After combining our calculation results of critical acceler-
ationac with seismic records obtained during the Wenchuan
earthquake, the calculated valuaigin Table 8 seems realis-
tic. Comparing the recorded peak ground accelerations at the 2.
epicenter region (957.7, 652.9, and 948.1 gal in the EW, NS,
and vertical directions, respectively) with the estimatgd
values of 408 gal (for slope thickness 20 m) and 817 gal (for
slope thickness 10 m), it is found that the real ground motion
is strong enough to fail the slope composed of fracture rocks
with a thickness either of 10 m or 20 m, but not the coherent
rock material. From its initialised calculating conditions, it
can be concluded that most of the very large landslides may
be occurring on pre-existing fractures or discontinuity planes
that were undetectable prior to the earthquake, and in this
case, it seems that bigger peak ground acceleration is needed
to generate large landslides in epicenter region than in the
northeast terminal region because of the hard rock mass at 3.
the epicenter region.

4 Conclusions
The Wenchuan earthquake triggered numerous landslides,
and among them many large scale landslides are responsible

for the majority and tragic fatalities related to single land-
slides. Taking it as a special kind of landslides, our study

Nat. Hazards Earth Syst. Sci., 12, 36453657, 2012

The large landslides are dominantly developed in a nar-
row belt along the LSFZ, its numbers drop more rapidly
with the increasing of the distance from the seismic
faults when compared with other normal landslides.
More than 80 % of the large landslides are presented
within a 5 km distance from the ground surface rupture;

Most of large landslides occurred in the region with
seismic intensity higher than X except of several events
occurred in IX in Qingchuan region, the northeast end
of the surface rupture. This means that large landslides
have a closer relationship with geological locations than
ordinary landslides. The calculation of critical accelera-
tions in different segments suggests that large landslides
may have occurred on pre-existing fractures or discon-
tinuities that were undetectable prior to the earthquake
and be composed of fracture rocks. For the same scale,
a greater PGA is needed to trigger large landslides when
the slope is in a region covered with hard rocks;

The physical concentration distributions of large land-
slides are in good accordance with coseismic displace-
ments measured in the field, the bigger the coseismic
displacements appear, the heavier the landslides that oc-
cur. Taking account of the fact that the components of
coseismic displacement value can reflect the changes of
fault type and fault geometry, it can be concluded that
fault type and geometry are important factors influenc-
ing the occurrence of large landslides and its concen-
trations. Thus, we are given the hope of predicting the

www.nat-hazards-earth-syst-sci.net/12/3645/2012/
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potential area of the large landslides when doing seis-
mic hazard assessment, if fault geometry could be de-
termined in advance.

4. From southwest to northeast, fault type changing from
reverse dominated to dextral, the furthest distance be-
tween the large landslides to the rupture decreases. This
suggests that reverse fault could cause large landslides
in a wider region than a strike-slip fault.
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