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Abstract The 2000 Yigong landslide was one of the most cata-
strophic landslides worldwide, resulting in huge casualties and
property losses. The dynamic process of the Yigong landslide
was very complicated, especially for the initiation and entrainment
mechanism during the landslide movement process. The topogra-
phy, geological condition, traces left by the landslide, and distri-
bution characteristics of the landslide deposits were determined by
field investigations, combined with several years of monitoring the
temperature and rainfall data in this region. The initiation mech-
anism of the Yigong landslide is presented. The main reasons for
the landslide initiation are as follows: the strength reduction of
rock masses (especially for the weak structural surface), the impact
from years of freeze-thaw cycles, the superposition of glacier
melting and heavy rainfall on the slope, and a slope that was
almost at the limit state before the landslide. Laboratory tests
and physical modeling experiments were carried out to study the
entrainment process of this landslide. Combined with the topo-
graphic survey data and theoretical analyses, the entrainment
mechanism during the movement process of the Yigong landslide
is presented. The old landslide deposits on the lower slope collided
with and were scraped by the high-speed debris avalanche, which
resulted in the volume amplification of the landslide. The exis-
tence of water plays a key role during the landslide initiation and
movement processes.

Keywords Yigonglandslide - Dynamic process - Initiation
mechanism - Entrainment - Water

Introduction
Rapid catastrophic landslides, often defined as having a minimum
volume of 10° m? can cause huge property loss and human death
because of their large volume and high speed (Korup et al. 2007;
Kuo et al. 2013; Pudasaini and Miller 2013; Weidinger et al. 2014).
Previous studies have shown that in recent years, the occurrence
frequency of rapid and long-runout catastrophic landslides has
significantly increased because of the changes of global climate,
such as rising temperature, heavy rainfall, and retreating snowline
(Crosta et al. 2009). Catastrophic landslides are widely distributed
worldwide, especially in the mountainous regions, such as the
southwest of China (Wang et al. 2013). On 12 May 2008, the great
Wenchuan earthquakes resulted in many catastrophic landslides
and provided rich data to study the dynamic problem of rapid
giant landslides (Huang and Li 2009; Tang et al. 2010; Dai et al.
2011; Yin et al. 20115 Zhou et al. 2013a). The initiation mechanism
and motion process are very important to understand the dynam-
ical process of giant landslides, which can provide possible pre-
ventive measures for potential giant landslides.

Landslides and other slope failures can be triggered by different
factors, such as earthquakes, heavy rainfall, freeze-thaw cycles,
glacier melting, and human activities (Evans et al. 2001). The
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initiation mechanisms of landslides under different triggering
factors are not the same and are also influenced by the geological
condition of the slope (Acharya et al. 2011). Triggering factors for
the landslide can be divided into two main types: long-term
factors, such as freeze-thaw cycles, weathering, and unloading,
and short-term factors, such as strong earthquakes and heavy
rainfall (Barth 2014). Most of the catastrophic landslides are trig-
gered by the strong earthquake, such as the Tangjiashan landslide,
the Donghekou landslides, the Wenjiagou landslide, and the
Daguangbao landslide triggered by the 2008 Wenchuan earth-
quake (Yin et al. 2011) and the Tsaoling landslide triggered by the
1999 Chi-Chi earthquake (Tang et al. 2009). Because strong earth-
quake poses huge energy on the slopes in the earthquake hit area,
some of the catastrophic landslides are triggered by heavy rainfall,
for example, on 9 August 2009, a catastrophic landslide (Hsiaolin
landslide) is triggered by the accompanying heavy rainfall from
Typhoon Morakot in Kaohsiung County, Taiwan (Lo et al. 2011).
Previous studies have pointed out that water content within the
sliding mass and the sliding bed can accelerate rock mass dilation
and fragmentation and a successive increase in mobility (Crosta
et al. 2009). Landslides may be initiated by one triggering factor or
several coupling factors. Furthermore, the failure of the slope is
controlled by internal factors, such as terrain condition, mechan-
ical properties of the rock mass, and distribution of joints and
structural surface; the failure mode and probability for different
slopes are not the same (Mather et al. 2014).

During the motion process of rapid giant landslides, the rapid
sliding masses will interact with the bed materials along the trav-
eling paths, especially for the saturated accumulations (Legros
2002; Dufresne 2012). The high-speed sliding mass can entrain
large volumes of sediments both in a dry state and a saturated
state (Angeli et al. 1998; Dufresne and Davies 2009). Entrained dry
material is generally the consequence to reduce the mobility of
sliding mass (Crosta et al. 2009). However, according to the
Xiejiadianzi catastrophic landslide triggered by the 2008
Wenchuan earthquake, Wang et al. (2013) have pointed out that
an earthquake can simultaneously trigger liquefaction of runout
path materials before the arrival of the landslide mass, thus greatly
increasing the mobility of an overriding landslide. Entrainment of
almost saturated material can have a more complex consequence,
in which most can increase the runout distance, because of sudden
undrained loading and impact on loose deposits, and entrainment
of a saturated substrate can cause enhanced mobility (Crosta et al.
2009; Sassa 2000; Zhu et al. 2000). The bed materials are scoured
and eroded by the sliding mass and mixed with the sliding mass
and water, accreted to the main flow front or entrained, resulting
in the change of the landslide form (Dufresne and Davies 2009; Lo
et al. 2011). Some studies for rainfall-induced landslides have
pointed out that high-speed sliding motion leads to grain crushing
along the sliding surface, and the liquidated bed materials are
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entrained by the upper sliding masses and finally resulted in the
long-runout distance and increasing volume of sliding mass (Sassa
2000). The entrainment of sufficiently large volumes of bed mate-
rials and surface water in the traveling path can transform a dry
rock avalanche into a debris avalanche/flow, which has greater
mobility (Lv et al. 2003; McDougall and Hungr 2005). The volume
of avalanches can be significantly increased through entrainment
of a substantial amount of bed material during the movement
process (Niemi et al. 2005). Here, field investigation, laboratory
test, and theoretical analysis are used to study the initiation mech-
anism and entrainment process of the 2000 Yigong landslide.

Background

The 2000 Yigong catastrophic landslide occurred in the mountains
of Tibet at 94° 58’ 03" E, 30° 12’ 11" N (Xu et al. 2012). The initiation
zone of the 2000 Yigong landslide was located in Zhamu Creek, at
the north side of the Yigong River, a tributary of the Yarlu River. In
this section, the geomorphology and geological condition in the
study area is briefly introduced, and then the main features of the
2000 Yigong catastrophic landslide are described.

Geomorphology

The 2000 Yigong landslide occurred in the steep high mountain-
ous region, which is located on the southern flank of the
Nyaingentanglha Shan Mountains in southeast Tibet (Shang
et al. 2003). Figure 1a shows the location of the Yigong landslide
area; the distance to Yigong Town is approximately 26 km, and the
location is 50 km from Lulang Town and 95 km from Bomi City.
An old dammed lake was formed on the Yigong River in 1900, and
after 100 years, a new catastrophic landslide occurred in Zhamu
Creek and also formed a huge landslide dam. Figure 1b shows the
geomorphology condition of the Yigong landslide region.

As shown in Fig. 1b, the length of Zhamu Creek is approximate-
ly 9.7 km, with thick ancient glaciers and snow on the top slope
when the slope elevation is greater than 4500 m. Bedrock is bared
at an elevation of approximately 3100-4200 m, and large volumes
of landslide deposits of outwash, glacial moraines, and others are
accumulated at the lower slope and along Zhamu Creek. The total
length of Zhamu Creek is approximately 10.6 km, the maximum
elevation at the top creek is approximately 5515 m, and the mini-
mum elevation at the lower creek of the Yigong River bed is
approximately 2185 m, with a total elevation difference of 3330 m
and a mean longitudinal inclination of 31.4 % (Xu et al. 2012). The
2000 Yigong landslide occurred at the top slope of Zhamu Creek;
the elevation range of the initiation zone is approximately 4000-
5515 m. Zhamu Creek is perpendicular to the Yigong River. When
the landslide deposits rushed into the river, the water flow was
blocked by the mixture of rocks and soils and formed a dammed
lake.

Figure 2 shows the three-dimensional visualization of the
Yigong landslide region. At the upper creek, the elevation is ap-
proximately 3800-5515 m, with the slope angle larger than 50° and
side slope angles approximately 40°-50° (Hu et al. 2009a). The
upper slope is mainly covered by thick glaciers. Slope failures
occur easily under the special geomorphology conditions.

Figure 3a shows the steep terrain of the upper slope at the
Zhamu Creek, and multiple glaciers cover the mountain top. At
the middle creek, the elevation is approximately 2900-3800 m,
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with the slope angle approximately 15°-18° and side slope angles
approximately 45°-80°. Large volumes of loose landslide deposits
are accumulated in this section due to the effect of old slope
failures, strong physical weathering, glacier melting, and other
processes. At the lower slope, the elevation is approximately
2185-2900 m with a gentle slope inclination about 10°-15°. The
outlet of the Zhamu Creek is the junction position with the Yigong
River. Large amounts of landslide deposits are accumulated at this
section due to the 1990 Yigong landslide in the same region (Yin
2011). Here, we select four terrain sections along the Zhamu Creek
to analyze the terrain changes across the channel (the locations of
the terrain sections are shown in Fig. 2).

As shown in Fig. 3a, erosions were strongly intensive at the
upper slope; that means several landslides and collapses occurred
in the same area in the past. According to the terrain data at
different sections along the creek (Fig. 3b), we can find that the
inclination for the slopes on both sides of the Zhamu Creek is very
steep, while the width of the creek is relatively large at the upper
section and gradually narrows with decreasing elevation. At the
lower section of the creek, the terrain is flat and the width of the
creek is enlarged. This special terrain condition will affect the
motion of the landslide; part of the boulders may be blocked at
the back of the narrowest location (Yin and Xing 2012).

Geology

In the study area, the rock masses at the slope surface are strongly
weathered. Joints and fractures are well developed in the rock
masses. The occurrences of the main joints in the study area
include the following: (1) the dip direction of 328° and dip of
46.5° (2) the dip direction of 120° and dip of 74° (3) the dip
direction of 64° and dip of 32°, (4) the dip direction of 180° and
dip of 48°, and (5) the dip direction of 284° and dip of 72°. The
layers of rock masses are also most consistent with the strike of the
slope. The slope stability is controlled by the structural surfaces
and rock layers. Wedge instability controlled by different structur-
al surfaces is the typical slope failure mode in this region.

Under the effect of tectonic movements and geomorphic evo-
lutions, the distribution of lithology in the Yigong landslide area is
very complicated. The study area is located near the Gangdise
batholiths (Xu et al. 2012). There are four main types of rocks in
this area: granite, marble, sandstone or slate, and limestone, with
different degrees of weathering and variability. Figure 4 shows four
images of the different types of rocks in the Yigong landslide
region.

At the upper section of Zamu Creek, the rock masses are mainly
composed of granite and steep slate (Fig. 4a, c). Here, we empha-
size that dolomite existed in the landslide initiation zone and
deposition zone, with different weathering degrees (Fig. 4d). At
the middle section, there are epimetamorphic rocks of the upper
Pondo Group (Cp,) of the Carboniferous, including marble
(Fig. 4b), sandstone, and slates interbedded with marbles (Shang
et al. 2005). Large volume of loose landslide deposits also existed
at the creek bottom in the middle section, mainly composed of
fragmented gravels, sandy silt, and other debris. At the lower
section, thick deposits from old rock avalanches or debris flows
are accumulated.

During the field investigation process, a small number of the
dolomites were weakly weathered; most of the dolomites were
strongly weathered and transformed into white powder (Fig. 5a),
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Fig. 1 a Location of the study area and b geomorphology condition of the Yigong landslide region (modified from Google Earth, 2014)

which is similar to lime but has more coarse particles and rough-
ness. The powder of strongly weathered dolomite existed at dif-
ferent deposition locations, mainly at the middle section of
landslide depositions. Figure sb shows the X-ray diffraction anal-
ysis results for the sample of dolomite powder, and the mineral
composition of dolomite is relative to a single of CaMg(COj),. The
dolomite can be weathered more easily and significantly

influenced by the freeze-thaw cycle, resulting in the decreasing of
shear strength (Angeli et al. 1998; Borgatti and Soldati 2010).

The 2000 Yigong landslide

On 9 April 2000, a catastrophic landslide took place at Yigong,
Southeastern Tibet, one of the largest non-seismic landslides in the
world. Interpretation of remote sensing images shows that the
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Fig. 2 Three-dimensional visualization of the Yigong landslide region (landslide
region in Fig. 1)

total volume of the Yigong landslide deposits is approximately
3x10° m?, while the accumulation area is approximately 6x10° m?,
and the average depth of depositions is approximately 50 m
(Shang et al. 2003). The landslide was initiated at an elevation of
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Fig. 3 Geomorphology features of the Zhamu Creek: a site photo and b terrain
data at different sections along the creek (locations of the sections are shown in
Fig. 2)
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Fig. 4 Images of the different types of rocks in the Yigong landslide region: a
granite, b marble, c slate, and d dolomite

approximately 5000 m (the volume of the landslide initiation
region is estimated to be larger than 1x10° m?®) and then acceler-
ated after a downward path of 1500 m because of the steep
inclination of the slope. Rock fragmentations occurred in the rock
mass because of the high motion speed and were then transformed
into rock avalanche. The old deposits at the creek were impacted
and scoured by the high-speed rock avalanche (which was mixed
with ice blocks and water) and finally transformed into a super
high-speed debris avalanche, eroding both banks of the creek (Xu
et al. 2012). Finally, the debris avalanche was flushed into the
Yigong River and formed a huge landslide dam. The landslide
deposits are widely distributed at Zhamu Creek.

Figure 6 shows the geological investigation results of the 2000
Yigong landslide. As shown in Fig. 6a, the 2000 Yigong landslide
can be divided into three zones: the initiation zone, movement
amplification zone, and deposition zone. The landslide was initi-
ated at an elevation between 3800 and 5515 m and then ran into the
amplification zone (which corresponds to the middle creek). The
moving mass involved the scouring of loose debris on both banks
and the bottom at a high speed. Figure 6e shows the main geolog-
ical profile for the location of A-B; we can see clearly that the slope
gradually decreased during the motion. When the moving mass
attained the narrow location of the creek, the moving mass became
thicker and some boulders were blocked here.
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Fig. 5 a Powder of strongly weathered dolomite and b X-ray diffraction analysis
for the sample of dolomite powder

From the field investigation results, we can determine the
material compositions at different locations: (a) at the tail of
deposition zone, the deposition height is approximately 4-10 m
(Fig. 6b) and the landslide deposits are mainly composed of
boulders with a proportion of approximately 70-90 %; (b) at the
middle of the deposition zone, the deposition height was approx-
imately 35-65 m (Fig. 6c) and the landslide deposits are mainly
composed of rock debris, sandy silt, and solitary stone; the pro-
portion of sandy silt is approximately 40-60 %; and (c) at the
lower of deposition zone, the deposition height is approximately
50-80 m (Fig. 6d) and the landslide deposits are mainly composed
of rock debris and sandy silt; the proportion of sandy silt is
approximately 50-70 %. At the middle and lower deposition
zones, the new 2000 landslide deposits covered the old 1900
landslide deposits. Figure 7 shows the distribution of the landslide
deposits for the 2000 Yigong landslide.

As shown in Fig. 7(a), the deposition of the 2000 Yigong
landslide can be divided into three zones: (1) the boulder deposi-
tion zone, (2) the debris and sandy silt deposition zone, and (3) the
impact and scouring zone. As shown in Fig. 7(b), at deposition
zone 2, the landslide deposits are composed of two main types of
material: rock debris and soils. Three-layered structural character-
istics existed in the lower deposition zone (from one eroded
section) because of the high mobility of the debris avalanche.
The top layer is the new 2000 landslide deposit, and the lower
layer is the old 1900 landslide deposit interbedded with an over-
consolidated layer (which is mainly composed of fine particles). At

the tail of the landslide deposits region, boulders accumulated
(Fig. 7(c)) and several giant stones exist in this region, which
belong to the landslide deposition zone 1. During the motion
process of debris avalanche, the old depositions were scoured
and entrained by the moving mass, due to the high speed of the
moving mass and steep terrain of Zhamu Creek.

Initiation mechanism of the Yigong landslide

In this section, combined with the geomechanical analysis and
long-term monitoring data of temperature and rainfall, the
initiation mechanism of the 2000 Yigong landslide is
presented.

Geomechanical analysis of slope

At the initiation zone of the 2000 Yigong landslide, steep slate and
granite are the main rock masses. The spacing of the slate is
approximately 1.0-5.0 m, and under the effect of the upper weight
of the rock mass and thick glacier, toppling and bending failure
occurred to the slate during a long geological history. The bending
failure surface can provide a potential sliding surface for the
initiation of landslides. The slope stability of the initiation zone
is controlled by the structural surfaces. Figure 8 shows the typical
geological condition of the initiation zone for the 2000 Yigong
landslide.

As shown in Fig. 8(a), there are five joint sets in the landslide
initiation zone; the occurrence parameters of those joints are as
follows: (1) in joint set 1, the dip is approximately 40-50° and the
spacing is approximately 1.5-3.0 m; (2) in joint set 2, the dip is
approximately 70-80° and the spacing is approximately 0.5-1.5 m;
(3) in joint set 3, the dip is approximately 25-35° and the spacing is
approximately 0.5-1.5 m; (4) in joint set 4, the dip is approximately
70-80° and the spacing is approximately 2.0-5.0 m; and (5) in joint
set 5, the dip is approximately 30-55° and the spacing is approxi-
mately 1.5-4.5 m. The landslide initiation zone can be divided into
three subzones: (a) a tensile failure surface at the tail of the slope
(zone 1), in which a clearly fractured surface can be seen; (b) a
dislocation layer with several rock layers along the direction of
slate (zone 2); and (c) a compound weak layer (zone 3). The upper
part is a weak layer of bending failure surface of slate (rough), and
the lower part is a rock layer (smooth). To the left of subzone 1,
clearly bending failure surface existed and an old landslide oc-
curred in this area (Fig. 8(b)). The 2000 landslide initiation zone is
a typical wedge failure mode, which is controlled by two structural
surfaces and a tensile failure surface, and a free surface at the slope
front provided the potential initiation of the landslide in this
region.

Furthermore, thick glaciers covered the slope rock masses and
could have resulted in three adverse impacts on the landslide
initiation zone: (1) an increase in the weight of the sliding mass,
(2) the melting and freezing of the glacier effect on the rock masses
or structural surfaces such as the unloading-loading cycle for
rocks, and (3) the melting water could decrease the shear strength
of the structural surface and increase the pore water pressure in
the slope rock masses. The typical geological condition on the top
slope provides favorable conditions for the initiation of landslides.
The variation of the external environment condition on the slope
can be summarized in two aspects: decreasing shear strength and
increasing stress.
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Effect of temperature changes

In the study area, the 1951-2011 data recorded by the Yigong
Meteorological Station shows that the average temperature was
approximately 8-10 °C. Since the 1970s, the temperature in this
area has had a slowly rising tendency with a total ratio of 0.3 °C/
10 years (Shang et al. 2003). Figure 9 shows the monitoring results
of temperature in the study area.

As shown in Fig. 9a, the average temperature gradually
increased during 1 March to 4 May, which means that the
melting of glacier and snow gradually increased during this
season. However, there was no significant difference between
the years 1998, 1999, and 2000. Along with the rises of tem-
perature from April to May, glaciers and snow cover melt and
water flow was generated in Zhamu Creek. The water flow not
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only affects the loose landslide deposits located at the creek
but also influences the slope stability in this region. As shown
in Fig. gb, the daily temperature difference is the difference
between maximum temperature and minimum temperature in
1 day. The daily temperature difference in the study area was
relatively large; the average value was approximately 12.5 °C
from 1 January 2000 to 1 January 2001, and the maximum
value attained was 26 °C. The temperature difference from 1
April to 15 April 2000 was relatively large, which had a signif-
icant effect on the initiation of landslide on 9 April 2000.
Temperature changes can provide two aspects for the initiation
of landslides: (a) a freeze-thaw cycle on structural surfaces and
(b) glacier melting resulted in the decreasing of shear strength
and increasing pore water pressure.
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There are two types of freeze-thaw cycles for the rock mass in
this area: the seasonal freeze-thaw cycle (with a period of 1 year)
and the daily freeze-thaw cycle (with a period of 1 day). Figure 10a
shows the temperature monitoring result from 1 January 1996 to 30
December 2003, and Fig. 10b shows the temperature monitoring
results from 15 March to 16 April 2000.

As shown in Fig. 10a, the annual temperature variation period-
ically changes; the minimum temperature (about —5 °C) occurred
in December or January and then gradually rose to the maximum
temperature (approximately 20 °C) in June or July. This long-term
freeze-thaw cycle resulted in the gradual decreasing of shear
strength of rock masses and structural surfaces. As shown in
Fig. 10b, the freeze-thaw cycle property of daily temperature is
exhibited. However, strong cycles did not occur because the
daily temperature variation was disordered. The mechanical
properties of rock masses were also influenced by the daily
freeze-thaw cycle.

Previous studies have shown that freeze-thaw cycles have a
significant influence on the mechanical properties of rocks, in-
cluding porosity, compressive strength, elastic modulus, and shear

strength (Ma et al. 1999). Microcracks and micro-defects occur in
the rocks, and water will run into the rocks. The water in the rocks
begins to freeze when the temperature is lower than o °C.
Volumetric expansion occurs during the freezing process and leads
to microcrack propagations in the rock. Local damage occurs in
the rocks and results in the decreasing of compressive strength
and shear strength (Draebing et al. 2014). However, the ice in rocks
melts when the temperature is greater than o °C, while pore water
pressure is formed in the rocks, and also results in the decreasing
of shear strength (Zhu et al. 2011; Krautblatter et al. 2013). With the
increasing numbers of freeze-thaw cycles, the shear strength of
rock masses or structural surface is gradually decreased (Lai et al.
2010). The freeze-thaw cycle not only decreases the shear strength
of rock masses but also results in the increasing stress distribution
in the slope and finally causes the initiation of landslides in high
mountainous regions (Bayard et al. 2005).

Effect of rainfall
According to the 1951-2011 data from the Yigong Meteorological
Station, the mean annual rainfall in the Yigong area was
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approximately 810-1250 mm. The rainfall from April to October
accounts for 9o % of the annual total rainfall, and November to
February is the dry season (Shang et al. 2003). Figure 11 shows the
rainfall monitoring results in the Yigong region.

As shown in Fig. 11a, most of the daily rainfall is approximately
0-40 mm, but some heavy rainfall occurred on special days. The
maximum daily rainfall occurred on 20 October 1998, approxi-
mately 111.7 mm. The daily rainfall was not distributed uniformly
during the whole year; the daily rainfall during the rainy season
was greater than during the dry season. The rainfall in different
seasons has similar characteristics. The rainfall data are monitored
in the valley region, and the rainfall level at the top of the moun-
tain is greater. Thus, in the initiation zone of Yigong landslide, the
rainfall is relatively abundant. Figure 11b shows the comparison
results for the monthly rainfall of 1998, 1999, and 2000. We can see
that rainfall occurred mainly during April to October. On April,
the monthly rainfall in 2000 was approximately 175 mm, more
than the years 1998 (38 mm) and 1999 (80 mm). Increasing rainfall
on April 2000 played some key effects on the initiation of the 2000
Yigong landslide. Figure 12 shows the daily rainfall during 1 March
to 4 May 2000 at the study area.

As shown in Fig. 12, in 2000, when the recent Yigong Landslide
occurred, the rainfall from April 2 to April 9 was more than 60 mm
(Hu et al. 2009b) and the total rainfall in April was approximately
175 mm, 90-135 % more than the mean value from the same period
in southeast Tibet (Liu 2002). The daily rainfall on 9 April 2000
was approximately 25 mm. The abundant rainfall resulted in the
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saturation of loose landslide deposits at Zhamu Creek and increas-
ing pore water pressure in the upper slope, especially in the
structural surfaces. Furthermore, relatively more water flow
formed in Zhamu Creek, which could have affected the motion
of debris avalanche.

Comprehensive analysis

Through the above analyses of the geological and environmental
conditions at the Yigong area, we found that the main reasons for
the initiation of the 2000 Yigong landslide were typical slope
geological conditions, temperature changes, and heavy rainfall
on April 2000.

Table 1 summarized the annual environment conditions at the
Yigong area from 1991 to 2001, including temperature and rainfall.
Extreme maximum temperatures always occurred from June to
August, with values of approximately 29 to 31 °C. However, the
extreme minimum temperatures always occurred from December
to February, with values of about —10 to —13 °C. The maximum
rainfall for the whole year of 2000 occurred on 9 April.

The reasons for the initiation of the 2000 Yigong landslide are
the coupling of long-term effects and short-term impact.
Regarding the long-term effects, there are two aspects, as men-
tioned above: (a) the loading-unloading cycle on the rock masses
or structural surfaces due to the melting and freezing of glaciers
and (b) the continuous seasonal and daily freeze-thaw cycles on
the rock masses or structural surfaces. These two aspects resulted
in the gradual decrease of mechanical properties of rock masses or
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structural surfaces, including compressive strength, porosity, and
elastic modulus, especially for the shear strength of rock masses or
structural surfaces. Furthermore, the tensile fracture has gradually
been increasing over a long period. Other long-term factors in-
cluding weathering and unloading can also have adverse impacts
on the slope stability.

Regarding the short-term effects, the rising temperature will
accelerate the melting of glacier and snow; by coupling with heavy
rainfall, the water content of the structure surface is increased
sharply and results in a larger decreasing of shear strength. The
heavy rainfall and melting of glacier and snow also resulted in the
increasing of pore water pressure on the structural surfaces.
Another key factor for the initiation of the landslide is the special
geological conditions of the upper slope at Zhamu Creek. The
potential sliding wedge is controlled by two structural surfaces
and a tensile failure surface, which are sensitive to temperature
change and water content.

Regarding the initiation mechanism of the 2000 Yigong land-
slide, special geological conditions at the top slope provide neces-
sary conditions for the initiation of the landslide. Long-term
freeze-thaw and loading-unloading cycles resulted in the gradually
deterioration of the slope stability. The direct triggering factors are
short-term heavy rainfall and rising temperatures on April 2000.
The increasing water content and pore water pressure in the

structural surface finally resulted in the catastrophic landslide in
the Yigong area in 2000.

Entrainment effect during motion process

For the 2000 Yigong landslide, the volume of landslide deposits
was about three times the volume of initiation the zone. The
entrainment effect during the motion process obviously occurred
because of the high motion speed and water flow.

Motion of high-speed landslide

The entrainment of path material is an important feature of
many rapid landslides (Hsii 1978; Evans et al. 2001; Dufresne
et al. 2010). During the motion process of rock avalanches,
the landslide paths are typically covered by thick surficial
deposits. These deposits may be loose and have high water
content. The rapid loading due to the weight and momentum
of the moving masses may cause failure and mobilization of
these bed materials and resulted in the volume amplification
of the landslide (Scott et al. 2005; Cepeda et al. 2010).
Figure 13 shows the topography changes for the main geolog-
ical section of Zhamu Creek before and after 2000 Yigong
landslide, which is extracted for the high-resolution digital
elevation model of the study area.
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As shown in Fig. 13, many loose surficial deposits were covered
on Zhamu Creek during the motion process of the high-speed rock
avalanche, and these bed materials were scoured and eroded by
the sliding masses, which finally resulted in the volume amplifica-
tion of the landslide. The serious scouring of the bed materials at
the middle section of Zhamu Creek by sliding masses can clearly
be seen.

Laboratory tests

Regarding the entrainment problem of high-speed landslides,
a simple laboratory test was carried out to study the bed
materials impact and scouring by the sliding masses.
Figure 14 shows the experimental equipment for the laborato-
ry tests. The horizontal length of the flume is 2.0 m, the
height is 1.5 m, and the width is 0.3 m. Loose bed materials
are accumulated at the lower of flume, and the sliding mass
(composed by rock blocks) are placed in the topper of flume
(Fig. 14b). These experiments are solely conceptual since no
scaling calculations were done. Table 2 shows the experimen-
tal design for the impact and scouring effect on the bed
materials.

As shown in Table 2, 11 tests under different material composi-
tions and weight ratios, with and without water, were carried out.
The weight ratio is a key factor affecting the motion distance of
bed materials. Figure 15 shows the movement distance of bed
materials influenced by the weight ratio between sliding mass
and bed depositions.
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As shown in Fig. 15, these test results were obtained under dry
conditions, without water flow. The movement distance of bed
materials increased with the weight ratio between sliding mass
and bed depositions, an approximately linear relationship.
During the landslide motion process, the bed depositions are
impacted and scoured by the sliding masses (Van Wyk de Vries
et al. 2001; Crosta et al. 2005; Dufresne 2012). A larger weight ratio
between the sliding mass and bed deposition means the difference
of impact energy and friction resistance is increased, resulting in
the longer movement distance of bed materials. Figure 16 shows
the experimental results for the impact and scouring of sliding
masses.

As shown in Fig. 16a, rock blocks were used to simulate the rock
avalanche and placed at the top of the flume and the loose deposits
were covered on the lower flume with a uniform thickness.
Figure 16b shows the final deposited situation of test No. 6 under
dry condition, and the Wy is 1.0. The bed depositions were im-
pacted and scoured by the moving mass, and the total motion
distance of the bed materials was 16.0 cm. Most of the rock blocks
were blocked at the tail of landslide deposits, and some blocks
moved to the front of the flume. When water flow was added in the
experimental process, the bed depositions were saturated, pore
water pressure formed in the soils, and the friction resistance of
the bed materials decreased sharply. When the sliding mass im-
pacted on the bed materials, the huge impact energy and excess
pore water pressure resulted in the failure and scouring of bed
materials. Then, the bed loose deposits were mixed in the sliding



~
1

)

50 ¢ 111.7 mm
40 |
30 f

20 F

Daily rainfall (mm)

10

01/01/96 12/31/96 12/31/97

o (Rl L LW
12/31/98 12/31/99

LA L i1 |

12/30/00 12/30/01 12/30/02 12/30/03

Time (mm/dd/yy)

(b)
250 [
B 1998

O 1999

20T 55000

150 |

Rainfall (mm)

100 |

Fig. 11 Rainfall monitoring results in the Yigong region: a daily rainfall during the years 1996-2003 and b monthly rainfall for the years 1998, 1999, and 2000

mass and moved down along the flume. The final deposited
situation of test No. 4 is shown in Fig. 16c. The motion distance
of the bed materials is larger than the dry condition, approximate-
ly 43.8 cm. Compared with the actual deposited situation in Fig. 7a,
the experimental deposited situation has the same distribution
characteristics as the actual landslide. The impact and scouring
of bed materials resulted in the volume amplification of the sliding
mass.

Daily rainfall (mm)

3/1 3/9 3/17 3/25 4/2 4/10 4/18
Time (mm/dd)

4/26 5/4

Fig. 12 Daily rainfall during 1 March to 4 May 2000 at the study area

Movement amplification effect

From the field investigation and above analysis results, the dy-
namical process of the 2000 landslide can be summarized as
follows: landslide initiation (wedge failure)—acceleration and
fragmentation—rock avalanche—scouring and
entrainment—debris avalanche—landslide deposition, as shown
in Fig. 17a. The landslide was initiated under heavy rainfall and
rising temperature at the top slope of Zhamu Creek, with a wedge
failure type. Then, the sliding mass moved down the steep terrain
and attained a high speed. The sliding mass was fragmented by the
effect of strike, collision, and other impact loading, and then, the
sliding mass transformed into a rock avalanche. During the mo-
tion process of the rock avalanche, much bed deposit was impact-
ed and scoured by the sliding mass. This situation became more
serious because the water flow, the decrease in the shear strength
of bed material, and the excess pore water pressure facilitated the
failure. The failed bed material was mixed in the rock avalanche
and moved with the sliding mass and resulted in the rock ava-
lanche transforming into debris avalanche. When the sliding mass
moved to the lower section of Zhamu Creek, a thin layer was
formed between the new avalanche debris and the 1900 landslide
deposits. The material composition of this layer is mainly water
and fine particles, so that we can clearly see the three-layered
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Table 1 Annual environmental conditions in the Yigong area from 1991 to 2011

Average Extreme maximum Extreme minimum Annual Maximum daily rainfall

temperature temperature temperature rainfall

e Ve (0 Tme | Vae(O  Tme ™ Vaue @m)
1991 8.6 28.8 22-Jun -12.0 17-Jan 1128.5 43.8 2-Jun
1992 84 28.8 18-Jun —13.7 24-Dec 714.2 43.1 24-Jun
1993 8.7 284 7-Jul -12.6 29-Jan 810.0 26.5 28-Sep
1994 89 31.0 12-Jul —12.1 23-Dec 847.3 36.9 10-Oct
1995 9.2 31.0 6-Aug -13.0 28-Jan 1130.7 48.1 14-Jun
1996 8.9 283 21-Jul —12.5 3-Jan 1068.4 441 29-Oct
1997 8.2 28.7 8-Aug —12.7 19-Jan 930.6 441 9-Aug
1998 9.3 28.0 12-Jul -10.8 9-Feb 1108.8 .y 20 Oct
1999 9.4 30.2 1-Aug —12.1 12-Jan 932.2 31.8 22-May
2000 838 29.2 25-Jul -12.2 31-Jan 808.9 25.0 9-Apr
2001 9.1 31.2 8-Jul -114 24-Dec 801.0 25.1 24-Mar
2002 9.1 30.2 9-Jun —12.6 2-Jan 862.5 36.8 10-Apr
2003 9.1 30.0 7-Aug -124 16-Jan 823.7 22.8 8-May
2004 9.0 293 6-Aug —11.5 28-Dec 880.9 46.0 15-Apr
2005 9.6 28.6 15-Jun -11.5 13-Jan 777.2 329 18-Apr
2006 9.8 31.2 17-Jul -9.6 24-Dec 864.1 34.9 12-Sep
2007 9.7 29.4 13-Jul -10.6 24-Jan 855.9 45.0 16-May
2008 9.1 29.1 12-Jun -103 15-Feb 800.1 86.0 27-Oct
2009 10.2 30.9 20-Jul -10.0 28-Dec 536.2 22.1 22-Feb
2010 9.6 30.7 15-Aug —10.2 3-Jan 1080.6 393 11-May
2011 9.2 30.1 31-Aug —-9.2 16-Jan 838.7 44.8 25-Mar

structural characteristics of the landslide deposits (Fig. 7b). The
middle layer is composed of over-consolidated materials and has a
higher compression strength and lower porosity.

Figure 17 shows the whole dynamic process of the movement of
the 2000 Yigong landslide. There are three types of entrainment
modes for the high-speed landslide: impact, scouring, and erosion.
When the rock avalanche attained the tail of the bed deposits, the
entrainment of the sliding mass occurred through impact and
scouring. The high-speed rock avalanche led to great impact en-
ergy on the bed materials and resulted in the failure of old

------- Before landslide 7 6000
—— After landslide
1 4900
3
130 % 100
4 2700 )
5]
T 50}
L . . . . . 1600
12 10 8 ] 4 2 0 o
Kilometers 0 50 100 150 200
Length (cm)
Fig. 13 Topography changes for the main geological section of the Zhamu Creek
before and after the 2000 Yigong landslide Fig. 14 Experimental equipment: a actual image and b size design
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Table 2 Experimental design for the impact and scouring effect on the bed materials

Depositions (kg)

Rock blocks (kg)

Motion distance (cm)

<1 mm 20-40 mm
1 - 4.225 13.040 Y 3.1 723
2 = 6.235 11.560 Y 1.9 543
3 10.000 = 8.000 Y 0.8 11.6
4 3.000 5.000 12.000 Y 1.5 43.8
5 4.000 6.000 10.000 Y 1.0 23.0
6 4.000 6.000 10.000 N 1.0 16.0
7 4.000 6.000 4.000 N 0.4 25
8 4.000 6.000 8.000 N 0.8 11.0
9 4.000 6.000 12.000 N 1.2 28.0
10 4.000 6.000 15.000 N 1.5 46.0
1 4.000 6.000 20.000 N 20 58.0

Motion distance referred to the bed depositions
?The weight ratio between sliding rock blocks and bed depositions

deposits. Furthermore, during the motion process of the rock
avalanche, the bed material was scoured by the sliding mass.
This former entrainment process is shown in Fig. 17b. After the
landslide initiation, the form and material composition of land-
slide varied during the whole motion process, and the cumulative
volume of the landslide changed enormously along the path of
movement. The path is described as a series of reaches that have a
distinct morphology, width, and slope inclination, and the struc-
tural characteristics, material compositions, and mechanical prop-
erties are also not the same. These changes made the entrainment
process of sliding mass very complicated.

As shown in Fig. 17¢, the bed deposits were eroded by the high-
speed sliding mass, especially when water flow occurred. The bed
erosion at the base of the landslide is similar to bedload transport
in fluvial hydraulics. The failure of bed material can be caused by
the impact force and scouring effect and the generation of excess
pore water pressures due to rapid undrained loading with possible
liquefaction. The existence of water plays a key role during the
motion process of landslides, especially for the entrainment of
landslides.

In the Yigong area, the special terrain condition allowed the
water flow to be easily collected in the Zhamu Creek. Heavy
rainfall and glacier on April 2000 resulted in the saturation of
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Fig. 15 Movement distance of bed materials influenced by the weight ratio
between sliding mass and bed depositions

bed deposits and larger water flow. During the motion process of
the landslide, the landslide volume gradually increased through
the entrainment effect and finally resulted in the volume amplifi-
cation of the landslide deposits.

Discussion and conclusion

Discussion

The initiation mechanism and motion process of landslide are
very complicated for the dynamical problem of high-speed land-
slides (Zhou et al. 2010). The initiation of landslides is not only
influenced by the geological condition but also affected by the
short-term environmental conditions, such as earthquake, heavy
rainfall, or rising temperature (Wang et al. 2003; Tsou et al. 2011).
Previous studies show that landslides may be initiated by some
sudden events, such as strong earthquake, heavy rainfall, or rising
temperature in a short time (Evans et al. 2001; Dai et al. 2011; Kuo
et al. 2013; Barth 2014). However, heavy rainfall is not the single
triggering factor for the 2000 Yigong landslides, and the rising
temperature on April 2000 is another short-term triggering factor.
Furthermore, the rock masses in a slope generally experienced a
long-term geological evolution process, such as the tectonic effect,
weathering and unloading, freeze-thaw cycles, and loading-
unloading cycle. These long-term geological effects can result in
the change of the slope stability state, including the decreasing of
shear strength of rock masses and increasing of pore water pres-
sure in slope (Zhou et al. 2013b). These reasons make the initiation
mechanism of landslide very complicated under different condi-
tions. However, one key issue should be emphasized here: the
initiation of most landslides is a result of the coupling of long-
term evolution and short-term effects on a slope.

Mass movement of the rock avalanche or debris avalanche is
mainly influenced by the Lithology and topographical conditions.
Fragmentation of rock masses and mobility of sliding masses are
influenced by the lithology and its structural properties. For the
2009 Hsiaolin landslide, Lo et al. (2011) found that huge amounts
of fragmented rock materials moved quickly downward and
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Fig. 16 Experimental results for the impact and scouring of sliding masses: a experimental preparation, b final deposited situation of test No. 6, and c final deposited

situation of test No. 4

transformed into a debris avalanche. Rock fragmentation can
easily be happened during the motion process of high-speed land-
slide, part of the debris rushed over a high-level terrace and spread
along the hillslope (Hungr et al. 2005). Special terrain condition
plays a key role during the mass movement process. Regarding to
the 2000 Yigong landslide, the sliding mass moved down the steep
terrain with a high speed and then encountered the bed deposits.
Huge impact energy is posed on the bed deposits, and a large
volume of bed deposit was impacted and scoured by the sliding
mass, resulting in the rock avalanche transformed into debris ava-
lanche. Meantime, a part of the sliding masses are stopped and
accumulated at the foot of the steep slope, because of the energy loss
and the narrow terrain. The flat and straight topographical condi-
tions along the runout path provide a favorable condition for the
mass movement. The presence of water not only increases the

mobility of sliding masses but also poses a great impact on the
entrainment process during mass movement process.

For the entrainment problem during the movement process of
high-speed landslide, well-documented landslide events have ver-
ified this phenomenon (Staron 2008). The landslide entrainment
includes three main types: impact failure, scouring, and erosion
(Pudasaini and Miller 2013). Using a small-scale physical models
(linear scale of 1:10%), Dufresne (2012) found that substrates are
failing by the effect of upper sliding masses due to low internal and
basal frictional resistance and then turn into the active basal
sliding layer, increasing basal boundary roughness of erodible,
deformable substrates resulting in shorter runout and longer de-
posits (decreased mobility of sliding mass). Using laboratory tests,
Shea and van Wyk de Vries (2008) found that, in the presence of a
substrate, the granular flow was slowed and “contraction-
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Fig. 17 Dynamic process of the movement of the 2000 Yigong landslide: a scheme of whole landslide process, b impact and scouring of bed materials by the high-speed
rock avalanche, and c erosion of bed materials erosion the motion of debris avalanche
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generated surface ridges” formed due to a lack of flow spreading,
while the substrate itself was bulldozed at the flow front.
According to the round top (RT) rock avalanche deposit, using
field investigations and laboratory tests, Dufresne et al. (2010)
found that the volume increase from the initial source volume to
that of the final deposit existed because of the substrate entrain-
ment during mass movement process, and the substrate entrain-
ment increases the mobility of the avalanche mass by introducing
significant quantities of water. Entrainment of bed deposits by
surface water or sliding masses can lead to the change of motion
behavior, such that the bed deposits on the steep slope entrain-
ment by surface water can transform a dry rock/debris avalanche
into debris flows, leading to greater areas affected and longer-
runout distances covered (e.g., Kerle and vanWyk de Vries 2001;
Evans et al. 2001). For the 2000 Yigong landslide, bed deposit
entrainment by surface water and sliding masses transforms the
rock avalanche into more mobile debris avalanche. However, the
entrainment of landslide is a dynamical process, and its mechan-
ical mechanism is very complicated and involves multiple areas of
expertise: geotechnical engineering, hydromechanics, kinematics,
and others. It is hard to present a theoretical model to describe the
entrainment problem during the landslide motion process, and
also, numerical simulations cannot be true representations of the
entrainment process of landslides. However, the existence of water
flow during the landslide process can aggravate the entrainment of
landslides.

Conclusion

In this paper, the 2000 Yigong catastrophic landslide is taken as
the study example, and the initiation mechanism and entrainment
process of landslide are analyzed through field investigation, the-
oretical analysis, and laboratory tests. Some useful conclusions are
presented here.

For the initiation mechanism of the 2000 Yigong landslide, the
special geological conditions at the top slope provide precedent
conditions for the initiation of landslide. The reasons for the
initiation of the 2000 Yigong landslide are the coupling of long-
term effects and short-term impact. For the long-tern effects, there
are two aspects as mentioned above: (a) the loading-unloading
cycle on the rock masses or structural surfaces due to the melting
and freezing of glaciers and (b) the continuous seasonal and daily
freeze-thaw cycles on the rock masses or structural surfaces. For
the short-tern effects, the rising temperature on April 2000 accel-
erated the melting of glacier and snow, by coupling with the heavy
rainfall, resulting in the decrease of shear strength and the increase
of pore water pressure on the structural surfaces.

For the entrainment process of the 2000 Yigong landslide, the
dynamical process can be summarized as follows: landslide initi-
ation (wedge failure)—acceleration and fragmentation—rock
avalanche—scouring and entrainment—debris
avalanche—landslide deposition. There are three types of entrain-
ment modes for the high-speed landslide: impact, scouring, and
erosion. During the motion process of rock avalanche, the shear
strength of bed material is decreased, excess pore water pressure is
formed, and many bed deposits are impacted and scoured by the
sliding mass. The landslide volume is gradually increased by the
entrainment effect and resulted in the volume amplification of
landslide. The existence of water flow plays a key role during the
initiation and motion process of landslides.
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