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Long-runout rockslides at high altitude could cause disaster chain in river basins and destroy towns and
major infrasturctures. This paper firstly explores the initiation mechanism of high-altitude and long-
runout rockslides. Two types of sliding-prone geostructure models, i.e. the fault control type in orogenic
belt and the fold control type in platform area, are proposed. Then, large-scale experimental apparatus
and associated numerical simulations are conducted to understanding the chain-style dynamics of
rockslide-debris avalanche-debris flow. The results reveal the fragmentation effects, the rheological
behaviors and the boundary layer effect of long-runout avalanche-debris flow. The dynamic character-
istics of quasi-static-transition-inertia state and solid-liquid coupling in rapid movement of rockslide-
debris avalanche-debris flow are investigated. Finally, the risk mitigation strategy of the non-structure
and structure for resilient energy dissipation are illustrated for initiation, transition and deposition
zones. The structural prevention and mitigation methods have been successfully applied to the high-
altitude and long-runout rockslides in Zhouqu and Maoxian of the Wenchuan earthquake zone, as
well as the other major geohazards in Qinghai-Tibet Plateau and its adjacent areas.

© 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

The long-runout rockslide at high altitude is defined, as the
large-scale rockslides initiated at high altitude mountains and then
transformed into dry/wet debris flow with flow-like characteristics
(Yin et al., 2021a). Generally, long-runout rockslides at high altitude
are complex geohazards composed of two or more landslide types
(Hungr et al., 2014). They have the characteristics of slip initiating at
a high altitude, significant dynamic conversion from potential en-
ergy to kinetic energy, and thereby is able to induce catastrophic
disaster chains. (Yin et al., 2017a). Thus, it is a challenge to under-
stand the rockslide instability mechanism, disaster mode, and risk
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control of this type of complex geohazard. In particular, the high-
altitude initiation mechanism and long-runout dynamics under
the effects of strong earthquakes, climate changes, extreme rainfall/
snowfall, and mining activities are hot scientific topics (Huang,
2009; Sassa et al.,, 2010; Yue, 2013; Iverson and Ouyang, 2015;
Crosta et al., 2017; Yin et al., 2017b; Shugar et al., 2021).
Long-runout rockslides at high altitude are characterized by a
gigantic scale, possibly reaching hundreds of millions of cubic
meters. The height differences may reach several kilometers, so
enormous kinetic energy would generated and possibly cause a
runout distance of over 10 km. Therefore, disaster chains could
be formed in the river basin covering hundreds of kilometers.
These complex geohazards are challenging as they significantly
threaten the major engineering projects such as hydropower
facilities, railways, highways, and mountain towns (Cui et al.,
2017; Peng et al., 2020; Yin et al., 2021a). For example, the
Qinghai-Tibet Plateau and its surroundings are the most severely
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affected areas by the high-altitude and long-runout rockslides.
On April 9, 2000, a massive disaster chain of rockslide-debris
avalanche-landslide dam occurred in Yigong, Tibet, China, with
a height difference of 3330 m and a runout distance of 10,000 m.
The Yigong Zangbo River was dammed by a deposit with a vol-
ume 3 x 10® m3, and the subsequent outburst flood hazards
affected tens of thousands of people living downstream (Yin,
2000; Yin and Xing, 2012). On October 10 and November 3,
2018, two high-altitude and long-runout rockslides occurred in
eastern Tibet, China. The rockslides blocked the mainstream of
the Jinsha River twice and caused economic losses of several
billion Chinese Yuan (CNY) due to the outburst flood (Xu et al.,
2018; Deng et al, 2019; Wang et al, 2020a; Zhang et al.,
2020a). On February 7, 2021, a complex rock-ice avalanche
occurred at Nanda Devi in Chamoli, Uttarakhand, India. The
landslide dam and subsequent outburst flood destroyed two
downstream hydropower stations which were under construc-
tion, and the estimated deaths exceeded 200 (Shugar et al., 2021;
Yin et al., 2021b; Fan et al., 2022; Zhang et al., 2022). Because the
long-runout rockslides at high altitude can cause catastrophic
events, it is urgent to address the following critical scientific
issues.

(1) Sliding-prone geostructure and initiation mechanism

The high-altitude and long-runout rockslides are generally
controlled by the tectonic belt or fold zone, and the triggers mainly
include earthquakes, heavy rainfall, snow and ice, and mining. It is
essential to understand the geological characteristics of the rock-
slide that occurs and the mechanism for disaster prevention and
mitigation.

(2) Dynamics of high-altitude and long-runout disaster chains

The high-altitude and long-runout rockslides usually have a
disaster chain of ice/rock slide/avalanche and debris flow, and
can lead to the secondary disasters consisting of landslide dams,
outburst floods, and secondary landslides. Three issues should be
ffocused on: (i) multiscale and multi-media transformation of the
geomaterials (i.e. block, granular material, and liquid-solid two-
phase flow), (ii) mechanisms of mass changing, momentum
transferring, and energy conversing, and (iii) the micro-
topography and the effect of the boundary layer in dynamic
processes.

(3) Risk assessment and mitigation technology

Advanced identification-monitoring-warning methods, risk
avoidance strategies, and disaster prevention and control technol-
ogies (especially the rigid and ductile structures when developing
energy dissipation technologies) for the high-altitude and long-
runout rockslides are urgently needed. It is critical to come up
with a new design theory and technical methodology for disaster
prevention and control on the basis of the transformation mecha-
nism of the whole disaster chain.

This paper takes the high-altitude and long-runout rockslides in
the Qinghai-Tibet Plateau and its surrounding areas as examples to
analyze the initiation mechanism, chain-style dynamics, and risk
mitigation method. These include: (i) classifying the sliding-prone
geostructures in mountains and understanding the failure mecha-
nisms using geological survey, remote sensing analysis, geophysical
exploration, and mechanical analysis, (ii) analyzing the dynamic
process of the disaster chain by a series of large-scale physical
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Fig. 1. Global orogenic belts and typical high-altitude and long-runout rockslides (Pink broken line zone refers to as the major orogenic belts. Red dots refer to catastrophic
geohazard events: 1-Elm, 2-Randa, 3-Brenva Gl., 4-Vajont, 5-Costantino, 6-Valtellina, 7-Val Pola Rock, 8-Paatuut, 9-Usoi, 10-Khait, 11-Chamoli, 12-Hunza River, 13-Hattian Bala, 14-
Yigong, 15-Sedongpu, 16-Baige, 17-Daguangbao, 18-Wenjiagou, 19-Xiejiadianzi, 20-Donghekou, 21-Xinmo, 22-Xintan, 23-Tsao-Ling4, 24-Chiu-Fen-Erh-Shan, 25-Hsiaolin, 26-Mount
Ontake, 27-Kuridaira, 28-Leyte, 29-Bairaman, 30-Ok Tedi Mine, 31-Merapi Volcano, 32-Falling Mt., 33-Mangapoike, 34-Mt. Fletcher, 35-Frank, 36-Hope, 37-Mt. Munday, 38-Mount
Meager, 39-Gros Ventre, 40-Madison Canyon, 41-Sherman Glacier, 42-Allen, 43- Lituya Bay, 44-Huascaran' 45-Huascaran?, 46-Mayunmarca, 47-Glacier Pucajirca).
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experiments and a self-developed numerical simulation software,
Landslide Post-failure in Three Dimensions (LPF>P), (iii) developing
the risk evaluation technologies, and (iv) proposing risk manage-
ment strategy for practical engineering disaster mitigation.

2. Distribution and classification of the high-altitude and
long-runout rockslides

2.1. Distribution of the high-altitude and long-runout rockslides in
the world

The global high-altitude and long-runout rockslides are mainly
distributed in the Alpine—Himalayan orogenic belt and the

mountains of the Circum-Pacific belt (see Fig. 1 and Table 1). These
mountain belts are generally characterized by active crustal
movements, frequent earthquakes and volcanic eruptions, huge
topographic relief, and intensive human activity (Hewitt et al.,
2008; Panek, 2019; Broeckx et al., 2019).

The Alpine—Himalayan orogenic belt, nearly having a length of
10,000 km, stretches across North Africa, Europe, and Asia, and
deflects southward over the Tibetan Plateau, in which the Elm
rockslide (Heim, 1932), Vajont rockslide (Ibafiez and Hatzor, 2018),
Yigong rockslide (Yin and Xing, 2012), Chamoli rockslide (Shugar
et al,, 2021; Yin et al., 2021a; Zhang et al., 2022), and many other
catastrophic long-runout rockslides are distributed. Sequent
continent merging, ocean closing, and plate collision events happen

Table 1
Typical high-altitude and long-runout rockslides in the world.
No. Name Country Year Material Trigger v H L u Reference
(10°m®) (m) (m) (H/L)
1 Elm Switzerland 1881 Slate Mining 10 610 2450 0.25 Heim (1932); Hsii and Voight
(1978)

2 Randa Switzerland 1991 Gneiss Weather 10 945 1300 0.73 Noverraz and Bonnard (1992)
3 BrenvaGl. Italy 1920 Ice/Granite Climate change 10 2640 5621 0.47 Deline (2001,2009)
4 Vajont Italy 1963 Limestone, Mudstone Reservoir storage 270 600 1400 0.43 Chowdhury (1987)
5 Costantino Italy 1973 Gneiss Rainfall 20 1384 2000 0.69 Cencetti et al. (2017)
6 Valtellina Italy 1987 Diorite, gneiss Rainfall 35 1050 2000 0.53 Cambiaghi and Schuster (1989)
7 Val Pola Rock Italy 1987 Diorite, Gabbro Rainfall 40 700 2700 0.26 Crosta et al. (2011)
8 Paatuut Denmark 2000 Shales Earthquake 90 400 1500 0.27 Pedersen et al. (2002)
9 Usoi Tajikistan 1911 Dolomite, Limestone Earthquake 2000 1480 6170 0.24 Alford and Schuster (2000)
10 Khait Tajikistan 1949 Gneiss Earthquake 75 1500 11000 0.14 Evans et al. (2009)
11 Chamoli India 2021 Ice, Gneiss Climate change 50 2700 15000 0.18 Shugar et al. (2021)
12 Hunza River Pakistan 2010 Gneiss Earthquake 45 1060 1700 0.62 Delaney and Evans (2017)
13 Hattian Bala Pakistan 2005 Mudstone Earthquake 85 800 2609 0.31 Dunning et al. (2007)
14 Yigong China 2000 Granite Earthquake, 300 3330 10000 0.33 Yin et al. (2000)

Snowfall
15 Sedongpu China 2018 Gneiss, Schist, Marble Earthquake, 35 4548 8000 0.57 Liu et al. (2019)

Snowfall
16 Baige China 2018 Ophiolitic mélange Creep 31.65 840 1600 0.53 Zhang et al. (2020b)
17 Daguangba China 2008 Limestone Earthquake 1159 1502 4500 0.33 Huang et al. (2009)
18 Wenjiagou China 2008 Limestone Earthquake 50 1360 4170 0.33 Zhang et al. (2016)
19 Xiejiadianzi China 2008 Granite, Sandstone Earthquake 4 800 1800 0.44 Dai et al. (2011)
20 Donghekou China 2008 Carbonaceous slate Earthquake 20 700 2387 0.29 Yin et al. (2009)
21 Xinmo China 2017 Metamorphic quartz sandstone, Earthquake, 16.37 1120 2500 0.45 Yin et al. (2017b)

slate Snowfall

22 Xintan China 1985 Limestone, Sandstone Rainfall 30 700 2000 0.35 Liu (1988)
23 Tsao-Ling4 Taiwan, China 1942 Sandstone, Shale Earthquake, 1 600 2300 0.26 Yang et al. (2004)

Rainfall
24 Chiu-Fen-Erh- Taiwan, China 1999 Sandstone, Shale Earthquake 0.5 550 2000 0.28 Wang et al. (2003)

Shan

25 Hsiaolin Taiwan, China 2009 Sandstone/Shale Rainfall 23.97 980 3100 0.32 Kuo et al. (2013)
26 Mount Ontake  Japan 1984 Pyroclastic rock Earthquake 34 1600 13000 0.12 Smith and Hungr (1992)
27 Kuridaira Japan 2011 Sandstone/Shale Rainfall 23 800 1350 0.6 Van Tien et al. (2018)
28 Leyte Philippines 2006 Sandstone/Breccia Earthquake, 9.2 840 3800 0.22 Evans et al. (2007);

Rainfall Sassa et al. (2010)
29 Bairaman Papua New 1985 Limestone Earthquake 180 600 3000 0.2 King et al. (1989)

Guinea
30 Ok Tedi Mine Papua New 1989 Siltstone/Limestone Mining 50 500 2000 0.25 Hearn (1995)
Guinea

31 Merapi Volcano Indonesia 1998 Pyroclasts Rainfall 24 2100 6000 0.35 Schwarzkopf et al. (2005)
32 Falling Mt. New Zealand 1929 Sandstone/Mudstone Earthquake 55 1201 4500 0.27 McSaveney et al. (2000)
33 Mangapoike New Zealand 2018 Sandstones/Mudstones Rainfall 8 200 1200 0.17 McGovern et al. (2021)
34 Mt. Fletcher New Zealand 1992 Sandstone/Siltstone Rainfall 10 1370 3806 0.36 McSaveney (2002)
35 Frank Canada 1903 Limestone Mining, Rainfall 11 250 1805 0.14 Cruden and Hungr (1986)
36 Hope Canada 1965 Greenstone/Serpentine Earthquake 47 800 1600 0.5 Bruce and Cruden (1977)
37 Mt Munday Canada 1997 Ice/Gneiss Freeze-thaw cycle 5 909 4545 0.2 Delaney and Evans (2014)
38 Mt. Meager Canada 2010 Granite/Gneiss Weather 40 2100 11000 0.19 Guthrie et al. (2012)
39 Gros Ventre USA 1925 Sandstone/Shale Earthquake 40 640 3370 0.19 Voight (1978)
40 Madison Canyon USA 1959 Schist/Gneiss Earthquake 20 400 1480 0.27 Hadley (1978)
41 Sherman Glacier USA 1964 Metasandstone/Metasiltstone Earthquake 12 1100 6000 0.18 McSaveney (1978)
42 Allen USA 1964 Ice/Gneiss Earthquake, 23 1149 7600 0.15 Post (1967)

Rainfall
43 Lituya Bay USA 1958 Schist Earthquake 30.6 915 1350 0.36 Tocher and Miller (1958)
44 Huascaran' Peru 1962 Granodiorite Volcanic 16 3880 16880 0.23 Plafker and Ericksen (1978)
45 Huascaran? Peru 1970 Granodiorite Volcanic 58 3880 16880 0.23
46 Mayunmarca Peru 1974 Sandstone/Siltstone Rainfall 1000 1600 8000 0.2 Hutchinson and Kojan (1975)
47 Glaciar Pucajirca Peru 2002 Granodiorite/Ice Weather 15 540 1250 0.43 Hubbard et al. (2005)
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in this region, accompanied by the intense orogeny during the
Cenozoic Era. This produces a series of EW young fold mountains in
the Eurasian Plate, such as the Atlas, Alps, Caucasus, and Himalaya.
These young fold mountains have an average elevation of 3000—
6000 m and are strongly affected by active tectonic deformation,
frequent seismic events, and strong glacial action.

The Circum-Pacific orogenic belt is the boundary between the
continents and the Pacific Ocean, where the most frequent earth-
quakes and the most active volcanoes occur. Its length is approxi-
mately 40,000 km. Due to the continuous expansion of the mid-
ocean ridge, the oceanic Pacific plate is subducted under the conti-
nental plates on both the east and west sides. This tectonic process
created the longest S—N mountain ranges along the western coast of
the American continent (i.e. the Cordilleras with mean elevations of
2000—4000 m). For the same reason, the central mountain range
(Taiwan, China) and some island arcs, including the Philippine
Islands, the Ryukyu Islands, and the Japan Islands, are formed in East
and Southeast Asia with mean elevation of 1000—3000 m. The Frank
rockslide (Cruden and Varnes, 1996), Mayunmarca rockslide
(Hutchinson and Kojan, 1975), Leyte rockslide (Evans et al., 2007),
and some other catastrophic events occur in this belt.

2.2. Classification of high-altitude and long-runout rockslides in the
Qinghai-Tibet Plateau and surrounding areas

As presented in Fig. 1 and Table 1, the catastrophic rockslides are
widely distributed in the Qinghai-Tibet Plateau and surrounding
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mountainous areas, China. For achieving risk control and mitigation
of the high-altitude and long-runout rockslides in these areas, it is
necessary to understand the dynamics of its high-speed movement,
identify the potential initiation zone of rockslides accurately, and
effectively assess its moving range as well as the secondary disaster.
Thus, this section mainly discusses the hazard processes and the
characteristics of velocity and distance in the study areas, and
proposes associated classifications based on the long-runout
rockslides parameters.

of the high-altitude and

(1) Characteristics long-runout

rockslide

Statistical results show that the disaster chains in the Qinghai-
Tibet Plateau and surrounding mountainous areas can be divided
into two categories, i.e. special and general disaster chains (Yin
et al,, 2021a). The special disaster chain is defined as the chain
that is released from a high altitude and accumulates downstream
after a high-speed movement, such as a process of rockslide-debris
avalanche-debris flow. In contrast, the general disaster chain en-
compasses both the special disaster chain and the secondary chains
it provokes, such as the process of dam-outburst and flood land-
slides due to lateral erosion downstream.

According to the characteristics of the disaster chain, the high-
altitude and long-runout rockslides in the study areas can be
generally divided into three zones: initiation zone at high altitude,
transition zone with significant erosion and entrainment, and
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Fig. 2. Dynamic zoning of high-altitude and long-runout rockslides and debris at Wenjiagou, Wenchuan, China: (a) Overview of the rockslide-avalanche-debris flow; and (b) Profile

of the rockslide avalanche and dynamic zoning.
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deposition zone with material-flow characteristic (see Table 2,
Fig. 2).

(2) Classification of the high-altitude and long-runout rockslides

Based on the analysis of height difference, runout distance, and
runout velocity, the classification of the high-altitude and long-
runout rockslide in the Qinghai-Tibet Plateau and surrounding
areas can be made (Table 3). Four classes are proposed according to
the height difference between the shear outlet and the mountain:
extremely high (>1000 m), high (1000-100 m), moderate
(100—50 m), and low (<50 m). In addition, four classes are classified
according to the runout distance: extremely long (>5000 m), long
(5000—-1000 m), moderate (1000—100 m), and short (<100 m).

The moving velocity is divided into seven scales, and then
updated by International Union of Geological Sciences Working
Group on Landslides (1995) and Cruden and Varnes (1996). How-
ever, the scale “Extremely rapid (5 m/s)” in their classification is not
suitable for the actual velocity of rapid rockslides in the Qinghai-
Tibet Plateau and surrounding areas. Therefore, according to
many disastrous events in study areas, the velocity of the high-
speed rockslides should be greater than 20 m/s. Thus, a new clas-
sification based on runout velocity is proposed: extremely rapid,
rapid, moderate, and slow (Table 3).

Next, the emergency response time (human response) for
rockslides at different velocities is analyzed (Table 4). The emer-
gency response time is divided into three categories: nil, nil-
evacuation, and evacuation. When rockslide reaches a hyperve-
locity with a speed of over 70 m/s, the possibility of evacuation
within 10 s is extremely low. If the lateral escape velocity of
downstream personnel is 0.5—5 m/s, the survival possibility would
be increased significantly if there is 90 s to response. For example,
the total runout distance of the Yigong rockslide is 10 km. Assuming
that the average moving speed is 82 m/s, the sliding mass could
reach 7.4 km from the starting point in 90 s. Correspondingly, right
at the position of 7.4 km downstream, if a person’s actual running
speed is 0.5—5 m/s, one could then be 45—450 m from the sliding
path. Since the gully is flat and the lateral width of the sliding body
is less than 1000 m, the possibility of evacuation is high with the
90 s responding time (Yin et al., 2011).

3. Sliding-prone geostructures and initiation mechanisms

3.1. Typical high-altitude and long-runout rockslides at faulted
mountains

The most frequent high-altitude and long-runout rockslides
occur in the Qinghai-Tibet Plateau are affected by tectonic activities,
such as nappe, strike-slip, and extension. The geological conditions,
including mélange strata, fault activities, and mountain structure,
control the occurrence of geohazards. Meanwhile, the sliding-
prone geostructures of high-altitude and long-runout rockslides
include the ophiolitic soft-rock mountain, the layered structure
mountain, and wedge-shaped structure mountain.

(1) The sliding-prone geostructure of the soft-ophiolitic rock
belt

These rockslides mainly occur in complex soft-rock tectonic belt
where the initiation zone is composed of weak mylonitized and
pulverized ophiolite. The Baige rockslide, for example, occurred in
the Jinsha River, in 2018 (Fig. 3a and b). The stratum of initiation
zone is serpentinite of the Late Devonian and Middle Permian,
including serpentinized peridotite, layered gabbro, diabase, pillow
basalt, etc. and the rock mass is fragmented with intensive

Table 2
Dynamic zoning and characteristics of high-altitude and long-runout rockslide.
Zone Geologic feature  Dynamic feature  Basic
criterion
Initiation zone Unstable faulted Initializing rock  Limit
and folded mass has a high  equilibrium
mountain at high gravitational
altitude under the potential energy
long-term gravity
creeping,
especially the one
is triggered by
heavy rainfall,
earthquake, snow
thawing, or even
mining
Transition Transferring After rockslide at The potential Energy
zone zone high altitude, the energy of rockslide conservation;
potential energy  avalanche Conservation
will transfer to transfers to kinetic of
kinetic energy, and energy. The momentum;
the accelerating  accelerating effect Impact
movement at the of flowing is theory, etc.
steep slope occurs. obvious, and
An extra runout  causes the
distance will be  successive impact
increased over
trap topography
Impact/ The debris The volume is Conservation
entrainment rockslide/ significantly of mass;
zone avalanche impacts increasing due to Conservation
and entrains the  the damming- of
ground, then outburst and the momentum;
transfers into entrainment. The Friction
rapid fragment sliding mass model;
flow; the volume transfers into Coulomb
of debris mass is  debris mass model, etc.

increasing, and the
effect of

damming-
outburst occurs

Deposition zone The debris The water-content Conservation
rockslide/ of debris mass of mass;
avalanche increases. Lon- Conservation
transfers into flow runout distance is of
with the effect of increasing due to momentum;
liquefaction or liquefaction or Voellmy
fluidization, then fluidization, but  model;
deposit at the the wide and Particle flow
wide and gentle  gentle topography model, etc.

topographic zone

will reduce the
distance and
velocity

Table 3

Recommended classification on high-altitude and long-runout rockslides.

Released height

Runout distance

Estimated velocity

Height difference Class Distance Class Velocity Class

(m) (m) (m/s)

>1000 Extremely  >5000 Extremely >70 Extremely
high long rapid

1000—-100 High 5000 Long 70—20 Rapid

—1000
100-50 Moderate ~ 1000—100 Moderate  20—1  Moderate
<50 Low <100 Short <1 Slow

mylonitization. The stratum in the lower part of the Baige rockslide
is hard Proterozoic gneiss, which thus forms an “upper soft and
lower hard” structure (Zhang et al., 2020a). Furthermore, the
rockslide failure is the result of the long-term creeping deformation
and damage of soft ophiolitic-rock mass. The schistosity inside the
metamorphic rocks such as ophiolite, gneiss, and phyllite is often
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Table 4

Estimated velocity and emergency response time of high-altitude and long-runout rockslides.

Scale Class Estimated velocity (m/s) Typical case Runout distance and response times (s)
10s 60 s 90 s
4 Extremely rapid >70 Yigong rockslide >700 m >4200 m >6300 m
Yin and Xing (2012) Nil Nil-evacuation Evacuation
3 Rapid 20-70 Zhaotong debris 200-700 m 1200-4200 m 1800-6300 m
(Tang, 1991) Nil Evacuation Evacuation
2 Moderate 1-20 Qianjiangping rockslide 10-200 m 60-120 m 90-1800 m
Yin and Peng (2007) Evacuation Evacuation Evacuation
1 Low <1 Kamenziwan rockslide >10 m >60 m >90 m
Yin et al. (2020) Evacuation Evacuation Evacuation

acting as the weak surface with the lamellae oblique to outside
slope, tending to be conducive to creeping deformation and shear
failure.

(2) Predominant layered sliding-prone geostructures

These rockslides usually occur in layered sedimentary and
metamorphic rocks of tectonic belt. The strata cut by faults in the
initiation zone mainly include layered slate, sandstone, carbonate
rock, and clastic rock. The lower strata consisting of gneiss, schist,
and marble are hard. The Yigong rockslide, for example, located on
the Jiali fault, consists of multiple near-parallel faults, which results
in fragment of flysch and metamorphic rock mass. Meanwhile,
there are many discontinuities in the layered slate of Carboniferous
Laigu group in the initiation zone (Fig. 3c and d). The sliding body is
prone to sliding along the weak-layered surface, as a result of
gravity, earthquake, and snowmelt (Yin et al., 2000). The shear
outlet where the fault extends lies at the contact zone between the
Carboniferous Laigu and Luocuo groups. Besides, more than 70
moderate-strong earthquakes (4.5< Ms < 5.5) have been reported
in the past 50 years. Therefore, the amplification effect of earth-
quake on ground motion has also been accelerated in terms of the
mountain deformation of Yigong source zone, due to strong fault
activities since the Late Cenozoic.

(3) Wedged-shape sliding-prone geostructures

These rockslides occur in ancient strata of tectonic belt, which
consist of gneiss, schist, quartzite. Examples are of the high-altitude
rock-ice rockslides/avalanches in Sedongpu of Tibetan, China, and
Chamoli of Uttarakhand, Indian (Fig. 3e and f), both of which occur
in gneiss of the Himalaya orogenic belt. The strata in initiation zone
consist of gneiss accompanied by a thick layer of glaciers, forming a
rock-ice structure. Many discontinuities appear in Chamoli rock-ice
mass, and the sliding body is wedge-shape under the cutting of
three sets of discontinuities. The volume of initial failure is
approximately 29.1 x 108 m>. This rock-ice mass slid from 4500—
6500 m with the height difference of 2000 m, and then transformed
into wet-debris avalanche. The debris blocked the main stream
after travelling 12 km. With the outburst of landslide dam, the flash
flood damaged two hydroelectric plants downstream and killed
200 people (Shugar et al., 2021; Yin et al., 2021b; Zhang et al,,
2022). It is likely that this disaster event experienced wedge-
shape sliding of rock-ice, debris avalanche, barrier dam outburst,
debris-flood, and flash flood.

The tectonic mélange belt and its adjacent metamorphic rocks,
such as gneiss, slate, constitute the typical stratigraphic combina-
tion in the Qinghai-Tibet Plateau. The strata of rockslides include
mélange belts, flysch strata, gneiss metamorphic rock bodies
(layers), basalt eruptive rock bodies (layers), clastic rock strata, and
carbonate strata. The outcropping location of fault and earthquakes
also control the distribution and evolution of rockslides. As shown

in Fig. 4, three mechanisms of high-altitude and long-runout
rockslides controlled by fault are described. One is the creeping
deformation of soft rock in the tectonic zone. The fragmented soft
rock is prone to deforming and shearing out along the rock inter-
face with strong horizontal compressive stress (Zhang et al., 2020b)
(Fig. 4a). The second type is the middle and upper part of the
mountain exposed by the fault. The ridge is affected by unloading
stress or earthquake, and the overall geological structure is rela-
tively fragmented. The lower part of the mountain is of good
integrity, and a key locked section is formed at the fault. Huang
et al. (2009) regraded the sudden brittle failure of “locked sec-
tion” as “the retaining wall failure” effect. The locked section suffers
sudden shear failure due to stress accumulation, forming a rock-
slide with initial velocity. This mode is common in earthquake
mountainous areas in western China, under the action of long-term
gravity and rainfall (Fig. 4b) (Yin et al., 2017b). The third type is the
mountain located in the fault zone of the strong earthquake area.
The rock mass is extremely fragmented due to the long-term tec-
tonic action. Furthermore, the vertical seismic acceleration is
greater than the horizontal acceleration. Thereby, the rock mass
may be vibrated and thrown by strong earthquake (Fig. 4c), and the
upper mountain also is sheared out at high altitude and then
transforms into debris avalanche (Yin et al., 2009, 2011).

3.2. Typical high-altitude and long-runout rockslides at folded
mountain

The upper Yangtze Platform of China is characterized by the
folded mountains mainly composed of carbonate rocks, clastic
rocks, metamorphic rocks, and basalt. A large number of high-
altitude and long-runout rockslides occurred in this area, espe-
cially in the Qinli-Bashan Mountain folded belt, the Chuandong-
Eyuqian folded belt, and the Qianzhong folded belt. The fold
mountains in the upper Yangtze Platform are composed of a series
of paralleled tight anticlines and open synclines with few excep-
tions (Fig. 5a). In the limb or core of the folds, the rockslides have
different failure patterns due to the substantial differences in the
topographic feature and rock mass structure (Fig. 5).

In the clastic rock mountain area, the most common high-
altitude and long-runout rockslides formed in the broad synclinal
valleys consisting of red beds are triggered by heavy rains (Yin et al.,
2016; Li et al., 2022). The failure mode is bedding sliding (Fig. 5b). In
the carbonate mountain area, many high-altitude and long-runout
rockslides formed in the folded mountain, due to the shoe-shape
landform (upper-thick-limestone cliff and lower-thin-mudstone/
shale gentle slope) and the influence of underground coal/bauxite
mining. In the core of the fold, there are two types of failure modes
of the rockslides: (1) toppling in the anticlinal mountain (Fig. 5c),
represented by the Jiguanling rockslide (Li et al., 2016) which is
similar to the famous Frank rockslide in Canada; and (2) buckling in
the synclinal mountain (Fig. 5d), represented by the Zengziyan
rockslide (He et al,, 2019). In the limb, the failure mode of the
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Fig. 3. Three typical sliding-prone geostructures and associated patterns in the Qinghai-Tibet Plateau tectonic belt: (a) and (b) Soft ophiolite geostructure controlling the Baige
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including collision and entrainment in Chamoli rock-ice avalanche. J3, J,, and J; represent the large discontinuity planes and the dip direction/dip angles is given in Chamoli rock-ice

avalanche.

rockslides is bedding sliding or oblique-inclined bedding (Fig. 5e),
which is represented by the Jiweishan rockslide (Yin et al., 2011).
Additionally, many catastrophic high-altitude and long-runout
rockslides in the upper Yangtze Platform formed in the flysch for-
mations and basalts, which are represented by the Xinmo rockslide
(Yin et al., 2017b) and the Touzhai rockslide (Gao et al., 2020).

(1) Geostructures of the rockslides in the carbonate rocks

The inclined limb and horizontal core layers of the carbonate
folded mountains are easily to form large-scale high-altitude and
long-runout rockslides. These mountains are composed of upper
thick (greater than 200 m) carbonate rocks interbedded with 4—6
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layers of soft thin bedding shales and lower gentle clastic rock
slopes (Fig. 6a and b). This landform is beneficial for potential en-
ergy transformed to kinetic energy after failure, and thus, the rock
avalanche or the long-runout debris flow forms and causes more
serious damages (Yin et al., 2011; Gao et al., 2018).

Influenced by the long-term tectonic actions, joints, fractures,
and weak interlayers are well-developed in the carbonate rock
mass. These discontinuities control the rock mass strength and
susceptibility to the occurrence of rockslide. Moreover, many pipes,
caves, sinkholes, and other karst landscapes have been formed in
this carbonate mountain area. Thus, the karst groundwater table
rises and falls abruptly during the heavy summer rains, not only
erodes intensely the karst mountains, but also causes substantial
changes in the gas pressure in the karst pipes, resulting in final
failure of the mountains (Fig. 6a and b). In the mountains where the
top of the slope is composed of carbonate rocks and the slope waist
is clastic rocks or basalts, large amounts of groundwater flows to
the lithological contact zone during the rainy seasons, significantly
affecting the stability of the slope (Fig. 6a). In addition, the car-
bonate mountain areas are rich in coal, bauxite, and irons. Long-
term and large-scale underground mining accelerates the defor-
mation and stress adjustment of the mountain. Finally, tensile-
shear and compressive-shear failures occur in the key hard rocks
covering the mining layer. After that, long-runout debris flows
(distance is larger than 1000 m) are formed subsequently due to the
special geomorphological condition represented by the upper thick
steep carbonate rocks and lower gentle clastic rocks.

(2) Geostructures of the rockslides in the clastic rocks
The mountain areas in Eastern Sichuan fold belt, China are

susceptible to high-altitude and long-runout rockslides. Large
amounts of catastrophic rockslide events triggered by the heavy

Open syncline

__Clastic rock mountain arca,
f f

Carbonate mountain arca ,

Rockslide type I

(b)

Fig. 5. Typical fold styles and rockslide modes in the upper Yangtze Platform: (a) Different rockslide sections of the folded mountains; (b) Bedding sliding rockslide; (c) Toppling
rockslide; (d) Bottom-crashing rockslide; and (e) Apparent dip sliding of oblique inclined bedding rockslide.
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rain due to influence of the West China autumn rain occurred in
these areas (Li et al., 2022). These rockslides mainly occur in
Jurassic and Middle-Upper Triassic clastic strata containing weak
surfaces or interlayers. The slip zones are low-strength mudstones,
shales, lithological contact zone, and coal-bearing layers. In terms
of hydrogeology, the high-altitude and long-runout rockslides in
this area generally have good permeable (water-containing)
geological units, and the groundwater is dominated by fissure
water and karst water. Groundwater infiltrates rapidly during the
heavy rain, weakening the interlayer and producing high water
pressures. Therefore, the sliding force increases and sliding resis-
tance is reduces due to rainfall infiltration. This is the cause of the
rockslide (Fig. 6¢ and d).

(3) Geostructures of the rockslides in the flysch formation
mountain

The flysch formation uniquely forms in the active tectonic belt. It
has complex composites and rock heterogeneity. During the long-
term tectonic action, the flysch formation mountain is prone to
forming different scales of folds. Obvious bedding dislocation and
dissipation occur in certain parts of the mountain, resulting in
decrease of the integrity of rock mass. The flysch formation is
widespread in the Qinling and Longmenshan areas of China. They
mainly consist of metamorphic sandstone, slate, quartz schist, and
phyllite. In 2017, a high-altitude and long-runout rockslide char-
acterized by bedding sliding occurred in Diexi Town, Sichuan
Province, China (Fig. 7a and b). The rockslide is located on the west
wing of the forearc of the arcuate tectonic belt where the active
fault is well developed. The rockslide is composed of Middle-Upper
Triassic Zagunao flysch formation (metamorphic quartz sandstone

interbedded with phyllite and slate) cut by multiple groups of
joints. Under the tectonic compression and gravity, the flysch for-
mation was flexed and dislocated, leading to the bedding rockslides
(Yin et al., 2017b).

(4) Geostructures of the rockslides in the basalt

The Emeishan basalt formation is widely distributed in the
southwestern margin of the Upper Yangtze Platform, China, such as
the Touzhai rockslide and the Shuicheng rockslide (Fig. 7c and d)
(Gao et al., 2020). This basalt formation is produced by multi-stage
magmatic eruptions. Affected by the long-term tectonic action, the
zone between different-stage basalts often has the dislocation
surface or belt, which is a weak part of the basalt rock mass. The
limb of the basalt fold mountain often forms a stepped landform.
Rockslides frequently occur in this area under the effects of
groundwater infiltration, water evaporation, and rock weathering.
Columnar joints are well-developed in the basalt rock masses.
Coupled with the tectonic fractures and weathered fissures, the
basalt rock masses are fractured or even fragmented. Small-
diameters (5—20 cm) basalt blocks are widely shown in the rock-
slide deposits (Xu et al., 2007).

3.3. Initiation mechanisms and patterns of high-altitude and long-
runout rockslides

Based on the analysis above, the high-altitude and long-runout
rockslides in the Qinghai-Tibet Plateau and adjacent areas have
various failure modes and initiation mechanisms due to the in-
fluences of various tectonic setting, strata, landform, and other
geological structures.
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Table 5
Geomorphology of typical high-altitude and long-runout rockslides in the Western China.
Geomorphologic division Topographic features Geomorphic features Disaster chain features Dynamic
. . . effects
Initiation zone Transition zone Deposition
zone
Deep canyon of Qinghai-Tibet Bending, Extra high-altitude Glacier, Gigantic Extra high-altitude rock-ice Air cushion,
(high and extra-high Long and narrow, Deep- rock-ice avalanche Glacial till damming  avalanche-river blocking-outburst Dynamic
mountains) cutting valleys, mountains deposit flood, fragment,
Height difference Runout distance (>10 km) Pound
(>3000 m) entrainment,
Middle mountain canyon of Deep-cutting valleys, High-altitude Valleys, Large High-altitude and long-runout Valley
Qinghai-Tibet margin Height difference (500 mountains with loose seismic damming  rockslide-debris avalanche-river ~damming,
orogenic belt —2000 m) seismic cracking deposit deposit blocking, Flowing
Runout distance (<5 km) deposit,
River blocking
and outburst
flood
The upper Yangtze Platform Step-like cliffs, Flat valley, Folded mountains with Gentle slopes with  Loose High-altitude and long-runout Dynamic
Height difference cliffs cliffs, rock debris deposit rockslide-debris avalanche, fragment,
(<1000 m) deposit Runout distance (<2 km) Pound
entrainment,
Valley
damming,
Flowing
deposit,

The high-altitude and long-runout rockslides occurring in the
Qinghai-Tibet Plateau are mainly distributed in the orogenic belts,
such as the Himalayan orogenic belt and the Longmenshan nappe
tectonic belt. The location and current activity of the mega tectonic

belts determine the mountain structure, internal and external
triggers, and the topographic features. Three types of initiation
mechanisms of the high-altitude and long-runout rockslides are

summarized in this area (Fig. 4): (1) failure of the soft ophiolitic
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mélanges in the tectonic belt undergoes creeping deformation
under long-term gravity and rainfall; (2) sudden failure of the
fractured mountain in the structural belt controlled by the domi-
nant structural planes, after the actions of frequent seismic events
and freeze-thaw cycle; and (3) failure of the faulted mountain
triggered by a strong earthquake, in which the seismic acceleration
causes the hanging wall to swell and throw.

The upper Yangtze Platform of China almost experiences heavy
rainfalls yearly. On the carbonate mountains, the groundwater is
dominated by the karst pipe flow. Water level and water pressure in
the karst pipeline surging during the rainy season induce the failure
of the pipe wall and rock mass in the karst mountain. During the
heavy rain season, high hydrostatic and hydrodynamic pressures are
produced in the saturated/unsaturated clastic rock mountain cracks,
and the weak interlayers are softened. Additionally, continuous un-
derground coal mining triggers many large-scale rockslides in
mountains consisting of the coal-bearing stratum in southwestern
China. Underground mining can cause the bending, separation, and
fracturing of the overburden rocks, and can increase substantially the
height of the water-conducting fractured zone (Li et al., 2022). After a
certain period, a chain reaction would be triggered. The chain in-
cludes uneven settlement of the overburden rocks, damage and

crushing of the mountain base as well as cracking of the mountain
top, buckling failure of the mountain (Li et al., 2016, 2022).

3.4. Geomorphic characterization of long-runout disaster chain

The occurrence of high-altitude and long-runout rockslides has
a close relationship with the regional geomorphological units. The
scales, kinematics and dynamic characteristics of rockslides are also
closely connected with micro-geomorphology. The zonal charac-
teristics in China can be classified into three topographic steps: the
Qinghai-Tibet Plateau, upper Yangtze Platform, and South-East Hills
(Guo and Cui, 2013), as shown in Table 5 and Fig. 8. Many scholars
often take apparent coefficient of friction (A H/L; where A H is the
total height difference and L is total horizontal distance (Hsii, 1975))
as an important parameter to describe the runout characteristics of
long-runout rockslide (Storm et al., 2019; Dufresne et al., 2019;
Melo et al., 2022). Thirty-two catastrophic rockslides over the past
100 years occurred in China are analyzed well. The relationship
between apparent coefficient of friction and volume, runout dis-
tance, fall height and runout distance is studied. It can be seen from
Fig. 9a that the ratio AH/L shows a large scatter with volume, but
the overall decreasing tendency matches with increasing volume. It
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Fig. 10. Movement zoning and dynamic process of high-altitude and long-runout rockslide.

also clearly shows that the volume generally exceeds 10 x 10 m? in
the Qinghai-Tibet Plateau regions, however, less than 10 x 10% m?
in upper Yangtze platform. In addition, the runout distances of
rockslides exceed 2 km in the Qinghai-Tibet Plateau Margins, even
surpassing 10 km in the Qinghai-Tibet Plateau (Fig. 9b). Neverthe-
less, the rockslide travels less than 2 km in the upper Yangtze
platform. It is referred that the travelling distance (>10 km) may be
related to micro-topography, such as the lubrication of glaciers,
snow, and glacial till, which are common in the Qinghai-Tibet
Plateau regions (Table 5). As can be seen from Fig. 9c and d, the
height difference and volume seem to be a positively linear with
increasing runout distance. The greater the height difference and
volume, the greater the potential energy. This suggests that the
sliding body would obtain a greater runout velocity due to mo-
mentum conversion.

According to above analysis, it is likely that micro-topography
plays an important role in high mobility. The height difference of

valleys is usually larger than 3000 m, and glacier, moraine, and
snow that are conducive to debris avalanche travelling lie at the
valley floor in the Qinghai-Tibet Plateau areas. Conversely, there are
relatively few lubricating substances in the upper Yangtze Platform
accompanied by the height difference (lower than 1000 m).
Thereby, the rockslides travel less than 2000 m, far less than that of
the Qinghai-Tibet Plateau areas.

4. Dynamics of high-altitude and long-runout rockslides

4.1. Dynamic process and behavior of high-altitude and long-
runout rockslides

4.1.1. Movement zone and dynamic process
High-altitude and long-runout rockslides have a complex dy-
namic process. According to the evolutional characteristics, this
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process can be divided into three movement zones (i.e. initiation
zone, transition zone, and deposition zone) (Fig. 10).

(1) Initiation zone. Rockslide or rockfall with large volume ini-
tiates under various adverse exogenic and endogenic factors.
The rock mass slides or collapses and maintains a relatively
intact structure in this dynamic process. After leaving the
starting position, the rock mass obtains a large amount of
kinematic energy, and differential movement occurs in
small-scale rock blocks cut by discontinuities (e.g. joints),
thereby resulting in disintegration (Pollet and Schneider,
2004; Yin and Xing, 2012; Gao et al.,, 2022a).

(2) Transition zone. With the continuous acceleration of rock-
slides, further disintegration and crushing resultant from
collision and differential shear make the relatively intact rock
mass break into numerous fragments and transform into
rapid granular flow (Pollet, 2004; Locat et al., 2006; Knapp
and Krautblatter, 2020). A series of dynamic effects in gran-
ular scale, such as segregation, mixing and dilate controlled
by collision and friction, determine the flow regimes of
landslide. In addition, during the rapid movement of gran-
ular flow, a considerable amount of loose substrate is likely to
erode and entrain into the granular flow, which enlarges the
volume greatly. The liquefaction effect may occur if low-
friction or water-bearing substrate is entrained into the
bottom of the granular flow (Heim, 1932; Takahashi, 1978,
2007; Yin et al., 2009; Wang et al., 2014; Iverson and Ouyang,
2015; Gao et al.,, 2020; Yin and Wang, 2020). Furthermore,
the entrainment of enough water-bearing units and surface
water can convert a dry granular flow into debris flow with
more mobility, leading to increased assessment difficulty
(Takarada et al., 1999; Dufresne, 2012; Gao et al., 2022b).

(3) Deposition zone. With the gradual consumption of kinetic
energy, the velocity of granular flow decreases and the grains
are bulldozed to halt. In the flat terrain in this zone, where
the local people settle, the deposition zone can seriously
threaten the safety of human life and property.

4.1.2. Dynamic behavior of high-altitude and long-runout
rockslides

Currently, the classifications of landslides by Varnes (1978) and
then updated by Hungr et al. (2014) are accepted widely. Long-
runout rockslides are composed of many discrete solid grains,
and the interstitial of these grains are filled with fluids (water or
air). So, considering the material composition of the moving mass
as a crucial factor, this study presents the various dynamic behav-
iors as follows (Fig. 11):

(1) Dry granular flow. The granular flow with intensive frag-
mentation is usually filled with air. Study of the dynamic
behaviors of dry granular flow makes it possible to under-
stand the landslide travel without the need of water or slurry
(Melosh, 1979; Davies, 1982; Campbell et al., 1995; Straub,
1996, 1997) (e.g. Jiweishan rockslide and Zhangjiawan
rockslide).

(2) Hyper-concentrated flow. The moving mass is composed of
small-size grains with the characteristics of lower bulking
factor and high-water content. The deposition shape is
relatively smooth, with small thickness (e.g. Zhenxiong
rockslide and Yili rockslide).

(3) Mixed flow. This type of flow mostly occurs under heavy
rainfall and glacier-melt conditions. The characteristics of
runout and deposition are intermediate between dry gran-
ular flow and hyper-concentrated flow (e.g. Shuicheng
rockslide and Sanxicun rockslide).
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Fig. 13. Material stratification, velocity and mechanical action during the movement of the high-altitude and long-runout rockslide. That is mainly affected by the internal force, the

basal resistance, and the interphase force.

internal €nerg,

® Thermal energy
e Chemical energy

® Fluctuation

Dynamic action = High Altitude & Long Runou

Landslide Disaster Chains

Dynamic action

® Fragmentation o Fluidzation

* Compression

Energy Conversion * Collision
g ® Erosion
e
a. e Friction §>
’9 e Superimposed impact )
i &
%’A Dynamic action ,og‘
< « High-altitude Starting @«&

Fig. 14. Energy conversion during the movement of high-altitude and long-runout
rockslides.

4.2. Movement process and dynamics of high-altitude and long-
runout rockslides

4.2.1. Mass conservation and phase transition

The runout process of long-runout rockslides follows the mass
conservation. The eroded material and fluid confluence are
considered as the source term Sy,. The mass conservation equation
is written as

g
a2+ V- (V) = S (1)

where p is the density (kg/m?), ¢t is the time (s), and V is the
divergence of the vector. Sy, is calculated by

Sm =S, +Ss (2)

where S; and S; are the mass changes in liquid and solid,
respectively.

The solid mass of the landslide changes all the time. The solid
mass change Ss is mainly determined by mass gain and mass loss
related to dynamic erosion (Se) and deposition (Sq), respectively,
and thus can be assessed by

Ss = Se — S4 (3)

Bedrock and loose materials in the substrate layer are entrained
after dynamic erosion, which can enlarge the mass by several or-
ders of magnitude (Abele, 1997; Egashira et al., 2001; Bouchut et al.,
2008; Mangeney et al., 2010). However, a decrease in mass occurs
when the landslide commences to deposit due to larger basal
resistance. Liquid is very important to the fluidization of landslide
and also is an important part of mass changes for landslide. The
liquid mass change (S) is determined by the mass gain by rainfall
(Sr) and surface runoff inflow or tributary inflow (S;) and the mass
loss by outflow (S,):

5=5+5-% (4)

where S; is affected by rainfall intensity, rainfall duration, and
catchment area. As for landslides with ultra-long runout distance,
the mass change of the surface runoff or the inflowing liquid (S;) is a
non-negligible part (Keefer et al., 1987; Vessia et al., 2014; Melillo
et al., 2015), which depends on the surface runoff and the num-
ber of tributaries. The fluid mass S, decreases in the whole runout
process, most of which loses in the form of infiltration into the
ground.
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Fig.15. Schematic diagram of large-scale physical model (experimental apparatus) for dynamic rockslide: (a) Photograph of experimental apparatus when the slopes of two flumes
are 50° and 30°, respectively; (b) Photograph of apparatus when the slopes of both flumes are 40°; and (c) 3D model of this large-scale experiment apparatus. The hydraulic system
consists of four hydraulic shafts, and the maximum axial force of each shaft is 16 tons (160 kN). Using this system, the slope of the two flumes can be changed freely.

F-2
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F-3 .
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Fig. 16. Deposition images of jointed blocks with different structures after fragmentation. The jointed blocks are closely packed by an assembly of subblocks with different uniaxial
compressive strengths of intact subblock: (a) 1 MPa; (b) 1.5 MPa; (c) 2 MPa, and (d) 1 MPa; and joint spacing reflected by the size of single subblock: 0.2 m x 0.1 m x 0.1 m and
0.1 m x 0.1 m x 0.1 m. The subblock is created by cementing together sand, barite, and gypsum cement with different ratios. The discontinuity settings are rough and completely
penetrated without tensile strength. The slopes of two flumes during these experiments are adjusted as 50° and 30°, respectively.
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Fig. 17. Fragment size distribution curves obtained by sieve analysis tests of F-1 to F-4. The relative breakage ratio (B;) has a position correlation with fragmentation degree, which is
defined as the ratio to total breakage to potential breakage (Hardin, 1985).

4.2.2. Momentum conservation and dynamic action (1) Internal force. In the dynamic process, the flow regime is

The momentum equation is the expression between the changeable, and mainly expresses as dense, dilute and ultra-
macroscopic force and velocity of the landslide. The velocity is dilute state (Fig. 12). The bottom of and the middle of the
mainly affected by three forces: internal force, basal shear resis- flow are dense, the surface is dilute grains, and the individual
tance and interphase force. The momentum equation is as follows: grains are ultra-dilute (Fig. 12). Three types of granular flow

regimes can respectively be classified to inertial flow (colli-

ov sion force), shearing flow (shear force) and transition flow
p [& + (v-V)v] = —Vp+u-Avipg+f+R (5) (collision force and shear force) (Bagnold, 1954; Jaeger et al.,
1996; Pouliquen and Chevoir, 2002; Roux and Combe, 2002;

where v is the velocity (m/s), Vp is the pressure gradient, (v-V) is MiDi, 2004).
the scalar product of the velocity and Nabla operator, Av is the (2) Basal resistance. In the beginning, the rock mass is in a
Laplace operator for velocity, f is the resistance force of shear layer relatively intact state. The basal shear resistance can be
(N), R is the interphase force (N), g is the gravitational acceleration described by the Coulomb friction model, which mainly de-
(m/s®), and u is the dynamic viscosity coefficient. pends on the basal friction coefficient. When the moving
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Fig. 18. Representative evolution processes of velocity. All of the experiments introduced in Fig. 16 have the same velocity trends verse distance. Taken F-1 as an example, the
momentum transfer from the tail to the front leads to a strong impulse velocity in the front, while it decreases the velocity in the middle and tail when impacted at the kink point.
Fourteen laser ranging sensors with certain interval (AL) are installed on the flume along the central line. The purpose of applying these sensors is to determine the block positions
of the front, middle and tail, and to measure the differential travel time (At) between two successive sensors. In this way, the mean front, middle and tail velocities can then be
calculated by v = AL/At.
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Fig. 19. Influences of fragmentation degree (B,) with different structures on energy
sink and velocity transfer. The fragmentation energy is assessed based on the
comminution theory (Locat et al.,, 2006). The velocity transfer is determined as the
impulse velocity as a result of momentum transfer as shown in Fig. 18.

mass enters the transition zone, the fragmentation breaks
strongly the relatively intact rock mass into granular flow.
The flow characteristics are shown in Fig. 13 in terms of
Reynolds’ number. Herein, the basal shear resistance seems

Leading edge Middle

50mm
e e

Leading edge

50 mm
(i Sl

(b)

to be controlled by the properties of the boundary layer.
Using the Reynolds’ number, the boundary layer can be
regarded to be a laminar state or a turbulent state (Fig. 13),
and the flow velocity is crucial to obtain the basal shear
resistance. The undulating runout path and the covered
erodible material on the runout path may cause separation of
the boundary layer, and then the basal shear resistance dis-
appears. The granular self-lubrication effect proposed by
Campbell (1989) can be regarded as a special case for the
separation of the boundary layer.

(3) Interphase force. The moving mass is composed of discrete
solid grains, and the interstitial space of these grains is filled
with air or water. In extreme conditions, such as heavy
rainfall, glacial lake outburst, and ice/snow melting, the
volume fraction of liquid is large enough to form a multi-
phase mixed flow. The interaction of liquids and solids
could affect the movement and deposition (Stokes, 1851;
Khan and Richardson, 1987; Iverson, 1997; Pudasaini, 2012;
Lee and Huang, 2018; Gao et al., 2022a).

4.2.3. Energy conservation and kinetic energy dissipation
The energy conversion, transformation and dissipation of the
high-altitude and long-runout rockslide are very complicated

Trailing edge

Trailing edge

50 mm
| )

Fig. 20. Multiple images digitally generated showing position of granular flow over three images at leading edge, middle and trailing edge by high-speed camera with a frame rate
of 2000 fps at a resolution of 1280 x 1024 pixel. In these experiments, the slopes of both flumes are adjusted as 40°. Angular quartz sands with different grain size: (a) 16—32 mm
and (b) 2—4 mm are selected as granular materials, and each group contains a single grains size (monodisperse) with the quality of 1000 kg.
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Fig. 21. Cutaway sketch showing deposit structure of polydisperse granular flow with
the fractal dimension (D) of 2.8: (a) Deposition characteristics from experiment; and
(b) Sketch diagram explaining deposition characteristics. The right front side of the
deposits is removed by trowel carefully in order to understand their internal granular
structures. In this experiment, the slopes of both flumes are adjusted as 40°. Angular
quartz sands with four grains size ranges (2—4 mm, 4—8 mm, 8—16 mm, and 16—
32 mm) are selected as granular materials, and each group contains aforementioned
four grains sizes (polydisperse) controlled by D = 2.8 with a total mass of 1000 kg.

(Ellen and Fleming, 1987; Anderson and Sitar, 1995; Evans and
DeGraff, 2002; Yang et al., 2018; Luo et al., 2019). The conserva-
tion theory based on the classical physics framework has been
widely used in energy analysis (Locat et al., 2006; Pudasaini and
Domnik, 2009).

The energy in the moving mass is mainly divided into three
types: kinetic energy, potential energy and internal energy. The
three types of energies transform each other, and finally dissipate in
a form of internal energy (Bartelt et al., 2006; Pudasaini and Miller,
2013). The initial potential energy determines the total energy, and
depends on the relative height difference: the larger the relative
height difference, the greater the potential energy. The energy
relationship and associated physical phenomenon in the moving
mass is shown in Fig. 14, and can be described by

Et:Ep+Ek+Ei (6)

where E; is the total energy, E, is the potential energy, Ey is the
kinetic energy, and E; is the internal energy.

4.3. Large-scale physical experiments on high-altitude rockslides
4.3.1 Large-scale physical experiment apparatus

The dynamic process of high-altitude and long-runout rockslide
is very complex. The physical experiments can be used to
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Fig. 22. Velocity profiles (u—h) and corresponding depth-averaged shear rates (y-t) for
different granular sizes: (a) 2—4 mm and (b) 16—32 mm. The velocity profiles of the
granular flows are initially extracted every 0.0005 s by particle image velocimetry (PIV)
analysis, and then averaged over 40 successive steps. The experimental conditions and
visual flow characteristics of these analyses are illustrated in Fig. 20. PIV analysis ig-
nores the dilute particulars at the leading and trailing edges and the surface of the flow
at the middle. Time-averaged velocity profiles of the granular flows are plotted every
0.1 s (2—4 mm) and 0.2 s (16—32 mm) time interval from the leading edge to trailing
edge, respectively. Time at O s represents the stating time of PIV analysis.
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Fig. 23. Time evolution curves of the measured basal normal stress for the granular
size of 2—4 mm. The experimental conditions in shown in Fig. 20. The raw normal
forces are measured by self-made force plate, similar to Iverson (1997). The mean
values are determined by applying a moving window average filter, and the window
size is set as 0.04 s time interval.

understand the influencing parameters and the development of
real-time runout (Dufresne, 2012). Thereby, the physical
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Source area

Erosion area

Fig. 24. Schematic diagram of experimental setup for researching the dynamic be-
haviors of substrate in the processes of erosion and entrainment. The slopes of two
flumes during these experiments are adjusted as 50° and 30°, respectively. The high-
speed camera has a frame rate of 2000 fps at a resolution of 1280 x 1024 pixel. There
are two experimental situations: (1) dry substrate: angular quartz sands with size of
16—32 mm and 2—4 mm are selected as granular material in initiation zone and
erosion area, respectively; (2) wet substrate: angular quartz sands with size of 16—
32 mm are selected as granular material in initiation zone. As for erosion area, the
granular material with three size ranges (0—2 mm, 2—4 mm, and 4—8 mm) are mixed
with the fractal dimension of 3.3 and volumetric water content of 20%. Two pore-
pressure sensors are arranged at point-1 and point-2 respectively for measuring
basal pore-fluid pressure under experimental situation (2).

experiment has become one of the most effective means for
studying the rockslide dynamics (Bowman et al., 2012; Dufresne,
2012; Manzella and Labiouse, 2013; Farin et al., 2014; Bartali
et al,, 2015; Sanvitale and Bowman, 2017; Li et al., 2021). Howev-
er, the data obtained from physical experiment may not accurately

Initial topography

10em | joose substrate in the proximal arca

Substrate

(©)

describe field-scale behaviors due to scaling issue (Iverson et al.,
2004; Bryant et al, 2015). Until now, the largest experiment
apparatus for studying rockslide dynamics is a flume measuring of
90 m long and 2 m wide, which was developed in United States
Geological Survey (USGS) (Iverson, 1997). This flume is excavated
on the mountain with a constant slope of 30°. The opaque side edge
of this flume does not capture the micro grain-scale flow.

In this study, considering the representative three-stage dy-
namic processes, i.e. initiation, transition, and deposition, we
designed a large-scale experimental apparatus with transparent
side flume walls, allowing observations of internal grain-scale
phenomena. As shown in Fig. 15, this apparatus is mainly
composed of a hopper (maximum value of about 5 m?), two flumes
(length x width x height = 11 m x 1.2 m x 1.5 m), and a platform
(length x width = 12 m x 4.8 m). The side walls of these two flumes
are transparent tempered glass, and the slope of these flumes is
controlled by the hydraulic control system within the ranges of
30°—40° and 40°—50°, respectively (Fig. 15b).

4.3.2. Fragmentation effect on dynamic behaviors of rockslides

Fragmentation is a very common phenomenon in the dynamic
process of high-altitude and long-runout rockslides, which makes
the original block structure transform into granular structure. In
the fragmentation process of rockslides, the relatively intact rock
mass in the initiation zone is broken into numerous fragments with
different sizes, which is associated with the energy conversion and
the runout fluidization (Davies et al., 1999; Hungr and Evans, 2004).
The fragmentation effect on the rockslides with different block
structures is a challenging issue, especially the effect on velocity,
energy and momentum (Haug et al., 2016; Gao et al., 2022a).

Incoming flow

Initial topography

v

Final?&p?)graphy

Substrate

(d

Fig. 25. Dynamic evolution sequence of loose substrate in the proximal captured by high-speed camera-1 under experimental situation (1): (a) Initial state; (b) Interaction process
between the granular flow and substrate; (c) Final state; and (d) The interaction process between granular flow and substrate.
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Fig. 26. Dynamic evolution sequence of loose substrate in the distal captured by high-speed camera-2 under experimental situation (1): (a) Initial state; (b) Mobilized process; (c)
final state; and (d) The mobilized process of substrate.

Outgoing flow

Outgoing flow

Basal shear-induced entrainment zone Basal shear-induced entrainment zone

Residual loose substrate in the middle
after erosion and entrainment induced
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Fig. 27. Dynamic evolution sequence of shear-induced mobilized loose substrate package after the erosion process in Fig. 26 captured by high-speed camera-2 under experimental
situation (1): (a) Initial state; (b) Mobilized process; (c) Final state; and (d) The mobilized process of substrate.
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Fig. 28. Dynamic evolution processes of basal pore-fluid pressures at different
measuring points under experimental situation (2).

Fig. 16 presents the deposition characteristics for different block
structures after fragmentation. In general, extremely crushed fine
grains are concentrated at the rear of the horizontal plane and the
bottom of the deposits, which are formed by the intensive friction
of fragments on the horizontal plane. In addition to these fine
grains, the main bodies in the upper part show more marked
fragmentations in the distal, which is closely associated with the
intensive fragmentation coming from the impact at the front and
bottom parts (Zhao et al., 2018). The fragmentation characteristics
are closely associated with the blocking structures in initiation
zone. With decrease of subblock strength, more fine fragments can
be observed, implying a more significant fragmentation degree
(Figs. 16 and 17). As shown in Fig. 16¢, there is almost no crushing
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for higher strength subblocks, and only the disintegration between
the joint surfaces is observed. In addition, with increase of joint
density, the fragmentation degree is gradually increased, and many
crushed fine clastic grains are formed (Figs. 16d and 17).

The disintegration of joints and fracture of subblocks can lead to
transformation and redistribution of the momentum. As shown in
Fig. 18, since the momentum transfer enables to force the front part
to gain momentum when impacted at the kink point, the boosting
impulse velocity in the front and the decreasing velocity in the
middle and tail are observed. Fig. 19 presents the relationship be-
tween the fragmentation degree described by relative breakage
ratio (B;) and impulse velocity. The fragmentation degree is posi-
tively correlated with the impulse velocity, suggesting that the
fragmentation enhances the momentum transfer efficiency. On the
other hand, in view of energy, we can assess the dissipation of
energy associated with fragmentation. As shown in Fig. 19, frag-
mentation energy consumption accounts for 3%—20% of the total
energy, which is consistent with the field investigations (Locat
et al,, 2006). This energy sink is caused by the generation of new
fragment surfaces, and it is more significant when the fragmenta-
tion degree increases. These results further prove that the frag-
mentation can cause energy consumption, which is conductive to
the momentum transfer of blocks and thus increase the runout of
the front part.

4.3.3 Dynamic behaviors of dry granular flow

The long-runout rockslides commonly transform into a rapid
granular flow of debris with intensive fragmentation (Davies and
McSaveney, 2009), and thereby understanding the rheological
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Fig. 29. LPF?P interface.
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Fig. 30. Multiple-phase simulation principle of high-altitude and long-runout rock-
slide: (a) Sketch of the dense, dilute and ultra-dilute states in the motion of a cohe-
sionless dry solid grains, with different state stress solutions applied to different
constitutive models; and (b) Sketch of the action of internal forces, interphase forces
and substrate resistance in the simulation of rockslide motion.

behaviors of granular flow and linking the behaviors to rockslide
runout are likely to provide insights into the underlying rockslide
mechanisms (Campbell, 1990; Zhou and Sun, 2013).

At the microscale, the flow regime of granular flow can be
classified into dense regime, dilute regime and ultra-dilute regime
(Fig.12). As shown in Fig. 20, granular flows mainly consist of dilute
(or ultra-dilute), saltating and dispersed grains with low solid
concentration observed at both the leading and trailing edges. The
grains at the middle are almost densely packed with high solid
concentration. However, in the case of larger granular size
(Fig. 20a), the dilute, saltating and dispersed grains are also
observed on the surface of the flow at the middle. According to the
flow characteristics in Fig. 20, grains in the leading and trailing
edges are mainly influenced by inertia collision, and frictional
contact dominates the granular interaction in the middle of the
flow, whereas the increasing size tends to increase granular inertia
as reflected by more disperse grains in Fig. 20a.

In the outcrops of rockslide deposit, inverse grading is very
common, meaning that vertical directionally aligned grains
decrease in size from the surface to the bottom (Cruden and Hungr,
1986; Zhang et al., 2016). In general, when granular flows with
bidisperse or polydisperse granular structures downslope, the
granular segregate develops an inversely graded granular size
distribution, i.e. upward coarsening (Johnson et al., 2012; Sheng
et al, 2021). As shown in Fig. 21, coarse grains are not only
enriched in the surface layer, forming a special granular deposit
sequence similar to the “Brazil Nut Effect” (Mobius et al., 2001), but

the lobate heads are also dominated by coarse grains, behind which
it is less well sorted and finer grains deposit between coarse-grain
levees. The formation of such a deposit structure involves very
complex granular dynamics. Coarse grains segregate to the flow
surface layer, transport to the flow snout by differential shear, and
then are shouldered aside by advancing fine grains (Johnson et al.,
2012; Kokelaar et al, 2014). Therefore, the granular mixture
continually forms a conduit boundary constrained by coarse-
grained levees and fine-grained lining, and a central low-
frictional shear layer by fine-grained channel, which reduces fric-
tional energy losses and thus enhances the mobility of granular
flow.

The rheological mechanical behavior of granular flow can be
reflected in the shape of velocity profile (Lanzoni et al., 2017). The
granular flow involved in the majority of grains in high-altitude and
long-runout rockslide exhibits the characteristics of dense flow
with the occurrence of differential shear within the grains (Zhang
et al., 2016, 2020a, 2022). As shown in Fig. 22, the flow velocity
of granular flow with different sizes decreases gradually from the
leading edge to trailing edge along the flow direction, and shows a
slip velocity. The decrease in granular size makes the velocity
profile to change from nearly linear to concave, and enlarges the
shear rate. Taking the finer grains with apparent shear rate as an
example (Fig. 22b), the velocity enhances gradually from the bot-
tom to the surface. In addition, with the continuous acceleration of
granular flow, the basal normal stress decreases simultaneously
(Fig. 23), which is inferred to increase agitation (lower solid con-
centration) closely associated with intensive shear in the lower part
(Campbell, 1989). This implies a possible mechanism to extreme
mobility of landslide as a decrease in basal normal stress indicates a
decrease in resistance.

4.3.4. Dynamic behavior of erosion and entrainment process

When granular flow rapidly spreads over the complex terrain
covered with loose substrate, the substrate will inevitably be
eroded and then entrained into the flow, which dramatically en-
larges the flow volume and changes the flow mobilization
(Dufresne, 2012). This study investigates the dynamic behaviors of
erosion and entrainment process of substrate imposed by the
overlying flow (Fig. 24). Our experiments indicate that the process
of erosion and entrainment of the granular flow takes place upon
plough, basal shear, substrate active mobilization and continuous
impact ahead of the flow.

As shown in Fig. 25, when the front of the flow encounters the
proximal substrate, the substrate is eroded in a form of significant
ploughing, accompanied by shear abrasion. Here, intensive
compress-related shear at the beneath and ahead of the granular
flow forces the substrate to be entrained and bulldozed to the front.
In the distal (Fig. 26), the underlying substrate is subjected to shear-
induced erosion imposed by the advancing flow, and then forms a
differential shear erosion layer within a certain range below the
substrate. The erosion layer is observed to be entrained grain by
grain rather than mass, and the availability of entrainment depends
on the momentum gained by substrate. In addition, after the
erosion process of Fig. 26, a mobilized substrate package is devel-
oped with a thick of 5 cm (Fig. 27). The active mobilization of this
package is sliding later by layer until the residual momentum of
substrate fails to motivate. Furthermore, in the process of interac-
tion between landslide and substrate, a deformation wave ahead of
the flow under continuous impact-related erosion can improve
erosion of substrate (Estep and Dufek, 2012; Zhang et al., 2020a). As
shown in phase-1 and phase-2 in Fig. 28, the increments of the
basal pore-fluid pressures ahead of the flow front are observed at
two measuring points as a result of substrate compression,
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Fig. 31. Comparison between experimental results and numerical results of the flume experiment with cohesionless grains of size (a) 3 mm and (b) 24 mm.

mobilization, and transport, which can be used as a proxy to reflect
the effect of impact-related erosion (Iverson et al., 2011). This effect
is essentially inconsistent with phase-3 and phase-4 with respect to
the increasing mechanisms of pore-fluid pressure (Yin et al., 2016).

4.4. Computational theory and numerical analysis of long-runout
chain-style dynamic processes

4.41. LPFP

The high-altitude and long-runout rockslides move rapidly,
while the runout/dynamic process is hard to capture in field. To
quantitatively assess the impacting scope and disaster risk, nu-
merical simulation has become one of the most efficient and
visualized means to analyze the movement process and dynamics
mechanism of landslides (McDougall and Hungr, 2004; Christen
et al.,, 2010; Ouyang et al,, 2013; Feng et al., 2014; Xu and Dong,
2021; Gao et al., 2022c¢). The Landslide Post-failure in Three Di-
mensions (LPF?P) has established a new numerical simulation
approach for solving the polymorphic transformation of moving
mass among dense, dilute and ultra-dilute granular flow, and the
multi-media coupling of fluid and solid grains (Fig. 29). This
method does not require a meshing, and is more computationally
efficient than the discrete element method. It can realize the high
efficiency and high precision solution of complex dynamic prob-
lems of rockslides, debris avalanches and two-phase flow.

This method bridges the continuum algorithm and discrete
medium algorithm, based on complex particle flow continuum
theory model and smooth particle hydrodynamics method. From
the perspective of particle dynamics, the smoothed particle hy-
drodynamics (SPH) method is used for discrete solution. Each in-
dividual particle carries not only the information such as mass,

velocity, position and pressure of the particle phase, but also the
particle size distribution shape, volume fraction and pseudo-
temperature introduced by particle dynamics. The mass of SPH
particles is equal to the total mass of particle swarm it represents,
the density is the effective density of the particle swarm, the ve-
locity is the mean velocity of the particle swarm, and the pseudo-
temperature and pressure are the mean pseudo-temperature and
mean pressure of the particle swarm. The actual number of parti-
cles can be calculated with a smaller number of particles by the
volume fraction, and the volume fraction is also an important in-
dicator to discriminate the dense, dilute and ultra-dilute states of
particles. The internal force, boundary friction resistance and
interphase force in the process of rockslide movement are fully
considered (Fig. 30).

4.4.2. Numerical analysis of flume experiment
(1) Runout simulation of monodisperse granular flow

Based on the polymorphic transformation theory, two mono-
disperse granular flows with different particle sizes are simulated
using LPF?P. According to the flume experiment, the grains sizes of
the slide body material are 3 mm and 24 mm in the numerical
simulation, and the physical and mechanical parameters of the
sliding body are consistent with those in the flume experiment. The
values of volume fraction are 60% (dense and dilute states) and 2%
(dilute and ultra-dilute states).

Fig. 31 shows the numerical simulation of the moving material
with granular sizes of 3 mm and 24 mm LPF?P can be efficiently
realized using fewer computational particles to simulate massive
grains. According to the analysis of the flume experiment results,
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the difference between the experimental and numerical results can
be compared. By adjusting the parameters of the SPH algorithm
using trial-and-error method, the motion processes and accumu-
lation morphology are basically consistent, which provides a good
verification and comparison for the actual landslide simulation and
the parameter determination of the software algorithm. The total
movement time of numerical simulation is 10 s, as displayed in
Fig. 31. The numerical simulations of the maximum velocity,
accumulation morphology and motion time are basically consistent
with the experimental observations, indicating that the poly-
morphic transformation theory has a good applicability for the
motion simulation of dry grains in the flume experiments, while
the convergence and stability of the computational process are well
captured (Fig. 31).

(2) Coupling simulation of solid grains-fluid

In addition to the equations of mixture theory (Bedford and
Drumheller, 1983), the flume experiments provide data for

studying the two-phase flow. The LPF?P can simulate the mixed

moving process of the two-phase flow. The main purpose of the
experiment is to analyze the transformation of single-phase to
two-phase flow. According to the test results, considering the
influence of fluid drag force, the dynamic process of debris flow
under four different conditions in the fluid-solid coupling flume
experiment is simulated: (i) 30% water mixed with debris; (ii)
70% water mixed with debris; (iii) 30% slurry (water and clay
mixture material with a viscosity coefficient is 0.018 Pa s) mixed
with debris; and (iv) 70% slurry mixed with debris. The param-
eters are selected according to the field physico-mechanical
parameters.

Fig. 32 shows the comparison between the simulation and
experimental results in conditions (i) and (ii). It shows that for
condition (i), most of the mixtures move and accumulate on the
bottom plate, with a movement distance of about 2.2 m (Fig. 32a);
for condition (ii), most of the mixtures move and accumulate on the
bottom plate, with a movement distance of about 5.6 m (Fig. 32b).
In the flume experiment, the pore water pressure was monitored.
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When the fluid is under dilute state, the pore water pressure dis-
sipates quickly with small pore pressure coefficient. As such cases,
the separation of water and grain is not obvious, and the long-
runout movement can be formed. This means that the fluid has a
sound dragging effect on the solid grains. In the simulation, the
influence of the encountering force is fully considered, and the
simulation results match the test results very well.

Fig. 33 shows the comparison between the simulation and the
experimental results in conditions (iii) and (iv). Under condition
(iii), most the mixtures are in the state of movement, and finally
stop and move at the slope toe. The grains are evenly distributed in
the flume and at the slope toe, with a movement distance about
0.7 m (Fig. 33a). Under condition (iv), the state of the mixture is
similar to that of condition (iii), but the movement distance is
longer, and at the slope toe, with a movement distance about 5.4 m
(Fig. 33b). In Fig. 32, the liquefaction effect of slurry is more obvious
than that of pure water, and the pore pressure dissipates slowly,
resulting in lower boundary friction resistance. The pore water
pressure coefficient and the interphase force jointly affect the

landslide movement, and the simulation results are also consistent
with the actual results.

It also shows that the total motion time and distance of the
simulation results are basically consistent with that of the flume
experiment, and reflect a good applicability of the numerical
calculation.

4.4.3. Numerical analysis of rockslide cases

Based on the theory of polymorphic transformation and multi-
media coupling, the LPF?P is used to simulate some typical land-
slides. The Jiweishan debris avalanche in Chongqing, and the San-
xicun rock avalanche in Sichuan Province, China are selected as the
typical cases. The simulations are consistent with the actual deposit
morphology (see Figs. 34 and 36), demonstrating the key influence
of coupled interaction forces in the rockslide to debris flow
transformation.

(1) Jiweishan debris avalanche
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Fig. 34. Comparison between the actual rockslide accumulation results and numerical simulation results: (a) Remote sensing of debris avalanche accumulation; and (b) LPF*P

numerical simulation results.

On 5 June 2009, a landslide with value of about 500 x 10* m?
sheared out from the initiation zone in the direction of apparent dip
in Tiekuang town, Wulong County, Chongqing. This eventually
formed an accumulation body with average thickness of over 30 m,
a longitudinal length of approximately 2200 m and a total volume
of approximately 700 x 10% m?, resulting in 74 deaths and 8 injuries
(Yin et al., 2011; Feng et al., 2016; Zhu et al., 2018). The rock mass of
the Jiweishan debris avalanche is a single-phase dry granular flow,
and reflects transformation of dense, dilute, and ultra-dilute gran-
ular flow. The actual parameters of main sliding body were used in
the simulation (Zou et al., 2017; Gao et al., 2018; Zhang et al., 2018)
and the critical values for the dense and dilute states were set at
60% and 2%, respectively.

The movement process of the Jiweishan debris avalanche is
simulated using LPF°P, and the red dashed line showed the actual
rockslide accumulation. The average maximum velocity of the slide
is approximately 40 m/s, and the maximum velocity of individual
particles at the leading edge of the slide can reach 50.9 m/s. The
movement process reflects the whole process of initiation sliding,
potential kinetic energy transition, and debris accumulation
(Fig. 35). The maximum distance of the rockslide movement is
2180 m, and the maximum accumulation thickness is 68.7 m below
the shear outlet. The accumulated thickness decreases gradually

from the back edge to the front edge, and the accumulation state is
basically the same as the real rockslide, which is a good repro-
duction of the rockslide movement accumulation process (see
Fig. 34).

(2) Sanxicun rockslide-debris flow

In July 2013, a rockslide occurred in Dujiangyan, Sichuan Prov-
ince, China, leading to 166 deaths and destroying of 11 houses. The
landslide movement distance was about 1200 m with a volume of
30 x 10* m? (Yin et al., 2016; Gao et al., 2017). The rockslide was
destabilized and sheared out at a high altitude triggered by heavy
rainfall. After the potential and kinetic energy conversion, the slide
converged with the surface runoff, causing a large rockslide-debris
flow. In the LPF?P simulation, the fluid volume fraction and the solid
grains volume fraction are summed to 100%. The initial volume
fractions of the solid grains and fluid in the Sanxicun rockslide-
debris flow are respectively set to 30% and 60% in the simulation.

In the LPF?P, the dynamic process of Sanxicun rockslide-debris
flow is revealed, and the red dotted line is the real rockslide de-
posit range. The maximum velocity at the front edge of the rock-
slide can reach 45 m/s, and the overall average maximum velocity
of the moving mass is about 28 m/s. The maximum horizontal
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Fig. 38. The simulation results of the Jiweishan rockslide using different numerical models: (a) PFC>® model; (b) LPF*® model; and (c) DAN®" model.

runout distance is 1300 m. The maximum deposit thickness is 11 m, 4.4.4. Comparison of different numerical analysis methods

and the overall average thickness of the solid phase is about 8 m In this study, the granular flow theory (particle flow code, PFC3P)
(Fig. 37). The deposit feature is basically the same as the field and the equivalent fluid theory (dynamic analysis of landslides,
rockslide (Fig. 36). DAN?P) are selected for the comparative analysis of the Jiweishan
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debris avalanche. Each of the three calculation methods has its own
advantages. The physico-mechanical parameters of the limestone
are used and the kinematic friction coefficient is all assigned with
the same value. In the LPF>P, the field physic-mechanical processes
of rockslide during accumulation are considered, and the simula-
tion results are most consistent with the field rockslide accumu-
lation result (Fig. 38).

The dynamic process of rockslide is extremely complex, and
using a single-state model and single-phase material is difficult to
match the field rockslide movement. A single computational model
can be used to simulate post-landslide damage, but it relies on
empirical formulations and parameter adjustments by geologists.
This numerical model is closer to the actual dynamic process of
rockslide, reflecting the polymorphic transformation and the multi-
media coupling process of the sliding main body. The LPF*P method
in this study can be a good solution to this type of rockslide, as the
physico-mechanical parameters of the field rockslide have been
used.

5. Risk mitigation and structural prevention measures
5.1. Strategy on structural and non-structural approaches

Structural and non-structural prevention and mitigation
measures are needed for accurate identification of initiation zone,

and prediction of released time, range of deposits, and secondary
effects of long-runout rockslide. Interferometric synthetic aper-
ture radar (InSAR), one of space-borne earth observation tech-
nologies, has become an effective means to dynamically recognize
and monitor the landslides (Intrieri et al., 2018). The proposed SAR
offset-tracking method has achieved good results in large-
deformation monitoring of high-altitude and long-runout rock-
slides in extremely high mountain areas (Liu et al., 2020). We
estimated the pre-event deformation of the Baige landslide from
October 2014 to August 2018 using the improved SAR offset-
tracking approach (Yin et al., 2021a, 2022). The results suggest
that the Baige landslide had undergone remarkable deformation
before failure, where the maximum deformation rates in the
slant-range and azimuth directions of the rockslide
reached —9.3 m/yr and 1.9 m/yr, respectively. The cumulative
deformation in the slant-range and azimuth directions
reached —60.2 m and 12.6 m, respectively from January 2007 to
August 2018 (see Fig. 39).

The structural measures are usually adopted to hinder the
initiation or propagation of the rockslide by stabilizing the unstable
rockslide in the initiation zone or reduce sliding volume, or
decelerate the debris avalanche. A series of structural preventions
for the risk reduction is proposed on the basis of the diverse dy-
namic features of initiation, transition (energy transferring) and
deposit zone of the long-runout rockslide (see Fig. 40).
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and (b) Structure layout.

5.2. Structural rockslide stabilization in the initiation zone

The elimination of chain disasters can be realized by reinforcing
the initiation zone of the potential rockslide actively. The fast and
light structures would be a good choice in terms of reinforcement.
Located on the right bank of the Min River in Maoxian County,
Sichuan Province, China, the Tizicao rockslide has an average lon-
gitudinal length of 540 m, an average width of about 560 m, and an
average thickness of 45.1 m. The total landslide volume reaches
13.9 x 10® m>. The height difference between the front and rear
edges of the rockslide is about 650 m, and the slope varies from 40°
to 80°. If this huge rockslide fails, it is likely to form a landslide dam
on the Minjiang River, and further generate a secondary flooding.
This could cause damage to the towns, roads and other infra-
structure along the Min River (Fig. 41a).

A light structural system using reinforcement technologies,
including micropiles and anchorages, was performed on the initi-
ation zone of the Tizicao rockslide in accordance with the charac-
teristics of deformation and stability analysis (Fig. 41b). Ninety-two
pre-stressed anchor cables with a total length of 9147 m were
applied by 2 x 6 rows in the upper part of the initiation zone. The
diameter of drill hole was 128 mm, and the 12-beam anchor cables
of prestressing pressure dispersion type were used with single
length varying from 37 m to 66.5 m. In the middle part of the
initiation zone, 4 rows of micropile groups were performed in an
arch ring shape. 122 micropiles were set with a spacing of

2 m x 2 m. The length of a single pile was within 60.5—63.3 m,
while a total length of 7548.4 m (Fig. 42).

The soil arch effect due to the micropile-soil interactions and the
arc-shaped arrangements of the micropile groups have been
revealed by 3D numerical simulation (Yan et al., 2011). The rock-
slide is assumed to be an elastoplastic material, and an isotropic
elastic model was used for the micropile group. The micropile
spacing and the spacing between the front and rear rows were both
S =2 m, and the micropile groups were arranged in the form of an
arch (Wang et al., 2020b). Among them, the distance is 8.5S be-
tween the boundary position of the last row piles (arch foot) and
the crown position of the first-row piles. The mechanical trans-
mission law of the arc-shaped reinforcement effect has been
formed (Martin and Chen, 2005) subsequently. The simulation re-
sults are as follows (Fig. 43):

(1) The normal stress on the —8.55—2S profile in Y-direction is
approximately 50 kPa. This value indicates that the rockslide
is in a uniform stress state, and only the stress decreases at
the boundary, which means the arc-shaped reinforcement
effect is not obvious.

(2) At the profile of 0 (i.e. pile-group crown), the mechanical
transmission of the arc-shaped reinforcement effect is sig-
nificant, and the normal stress of the rockslide is only 9 kPa,
indicating that stress of about 41 kPa (=50—9 kPa) is trans-
mitted from the landslide to the pile group.

(3) Atthe profile of 2S, the normal stress of the landslide is 0 kPa,
that is, the stress of the remained 9 kPa is transmitted to the
pile group. At the profile of 45—8.5S, the normal stress of the
landslide is still 0 kPa, and the stress at the boundary also
drops to 0 kPa gradually.

The arching effect of multi-row micropile groups is significant to
effectively hinder the movement of the sliding body.

5.3. Dissipating structure on debris avalanche in the transition zone

It is extremely difficult to prevent and control the debris
avalanche with high energy, and the effective engineering mea-
sures are still immature. Conventional prevention structure is
mainly achieved by employing multi-stage check dams to control
the sliding mass. This kind of structure often fails when the impact
force of the sliding body is too large, and it would further increase
the scale of the sliding body and aggravate the severity of the
disaster.

This study proposes a mitigation principle focused on mo-
mentum reduction instead of blocking the sliding flow. As a result,
the boundary layer roughening technology, such as barrier piles, is
adopted to slow down the velocity of high-speed debris flow, and
the combined structure of reinforced concrete pile and beam is
used to realize the energy dissipation by extending the impact time.
The simulation by ANSYS shows that the debris flow can form an
obvious arch circle effect under the blocking of the pile-beam dam
(Fig. 44). Along the axis direction of the pile beam dam, the impact
pressure decreased significantly, that is, PO, P1, P2, and P3
decreasing in turn. Along the normal direction of the pile-beam
dam, when the multi-sphere chain forms multi-row structure, the
impact pressure is also significantly reduced. This energy-
dissipating structure has achieved sound results in the prevention
project of large and high-altitude debris flow in Zhouqu Country,
and has been applied in other mountainous areas as well in
Western China (Fig. 45).
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Fig. 42. Stabilization the initiation zone of the Tizicao rockslide: (a) Overview after stabilization; (b) Anchorage with Reinforced concrete lattice; and (c) Micropiles with arc layout.
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Fig. 44. Numerical simulation on the compositing structure of pile-beam and the arch effect to debris avalanche: (a) Numerical modeling of pile beam dam with four monitoring
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5.4. Deflecting and drainage structure on debris flow in the runout/
deposition zone

The control project of the super-large high-altitude debris flow
in Zhouqu County, Gansu Province, China, has employed a pile-
beam dam in the upper part of the transition zone, and a com-
posite drainage system is used in the downstream in order to meet
the requirements of the on-site reconstruction.

According to the design, the upper section can be used as public
facilities such as municipal roads. Upon heavy rain, the lower sec-
tion can be used as the channel of the debris flow; when extreme
heavy rain happens, both the upper and lower sections could be
used as the access of flood and avalanches. In this way, not only the
disaster risk of cities along the drainage groove can be effectively
reduced, but also the planned construction land can be increased
(Figs. 46 and 47).

6. Conclusions

The high-altitude and long-runout rockslides are extremely easy
to occur in the Qinghai-Tibet Plateau and its adjacent areas. This
kind of complex geohazards usually presents a gigantic scale, large
height difference accompanied with high potential energy to form
a rapid and long-runout chain-style flow. Moreover, it would cause
a secondary disaster chain in river basin and could destroy towns
and major infrastructures.

(1) In this paper, the geological structures of high-altitude and
long-runout rockslides in the Qinghai-Tibet Plateau and its
adjacent areas are studied. The two types of sliding-prone
geological structure models, i.e. the fault control type in
orogenic belt and the fold control type in platform area, are
established.

(2) The geomorphology controlling the high-altitude and long-
runout dynamic process of rockslides is discussed. The
large-scale experimental apparatus has been constructed to
carry out a series of experiments for the chain-style dy-
namics of rockslide-debris avalanche-debris flow.

(3) A numerical simulation method for the long-runout rock-
slide-debris avalanche is developed, which verifies the re-
sults of large-scale physical experiments. Then, the dynamic
characteristics of quasi-static-transition-inertia state trans-
formation and solid-liquid coupling in rapid movement of
rockslide-debris avalanche-debris flow are revealed.

(4) The risk mitigation strategy of the non-structure and struc-
ture for resilient energy dissipation is proposed for various
zones. For the initiation zone, a light and fast stabilizing
method of arc-layout micropile group for the high-altitude
rockslide is developed. For the transition zone, the com-
bined structure of reinforced concrete pile and beam with
energy dissipation is developed to prevent debris avalanche.
For the runout/deposition zone where severe disasters occur,
the composite structure for deflecting and drainage to debris
flow is suggested. These structural prevention and mitigation
methods have been successfully applied to the high-altitude
and long-runout rockslides or debris flows in Zhouqu,
Maoxian of the Wenchuan earthquake zone, and other major
geohazards in the Qinghai-Tibet Plateau and its adjacent
area.
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