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The Sichuan-Tibet transportation corridor is located at the eastern margin of the Qinghai-Tibet Plateau,
where the complex topography and geological conditions, developed geo-hazards have severely restricted
the planning and construction of major projects. For the long-term prevention and early control of regional
seismic landslides, based on analyzing seismic landslide characteristics, the Newmark model was used to
carry out the potential seismic landslide hazard assessment with a 50-year beyond probability 10%. The
results show that the high seismic landslide hazard is mainly distributed along large active tectonic belts
and deep-cut river canyons, and are significantly affected by the active tectonics. The low seismic
landslide hazard is mainly distributed in the flat terrain such as the Quaternary basins, broad river valleys,
and plateau planation planes. The major east-west linear projects mainly pass through five areas with high
seismic landslide hazard: Luding-Kangding section, Yajiang-Xinlong (Yalong river) section, Batang-
Baiyu (Jinsha river) section, Basu (Nujiang river) section, and Bomi-Linzhi (eastern Himalaya syntaxis)
section. The seismic action of the Bomi-Linzhi section can also induce high-risk geo-hazard chains such as
the high-level glacial lake breaks and glacial debris flows. The early prevention of seismic landslides
should be strengthened in the areas with high seismic landslide hazard.

©2023 China Geology Editorial Office.

1. Introduction

safety of residents and major projects in the seismic area (Yin
YP et al,, 2011; Dai FC et al., 2011; Yin YP, 2014; Tang HM

The Qinghai-Tibet Plateau is a special region with the
most intense tectonic activities in China and even in the
world, where there are the complex landforms and geological
structures, developed active faults. The frequent historical
earthquakes have induced a large number of secondary geo-
hazard chains such as landslides, dammed rivers and barrier
lakes, so the risk of seismic geo-hazards is high (Peng C et al.,
2021). In recent years, there have been many strong
earthquakes on the Qinghai-Tibet Plateau. The huge Mg 8.0
Wenchuan earthquake in 2008 triggered a large number of
secondary geo-hazards, which posed a serious threat to the
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et al.,, 2015). After the Wenchuan earthquake, the Mg 7.0
Lushan earthquake in 2013 (Zhang YS et al., 2013), Mg 6.5
Ludian earthquake in 2014, Mg 6.3 Kangding earthquake in
2014 and Mg 6.8 Luding earthquake on September 5, 2022
successively occurred. A large number of loose deposits
caused by earthquakes provide abundant material sources for
subsequent geo-hazards, which are easy to be transformed
into geo-hazards again under the post-earthquake rainfall
effect. So, the seismic effect can significantly increase the
susceptibility and intensity of subsequent geo-hazards.
Seismic landslide hazard has attracted extensive attention
in the geo-hazard research field. Abundant research works on
seismic landslides have been carried out, and some effective
and sophisticated methods and models have been established
to complete the seismic landslide susceptibility and hazard
assessment, such as multi-criterion evaluation method (Kamp
U et al., 2008), artificial neural network (ANN) (Lee S and
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Evangelista DG, 2006), support vector machine (SVM) (Xu C
et al., 2012), Bayesian network (Song YQ et al., 2012), and
logistic regression (Nefeslioglu HA et al., 2006). For
considering the physical meaning and seismic dynamic effect
on slope masses failure, the Newmark model (Miles SB and
Ho CL, 1999; Wilson RC and Keefer DK, 1983) and related
empirical predictive models (Chousianitis K et al., 2014) and
statistical probabilistic models (Nowicki MA et al., 2014)
have been established to carry out seismic slope displacement
simulation and landslide hazard assessment.

With the implementation of China’s western development
and poverty alleviation strategy, major projects and urban
construction such as railways, highways, hydropower stations,
water transmission lines and trans-regional power grids on the
Qinghai-Tibet Plateau are developing rapidly, which are
bound to face serious threats from potential seismic landslides
in the areas with active faults. The Sichuan-Tibet
transportation corridor is located at the eastern margin of the
Qinghai-Tibet Plateau, which has the largest topographic
steepness, the strongest internal and external dynamic
geological action, and the extremely frequent geo-hazards,
and it is the first step of the land topography in China. Where,
a lot of research results on landslide susceptibility and hazard
assessment have been completed (Wu RA et al., 2020). But,
the research results on seismic landslide assessment are
relative lacking, and most of them are mainly for local areas
(such as active fault zones) (Xu C et al., 2012; Zhang YS et
al., 2017) or single earthquake event (such as the Wenchuan
earthquake in 2008 and Lushan earthquake in 2013) (Wang T
et al., 2013; Yang ZH et al., 2015). The research on potential
seismic landslide of the whole line of Sichuan-Tibet
transportation corridor needs to be strengthened and its impact
on major projects should be considered.

Considering the regional seismic geological setting, seismic
activity characteristics, long-term seismic landslide prevention
and control necessary of major projects and urban planning and
construction, and on the basis of analyzing regional topography,
geological structure, stratigraphic lithology and typical seismic
landslides, the Newmark model based on general statistical law
(Newmark NM, 1965; Jibson RW et al., 2000; Roberto R, 2000)
was adopted to carry out the prediction and assessment of
potential seismic landslide hazard in the Ya’an-Linzhi section
of Sichuan-Tibet transportation corridor, which initially
reflected the spatial distribution characteristics of regional
seismic landslide hazard, and analyzed its influence on the
engineering planning and construction. The study results can
provide scientific reference for the long-term prevention and
control of seismic landslides of major projects in the Sichuan-
Tibet transportation corridor.

2. Seismic geological settings

The Sichuan-Tibet transportation corridor is located at the
eastern margin of the Qinghai-Tibet Plateau, starting from
Chengdu city of Sichuan province in the east and reaching
Lasa city of Tibet in the west. It rises from the Sichuan Basin

on the second step to the Qinghai-Tibet Plateau on the first
step of land topography in China, where the landform is
dominated by the plateau basins and deep valleys. The
Sichuan-Tibet transportation corridor spans 16 major rivers,
including the Dadu river, Yalong river, Jinsha river, Lancang
river, Nujiang river and Yarlung Zangbo river, and passes
through 21 snow-capped mountains, including Hengduan
Mountain Range, Taniantaweng Mountain Range and
Nianqing Tanggula Mountain Range, with extremely complex
landforms and geological settings. The strata are well
developed, and the geological structure has a significant
controlling effect on the strata distribution, such as the strata
strike is basically consistent with the regional fault strike
(Fig. 1). Except for the Cambrian, the strata are distributed
from the Quaternary to the Sinian, and the sedimentary rocks
are the main ones.

Since the Late Cenozoic, the neotectonic movement of the
Qinghai-Tibet Plateau has been intense, and the Sichuan-Tibet
transportation corridor traverses the Yangtze Block, Sichuan-
Yunnan Block, Gansu-Qinghai Block, Tibet Block and
Himalayan Block from east to west (Deng QD et al., 1996).
During Quaternary, the subduction and extrusion of the Indian
plate into the Eurasian plate resulted in the rapid uplift of the
Qinghai-Tibet Plateau at a speed of 9.5 mm/a (Tapponnier P
and Molnar P, 1977), which then resulted in strong modern
crustal activity and high crustal stress field (Zhu SB and Shi
YL, 2005; Meng W et al., 2022). As a further result, the active
fault zones with different directions were formed in the parts
of uneven crustal movement, such as the Longmenshan fault
zone, Xianshuihe fault zone, Litang-Dewu fault zone,
Jinshajiang fault zone, Lancangjiang fault zone, Nujiang fault
zone, Chayu-Jiali fault zone, etc. (Fig. 2). According to the
Seismic Ground Motion Parameters Zonation Map of China
(GB 18306-2015) issued by the China Earthquake
Administration, the peak ground motion acceleration of
Sichuan-Tibet transportation corridor is all greater than or
equal to 0.10 g (seismic fortification intensity >7 degrees),
and the corridor with the peak ground motion acceleration of
0.2 g or above are about 500 km long, accounting for 52% of
the total length. The peak ground motion acceleration in the
southern Luding-Kangding section of the Xianshuihe fault
zone is up to 0.4 g, and the peak ground motion acceleration
in the Bomi-Linzhi section on the northern side of the great
bend of the Yarlung Zangbo river is up to 0.3 g. In history,
there have been many strong earthquakes that have caused
heavy casualties, such as the Mg 8.6 Chayu earthquake in
1950, the Mg 7°/, Kangding earthquake in 1786, the Mg 6.7
Batang earthquake in 1989, and the Mg 8.0 Wenchuan
earthquake in 2008.

3. Seismic landslide development characteristics

The Sichuan-Tibet transportation corridor runs through
the Hengduan Mountain Range, with high mountains and
deep valleys, and strong topography cutting and rock
fragmentation. The shallow surface geo-hazards such as
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Fig. 1. Geological settings of the Sichuan-Tibet transportation corridor (the simplified geological data comes from the regional geological
maps with 1 : 200000 scale).1—Quaternary alluvium, moraine, etc.; 2—terrestrial clastic rocks, marine clastic rocks and volcanic rocks; 3—ter-
restrial clastic rocks, marine sedimentary rocks in the South Tibet (sand-shale mixed with marl); 4—marine sand slate mixed with limestone,
sand-shale, conglomerate and volcanic rocks; 5-Mesozoic stratification; 6-Gondwana facies (limestone, sand-slate mixed with basalt and phyl-
lite); 7-mixed stratum; 8—Gondwana facies (sand-shale, marble and limestone); 9—molarite of middle-upper Devonian; 10—mixed stratum of up-
per Paleozoic; 11-Pre-Devonian metamorphic sand-slate, gneiss and marble; 12—limestone mixed with phyllite, marble mixed with mafic vol-
canic rocks; 13-mixed stratum; 14 —clastic rocks and volcanic rocks; 15-mixed stratum of lower Paleozoic; 16 —Proterozoic; 17 —Archean;
18-Mesozoic mixtite; 19-Himalayan granite; 20—Late Yanshanian-Himalayan granite; 21—Yanshanian granite; 22—Hualisian-Yanshanian gran-
ite; 23—Proterozoic granite; 24—diorite type; 25—ultramafic rocks; 26—alkaline rocks; 27—drainage; 28—faults.
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Fig. 2. Active faults and historical earthquakes in the Ya’an-Linzhi section of the Sichuan-Tibet transportation corridor (the simplified faults
come from the regional geological maps with 1 I 200000 scale and the earthquake epicenter data come from the China Earthquake Administra-
tion).

collapse, landslide and debris flow formed under the internal geo-hazard data in Fig. 3 come from the county geo-hazard
and external dynamic coupling action are characterized by a survey database organized by the Ministry of Natural
wide distribution area, large scale, great harm, frequent Resources of China and the field survey of huge and typical
recurrence and complex formation mechanism (Fig. 3; geo-hazard along and around major projects. And, the large-

Delaney KB and Evans SG, 2015; Guo CB et al., 2020). The scale geo-hazards are selected to calculate the geo-hazard
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density, which is more representative of the harm from geo-
hazards. The geo-hazards shown in the Fig. 3 are typical and
representative super-large-scale landslides, collapses, and
debris flows, such as the Luanshibao landslide, Yigong
landslide and Baige landslide. The landslides in the Sichuan-
Tibet corridor are significantly affected by the regional
tectonics and active faults, and their sliding direction is
mostly perpendicular to the fault strike and the flow direction
of rivers.

Earthquake is an important internal dynamic geological
factor to induce geo-hazards. Strong earthquakes may not
only form large scale surface rupture zones, but also destroy
the intrinsic stability of natural slopes, thus forming large-
scale geo-hazards. The seismic landslide is affected by the
throwing force, which starts fast and has large potential
energy and long runout, and may cause “catastrophe” at the
slope foot or transform into a destructive geo-hazard chain.
The Sichuan-Tibet transportation corridor passes through
many Holocene active faults, such as Longmenshan fault
zone, Xianshuihe fault zone and Batang fault zone, and a
large number of catastrophic earthquake-induced landslide
events have occurred in the history. In 1973, the Mg 7.9
Luhuo earthquake in the Xianshuihe fault zone triggered more
than 160 landslides, and the linear landslide distribution
characteristics along the fault were very prominent (Li MH et
al., 2014). In 1786, the Mogangling landslide in Luding
county induced by the Mg 7°/, Kangding earthquake blocked
Dadu river and formed huge barrier lake. In 1950, the Mg 8.6
Chayu earthquake in Tibet induced a large number of
avalanche, ice collapse, rockfall and landslide disasters, and
accumulated a large number of loose accumulation materials
in the long and steep Guxiang gully of Bomi county, which
seriously increased the development intensity and frequency
of debris flow in the Guxiang gully. By means of field
investigation and geological dating, several large-scale paleo-
seismic landslides with a scale of one thousand years have
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been found (Fig. 4), such as the Luanshibao landslide with
high location and long runout in the margin of Maoyaba basin
of Litang county (Guo CB et al., 2016), Temi landslide
blocking Jinsha river in Batang county, Langduo landslide
group in Batang county, etc.

In recent years, there have been frequent earthquake
events in the Sichuan-Tibet transportation corridor. The Mg
8.0 Wenchuan earthquake in 2008 induced tens of thousands
of geo-hazards, which were the most densely distributed, the
largest scale and the most serious catastrophe recorded so far
(Yin YP et al., 2011; Yin YP, 2014), and significantly
increased the earthquake-induced losses. The Mg 7.0 Lushan
earthquake in 2013 (Zhang YS et al., 2013; Yang ZH et al.,
2015; Shao XY et al., 2022 ), Mg 6.5 Ludian earthquake in
2014, Mg 6.3 Kangding earthquake in 2014 and other strong
earthquakes induced many landslide disasters. On September
5, 2022, one Mg 6.8 earthquake occurred in Luding county,
Sichuan province, which triggered many secondary
avalanches and landslides (Fig. 5). The Luding earthquake-
induced landslides are mainly small and medium-sized, and
the large and giant landslides are relatively less, and some
landslides with high location are transformed into landslide-
debris flow disaster chains (Fan XM et al., 2022; Huang YD
et al., 2022).

4. Seismic landslide hazard assessment

The research on the seismic landslide hazard has gradually
developed from qualitative to semi-quantitative and
quantitative, and the presented models and methods are
becoming more and more abundant. The Newmark model
predicts seismic landslide hazard by calculating the
accumulated slope displacement under seismic load
(Newmark NM, 1965), and has been widely used (Jibson RW
et al., 2000; Zhang YS et al., 2017). In this paper, on the basis
of considering the regional seismic geological settings, the
Newmark model is used to carry out the potential seismic
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Fig. 3. Major geo-hazard distribution in the Ya’an-Linzhi section of the Sichuan-Tibet transportation corridor.
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Fig. 4. Seismic landslides characteristics in the Ya’an-Linzhi section of the Sichuan-Tibet transportation corridor.a—Mogangling landslide in
the Luding county; b—Temi landslide in the Batang county; c—Luanshibao landslide in the Litang county; d—55 Daoban landslide in the Luhuo

county.

landslide hazard assessment of the Ya ’an-Linzhi section of
the Sichuan-Tibet transportation corridor.

4.1. Newmark model principle and calculation process

The theoretical basis of the Newmark model is the limit
equilibrium theory of infinite slope. This model regards the
sliding body as a rigid body, and mainly studies the critical
acceleration and safety factor of the slope itself. When the
acceleration coming from external force is greater than the
critical acceleration, a limited displacement of sliding body
will occur, and the limited displacement is accumulated
continuously to produce permanent displacement of the
sliding block (Newmark NM, 1965). The permanent
displacement of the sliding body can be obtained by twice
integrating the difference between the external load
acceleration and the critical acceleration with respect to time
(Newmark NM, 1965; Jibson RW, 1993; Jibson RW et al.,
2000; Roberto R, 2000).

Based on the statistical analytical results of a large number
of seismic landslides, a simplified Newmark calculation
model based on statistical laws between seismic landslide
hazard and geological parameters was developed (Miles SB
and Ho CL, 1999; Jibson RW et al., 2000). Here, the potential
seismic parameters are the peak ground motion acceleration
under probabilistic seismic conditions. The calculation steps

of the seismic landslide hazard are as follows: (1) Based on
the regional geological settings, the appropriate parameters of
rock and soil mass strength and slope shape are selected to
calculate the regional slope static safety factor (Fy); (2) The
slope critical acceleration (a,) is calculated by F, and slope
shape parameters; (3) The permanent slope sliding
displacement (D,) under probabilistic seismic effect is
calculated using @, and peak seismic ground acceleration
(PGA); (4) Finally, according to the statistical law of slope
displacement and landslide occurrence probability, seismic
landslide hazard can be predicted and assessed (Wang T et al.,
2013; Zhang YS et al., 2017).

4.2. Seismic landslide hazard assessment

The ArcGIS platform was used to realize the potential
seismic landslide hazard assessment based on the Newmark
model. The geological data comes from the regional
geological maps with 1 : 200000 scale, and the engineering
geological units can be divided according to the stratum
lithology and rock mass structure. The used terrain data
comes from the advanced spaceborne thermal emission and
reflection radiometer global digital elevation model (ASTER
GDEM) with a resolution of 30 m, from which the terrain
slope can be generated. The ground motion parameters were
based on the fifth-generation seismic ground motion
parameters zonation map of China. The resolution of raster
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data during calculation was 30 m, and the vector data was
converted to raster data to participate in calculation.

4.2.1. Slope static safety factor

The slope static safety factor can represent the slope body
stability without the influence of internal and external
dynamic disturbances such as earthquake and rainfall. The
slope stability factor formula (Eq. 1) based on the limit
equilibrium theory was used to calculate the static safety
factor (F) of the regional slope (Miles SB and Ho CL, 1999;
Jibson RW et al., 2000). Among them, ¢’ is the effective
internal cohesion of rock-soil masses (kPa), ¢’ is the effective
internal friction angle of rock-soil masses (°), y is the weight
of rock-soil masses (kN/m®), y,, is the weight of groundwater
(kN/m%), ¢ is the thickness of potential sliding rock-soil
masses (m), o is the inclination angle of potential sliding
surface (°), and m is the thickness ratio of saturated part in the
total potential sliding rock-soil masses.

7
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The stratigraphic lithology in the Ya’an-Linzhi section of
the Sichuan-Tibet transportation corridor is divided into 13
engineering geological units by comprehensively considering
several factors such as geological tectonics, stratigraphic age,
rock-soil mass type, and weathering and fragmentation degree
of rock masses (Fig. 6, Table 1). According to the
Engineering geology handbook (The fifth edition) of China
(Hua JX et al., 2018), rock-soil masses experiments, literature

and expert experience, the physical and mechanical properties
of engineering  geological units were initialized
comprehensively. Then, Equation 1 was used to calculate the
slope static safety factor (F,). During the multiple iterative
calculation process, the model parameters were adjusted to
ensure that the slope static safety factor (F) without internal
and external dynamic loading was greater than 1. The model
parameters are determined as follows: ¢’, ¢’ and y are shown
in Table 1, y,=10 KN/m?, =2.5 m, m=0.3, o is the terrain
slope, which comes from the field geological survey
knowledge, existing reference literature (Kamp U et al., 2008;
Zhang YS et al., 2017; Du GL et al., 2022) and experience
understanding. Finally, the slope static safety factor (Fj) of
the Ya’an-Linzhi section of the Sichuan-Tibet transportation
corridor can be calculated, which is shown in Fig. 7. The
regions with lower slope static safety factor (F;) are more
prone to landslide occurrence.

4.2.2. Slope critical acceleration

The slope critical acceleration (a,.) refers to the ground
motion acceleration when the sliding force of the sliding
masses is equal to the anti-sliding force (limit equilibrium
state), which can represent the slope instability potential due
to its inherent properties under external seismic motion. By
comparing the force state of the sliding masses under static
and seismic dynamic conditions, the limit equilibrium
equation of the sliding masses was established, and the
calculation formula (Eq. 2) of the slope critical acceleration
(a.) was derived (Wilson RC and Keefer DK, 1983). Where, g
is the gravity acceleration (m/s®), and « is the inclination
angle of potential sliding surface (°). Then, the slope critical

Fig. 5. Landslide characteristics induced by the Mg 6.8 Luding earthquake in the Sichuan province in 2022. a—Deformation and failure of the
Mogangling landslide accumulation body; b—landslide and debris flow in the Yanzi gully; c—Xinhuancun landslide in the Detuo town; d—S211

crossroad landslide in the Detuo town.
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acceleration (a,) of the Ya’an-Linzhi section of the Sichuan-
Tibet transportation corridor was calculated, which was
shown in Fig. 8. The regions with little slope ecritical
acceleration (a,) are more prone to landslide occurrence with
internal and external dynamic effects.

a.=(F,—1)gsina )

4.2.3. Seismic slope displacement

In the study area, the rugged topography has a serious
amplification effect on the ground seismic motion. The
topographic amplification effect for a local prominent terrain
can be calculated by Eq. 3 (The Ministry of Construction of
the People’s Republic of China, 2010; Wang T et al., 2018; Li
C and Su LJ, 2021). Where, 4 is the topographic amplification

Yang et al. / China Geology 6 (2023) 228—240

coefficient, and a is the increment amplitude of the ground
seismic motion, and ¢ is the adjustment coefficient. The
parameter a was approximately calculated by the slope height
and slope gradient (Table 2), and ¢ was set to 1 for simplicity
(Wang T et al., 2018; Li C and Su LJ, 2021). The slope height
and slope gradient can be obtained from DEM data using
ArcGIS platform. The fifth-generation seismic ground motion
parameters in China (Fig. 9) with a 50-year exceedance
probability of 10% was adjusted by Eq. 3. The statistical
functional relationship between the seismic slope cumulative
displacement (D,,), slope critical acceleration (a.), and peak
seismic ground acceleration intensity (PGA) is shown in Eq. 4
(Jibson RW, 2007). Among them, the slope cumulative
displacement (D,) is positively correlated with the peak
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Fig. 6. Engineering geological units in the Ya’an-Linzhi section of the Sichuan-Tibet transportation corridor.
Table 1. Physical and mechanical properties of engineering geological units in the Ya ’an-Linzhi section of the Sichuan-Tibet
transportation corridor.
1D Engineering geological units c'/kPa o'l° P/(KN/m®)
1 Hard thick-bedded sandstone 26 33 26
2 Relatively hard to hard medium-thick-bedded sandstone interbedded with conglomerate, 25 32 25
mudstone and slate
3 Alternate of soft and hard medium-thick-bedded sandstone and mudstone interbedded with 23 30 24
limestone
4 Soft to relatively hard and thin to medium-thick-bedded sandstone and mudstone 22 28 23
5 Soft thin-bedded mudstone and shale 20 27 21
6 Hard medium-thick-bedded limestone and dolomite 24 31 25
7 Relatively hard and thin to medium-thick-bedded limestone and argillaceous limestone 23 30 24
8 Alternate of soft and hard medium-thick-bedded limestone and dolomite interbedded with 22 29 23
sandstone and mudstone
9 Relatively hard to hard and thin to medium-thick-bedded slate, phyllite and metamorphic 21 28 22
sandstone
10 Soft to relatively hard and thin to medium-thick-bedded phyllite and schist interbedded 20 26 21
limestone, sandstone and volcanic rocks.
11 Hard blocky basalt 27 34 29
12 Hard blocky granite, andesite and diorite 26 33 28
13 Soft loose sediments and deposits 15 25 18

ID is the corresponding number of engineering geological units in Fig. 6, ' is
the weight of rock masses.

the effective internal cohesion, ¢’ is the effective internal friction angle, and y is
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seismic ground acceleration intensity (PGA), and negatively
correlated with the slope critical acceleration (a.). The
adjusted PGA results were used to calculate the seismic slope
displacement (D,,) of the Ya’an-Linzhi section of the Sichuan-
Tibet transportation corridor, which was shown in Fig. 10.
The regions with large slope displacement (D,) can show high
seismic landslide hazard.

A=1+&xa 3

1 D 0215 1 1 a. 2.341 a, —1.438
=0. - 4
&0 * Og[( PGA) (PGA) ] @

4.2.4. Seismic landslide hazard

The slope displacement does not necessarily indicate that
significant landslide disasters will definitely occur. Only
when the slope displacement has accumulated to a certain
95°E

96°E 97°E

94°E

98°E

extent, the slope will become unstable and slide along the
sliding surface, which results in the bothersome landslide
disasters. According to extensive experience and research
results, there is a statistical relationship between slope
displacement and seismic landslide occurrence probability
(Jibson RW et al., 2000). Through analyzing the historical
landslide data of the Mg 7.9 Luhuo earthquake in 1973 in the
Xianshuihe fault zone, a statistical function relationship
(Eq. 5) between slope displacement and seismic landslide
occurrence probability was established, which is suitable for
the active tectonic zone on the eastern margin of the Qinghai-
Tibet Plateau (Zhang YS et al., 2017). This equation was used
to calculate the landslide occurrence probability index (p)
under the potential seismic dynamic actions in the Ya ’an-
Linzhi section of the Sichuan-Tibet transportation corridor.
And, the higher the index, the greater the seismic landslide
hazard.
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Fig. 7. Slope static safety factor in the Ya’an-Linzhi section of the Sichuan-Tibet transportation corridor.
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P =0.238 [1—exp(—0.0034D>*)] )
5. Seismic landslide hazard results and engineering effect
5.1. Distribution characteristics of seismic landslide hazard

According to the seismic landslide occurrence probability

Table 2. The empirical increment parameters of the
topographic amplification effect (Wang T et al., 2018; Li C and
Su LJ, 2021).

H Soil slope H<5 S<H<1S  15<H<25 H>25
Rock slope  H<20 20<H<40 40<H<60 H>60

H/L H/L<0.3 0 0.1 0.2 0.3
0.3<H/L<0.6 0.1 0.2 0.3 0.4
0.6<H/L<1.0 0.2 0.3 0.4 0.5
H/L>1.0 0.3 0.4 0.5 0.6

Note: H represents the slope height and H/L represents the slope tangent.

index, combined with the regional seismic geological settings
and the field seismic landslide survey, the potential seismic
landslide hazard in the Ya’an-Linzhi section of the Sichuan-
Tibet transportation corridor can be divided into three levels
(Fig. 11) as follows: low seismic landslide hazard (seismic
landslide occurrence probability is less than 5%), accounting
for about 62.41% of the total area; medium seismic landslide
hazard (seismic landslide occurrence probability is 5%—15%),
accounting for about 24.43% of the total area; high seismic
landslide hazard (seismic landslide occurrence probability is
more than 15%), accounting for about 13.16% of the total
area. In general, the areas with high seismic landslide hazard
are distributed in a zonal pattern approximately from south to
north, and are mainly distributed along large active tectonic
belts and deep valleys of large rivers. They are significantly
affected by tectonic activities, especially the “Y” active tectonic
zone in the east and the eastern Himalaya syntaxis in the west,
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Fig. 9. Peak seismic ground acceleration in the Ya’an-Linzhi section of the Sichuan-Tibet transportation corridor.
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Fig. 11. Potential seismic landslide hazard in the Ya’an-Linzhi section of the Sichuan-Tibet transportation corridor.

where there are high seismic landslide hazard. The areas with
low seismic landslide hazard are mainly distributed in the
areas with gentle topography and little active tectonic effect,
such as the Quaternary basins, broad river valleys and plateau
planation planes.

5.2. Engineering effect of seismic landslide hazard

The statistical spatial distribution law of potential seismic
landslide hazard shows that the major linear projects such as
east-west railway, highway, water transmission line and trans-
regional power grid in the Ya’an-Linzhi section of the Sichuan-
Tibet transportation corridor mainly pass through five areas
with high seismic landslide hazard. The first area is the
Luding-Kangding section that is located at the Xianshuihe
active fault zone, where the peak ground motion acceleration
is up to 0.2-0.4 g, and the seismic risk is high, and the
historical seismic landslides are developed. There have been
many river blocking events resulting from seismic landslides
and causing serious chain disasters. For example, the
Mogangliang landslide with sliding body of 1.5x10% m® in the
Luding county induced by the Mg 7°/, Kangding earthquake
in 1876, resulted in blocking the Dadu river and forming a
barrier lake with backwater length of 30 km and water storage
of 13x10% m® (Zhao B et al., 2021). The second area is the
Yajiang-Xinlong (Yalong River) section with peak ground
motion acceleration of 0.15 g and relatively high seismic risk.
The third area is the Batang-Baiyu (Jinsha river) section that
is located at the Jinshajiang fault zone, with peak ground
motion acceleration of 0.15-0.2 g and relatively high seismic
risk and developed historical seismic landslides. These
historical seismic landslides have resulted in many river
blocking events, such as the earthquake-induced Temi
landslide in the Batang county, which blocked the Jinsha river
and formed big barrier lake, and the barrier dam remains till
now. The fourth area is the Basu (Nujiang river) section that

is located at the Nujiang fault zone, with the peak ground
motion acceleration of 0.15 g, and high seismic risk. The fifth
area is the Bomi-Linzhi (eastern Himalaya syntaxis) section
that is located at the Jiali-Chayu active fault zone, with the
peak ground motion acceleration of 0.2-0.3 g, and high
seismic risk. Where, except for general landslides, the
earthquake can also induce other geo-hazard with high risk,
such as glacial lake outburst, glacial clastic flow.

The planned water transmission line (from the south to the
north of China) in the study area mainly passes through the
Batang-Baiyu (Jinsha river) section and Yajiang-Xinlong
section with high seismic landslide hazard. A large number of
tunnels and bridges of linear projects have been planned and
deployed in the mountainous canyon area. And, the seismic
landslides mainly pose potential threats to tunnel entrance and
exit, bridge, roadbed, and other facilities. For example, the
Dadu river bridge, Jinsha river bridge and Nujiang river
bridge of a major line project are all under the potential threat
of strong earthquake-induced collapse or landslide.

The point projects in the study area are mainly
hydropower stations and mines. The hydropower stations are
mainly planned and deployed along large rivers, such as the
cascade hydropower station of Dadu river and Jinsha river,
where are just the areas with high seismic landslide
frequency. For example, the Batang hydropower station (the
Temi landslide is in its reservoir area) and Suwalong
hydropower station (the Xuelongnang landslide is in its
reservoir area) are all under the potential of strong
earthquake-induced landslide blocking river and surge
disaster chain. Attention should be paid to the potential threat
of seismic landslides to dams, factories, and other facilities.

6. Discussion

It is difficult to distinguish in detail the geo-hazard types
induced by the different trigger factors such as rainfall,
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earthquake, or human engineering activities. So, it is
extremely difficult to obtain the detailed seismic landslide
catalogue in a large area. The new or recent seismic geo-
hazards are easy to investigate and record, but the historical
seismic geo-hazards are difficult to identify accurately. The
geo-hazards data in Fig. 3 include all the geo-hazards
triggered by internal and external dynamic effects such as
earthquake, rainfall, or human engineering activities. As
present, the seismic geo-hazard data mainly include the local
seismic geo-hazard since historical records, such as the geo-
hazards induced by the Luhuo earthquake in 1973 and Luding
earthquake in 2022 in the Xianshuihe fault zone, as well as
typical historical seismic geo-hazards with well-preserved
morphological signs.

The simplified Newmark model based on abundant
statistical rules was adopted to complete this study. In view of
the limitations of the Newmark model parameters, based on
the landslide data induced by the Mg 7.9 Luhuo earthquake in
the Xianshuihe fault zone in 1973, the localized Newmark
model parameters adapted to the eastern Tibetan Plateau
active fault zone were obtained, and the potential
deterministic seismic landslide hazard assessment of the
Xianshuihe fault zone was completed, and meaningful results
were obtained (Zhang YS et al., 2017). So, this paper uses the
presented Newmark model parameters to complete the
calculation.

The presented study results generally reflect the spatial
distribution law of regional potential probability seismic
landslide hazard, which is basically consistent with field
investigation and empirical understanding. However, the
detailed seismic landslide catalogue within a big study area is
fragmentary or lacking, and the geo-hazard data from single
strong earthquake event is not suitable for the verification of
the prediction results of probabilistic seismic landslide hazard.
So, it is quite difficult to verify the prediction results of
potential probabilistic seismic landslide hazard. Here, the
relationship between typical large-scale historical seismic
landslides (the Mogangling landslide, 55 Daoban landslide,
Luanshibao landslide, Temi landslide, Wangdalong landslide,
Langduo landslide group, Duolasi landslide and Jiaobunong
landslide) in the region and the presented results is analyzed
statistically. Most of these landslides are located at the areas
with high seismic landslide hazard. The presented results are
predictive and need to be further verified by the earthquake-
induced landslide in the future.

Based on the above discussions, it is necessary to further
optimize and obtain the localized Newmark model
parameters, and establish the regional seismic landslide
database to effectively promote the study on seismic landslide
hazard and results verification, and further analyze the impact
of seismic landslide hazard on the major project planning and
construction, especially the key project sites.

7. Conclusions

The developed landslides have seriously restricted the

planning and construction of major projects and social and
economic activities in the Ya’an-Linzhi section of Sichuan-
Tibet transportation corridor. For the long-term regional
seismic landslide prevention and early control, the potential
seismic landslide hazard assessment with a 50-year beyond
probability 10% was completed. The main conclusions are as
follows.

(1) The Sichuan-Tibet transportation corridor passes
through several Holocene active faults, and many seismic
landslide events have occurred in the history and in recent
years. The sliding direction of seismic landslides is mostly
perpendicular to the fault strike and the river flow direction,
which is significantly controlled by the tectonics. The seismic
landslides in the mountainous canyon areas are affected by the
throwing force, with the characteristics of fast startup, large
gravitational potential energy, long runout, and may be
transformed into serious geo-hazard chain.

(i) In general, the areas with high seismic landslide
hazard are mainly distributed along large active tectonic belts
and deep valleys of large rivers, which are significantly
affected by tectonic activities. The areas with low seismic
landslide hazard are mainly distributed in the areas with
gentle topography and little active tectonic effect, such as the
Quaternary basins, broad river valleys and plateau planation
planes.

(iii) The major linear projects with east-west orientation in
the Ya’an-Linzhi section of the Sichuan-Tibet transportation
corridor mainly pass through five areas with high seismic
landslide hazard: the Luding-Kangding section, the Yajiang-
Xinlong (Yalong river) section, the Batang-Baiyu (Jinsha
river) section, the Basu (Nujiang river) section, the Bomi-
Linzhi (eastern Himalaya syntaxis) section. A large number of
tunnels and bridges of linear projects have been planned and
deployed in the mountainous canyon area. And, the seismic
landslides mainly pose potential threats to tunnel entrance and
exit, bridge, roadbed and other facilities.

(iv) Although presented study results can generally reflect
the spatial distribution law of regional potential probability
seismic landslide hazard, it is quite difficult to verify their
accuracy in detail due to lack or incompleteness of the
detailed seismic landslide catalogue within a big study area.
In the future, the localized Newmark model need to be further
optimized, and the regional seismic landslide database need to
be established and completed for effectively promoting results
accuracy.
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