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Abstract
A large number of paleo-landslide deposits exist in the Southeastern margin of the Qing-
hai–Tibet Plateau. Once these deposits are destroyed, the disaster chain will cause huge 
damage to life and property and have an impact on local geomorphic evolution. Diverse 
models are applied to analyze different geological problems of paleo-landslide deposits, 
which can produce the advantages of different models fully, thereby making up for the 
shortcomings of poor applicability of a single model in a certain type of problem. In this 
study, the Baimu paleo-landslide deposit located at the North side of Dongjiuqu Bridge of 
Sichuan-Tibet Railway is taken as the research object to completely analyze the potential 
damage by combining various technical means and numerical model, aiming to provide 
certain reference for the design and construction of the project. Firstly, site investigation 
and terrain interpretation confirm the existence of local deformation and damage. Sec-
ondly, the finite element model based on the strength reduction method is used to ana-
lyze the stability of the deposit and determine the potential damage area. For the poten-
tial damage area, debris avalanche and debris flow as two disaster transformation modes 
are considered. The discrete element model and shallow flow model are used to simulate 
the dynamic process of debris avalanche and debris flow under complex terrain, respec-
tively. The results show that potential debris avalanche or debris flow will accumulate at 
the mouth of the Baimu gully, and there will be no direct threat to the bridge. Finally, the 
formation and evolution sequence of the deposit is proposed, which plays an important role 
in analyzing the evolution of local river geomorphology.
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1 Introduction

With rapid economic growth, China’s infrastructure is constantly improving. In particu-
lar, the high-speed railway network that has been continuously constructed in recent years 
basically covers the Eastern region, though the transportation conditions in the Western 
region are relatively underdeveloped. Therefore, China plans to build the Sichuan–Tibet 
Railway to improve transport between Sichuan and Tibet and promote the development of 
its Southwest region. However, the Southeastern Qinghai–Tibet Plateau presents a great 
obstacle to transportation construction because of its high altitude and extremely compli-
cated geological conditions. A typical problem is the safety of railway bridges and tun-
nels. Affected by rapid tectonic uplift and special climate, the Qinghai–Tibet Plateau is 
rich in prehistoric landslides. These deposits are prone to damage under the action of 
rainfall or earthquakes and form various geological disasters, such as rockfalls, landslides 
and debris flows (Waythomas 2001; Capra and Macias 2002; Lin et al. 2003; Hurlimann 
et al. 2003; Cui et al. 2005). Accidents caused directly or indirectly by these disasters have 
occurred many times in history. For example, three large-scale debris flows occurred in the 
Peilong gully on the Southeast margin of the Qinghai–Tibet Plateau from 1983 to 1985. 
They blocked the Sichuan–Tibet Highway for 270 days and destroyed 54 bridges, causing 
a large amount of economic loss (Cheng et al. 2010, 2005). Flooding caused by the Yigong 
landslide disaster chain in 2000 reached into Palongzangbo and Brahmaputra and then into 
India, sweeping out structures and farmlands, interrupting traffic lines and causing inunda-
tion of the Bulamaputela River. This event claimed 94 lives and made 2.5 million peo-
ple homeless (Cheng et al. 2007; Shang et al. 2003; Delaney and Evans 2015; Zhou et al. 
2016). Recently, a train hit a collapsed body of a landslide and derailed at 11:40 on March 
30, 2020, in Yongxing County, Hunan Province, causing 1 death and 127 injuries. These 
cases show that a geological disaster evaluation along the Sichuan–Tibet Railway is very 
important.

Many geological disaster researches in China and abroad have been focused on large-
scale landslides, moraines, slump deposits, spoils, etc. (Neupane et al. 2019; Dufresne et al. 
2018; Bao et al. 2019b; Shang et al. 2017). Early research on geological disasters primarily 
focused on the destruction mechanism and stability analysis. Geotechnical and hydrologi-
cal conditions and tectonic activities are considered as prerequisites of destruction. Gravity, 
rainfall seepage, seismic loads and human activities can all trigger geological disasters (Li 
et al. 2020b; Gao et al. 2020; Yin et al. 2016; Steiakakis et al. 2009; Jarari et al. 2013). 
Stability analysis includes an influence factor analysis (Su and Miller 1995) and a stability 
calculation. For the latter, the stiffness limit equilibrium method is widely used in the early 
stage (Bishop 1973; Steiakakis et al. 2009; Cho and Song 2014). However, the traditional 
analysis method has limitations. In recent years, numerical simulations based on the finite 
element method (Zheng et al. 2005; Farah et al. 2011) have more often been used to calcu-
late the slope stability after reducing the shear strength or increasing the load. In addition 
to the safety factor, it can reflect the stress and strain conditions during slope deformation. 
However, the finite element method is not ideal for analyzing large deformation problems, 
such as debris motion after slope failure. Traditional empirical methods (Falco et al. 2012; 
Fan et al. 2015) used to calculate the scope of disasters cannot consider the influence of 
complex geological conditions and special terrain. Therefore, the prediction of the land-
slide dynamic process based on numerical modeling has been a hot research topic in recent 
years. Discrete element models (Tang et al. 2009; Lu et al. 2014; Zhou et al. 2015; Sprea-
fico et al. 2016; Borykov et al. 2019), smooth particle hydrodynamic models (Cuomo et al. 
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2016; Cascini et al. 2016; Dai and Huang 2016; Zhu et al. 2018), the finite volume shallow 
water flow model (Medina et al. 2008; Yavari-Ramshe et al. 2015; Han et al. 2017, 2018) 
and many other new methods have been applied to the simulation and prediction of geo-
logical disasters. These models can solve large deformation problems under complex con-
ditions. Besides, discrete elements do not require complex constitutive equations; applied 
to the analysis of landslide movement behavior, they can intuitively reflect the microscopic 
mechanism under macroscopic phenomena (Lin and Lin 2015; Liu et al. 2018). Compared 
with discrete elements, the smooth particle hydrodynamics method and the shallow water 
flow model are simple to calculate and have no time-consuming features. They can be well 
applied to debris flow and flood simulation (Liang 2010; Ouyang et al. 2015a, b). There-
fore, combined with slope stability analysis, it is of great importance to use the advantages 
of different numerical simulation methods to simulate the dynamic process of the potential 
failure and form a complete assessment.

In this study, a geological model of the Baimu paleo-landslide deposit on the Northern 
side of the Dongjiuqu Bridge of the Sichuan–Tibet Railway is established based on in situ 
surveys, geomorphic analysis and experimental data. The deposit covers   7  km2, with a vol-
ume of nearly 2 billion  m3. The minimum distance between the Baimu deposit and the 
bridge is only 670 m. A safety assessment is urgently needed. Therefore, a finite element 
model is used to assess the stability and predict potential damage areas. After obtaining the 
potential failure zone, the discrete element model and shallow water flow model are used to 
simulate the movement behavior after the failure. Finally, information about the dynamic 
process and the disaster range is obtained and used to evaluate the external safety of the 
railway line.

2  Background

The study area is adjacent to the East Himalayan Tectonic Junction and is a typical rapid 
uplift region. This region is in the transitional section from the Southeast margin of the 
Qinghai–Tibet Plateau to the Hengduan Mountains. High ground stress, frequent earth-
quakes, high altitude and a significant elevation difference are typical characteristics of this 
region.

2.1  Topography and tectonic conditions

The study area is located in Lulang Town, Linzhi County, in the Southeast margin of the 
Tibetan Plateau (Fig. 1a, b). This region is a typical alpine-canyon landform. The topog-
raphy of the Baimu paleo-landslide deposit is high and steep (Fig. 1c). The slope of the 
free surface is mostly inclined at 50–70° (Fig.  1d). The deposit’s top platform elevation 
is 3490 m approximately, and the elevation of the river is 2508 m. The maximum height 
difference is 982  m. The long axis direction of the deposit is close to the North–South 
(Fig.  1e) with a length of 4100  m, and the maximum width near East–West is approxi-
mately 2400  m (Fig.  2). Horns and aretes belonging to the glacial landform are present 
on the Northeast side of the mountain, and the elevation at the summit is 4714 m (Fig. 2). 
Judging from the topography, the total volume of the deposit exceeds 2 billion  m3.

The strata developed in the study area are primarily Proterozoic Nyainqentanglha rock 
groups. The lithology is dominated by biotite plagioclase gneiss and biotite felsic gneiss 
with granite intrusion (Fig.  3a). The Baimu paleo-landslide deposit is located at the 
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Fig. 1  The location and terrain of the study area: a the Tibetan Plateau, b the position of the proposed rail-
way in Lulang Town, c the terrain of the Baimu paleo-landslide deposit, d the slope of the Baimu deposit, e 
the aspect of the Baimu deposit

Fig. 2  Topographic features of the Baimu paleo-landslide deposit and its surroundings
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junction of the plaque-like biotite monzonitic granite and the biotite plagioclase granite. 
Affected by the East Himalayan Tectonic Junction, the geological structure of the study 
area is very complex (Fig. 3b). A Northeast-trending regional tectonic compression zone, 
ductile shear zone and tectonic junction zone are present on the Southeast side; and a 
Northwest trending sinistral strike slip fault develops along the Layue River.

2.2  Rainfall condition

The climate of the Southern and Northern foothills of the Himalayas is significantly differ-
ent due to the blockage of monsoon by high-altitude mountains. Therefore, the rainfall in 
the study area generally shows an increasing trend with a decrease in altitude. In addition, 
the Namcha Barwa Peak on the SE side of the study area forms a complex topographi-
cal barrier. The river has become a natural channel for the warm and humid air from the 
Indian Ocean to move Northward, which further exacerbates the climatic characteristics 
of heavy rainfall in the study area at lower altitudes. Therefore, regions of rain and heavy 
rain are formed in Tongmai and Dongjiu (Fig. 4). The perennial average rainfall at the site 
is 1000–1500 mm, and rainfall mostly occurs from March to October, accounting for more 
than 90% of the total annual rainfall.

2.3  Geological features of the Baimu paleo‑landslide deposit

Detailed field investigations were carried out to obtain the geological characteristics of the 
deposit. The terrain of the Baimu paleo-landslide deposit remains obviously inconsistent with 
the surroundings (Fig. 5a). This feature is a result of epigenetic superficial geological reforma-
tion. The top platform of the deposit presents a wavy terrain (Fig. 5b), and it alternates from 

Fig. 3  a Geological map of the study area, b East Himalayan Tectonic Junction
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South to North three times with an undulating slope of 5–14°. The formation of the wavy ter-
rain is related to the difference in velocity between different parts during motion.

Figure  5c, d shows the outcrop characteristics at different locations of the deposit. The 
deposit is primarily composed of granitic gneiss debris of different size mixed with sand and 
soil. The debris is primarily angular and subangular in poor sorting. The consolidation of the 
deposit is good, but the strength is uneven. Rockfalls and landslides occur at the Northern side 
of the platform affected by erosion (Fig. 5e). Continuous bedrock outcrops ca. 1.2 km long 
and about 250 m wide are at the Southern edge of the Baimu paleo-landslide deposit. The 
fresh and intact bedrock here plays a role of a natural retaining wall (Fig. 5f), effectively pre-
venting the potential destruction on the South side of the deposit.

Affected by weathering, unloading, rainfall erosion and seismicity, small-scale damages are 
common in the Western side of the deposit (Fig. 6a). These unfavorable geological phenom-
ena, rockfalls (Fig. 6b) and landslides (Fig. 6c) mainly, occur at the lower parts of the slopes. 
Therefore, loose deposits are continuously distributed at the foot of the slope on the West side 
of the Baimu deposit (Fig. 6d).

Due to the huge scale (the maximum thickness reaches approximately 400 m) (Fig. 6e) and 
the obvious local damage of the Baimu paleo-landslide deposit, it is necessary to analyze its 
stability and potential failure. This study uses different methods and models to address differ-
ent geological problems. The flow chart from data collection and processing to model estab-
lishment and calculation is shown in Fig. 7.

Fig. 4  Distribution map of average annual rainfall in the study area
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3  Stability analysis and failure area estimation

The stability assessment of the Baimu paleo-landslide deposit depends on the finite ele-
ment model (ABAQUS). The strength reduction method is used to analyze the stress–strain 
state and then calculate the plastic zone and safety factor. The actual shear strength C 
and φ are discounted into CR and φR using a strength reduction factor (SRF). The new 
shear strength parameters CR and φR are used for the calculation until the slope reaches a 

Fig. 5  Photographs of the Baimu paleo-landslide deposit: a survey route and photograph location, b wavy 
platform at the top, c outcrop on the West side, d outcrop on the South side, e phenomenon of local col-
lapse, f bedrock outcrop at the Southern side of the deposit close to the river
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Fig. 6  a Image and typical outcrop location of the Baimu paleo-landslide deposit, b local collapses, c local 
landslide, d loose deposit, e longitudinal profile of the deposit

Fig. 7  Research flow chart. According to the technical code for building slope engineering (GB50330-
2013), considering the importance of slope to engineering safety and the influence of various geological 
factors on stability, the safety factor is set as 1.35 to keep enough safety reserves



2125Natural Hazards (2022) 111:2117–2140 

1 3

limit failure state, and the SRF is equal to the factor of safety (FOS). The method can be 
expressed as Eqs. (1) and (2). The strength reduction technique is performed by defining 
the field variables in ABAQUS (Bao et al. 2019b).

3.1  Model processing

The digital elevation model is processed into a 3D contour and imported into the modeling 
software Rhino to create a 3D geomechanical model. The model can be directly imported 
into ABAQUS software for calculation. During the on-site investigation, no obvious cracks 
are found; the deposit can be regarded as a whole. The model primarily involves two kinds 
of material whose boundaries are mainly defined by the transverse, longitudinal and main 
sliding-direction profiles (Fig. 8a–c). The boundary conditions of the model are set as fol-
lows: the surface of the slope body is not limited and can be deformed freely; the surround-
ing walls are not deformable in the normal direction, and the other directions are free; the 
bottom surface is set as a fixed surface and cannot be deformed (Fig. 8d). When meshing, 
considering the calculation efficiency and calculation accuracy, the model is divided into 
tetrahedral meshes (Fig. 8e).

In the simulation process, M-C strength criterion is chosen as the constitutive model. 
In addition, several material parameters are necessary, including the density ρ, cohesion 
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Fig. 8  a Longitudinal profile of the model, b cross profile of the model, c main sliding-direction profile of 
the model, d boundary conditions of the 3D model, e model meshing
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C, internal angle of friction φ, Poisson’s ratio u and elasticity modulus E. The selection 
of calculation parameters is primarily based on the field measurements, laboratory tests 
and previous summary of the physical parameters of the deposits near the study area 
(Geng 2015). For the bedrock, these values are taken as ρ = 2.65  g/cm3, C = 24  MPa, 
φ = 53°, u = 0.18 and E = 33 GPa. For the paleo-landslide deposit, this study summa-
rizes the previous experimental studies on the physical and mechanical parameters of 
typical landslide deposits in Southeastern Tibet where ten deposits belong to the same 
watershed as the Baimu deposit (Fig. 9a), and their geological characteristics are simi-
lar (Fig. 9b). The important parameters of the elastic modulus, Poisson’s ratio, density, 
internal friction angle and cohesion are used to draw the fitting curve (Fig.  9c). The 
results show that the physical and mechanical parameters of the paleo-landslide deposits 
at different positions are similar and only fluctuate in a relatively stable, small range. As 
the shear strength parameters have the greatest impact on stability, we discuss the influ-
ence of the upper and lower limits of the two parameters, cohesion ( C ∶ 64–82 kPa) and 
internal friction angle ( � ∶ 29–38°), on the research results. The rest of the parameters 
take the mean of the distribution (ρ = 2.14 g/cm3, u = 0.24, and E = 47 MPa) according 
to the fitting curve.

Three main failure criteria are applied to judging the slope failure in the calculation 
of the finite element model (Bao et  al. 2019b): (1) the convergence criterion, (2) the 
penetration criteria of the plastic deformation zone and (3) the displacement catastrophe 
principle. This study uses the plastic deformation zone penetration criterion, which is 
judged by the change and distribution of the generalized shear strain and other physical 
quantities in the domain. This criterion is met when the plastic zone in the domain is 
connected.

Fig. 9  a Distribution of typical landslide deposits in the study area, b photographs of typical deposits, c 
curves of physical and mechanical parameters of typical landslide deposits



2127Natural Hazards (2022) 111:2117–2140 

1 3

3.2  Simulation results

The results of the stability analysis show that with the continuous decrease of strength 
parameters, the deformation zone (Fig.  10) is formed at the Southwestern part of the 
Baimu paleo-landslide deposit. When the initial shear strength parameters (C, φ) are set 
to the maximum value, the FOS is 1.31, and the area of the deformation zone is about 
0.76  km2 (Fig. 10a, b). When the initial shear strength parameters are set to the mini-
mum value, the FOS is 1.24, and the deformation zone increases slightly up to the area 
of 0.8  km2 and the thickness of about 130 m (Fig. 10c, d). According to “The technical 
code for building slope engineering (GB50330-2013) (2013)”, when the FOS < 1.35, the 
slope is considered not very stable. The scale of potential damage in the most danger-
ous situation (the largest potential damage zone) is our concern. Therefore, the range of 
deformation zone with minimum shear strength parameters (Fig. 10e) will be used as 
the direct basis for the numerical simulation of potential failure.

Fig. 10  Stability analysis: a plastic zone diagram when the shear strength parameters take the maximum 
value, b displacement diagram when the shear strength parameters take the maximum value, c plastic zone 
diagram when the shear strength parameters take the minimum value, d displacement diagram when the 
shear strength parameters take the minimum value, e potential failure zone
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4  Numerical simulation of potential failure

For the potential failure area determined by the stability analysis, we think that there 
are two main modes of failure (debris avalanche or debris flow) under the action of self-
weight stress, an earthquake or rainstorm. For the potential debris avalanche and debris 
flow, PFC3D (Cundall and Strack 1979) software based on the discrete element model and 
SFLOW software (Han et al. 2017) based on the shallow water flow model, respectively, 
are used to perform the simulation.

4.1  Debris avalanche simulation

The macroscopic material properties of the PFC model, such as Young’s modulus and 
Poisson’s ratio, can be obtained from the interaction of particles and bonds by setting 
microscopic properties:

{Ec, (kn∕ks),� }, microscopic properties of particles;
{� , Ec , 

(

kn

ks

)

 , �c,�c }, microscopic properties of bonds,

here, Ec and Ec indicate the modulus of the particle and bond, respectively; (kn∕ks) and 
(

kn∕ks

)

 are the ratio of normal to shear stiffness of the particle and bond, respectively; μ is 
the particle friction coefficient; λ is the radius multiplier used to set the parallel-bond radii 
(which can transmit forces and moments between particles); and �c and �c are the normal 
and shear strengths of the bonds, respectively. The modulus of the particle and parallel 
bond can be expressed as follows: Ec = kn∕4R and Ec = kn

(

R
1
+ R

2

)

 , where R is the radius 
of the particles (Potyondy and Cundall 2004; Itasca 2008). The macroscopic parameters of 
the Baimu paleo-landslide deposit (ρ, C, φ, u and E) have been determined in the Sect. 3. 
Therefore, the triaxial compression experimental model is used to calibrate the micro-
scopic parameters of particles and bonding (Fig. 11). The macro parameters of the material 
are calculated by continuously adjusting the micro parameters until the calibration results 
are consistent with the known physical and mechanical parameters (Table 1).

In numerical compression test, the range of particle size is usually set to a small 
value to simulate laboratory test. However, to prevent excessive calculations and data 
overloading in numerical simulations of PFC 3D, the range of particle size should be 
enlarged in the numerical landslide model (Lu et al. 2014; Lin and Lin 2015). Enlarging 
the particle radius will affect some microscopic parameters. As particle contact modu-
lus ( Ec ) and parallel bond modulus ( Ec ) are inversely proportional to particle radius, 
these two parameters have to be reduced by the same multiple when the particle radius 
is enlarged in the actual simulation (Bao et al. 2020; Lu et al. 2014; Lin and Lin 2015). 
However, the influence of particle radius on bond strength and friction coefficient is 
unknown and cannot be expressed by simple numerical scaling; in practice, it is often 
necessary to discuss the rationality of the results through trial calculations of param-
eter sensitivity. Based on the calibration results of the compression experimental model, 
we set four levels of friction coefficient (f) and normal bond strength ( �c ) (shear bond 
strength is one third of normal bond strength) between particles to discuss the simulation 
results, i.e., f = 0.1, 0.13, 0.16 and 0.2; �c = 0.05, 0.10, 0.15 and 0.20 MPa. The results 
show that the migration distance and accumulation scale of debris avalanche decrease 
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obviously with the increase of friction coefficient (Fig. 12a, c). The variation of bond 
strength has similar laws (Fig. 12b): when the bond strength is less than 0.10 MPa, the 
migration distance and accumulation range of debris avalanche are basically unchanged 
(Fig.  12c), indicating that there is almost no complete bond in the deposit; when the 
bond strength is greater than 0.10 MPa, the number of complete bonds in the debris ava-
lanche deposit increases significantly, resulting in a significant reduction in the migra-
tion distance (Fig. 12c). In addition, considering that the actual bond strength is smaller 
than the calibration value of the compression model and the collision during the sliding 
process will make the particles and the wall smooth, in the numerical simulation, the 
calculated values of friction coefficient and bond strength should be slightly lower than 
the calibrated values of the compression model. And we are concerned about the dan-
gerous situation with the largest disaster range. Therefore, the final calculated values of 

Fig. 11  Calibration of microscopic parameters of discrete element model

Table 1  PFC3D model calculation parameters

Properties of PFC model Simulation parameters of compres-
sion experiment

Calculation 
parameters

Minimum particle size (rmin) (m) 0.06 6
Ball particle density (kg/m3) 2150 2150
Ball stiffness ratio (pb_krat) (kn/ks) 2 2
Ball-ball friction coefficient (fric) 0.13 0.1
Friction angle (°) 33 33
Particle contact modulus (Ec) (GPa) 26 0.26
Parallel bond modulus (pb_Ec) (GPa) 26 0.26
Parallel bond stiffness ratio (pb_krat) (kn/ks) 2 2
Parallel bond normal strength ( �

c
 ) (MPa) 0.105 0.10

Parallel bond shear strength ( �
c
 ) (MPa) 0.035 0.033
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friction coefficient and bond strength in the simulation are 0.1 and 0.10 MPa, respec-
tively (Table 1).

The numerical simulation results of the debris avalanche show that the sliding dura-
tion is 30 s (Fig. 13). The maximum movement distance of the debris avalanche is 1.5 km 
(Fig. 13a). In the process of movement, the velocity of the particles is generally 15–25 m/s 
(Fig. 13b), and the maximum velocity of individual particles is 40 m/s. Finally, the debris 
avalanche primarily accumulated at the mouth of the Baimu gully.

The accumulation characteristics are analyzed by setting section lines at typical loca-
tions of the debris avalanche (Fig. 14a). The accumulation length of the debris avalanche 
along the Baimu gully is approximately 1.3 km. The maximum stacking thickness is 150 m 
(Fig. 14b). The accumulation length along the Layue River is approximately 0.7 km, and 
the accumulation thickness is 60–75 m. The debris avalanche will block the Layue River 
(Fig. 14c).

4.2  Debris flow simulation

SFLOW based on the finite volume shallow flow model (Ouyang et al. 2013) can effectively 
consider the bottom friction and energy conversion in the movement process, and it has a 
good effect in the simulation of debris flow under complex terrain (Han et  al. 2018). In a 
SFLOW model, rheological parameters of potential debris flows reflecting physical and rheo-
logical properties are needed. The rheological parameters �

1
, �

2
, �

1
, �

2
 are empirical, and they 

Fig. 12  a Accumulation range of debris avalanche under different friction coefficients, b accumulation 
range of debris avalanche under different bond strength, c influence of friction coefficient and bond strength 
on the displacement of debris avalanche and the complete bond quantity in the deposit
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are determined according to the suggestions of FLO-2D User’s manual and previous typical 
debris flow research (O’Brien 2006; Bao et al. 2019a; Li et al. 2021a). Considering the vegeta-
tion conditions in the study area, the resistance coefficient (K) is selected as 2500, which has 

Fig. 13  Displacement and velocity nephogram of the debris avalanche at different times in the simulation
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been used effectively for many mudflow events (Li et al. 2021b; Chen et al. 2017; Han et al. 
2017). The Manning’s coefficient (n) used is 0.2 according to previous studies (Li et al. 2021b; 
Chang et al. 2017; Chen et al. 2017). The parameter Cv for debris flow is calculated as 0.533 
when the density of water (ρw) is 1000 kg/m3, the density of sediment mixture (ρm) is 2500 kg/
m3, and the debris flow density is 1800 kg/m3 (DZ/T0220 2006; Bao et al. 2019a; Li et al. 
2021a). The reference values of rheological parameters are shown in Table 2.

In numerical simulation, debris flow volume and hydrograph are important. The hydro-
graph includes two parts: the time of debris flow movement process and the discharge at dif-
ferent times. For debris flow, its scale depends on rainfall intensity and duration. In this study, 
the flood hydrographs are calculated based on empirical formulas (Eq. 3–7) recommended by 
the China Institute of Water Resources and Hydropower, “Specifications for Geological Inves-
tigation of Debris Flows Stabilization (DZ/T0220–2006)”, and “The Rainstorm and Flood 
Calculation Manual of Medium and Small Basins in Sichuan Province”, for 20, 50, 100 and 
200-year return periods (Chang et al. 2017).

(3)Qm = 0.278fiF = 0.278�

Sp

tn
F

(4)Wp = 0.1hRF

(5)Tp = 0.278

(

Wp

Qm

)

(6)T = BFTp

(7)Qc = Qm

(

1 + �
1

)

D

Fig. 14  a 3D model of the debris avalanche deposit, b two typical sections of the debris avalanche deposit, 
c height of blocking the river
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where Qm is the clear water peak at different frequencies  (m3/s); t is the confluence time 
(h); φ is the flood peak runoff coefficient; S is the storm intensity (mm/h); n is the rain-
storm formula index; and F is the watershed area  (km2); Wp is the total design flood; Tp is 
the duration of the flood process; BF (1/(1 − Cv )) is the expansion coefficient; T is the dura-
tion of debris flow; Qc is the peak flow of debris flow. The correction coefficient φ1 and 

Table 2  List of reference values for rheological parameters

Source � = �
1
exp

(

�
1
⋅ C

v

)

� = �
2
exp

(

�
2
⋅ C

v

)

References

�
1

�
1

�
2

�
2

�1, �2, �1, �2

FLO-2D User’s manual Debris flow research 
case

0.811 13.72 0.00462 11.24 Bao et al. (2019a)
O’Brien (2006)
Li et al. (2021a)

Case Gully surface Value References

K
 Peilong gully, Tibet Good vegetation 2500 Li et al. (2021b)
 Xiaojia gully, Sichuan Sparse vegetation 2500 Chen et al. (2017)
 Xiaojia gully, Sichuan Sparse vegetation 2500 Han et al. (2017)
 Longxihe basin, Sichuan Sparse vegetation 2285 Chang et al. (2017)
N
 Peilong gully, Tibet Good vegetation 0.32 Li et al. (2021b)
 Xiaojia gully, Sichuan Sparse vegetation 0.16 Chen et al. (2017)
 Xiaojia gully, Sichuan Sparse vegetation 0.05 Han et al. (2017)
 Longxihe basin, Sichuan Sparse vegetation 0.07 Chang et al. (2017)

Source f =
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n
− �

w

)

∕
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m
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n

)

C
v
= (1 + f )∕f  References
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Specification and debris flow research case 1000 1800 2500 DZ/T0220 (2006)
Bao et al. (2019a)
Li et al. (2021a)

Fig. 15  Hydrographs of debris 
flows for different return periods
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the clogging coefficient D are obtained from the empirical formula. The final determined 
hydrographs of debris flow are shown in Fig. 15.

The simulation results (Fig.  16) show that the simulated range of debris flow of the 
20-year return period is basically identical to the present accumulation range of debris flow 
in the gully mouth (Fig. 16a). The maximum accumulation thickness is 42 m. As the fre-
quency of debris flow decreases, the accumulation range and scale increase significantly 
(Fig. 16b, c). For the 200-year return period, the maximum stacking thickness is 59 m, and 
the stacking length is 2 km along the Layue River (Fig. 16d).

5  Discussion

5.1  Comprehensive analysis

The Baimu paleo-landslide deposit is located in the rainy canyon area adjacent to the East-
ern Himalayan Tectonic Junction with an annual average rainfall of more than 1000 mm 
and frequent earthquakes. Some typical rock outcrops show signs of earthquake action, and 
several landslides on the surface of the deposit are also related to rainfall erosion (Fig. 6b, 
c). The South side of the Baimu paleo-landslide deposit is the planned construction site 
for the Dongjiuqu Bridge of the Sichuan–Tibet Railway. Therefore, the stability of the 
deposit and the dynamic process of the potential failure are directly related to engineering 
safety. The overall stability of the Baimu paleo-landslide deposit can be considered good 
according to the finite element model analysis. However, the Southwest side of the deposit 
is prone to local instability, which may cause debris avalanches or debris flows. Due to 
the special climatic and structural conditions in the study area (Figs. 3, 4), intense rainfall 

Fig. 16  Disaster range of debris flows for different return periods: a 20-year return period, b 50-year return 
period, c 100-year return period, d 200-year return period
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erosion and frequent seismic activity are the most likely triggers for the deposit destruc-
tion. The finite element model has been successfully applied in a large number of nonlinear 
stability analysis problems (Wang et al. 2015; Xiao et al. 2016; Bordoni et al. 2015; Khan 
et  al. 2017) and determined the potential failure area of the Baimu deposit. But it can’t 
simulate large deformation problems, especially the sliding process. The discrete element 
software PFC equates the debris avalanche as a particle flow model and replaces the inter-
action between rock and soil with the bond between particles. It can simulate the dynamic 
process of debris avalanche under complex terrain conditions (Bao et  al. 2020). Motion 
characteristics such as velocity and displacement can be easily obtained (Poisel and Roth 
2004; Poisel et al. 2005). And the interaction between particles can also be well reflected 
(Tang et al. 2009, 2013; Lo et al. 2011; Zhou et al. 2015). As far as pure discrete element 
model is obviously not suitable for the special water–solid coupling material such as debris 
flow, the SFLOW based on shallow water flow model is used to simulate such phenomena. 
The model is based on the principle of fluid continuous motion and mass conservation, 
which can be used to simulate the whole process of debris flow (Han et al. 2017, 2018). In 
addition, the model considers not only the complex terrain conditions, but also the friction 
properties at the bottom of the fluid, the viscosity properties and the contact energy loss of 
solid particles. This study uses a variety of numerical models to realize the disaster chain 
analysis from the stability of the deposit to the potential destruction, which is of great sig-
nificance for the prevention and control of potential disasters of large-scale paleo-landslide 
deposits.

5.2  Disaster range analysis

In the case of Baimu paleo-landslide deposit, the discrete element model and shallow 
water flow model are used to simulate the dynamic processes of debris avalanches and 
debris flows, respectively. The results show that once a debris avalanche or debris flow 
occurs, most of it will accumulate in the mouth of the Baimu gully. The largest disaster 
range was found for the 200-year return period debris flow, though the minimum distance 
to the proposed bridge would be 1.6 km (Fig. 17a), thus there will be no direct threat to 
this structure. However, debris avalanche or debris flow can cause river blocking. Once a 
dam breaks, floods will form. The proposed bridge is designed without a pier, and the clear 
space under the bridge is up to 200 m (Fig. 17b) so that the possibility of flood impact is 
effectively avoided.

The maximum thickness of the debris avalanche dam formed by the destruction of the 
deposit in the Layue River is 73 m (Fig. 14c), which means that the blocking of the river 
may cause the water level of the Layue River to rise by more than 70 m. Such a huge stor-
age capacity, once the dam body collapses, will be a devastating blow to downstream resi-
dents and infrastructure. For example, in October and November 2018, large-scale high-
level landslides occurred in Baige, Tibet, which caused river blockage. A flood formed 
after the dam broke, destroying several houses, roads and bridges (Li et al. 2020a; Hu et al. 
2020; Gan et al. 2020). The analysis of the dam-break flood caused by the landslide will be 
the focus of future research.

5.3  Landform evolution

Based on the study of the disaster chain of Baimu paleo-landslide deposit, we propose a 
universally significant evolutionary sequence of giant paleo deposits on the Southeastern 
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Fig. 17  a Relative position of debris avalanches and debris flows in different return periods with the pro-
posed bridge, b the proposed bridge

Fig. 18  Evolution sequence of formation and destruction of paleo deposits
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margin of the Qinghai–Tibet Plateau (Fig. 18). Affected by strong regional tectonic activ-
ities, the Southeast margin of the Qinghai–Tibet Plateau is characterized by rapid topo-
graphic changes and frequent earthquakes, accompanied by strong rainfall, erosion, weath-
ering, unloading, glacial activities and river undercutting. The bedrock in the source area of 
the Baimu deposit is steep and nearly parallel to the slope. Under the action of geological 
forces, bending deformation of rock mass is easy to occur producing tensile cracks. With 
the continuous expansion of deformation and cracks, the stability of the slope decreases. 
Finally, under the action of a strong earthquake, the slope is damaged and form a rock-
slide (Fig. 18). The above genetic mechanism shows that in the Southeast margin of the 
Qinghai-Tibet Plateau, large-scale landslides are prone to occur under the synergistic effect 
of tectonic activities and climate, leading to the formation of a large number of Quaternary 
paleo deposits. These paleo-landslide deposits are easily reactivated under the influence 
of earthquakes and rainfall, resulting in landslides and river blocking. After the channel 
is blocked, the water level in the upstream of the dam will continue to rise and cause con-
tinuous erosion to the dam. This process may be short-term or long-term. This is related 
to topography, material composition of landslide dam and erosion capacity of river (Costa 
and Schuster 1988; Chen et al. 2018; Delaney and Evans 2015; Fan et al. 2020). The deep 
and narrow valleys in the Southeast margin of Qinghai–Tibet Plateau are especially favora-
ble for landslide dams formation, and some blockages can exist for thousands of years (Fan 
et al. 2020). New river channels are formed under the continuous erosion of the river. The 
shape of the river is changed. After that, affected by river bed uplift and surface reconstruc-
tion, the evolution of regional river geomorphology will continue.

6  Conclusion

Safety of the Dongjiuqu Bridge—an important part of the Sichuan–Tibet Railway, must 
be ensured. Therefore, determining the stability of the Baimu paleo-landslide deposit and 
the scale of potential failure are of great significance. In this study, quantitative methods 
based on various numerical models are applied to solve different geological problems. The 
stability is evaluated using finite element analysis (the ABAQUS model). The development 
of the deformation zone is analyzed, and the safety factor of the potential failure zone is 
calculated to be 1.24. For the potential failure zone with a volume of 1.1 ×  108  m3, the 
dynamic process of debris avalanche or debris flow that might occur is simulated using dis-
crete element model and shallow water flow model. The results show that once the debris 
avalanche or debris flow occurs, most of it will accumulate at the mouth of the Baimu 
gully, and the minimum distance between the deposit and the proposed bridge is 1.6 km. 
Therefore, debris avalanche or debris flow will be no direct threat to the bridge. However, 
they can cause river blocking and form a lake in the Layue River more than 70 m deep, 
whose breach will cause an outburst flood. This disaster chain caused by the destruction 
of paleo deposits is a typical surface dynamic process on the Southeastern margin of the 
Qinghai–Tibet Plateau. Therefore, we propose the formation and evolution sequence of 
paleo deposits, which is of great significance to reflect the role of deposits on the evolution 
of local river geomorphology.
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