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Geological disasters in the Emei to Mianning section of the Chengdu—-Kunming
Railway located in southwestern China occur frequently, and many debris flow
gullies are distributed along the line. Debris flows often cause damage to the
railway and highway that threatens the safe operation of the original line and the
double-track line. Along the railway, the debris flow outbreak risks are analyzed
for 53 debris flow gullies using field survey, remote sensing interpretation,
and numerical simulation. Their developmental characteristics were judged
according to the code. The results are used for numerical simulation of debris
flow to further determine the movement characteristics and the accumulation
range of debris flow. The results are combined with high-definition satellite
images to analyze the form of the railway passing from the mouth of the ditch
and the simulation results to determine the impact on the safe operation of
the Chengdu—Kunming Railway when the debris flow erupts. Finally, disaster
prevention and mitigation projects are proposed, and the prevention and control
effects of the proposed works are validated.

KEYWORDS

Chengdu—-Kunming Railway, debris flow, numerical simulation, disaster prevention and
mitigation, development characteristics and hazard

1 Introduction

Debris flow is a sudden natural disaster phenomenon. It has the characteristics of
a complex formation process, a high content of solid material, large stones, and strong
destructive power to structures. Like earthquakes and other natural disasters, debris
flows have become a major disaster that cannot be ignored in economic construction,
transportation, and ecological environment in the southwestern mountainous area of
China. The occurrence of debris flow is difficult to predict in time, the monitoring
cost is high, and they have high potential destructiveness (Hungr etal., 2012). Unlike
ordinary floods, even if they are far from the eruption channel, a debris flow will
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hit the affected areas and even expose and damage buried
infrastructure (Jakob et al., 2020). Therefore, it is crucial to conduct
a prediction analysis before the occurrence of a debris flow and an
inversion analysis after the occurrence of a debris flow. At present,
international debris flow hazard analysis is carried out by numerical
simulation, model tests, and empirical formula calculations (Glade,
2005). The hazard analysis results are used to evaluate the risk
of debris flow gullies and serve as the basis for predicting and
mitigating debris flow hazards. In countries where landslide debris
flow disasters are more serious, debris flow hazard studies have
received much attention. However, due to the diversity, complexity,
and variability of debris flow impact factors, the evaluation of debris
flow hazard has become more complicated, and the study of hazard
has been the focus and difficulty of debris flow research both in
China and around the world.

The Chengdu-Kunming Railway is an important transportation
trunk line in southwest China. There are many mineral resources
along the line. It is one of the important strategic lines for
Chinese politics, economy, and national defense. The geological
structure of the area is extremely complex. Most of the river
valleys in the mountains, such as the Niri River, Anning River,
Jinsha River, etc., are fault valleys formed by large faults, and the
neotectonic movement is active and intense. In addition, due to
the 2008 Wenchuan earthquake that triggered many landslides and
collapses, much loose material accumulated in the valleys along
the Chengdu-Kunming Railway. In recent years, many debris flow
disasters have occurred under the conditions of heavy rainfall.
Several scholars have studied the representative debris flow ditches
along the line, such as Leri Gully (Geng, 2010), Chipu Gully (Jing,
2010), Lengzi Gully (Wang et al., 2022; Liu et al., 2020), and the
2020 mass debris flow in Ganluo, Sichuan (Li et al., 2020). Earlier,
Chinese scholars investigated and analyzed the regional debris flow
in southwest China. Based on the survey and empirical formula
calculation, Mu et al. (2016) analyzed the formation mechanism
and development trend of debris flow in the Lugu-Xichang
section of the Chengdu-Kunming Railway. Based on an artificial
intelligence BP neural network, Zhuang and Cui (2009) used the
debris flow data along 80 Chengdu-Kunming railways to establish
a judgment model of debris flow development characteristics.
The model was successfully applied to judging the development
stages of some debris flows on the Kundong-Kunming Railway.
Ciccarese et al. (2021) believe that this research method relies too
much on the analysis of the relationship between the distribution
of past landslides and debris flow hazards and several geological
environmental factors. Reichenbach et al. (2018) organized these
research methods and divided them into six categories: (1) classical
statistics (such as logistic regression, discriminant analysis, and
linear regression), (2) weight analysis, (3) machine learning, (4)
neural networks, (5) multi-criteria decision analysis, and (6) other
statistics. Ciccarese et al. (2021) recommend that, in addition to
evaluating the fit and prediction of the model, it is necessary to
quantitatively measure the uncertainty of the model and partition.

Scholars have used different numerical simulation methods
to predict the movement characteristics of future debris flows.
In addition to the probability and scale of future debris flow
occurrence, debris flow process analysis is an important part
of hazard assessment (Jakob et al., 2020; Ouyang et al., 2017). At
present, the most commonly used method for the analysis of a
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debris flow process analysis is the numerical simulation method.
The numerical simulation of debris flow has been developed for
many years, and its theory has been perfected. The earliest model
is the viscoplastic flow model proposed by Johnson A M (1970),
and Bagnold expanded on the flow model (Takahashi, 1980). In
1989, Savage and Hutter proposed the particle flow model (Savage
and Hutter, 1989; Savage and Hutter, 1991). Iverson proposed a
two-dimensional flow-solid kinetic energy transfer model (Iverson,
1997), and Iverson and Denlinger proposed a new and more rigorous
computational model in 2004 to simulate the motion process of dry
rock slope collapse under irregular terrain conditions and achieved
good results (Denlinger and Iverson, 2004; Iverson etal., 2004).
However, this model ignores the role of the fluid medium and only
considers the interaction between solid particles, which makes the
application of the model limited.

The existing mathematical models of debris flow dynamics
simulation, whether simplified or complex, face certain difficulties
in practical applications. The main reason is the difference between
the numerical analysis methods used in the models. Three categories
of conceptual models are used: particle-based, bar-partition-based,
and continuous medium-based numerical simulation methods
(Lan et al., 2007). In debris flow disaster assessment, short-term and
efficient disaster assessment methods are crucial, and numerical
simulation provides feasibility for rapid and eflicient assessment of
debris flow. Currently, the more commonly used simulation software
packages are FLO-2D (Gerundo et al., 2022), RAMMS (Mikos and
Bezak, 2022), DAN3D (Lee et al., 2019; Choi et al., 2019), AschFlow
(Quan Luna et al., 2016), MassMov2D (Iannacone et al., 2013), and
MassFlow (Horton etal., 2019). In 2013, Ouyang proposed the
numerical analysis method of MassFlow. The depth-integrated
continuum media mechanics method serves as its theory, and it
uses the MacCormach-TVD finite-difference calculation method
with variable computational domain as the core solution method.
This model uses the Coulomb and Voellmy friction law to simulate
the debris flow motion process and considers the interaction and
momentum exchange between the flow material and sediments
during the debris flow motion, which can realistically recreate the
disaster process that has occurred (Ouyangetal., 2013). In the
current study, the computational methods proposed by Ouyang
were used to simulate debris flows in the study area. In general,
these computational methods can be classified into 1D and 2D
computations based on the computational dimension, where 1D
computations of debris flows are generally performed along a pre-
selected profile, in contrast to 2D computations, which usually
use an elevation digital model (DEM) to compute the dynamic
characteristics of debris flows in the area. Thus, 1D computational
methods must be extrapolated to 2D to obtain debris flow hazard
maps, whereas 2D methods can be used directly to create debris
flow hazard maps (Hiirlimann et al., 2008). The values of the total
flow distance, hazard area, flow velocity, and other kinematic
characteristics of the debris flow process are necessary information
in the debris flow hazard map, but the selection of a suitable model
and parameters is the most critical step in its process analysis.
This method is also applied to calculate the regional debris flow
characteristics in this study. The field data and previous studies
of multiple debris flows in a single ditch are used to derive and
calibrate the debris rheology parameters to obtain more accurate
simulation results.
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Many scholars at home and abroad have studied debris flow
disasters along the Chengdu-Kunming Railway or other regions,
but the research results based on mathematical statistics may not be
applicable to a single channel, and the general research direction is
the susceptibility or sensitivity of debris flow disasters, ignoring the
characteristics of debris flow disasters. Therefore, there is insufficient
regional research into the damage to the infrastructure and buildings
in the gully caused by debris flow and the characteristics of debris
flow. This article makes a detailed evaluation of each of the 53 debris
flow ditches along the Chengdu-Kunming Railway. The study is
based on a high-precision DEM elevation digital model and the
latest debris flow prevention and control survey specifications. It
uses numerical simulation methods to simulate the debris flow
in each ditch. Simulation is performed to identify the movement
characteristics and accumulation characteristics of outbursts when
debris flow disasters occur along the channel, as well as their
hazard to the railway, highway, or other infrastructure at the
mouth of the line, and to express the distribution characteristics
of regional debris flows in a more intuitive way. It is expected
to contribute to the disaster prevention and mitigation work of
the local administrative department and the safe operation of the
Chengdu-Kunming Railway.

2 Study area
2.1 Geological characteristics

The Emei-Mianning section of the Chengdu-Kunming Railway
mainly passes through seven counties and districts (Mianning
County, Xide County, Yuexi County, Ganluo County, Hanyuan
County, Ebian Yi Autonomous County, and Shawan District),
mostly in a mountainous area of strongly eroded geological
tectonic action with complex topography and strong seismic
activity (see Figure 1). The main rivers that the railway passes
through mostly developed along large fault zones, which belong
to tectonic denudation valleys, and various adverse geological
phenomena are widely developed along the rivers. Under the action
of rainstorm runoff, the formation and development of debris flows
are promoted. Among the various sections along the railway, the
Shawan to Niri area belongs to the deep-cut canyon section, and
the profile is V-shaped or box-shaped. The section from Niri to
Xiapuxiong is a strong canyon section. The Niri River is strongly
incised, and the terrain is steep. Most sections are developed into
box-shaped canyons. The river valley section from Lower Puxiong to
Xide is a watershed. The slopes on both sides are relatively gentle, and
small valley basins are developed alternately. The canyon section is
from Xide Station to Manshuiwan Station. The Anning River Valley
is slightly open, with strong erosion and undercutting (Sun, 2010).

The geological structure controlled the development of debris
flow along the Chengdu-Kunming Railway (Sun et al., 2012). The
railway in the study area passes through three tectonic systems,
as shown in Figure 2A: the Emeishan fault block, the Liangshan
fold area, and the Anninghe uplift area. The geological structure in
the region is complex. Due to the influence of various natural and
human factors over the years, new debris flow gullies have formed,
and some of the debris flow gullies that had been in recession were
revived, or their hazard extent was aggravated. These gullies pose
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a great threat to the life and property along the line and the safe
operation of the Chengdu-Kunming Railway.

The strata lithology of the study area is shown in Figure 2B.
The strata along the Emei to Mianning of the Chengdu-Kunming
Railway are Quaternary, Cretaceous, Jurassic, Triassic, Permian,
Devonian, Silurian, Ordovician, Cambrian, and Sinian. Among
them, the Quaternary (Q) is mainly distributed in the valley and
plain along the line, mostly in the floodplain and grade I terraces,
mainly of clay soil, sand, gravel, and pebble soil. Triassic (T) is mainly
distributed in the Ebian area, Permian (P) is mainly distributed in
the Shawan to Suxiong area, Cretaceous (K) is distributed in the
Yuexi, Tiekou, and Wazu stations and Xide County, Jurassic (]) is
distributed in Ganluo and Baiguo, Devonian (D) is distributed in
Ganluo Baishiyan, and Cambrian (K) is mainly distributed in the
Ebian area to the Wusi River.

2.2 Meteorological characteristics

The meteorology of the study area is divided into two parts. The
first part is the wet temperature area of the western Sichuan Plain,
composed of Ebian Yi Autonomous County, Shawan District, and
Jinkou River District. A subtropical monsoon climate prevails in
this area, and the annual average temperature is 17.3°C. The four
seasons of rainfall in this area are quite different; summer rainfall
accounts for 59% of the annual total, approximately 782.7 mm;
winter rainfall is 54.4 mm, or 5% of the annual total. In mountainous
areas, the higher the altitude is, the greater the rainfall intensity
is because the hot air flows upward, and cold air flows along the
hillside. The average annual rainfall days is more than 190, and
the average rainfall is 1430 mm. The second part is the humid and
cold area of the southwest Sichuan alpine canyon, composed of
Hanyuan and Mianning. It has a subtropical monsoon climate; the
average annual temperature is 16.6°C, and the highest temperature
is 40.4°C. The average annual precipitation is 970.4 mm. The
areas with higher altitudes in the region have more precipitation
and lower temperatures; the mid-mountain and valley areas have
high temperatures; the low-valley areas have less rainfall, higher
temperatures, and more concentrated precipitation (Sun, 2013).

Figure 3 shows the monthly average rainfall in six counties of the
study area from 2017 to 2021. The seasonal distribution of rainfall
in the study area is very uneven, forming two obvious dry seasons.
The dry season is from October to April of the following year, which
is generally the debris flow exhaustion period. At this time, due to
low rainfall and low runoff flow in gullies, the material source is
in the development stage, with the natural effects of neotectonic
movement, earthquakes, weathering, and so on. Landslides occur
on both sides of the slope, and the loose material sources gradually
accumulate at the foot of the slope on both sides of the gully.
From April to June of the following year, the weather warms
up, the frequent rainfall begins, and the material sources in the
gully further increase. Because of the rainfall, the loose material
sources accumulated at the foot of the slope move to the channel
and gradually block the channel, which provides conditions for
the outbreak of debris flow. From June to September, the rainfall
intensity of debris flow in western Sichuan is approximately 30 mm,
and the rain intensity in 10 min is above 10 mm. Rainwater gathers
in the channel in the study area; the small channels produce a
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Fault structure and lithology map of the Emei to Mianning section of the Chengdu-Kunming Railway. (A) Fracture tectonic distribution in the study area.
(B) Characterization of lithological distribution in the study area.

blocking effect, and the large channels may even cause a dammed  Hanyuan to Mianning, the location of heavy rainstorms and the
lake, which can further cause the outbreak of large debris flow.  intensity of rain in a short calendar time play an important role
Therefore, in the high mountain canyon, a wet and cold area from  in instigating a debris flow.
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Average monthly rain map from 2017 to 2021 in the study area.

3 Materials and methods

3.1 Analysis of surface deformation in the
study area

Debris flow is influenced by many factors, such as topography,
water source, and physical source. The topography provides the
necessary environment. When the regional geological action is
strong, and the topography changes at a faster rate, the probability
and frequency of debris flow occurrence also increase. Therefore,
observing the topographic evolution of the study area over
time through surface deformation is beneficial to the study of
debris flow and the identification of debris flow channels in
the study area. Numerous scholars are currently using InSAR-
related techniques to monitor topographic changes. In InSAR,
the phase difference between two images of the studied area
at different times is calculated by differential interferometry (D-
InSAR) to derive the surface deformation at the millimeter level
in the region (Frodella etal., 2017; Huntley et al., 2020; Yietal.,
2023). With the promotion and application of modern mapping
and remote sensing technology, InSAR has strong advantages and
application potential in monitoring glacial movement, volcanic
activity, tectonic movement, earthquakes, urban surface subsidence,
landslide deformation, etc. It can accurately obtain changes in
geological hazards and provide technical support for monitoring
geological hazards such as landslides and mudslides.

InSAR technology can be used to monitor slowly deforming
geological hazards such as landslides and ground subsidence and
thus locate these hazard areas. In this study, the InSAR technology
was applied to monitor the surface changes of six counties in
the study area from 2018 to 2022. The surface deformation
amplitude over 5 years was used to assist in discerning debris flow
trenching. The results obtained are shown in Table 1 The highest
surface uplift in Jinkouhe District was 0.24 m, and the largest
subsidence was 0.15 m.
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3.2 ldentification of debris flow ditch

In mountain construction, due to an incorrect perception,
gullies not yet broken out into debris flow are identified as clear
water gullies or generally treated as flash flood gullies. As a result of
not recognizing the risk of these gullies breaking out, mega debris
flow disasters are not uncommon. The Emei to Mianning section
of the Chengdu-Kunming Railway is mostly in the high mountain
valley area, and the railway passes through both sides of the gully.
To ensure the safe operation of the railway in the rainy season,
it is very important to correctly judge whether there is a debris
flow gully along the line. Generally speaking, any debris flow or
potential danger of debris flow occurring in the valley is called a
debris flow ditch. According to the Geological Investigation for
Debris Flow Stabilization specification (T/CAGHP 006-2018), a
mountain trench can be identified as a debris flow trench when it
meets all the necessary conditions and some sufficient and necessary
conditions in Table 2.

Information about 117 debris flow ditches that met the
conditions for debris flow ditch discrimination was collected from
seven counties and districts. Of these, 53 are distributed on both
sides of the original railway line and the double-track line of the
Chengdu-Kunming Railway. In this paper, these 53 debris flow
ditches were analyzed. The stage of debris flow development is
judged according to the Chinese specification TCAGHP006-2018
Debris Flow Disaster Prevention and Control Engineering Survey
Specification (for trial implementation), and the judging conditions
are shown in Table 3.

3.3 Type of debris flow

Two types of debris flows depend on the topographic and
geomorphological conditions of the study area: slope-type debris
flow and valley-type debris flow. The occurrence and movement of
slope-type debris flows happen along the hillside or in the gully
of the hillside. They are deposited at the foot of the slope or the
junction of the outlet of the gully and the main river, and the solid
material mainly comes from the gully slope. It has the characteristics
of short grooves, large average longitudinal slope, small watershed
area, serious weathering and peeling of rock mass, small collapses
in the grooves, and development of rock piles or landslides. It
belongs to the development stage of valley-type debris flows. The
valley-type debris flow has an obvious formation, circulation, and
accumulation area. The length of the main ditch and the watershed
area are larger, the average longitudinal slope is generally smaller
than the slope-type debris flow ditch, and the watershed area is
generally 0.2-10 km?. The outbreak of gully debris flow depends on
the amount of loose material in the gully and the rainfall intensity.

3.4 Calculating debris flow source

The high seismic fracture sources in the strong seismic zone are
easily ignored during the investigation because of high concealment
among bedrock hills. However, these sources are usually very large
in scale, and once destabilized, they can supply a huge amount
of loose material. Therefore, the early identification and long-term
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TABLE 1 Surface deformation in the study area in the past 5 years.

Maximum lift value (m) Maximum settlement(m) Surface changes along the

railway line

0.24 0.15 The Ebian Bacun station to Jinkouhe
station section belongs to a lifting area,
and the lifting amount is approximately
0.12-0.19 m. The Jinkouhe station to
Guancunba station section belongs to
the settlement area, and the settlement
amount is approximately
0.18 m-0.24 m. The double-track
railway passes through the
mountainous area in the form of a

Jinkouhe District

tunnel

0.18 0.13 The Changheba to Niri section along
the line belongs to a subsidence area,
and the amount of settlement is
approximately 0.08-0.13 m. The
double-track railway passes through
this area in the form of a tunnel.

Hanyuan County

0.18 The Su Xiong station to Ganluo station

section is all uplifted area, and the
uplifted amount is approximately

0.02-0.09 m. The Ganluo station to

Kezhai station section has lower surface

changes, but the settlement along the
double-track railway is larger,
approximately 0.09-0.18 m

Ganluo County 0.25

0.16 The Baiguo station to Yuexi station
section is an uplifted area, and the
amount of uplift is approximately

0.02-0.10 m. Surface subsidence and
uplift from the Yuexi station to Ersaihe
station appear indirectly; the highest
amount of subsidence is 0.16 m, and the
highest amount of uplift is 0.10 m. The
double-track railway passes through the
Yuexi County uplifted area, and the
amount of uplift is 0.05-0.11 m

Yuexi County 0.11

0.11 The left side of the Nibo station to
Shamalada station is a settlement area,
with a settlement amount of
0.09-0.11 m. The surface change on
both sides of the railway from the
Shamalada station to Mianshan station
is relatively stable, but the upstream
change in the mountains on both sides
is large, with a settlement amount
between 0.06 m and 0.11 m and a lifting
amount between 0.05 m and 0.12 m.
The double-track railway passes in the
form of a tunnel in the mountainous

area

Xide County 0.12

0.24 The Xintiechun station to Manshuiwan
station section is in the uplifted area,
and the uplifted amount is
approximately 0.15-0.27 m. The
double-track railway is parallel to the
original line

Mianning County 0.27
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TABLE 2 Discriminatory conditions of debris flow ditches.

Necessary conditions

Loose material supply and storage

Geological formations

10.3389/feart.2024.1473444

In the vicinity of active large fractures, the faults,
joints, and fissures are developed in the trench, and the
rock body is more broken

Stratigraphic lithology

There are soft and hard or soft and easily weathered
rock layers in the ditch, and there is a thick residual
broken accumulation layer

Erosion

Geological hazards such as landslides and slides are
active in the ditch, and soil and slope erosion are
strong

Loose material storage

There are many crumbling and landslide
accumulations in the channel, a thick layer of sand and
gravel in the gully bed, and moraine or stacked
terraces in the upper reaches

Terrain topography

Basin characteristics

The channel is mostly a funnel-shaped, spoon-shaped,
or bar-shaped basin. The relative height difference is
generally above 300 m, and the relative height
difference of the slope debris flow is generally above
200 m

Channel characteristics

The average specific drop of the ditch bed is generally
above 100%o, the specific drop of the starting section is
generally greater than 260%o, and there are steep cans
and waterfalls in the ditch

Slope gradient

Steeper slopes: The average slope is generally greater
than 25°

Water supply

Rainfall

The occurrence of debris flow is based on the critical
rainfall that triggers debris flow. The study area is in
the west of Sichuan, and the debris flow excitation rain
intensity is 30 mm for 1 h, while the 10-min rain
intensity is greater than 10 mm

Glacier melting

The presence of glacial snow in the gully makes it more
likely to stimulate debris flows when rain and heat
occur at the same time

Dike breach

The presence of less stable dams in the trench, such as
poor strength or already disaster-bearing check dams,
natural rock fall dams formed by avalanches,
landslides, or earthquakes that block the trench

Sufficient conditions

Accumulation characteristics

Stacked body morphology

Debris flow accumulation fans are conical in section
and fan-shaped in plan, often leaving residual or
dike-like accumulation downstream of the channel

Accumulation profile

The number of debris flow activities in the ditch is
generally determined by dividing the debris flow
accumulation into several levels

Particle characteristics of accumulated material

The gravels from the debris flow usually have collision

scrapes and rough scraping surfaces, and mud balls or

mud-wrapped rocks are usually present in clay debris
flows
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TABLE 2 (Continued) Discriminatory conditions of debris flow ditches.

Sufficient conditions

Residual pile-ups

Determined by observing whether there are materials left after the occurrence
of debris flow at the topographic changes on both sides of the gully and at the
higher parts on both sides of the gully

Traces of debris flow activity

Superelevation accumulation

The debris flow encounters obstacles during its activity to form an upward
throwing motion, leaving an accumulation above the normal mud level

Scuff marks

The debris flow leaves erosion marks on the bedrock surface on both sides of
the curved concave bank and the straight section and leaves impact scrapes on
trees in the ditch, etc.

Disaster history

Debris flows are fierce and destructive and often cause serious damage to local people when they occur. Therefore, when
judging whether a gully is a debris flow gully, local people who are familiar with the situation can be invited to interview

TABLE 3 Conditions for discerning the development stage of debris flow channels.

Identification marks

Formative

period

Development
period

Recession
period

Suspension or
termination
period

Gully mouth fan type Fan-shaped mounded Fan-shaped mounded Decrease in the area of Stable fan-shaped
terrain at the mouth of terrain at the mouth of the accumulation fan at landform at the mouth
the trench or fan-shaped the gully is developed, the mouth of the trench of the gully
land in development and the fan edge and fan
height are increasing
significantly
River type at the mouth of the gully The development of an The main river type is The main river type is The river type of the

accumulation fan controlled by the basically stable main river is very stable
gradually squeezes the development of the
main river, and the river accumulation fan, and
shape is deformed the river type is forced to
bend and deform or is
temporarily blocked
Loose material storage capacity in the 5~10 >10 1~5 0.5~1
trench (10* m®/km?)
Height (m) 5~30 >30 <30 <5
Loose material slope
Grade (°) 25°~32° >32° 15°<25° <15°
Avalanche and landslide development Adverse geological Adverse geological Adverse geological Adverse geological
phenomena in expansion phenomenon phenomena gradually phenomena gradually
development weakened stabilized
Slope type of gully Steepening Precipitous Slowing down Slow
Coverage of vegetation Coverage is declining at The slopes in the ditch Coverage is growing at High coverage rate,

10%-30% are predominantly 30%-60% >60%

barren, with less than

10% cover
Rain intensity that triggers debris flows Gradually getting Smaller Larger and progressively larger
smaller

monitoring of such sources should be strengthened to achieve  trend of debris flows. The product of the area and the average

effective disaster prevention and mitigation. The storage and supply  thickness is used to determine the material source volume, and the
of loose solids in debris flow ditches are important parameters  calculation formula is
for determining the cause of debris flows, developing debris flow

prevention and control programs, and analyzing the development V=Ah (1)
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where V is the volume of the material source (x10* m®); A is the
source distribution area (x10* m?); T is the average thickness of the
material source.

Two methods are used to determine the source distribution
area: the field survey method and the remote sensing interpretation
method. Due to the many debris flow channels in the study area, the
complex topography, and the challenging travel, the source survey
of the debris flow is realized by remote sensing interpretation in this
study. First, the slope analysis of the debris flow channels in the study
area is carried out by high precision (5 m) DEM, and the location
of the high slope is precisely located. Second, the distribution of the
loose solids is further determined by combining with Global Mapper
HD images (taken in May 2021), and the source distribution area
is measured.

To determine the thickness of the source distribution, which
varies, the average thickness value is generally used to calculate
the total number of sources. Various methods of determining the
thickness of different types of sources are used. The methods also
vary due to the different accuracy requirements determined by
the importance of the working area. Avalanches and landslides are
the most common sources of debris flow, and their calculation
methods are different from other sources, which have certain special
characteristics. The following calculation methods are given in the
Chinese debris flow survey and design specifications.

(a) Simulation calculation method: The average thickness of the
potential landslide is simulated and calculated based on
the distribution of the potential landslide by the classical
method, such as the Swedish arc method, and the number of
potential landslide sources is calculated based on this method.
According to the rupture arc analysis theory, when the average
slope is less than or equal to 45°, the average thickness of the
landslide is calculated by the following formula.

( K
where h is the average thickness of the landslide body (m); L, is the
average width of the landslide body (m); 0 is the average slope of
the landslide body (°). K is the correction coefficient, and K takes

the value of 0.1~1. An actual field landslide situation should be
examined for the trial calculation.

Lp
4sin6

0

e :
180sinfcos 6

2)

(b) Field survey method: The average thickness of landslide
deposits and potential landslides is determined by drilling,
physical prospecting, and trenching. Drilling and trenching
are used to detect the thickness of landslide deposits
and potential landslides at a certain point, while physical
prospecting means (geological radar and other methods) can
determine the boundary line between potential landslides and
landslide deposits and the overlying geological body. Then, the
thickness of landslide loose deposits and potential landslides
is determined. Physical prospecting means are not applicable
in this study area because of the wide area and many kinds
of trenches.

(c) Statistical methods: The statistical analysis of collapse

landslide volume and collapse landslide area in the

Wenchuan earthquake area found a relationship between

the average thickness of the collapse landslide body and
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the collapse landslide area. Equation 3 is used to determine
the average thickness of individual landslides investigated in
the field. Equation 4 is used to determine the average thickness
of landslides determined by remote sensing methods.

(©)

h= e2'3869A(1‘2293(tan ¢)0.2809h70.2381

h = 3.457A492053 (4)
I is the average thickness of the collapsed landslide body (m); A | is
the projected area of the collapsed landslide body (x10* m?); ¢ is the
average slope of the collapsed landslide body (°); & is the height of
the collapsed landslide body (m).

Tangetal. (2012) selected 49 landslides of different sizes
in the Wenchuan earthquake area as samples for determining
landslide thickness. A regression analysis of landslide surface
area and landslide thickness was conducted based on 49 field
measurements, and the relationship between landslide area
and landslide thickness was determined with the following
regression equation.

t=1.432In(S,) - 4.985, (5)
where t is the average thickness of avalanches and landslides (m);
S; is the area of avalanches and landslides (m?). The obtained
regression equation fit showed squared correlation (R?) and root
mean square error (RMSE) of 0.93 and 0.62, respectively. These
significance test values indicate that the model is statistically valid.
The study area is close to Wenchuan, and through the
preliminary study of the Zile ditch (Qiu and Wang, 2022), it was
found that Tang proposed the relationship between the area of
avalanches and landslides in the earthquake area and their thickness,
which can determine the area of avalanches and landslides in the
ditch more accurately. This calculation method has been widely
used in the study of debris flows in western Sichuan and Tibet
(Li et al., 2021; Chen et al., 2021; Chang and Tang, 2014). Therefore,
in this study, the avalanche and landslide areas of each debris
flow gully were further counted based on the existing survey
and high-precision DEM data combined with Global Mapper HD
images. All avalanche and landslide areas were calculated using
ArcGIS software and combined with the relationship between the
avalanche and landslide areas and their thicknesses proposed by
Tang et al. (2012) to derive the average thickness of all avalanche and
landslide areas. Based on the average thickness and the avalanche
and landslide areas, the total reserves of material sources were
calculated and further combined with the evaluation method of
debris flow material reserves in the earthquake area proposed by
Zhang et al. (2020) and Qiao et al. (2012) to estimate the reserves of
loose material and dynamic reserves that may participate in debris
flow movement in each debris flow trench. When the total source
volume is less than 50x10* m?, the proportion of dynamic storage
can be 15%; when the total source volume reaches 100x10* m?, the
proportion of dynamic storage can be 30%; when the total source
volume reaches 200x10* m?, the proportion of dynamic storage can
be 37%. After that, the proportion of dynamic reserves develops
slowly and basically stays below 40%. In this study, first, the source
type and location were determined according to the slope analysis of

frontiersin.org


https://doi.org/10.3389/feart.2024.1473444
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Qiu et al.

the debris flow ditch, high-definition images, and survey data. Next,
ArcGIS was used to calculate the source area, and then the above
calculation method was used to calculate the summary of the source
of the ditch.

3.5 Numerical analysis

3.5.1 Model building

In this paper, MassFlow numerical simulation software is used
to predict and simulate the possible debris flow in the high-risk
debris flow channel of the Chengdu-Kunming Railway. MassFlow
is based on a geological model with contour data to analyze the
disaster characteristics of debris flow, and the model parameters are
all from the field-measured parameters of debris flow. The software
has been widely used in the research and analysis of debris flow,
landslides, and other geological disasters in recent years. It has
excellent performance and can ensure that the simulation results
are accurate. MassFlow derives the mass and momentum control
equations from the Navier-Stokes equations of fluid dynamics,
based on the continuum mechanics equations. The MassFlow
software considers features such as complex topography and valley
bed erosion with second-order accuracy and adaptive solving
capabilities. The controlling equations are as follows: Equation 6 is
the mass conservation equation; Equation 7 and Equation 8 are the
momentum conservation equations.

Ay d(ku) (k)

on) =0, 6

a " ox oy ©)
(ki) O + kg h*[2)  3(hi) Az) (70,
a A Yy e hesh g s = 9
o) A rkyel'2) agam) o 3@) (%), ®)
a ¥ T TS T T

where p is the fluid density (kg/m3 ); t is time; u, v are the fluid
velocities in the x and y directions (m/s); g, g, and g, are the gravity
components on each axis; Z, is the riverbed elevation (m); 4 is the
mud depth of the debris flow body (m); 7, is the shear stress at the
bottom (Pa); ka‘l7 is the earth pressure coefficient.

When considering gully erosion, the erosion rate
uses the simplified erosion model of landslide and
debris flow (Li et al., 2020).

E=ahVv?+u?, 9)
In(V,—V,
o= u) (1())
s

where « is the basal erosion growth rate along the debris flow; / is
the depth of debris flow movement (m); u and v are the fluid velocity
(m/s) in x and y directions; Vi is the final volume of debris flow
movement; V, is the initial volume of debris flow movement; S is
the average erosion distance.

The flow model chosen in this paper is the Voellmy model, which
improves on the Coulomb model and applies to mud and debris flow
hazards. In this model, the turbulence coefficient, which can limit
the higher velocity of fluid movement, was taken into account with
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the following expressions:

pgv’

£

where 7, is the shear stress at the bottom (Pa); o is the positive stress

(€3))

T, =0l +

(Pa); i is the friction coefficient; p is the debris flow capacity (kg/m?);
& is the turbulence coefficient (m-s2).

3.5.2 Terms and definitions

The Voellmy model is selected as the calculation model in
this paper, and the friction coeflicient and turbulence coefficient
are respectively determined as 0.1 to 0.3 and 180 m-s~2-250 m-s™
according to different channel characteristics. According to the
results of the on-site investigation, the material source, starting
point, and bulk density of the debris flow involved are determined.
The bulk density of some channels is determined based on the results
of the on-site survey and previous related research. For the channels
with incomplete data, the China Debris Flow Disaster Prevention
and Control Engineering Survey Specifications (Trial) 2018 were
used to quantitatively score the degree of susceptibility, and the
quantitative score (N) and density (y.) relationship comparison table
were used to determine the channel debris flow density. The results
are shown in Table 3.

4 Results
4.1 Distribution characteristics

To explore the impact of debris flow along the
Chengdu-Kunming Railway and the double-track on its safe
operation, this paper further combines high-precision DEM data
to conduct a statistical analysis of the development characteristics
of debris flow ditches along the line. The statistical results are shown
in Tables 4, 5, and the distribution locations of high-risk debris flow
trenches in the study area are shown in Figure 4.

Among them, the debris flow from Jinkou River to Nier station
is mainly distributed along both sides of the Dadu River, the debris
flow from Niri station to Lewu station is distributed along both sides
of the Niri River, a tributary of the Dadu River, and the debris flow
along the Lewu station to Mianning station section is distributed
along both sides of the Sunshui River, a tributary of the Jinsha
River. Most of the debris flow channels have developed the waterfall
phenomenon. The terrain of the channels has the characteristics
of abundant water sources and large amounts of source material.
The coupling effect of terrain, water source, and material source is
strong in these channels, and the possibility of debris flow disasters
is high, threatening the nearby safety of residents, traffic arteries,
engineering facilities, etc.

4.2 Basin area analysis

According to the current statistics results (Figure 5), there are
53 high-risk debris flow ditches, and 13 have a watershed area of
more than 10 km?. Most debris flow ditches have a watershed area
between 2.0 km? and 9.0 km?. Under normal circumstances, the
reserves of loose material source in the debris flow gully increase
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TABLE 5 Distribution of debris flow.

Section Railway length (km) Number of debris flow ditches Distribution density (km)

10.3389/feart.2024.1473444

Jinkouhe Station-Hanyuan Station 26.2 4 1.5 gullies/10
Hanyuan Station-Ganluo Station 384 8 2.0 gullies/10
Hanyuan Station-Labai Station 55.6 11 1.9 gullies/10
Labai Station-Xintie Station 85.4 25 2.9 gullies/10
Xintie Village-Mansuiwan Station 14.6 5 3.4 gullies/10

with the increase of the watershed area, which further affects the
amount of material source flushed out at one time when a debris

flow occurs.
Most of the large debris flow channels along the
Chengdu-Kunming Railway have developed a waterfall

phenomenon, and the perennially flowing water in the channel
will carry out loose material, so the frequency of debris flow is
low. However, the watershed area is relatively large. A short, heavy
rainfall is conducive to the accumulation of a large amount of surface
water and the formation of a larger flood peak. Therefore, when a
debris flow occurs in a ditch with a large watershed area, its ability
to carry large particles and scour its bottom far exceeds that of
small watershed debris flow disasters, causing a greater threat to life
and property.

4.3 Characteristics of a debris flow channel

The length of the main ditch of the debris flow ditch is the
plane projection length from the ditch head to the ditch mouth,
which is the main influencing factor for the duration of the debris
flow disaster and the ability to carry loose materials along the way.
Moreover, the boundary conditions of the main trench, such as
the geometry and roughness of the trench bed and trench wall,
constrain the formation and movement of debris flow. As shown
in Figure 5, the length of the main ditch of the investigated debris
flow ditch is generally between 2 km and 8 km, accounting for 92%
of the total debris flow ditch under investigation. According to
existing research (Zhang et al., 2023), debris flow trenches with a
drainage area greater than 8 km? and a channel length greater than
5km are defined as “super-large high-level remote debris flows in
the earthquake area” Among the debris flow ditches investigated in
this paper, 21 meet this condition, accounting for about 40% of the
total investigations.

The longitudinal slope of the ditch bed provides energy for the
occurrence and development of debris flow and is one of the main
factors affecting the formation of debris flow. The ditch-bed gradient
is the base condition for fluid to convert from gravitational potential
energy to kinetic energy and is an important factor affecting the
formation and movement of debris flow. Generally speaking, the
larger the gradient of the ditch bed, the more likely the flow is
to occur. Some scholars analyzed the average longitudinal slope
of the ditch bed of 150 representative types of debris flows in
Tibet and found that ditches with an average longitudinal slope
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of 50%0-300%o accounted for 90.7% of the total, and the ditch-
bed ratio of 100%0-300%o was the largest, accounting for 54.7%. It
shows that the gradient of the gully bed within this range is most
favorable to the formation and movement of debris flows. Therefore,
in the valleys within this gradient range, debris flow outbreaks are
very frequent, and the gradient of the gully bed not only shows the
relationship between the slope erosion of the valley and the channel
erosion but also reflects the development of a debris flow valley. In
this paper, the longitudinal slope of 53 debris flow trenches in the
study section is analyzed. The longitudinal gradient of all ditches is
greater than 50%o, of which ditches of 50%0-300%o account for 72%
of the total survey, and the remaining ditches have a longitudinal
slope greater than 300%o. Therefore, the longitudinal slope of the
ditches in the study section is in the interval that is conducive to
the outbreak of debris flow disasters, and debris flow disasters occur
frequently.

4.4 Analysis of debris flow sources

The study area has 31 debris flow ditches with total loose
source reserves higher than 200x10* m®, accounting for 58%
of the total. Of these, the highest reserves are approximately
488x10* m®. In total, 33 debris flow ditches have loose source
dynamic reserves higher than 50x10* m®, accounting for 62% of the
total number (Figure 6). The dynamic reserves of debris flow sources
are not fixed values. As a result, the article combines the field survey
data and analyzes the causes of specific sources in each ditch, the
duration of debris flow control projects, and the characteristics of
the ditch. Then, high-definition satellite images, unmanned aerial
vehicle surveys, and other technologies combined with numerical
simulations were applied to further analyze the reserves of various
sources in the study area and provide effective references for debris
flow control.

4.5 Valley morphology and development
trend

This article evaluates the development stages of debris flow
channels in the study section according to the identification
method of debris flow development stages in the Debris Flow
Disaster Prevention and Control Engineering Survey Specifications
(Trial) 2018, combined with high-definition satellite images and
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FIGURE 4
Distribution map of debris flow basins in the study area.

identification marks determined by the specification. There are
46 debris flow channels in the development period, accounting

for 86.8% of the total number. There were seven debris flows

during the formation period, accounting for 13.2% of the

total number.
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A debris flow gully can have various shapes due to the different

types and development stages of debris flow. Among them, the

funnel shape and the spoon shape are typical debris flow valley

states that are favorable for the formation and activity of debris

flow. Most instances of this kind of watershed have three sections
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Schematic diagram of potential sources of debris flow gullies in the study area.
of debris flow formation, circulation, and accumulation, which is 4.6 Numerical simulation analyS|s
a relatively well-developed debris flow valley. A total of 40 valley-
type debris flow gullies are investigated in this paper, accounting Figures 7, 8 show the results of the numerical simulation of

for 76% of the total number of investigations. The characteristics of ~ mud depth and flow velocity. Among the 53 ditches investigated
the watershed are a well-developed debris flow gully with complete  in this paper, 44 were distributed along the banks of the Niri
formation, circulation, and accumulation sections. In addition, due River and the Sunshui River, five were along the banks of the
to tectonic movement, earthquakes, rainfall, and other factors, the Anning River, and four were along the banks of the Dadu River.
ditch collapses and landslides continue, and the loose material A total of 41 ditches could interact with the Chengdu-Kunming
source continues to increase. The rainfall intensity that can trigger = Railway during a debris flow disaster, and 39 ditches are analyzed
a debris flow in western Sichuan is 30 mm in 1 h or 10 mm in by high-definition images in the form of open line or open line
10 min (Wang, 2008). When the rain comes, the investigated debris ~ bridges. This information and data were analyzed to determine
flow ditch in the middle and upper reaches is likely to cause a  the impact of a debris flow outbreak on the safe operation
blocking effect, and a large debris flow will break out. of the Chengdu-Kunming Railway. Finally, the corresponding
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FIGURE 7
Simulation results of debris flow in the Emei to Mianning section of the
Chengdu—Kunming Railway (mud depth).

disaster prevention and mitigation suggestions were proposed,
as shown in Table 6.

4.7 Effect of debris flow control
Two high-risk debris flow channels were selected from different

locations of the study area to study the prevention and control effect of

Frontiers in Earth Science

1,2 Velocity distributionf’
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FIGURE 8
Simulation results of debris flow in the Emei to Mianning section of the
Chengdu-Kunming Railway (flow velocity).

the management measures, and engineering prevention and control
measures were added. The predicted simulation of the prevention and
control effect was carried out by MassFlow software, and the simulation
results were compared with the movement characteristics of the debris
flow without engineering prevention and control measures to analyze
the effect of the engineering measures, as shown in Figures 9, 10.
The existing classification of debris flow intensity is mainly based
on the size of mud depth or the product of mud depth and flow
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Predicted effect of debris flow prevention and control project in
Sudala Gully. (A) Pre-control debris flow depth. (B) Post-control debris

. . R X flow depth. (C) Pre-control debris flow velocity. (D) Post-control
velocity. Tang proposed a risk division of debris flow based on the debris flow velocity. (E) Pre-control debris flow intensity. (F)
flow velocity and mud depth of the debris flow in 1994 (Tang et al,, Post-control debris flow intensity.

2012). A quantitative risk evaluation study of key debris flows in

Frontiers in Earth Science 23 frontiersin.org


https://doi.org/10.3389/feart.2024.1473444
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Qiu et al.

TABLE 7 Classification of the debris flow intensity level.

Debris flow intensity = Mud depth(m)

Relationships

10.3389/feart.2024.1473444

Product of mud depth H and maximum flow velocity V

(m?s7)
High H>25 OR HV 225
Medium 05<H<25 AND 05<HV<25
Low 0.0<H<05 AND HV<0.5

TABLE 8 Comparison of debris flow characteristic values before and after control projects in Shengli Village.

Maximum flow

Maximum mud

Maximum flow Accumulation Interaction with

depth(m) velocity (m/s) strength (m/s?) fan area (km?) railway
Before prevention 13.4 12.9 134.32 0.64 Interactive
After prevention 11.6 11.3 63.77 0.29 No interaction

Analysis of prevention
effects

Two dams are set up in the ditch at K0+549 and K2+297. After adding engineering measures, the maximum mud depth decreases by 13.4%, the
maximum flow velocity decreases by 12.4%, the maximum flow intensity decreases by 52.5%, the flow rate at the mouth of the ditch and the
primary flushing volume decreases by 43%, and the area of the mounding fan obviously decreases. The impact on the railway and ditch slope is

reduced

the Longxi River basin, Longchi Town, Dujiangyan, in 2014 (Chang
and Tang, 2014) used the relationship between mud depth and the
product of mud depth and velocity as the basis for classification. The
relationship between mud depth and velocity product was used as
the basis for classifying the intensity of 12 key debris flows in the
study area. Wang also used the same method to classify the risk of
mudslides in the Minjiang River sub-basin caused by continuous heavy
rainfall in Mianjiao Town, Wenchuan, in 2013, and their calculation
results provided a reliable reference for the engineering treatment
work and the risk range classification (Wang et al., 2022). Therefore,
this paper also adopts the relationship between mud depth and flow
velocity product as the grading basis for determining the debris flow
hazard in the study area. The debris flow intensity in the study area
is classified according to Table 7 with reference to the debris flow
intensity classification standard.

(1) Shengli Village debris flow control

The predicted effect of the debris flow control project in Shengli
Village is shown in Figure 9 and Table 8.

(2) Sudala Gully debris flow control

The predicted effect of the debris flow control project in the
Sudala Gully is shown in Figure 10 and Table 9.

5 Conclusion

The article takes 53 debris flow ditches along the section
of the Chengdu-Kunming Railway from Emei to Mianning as
the study object. The regional geological environment along the
line, the type of debris flow hazard, distribution law, valley
type, ditch characteristics, potential source volume, and other
important disaster-causing factors were studied. The collected
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data were combined with numerical simulation methods to
numerically simulate the high-risk debris flow ditch and obtain the
characteristic values of debris flow movement and the accumulation
characteristics of wash-out materials. The main conclusions of the
study are as follows.

(1) There are serious debris flow hazards along the railway
lines in the study area, which are a certain threat to the
safe operation of the railway, mainly due to the integrated
effects of topography, geological structure, neotectonic
movement, stratigraphic lithology, rainfall conditions, and
human engineering and economic activities. Among these
factors, frequent earthquakes facilitate the development of
debris flows. The debris flows in the study area have a temporal
distribution of disaster clusters, mostly from June to August
in the rainy season; a spatial distribution of segmentation,
with the distribution density gradually increasing from Emei
to Mianning; and a relative dispersion of debris flow disaster
sections, related to the geological environment and channel
characteristics.

Combined with the field survey data and high-precision DEM
model, the characteristics of a debris flow channel in the study
area were analyzed in detail. The length of the main ditch is
generally between 2 km and 8 km, accounting for 92% of the
total amount of debris flow gully investigated, and only a few
of the main gully length of debris flow exceeds 10 km. There
are 13 debris flow ditches with a watershed area larger than
10 km?, and most of them are between 2.0 km? and 9.0 km?.
The longitudinal slope drop of all the ditches in the study area
is greater than 50%o, of which 72% of the total number of
ditches surveyed are between 50%o and 300%o, and all of them
are between 150%o and 300%o, and there are 15 ditches with
longitudinal slope drop greater than 300%o. There are 31 debris
flow ditches with total storage capacity higher than 200x10* m?
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TABLE 9 Comparison of debris flow characteristic values before and after control projects in Sudala Gully.

Maximum flow

Maximum mud

Maximum flow Accumulation Interaction with

depth(m) velocity (m/s) strength (m/s?) fan area (km?) railway
Before prevention 17.7 14.3 204.15 0.52 Interactive
After prevention 10.1 12.1 94.36 0.15 Interactive

Analysis of prevention
effects

After adding engineering measures, the maximum mud depth decreased by 42.9%, the maximum flow speed decreased by 15.4%, the maximum
flow intensity decreased by 53.7%, the flow rate at the mouth of the ditch and the primary washout decreased by 51.9%, and the area of the
mounding fan decreased by 71.1%. Although the pile-up fan still interacts with the railway, the threat to the original line of the
Chengdu-Kunming Railway and the double-track line is also reduced because the railway passes in the form of a tunnel, and the mud depth and
flow intensity of the pile-up fan are greatly reduced

of loose material, accounting for 58% of the total number of

surveys, of which the highest storage capacity is approximately

488x10* m’.
(3) All the debris flows were quantitatively scored for susceptibility
based on ditch characteristics by combining relevant research
data, high-definition satellite images, and the latest debris
flow survey specifications. The debris flow capacity was
further derived based on the quantitative scores, and the
debris flow movement characteristics were simulated based
on the capacity. Among them, 40 ditches would be a
threat to the Chengdu-Kunming Railway in the event of
a debris flow disaster, 33 ditches are along the Niri River
and Sunshui River, four ditches are along the banks of the
Anning River, and three ditches are along the banks of
the Dadu River.
(4) The accumulation characteristics of high-risk debris flow
gully in the study area were analyzed, and the railway
passage form of debris flow gully entrance was determined
based on high-definition satellite images. The damage
forms of erosion on the Chengdu-Kunming Railway were
further discussed, and corresponding disaster prevention and
reduction measures were proposed according to different
damage forms. The prevention and reduction effects of
prevention and control projects were verified by numerical
simulation to provide a reference for local disaster prevention
and reduction.
(5) It was found that including barrier measures could effectively
control the destructive nature of debris flow hazards, with the
control effect of mud depth ranging from 13.2% to 44.2% and
flow velocity ranging from 12.4% to 22.9%. These effects are
due to the siltation of washout material behind the barrier dam
and the flow velocity magnitude related to topographic factors.
The control effect of maximum mud depth and maximum flow
velocity is low because of the siltation behind the grill dam, and
the flow velocity magnitude is generally related to topographic
factors. However, the control effect of debris flow intensity
is 51.9%-63.1%, the reduction of accumulation fan area is
59.6%-79.4%, and the reduction of primary washout volume
is 37.4%-62.7%, which is a significant decrease. Therefore,
the barrier measures have a good control effect on the
destructive effect of debris flow washout and can provide a
reference for the local government’s disaster prevention and
mitigation work.
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