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Abstract

The southwest mountainous area is a frequent debris flow disaster area in Chi-
na, which poses a serious threat to the regional roads and greatly affects the
normal traffic operation and the safety of residents’ lives and property. The
debris flow risk assessment of highway can quantify the threat degree of de-
bris flow to the roads. In this paper, from the perspective of villages and
towns, taking the upper reaches of Minjiang River as the research area, four
factors including road network density, highway disaster resistance capacity,
population density and highway cost are selected, and the weight is obtained
by using entropy weight method, and the debris flow vulnerability evaluation
results of highway are obtained by weighted calculation. Four indexes of de-
bris flow density, shape factor, relative height difference and annual rainfall
are selected to evaluate the debris flow hazard of highway by using the infor-
mation method. Based on the vulnerability and hazard evaluation results, the
risk of highway debris flow is evaluated, and the results are classified and dis-
cussed. The results show that: the risk of debris flow on the upper reaches of
Minjiang River is relatively low, the overall spatial distribution shows a trend
of high in the East and low in the west, and the overall risk of township roads
in Wenchuan county is the highest; The risk of debris flow is generally high
within —10 to 30 km from the central fault zone of Longmenshan.
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1. Introduction

Debris flow is one of the most common and destructive disasters in China’s
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mountainous areas (Deganutti & Tecca, 2013; Paudel et al., 2020), has a great
threat to the production and life of local residents and the safety of life and
property, also seriously affects the stable development of social economy, and
restricts the development and utilization of mountain resources (Raul & Susana,
2006). Highway is the main mode of transportation in mountainous areas. As a
linear project, it passes through various landforms (Ferrero & Migliazza, 2013).
Moreover, highway is the main channel and artery for the external connection of
mountainous towns (Tian et al., 2019), which is inevitably threatened by debris
flow. Traditionally, the evaluation of highway debris flow disaster is mostly from
the perspective of “line” (Tian et al., 2013b; Yin & Zhang, 2018), and debris flow,
as a geomorphic phenomenon, has geomorphic zonality, and also has the law of
regional distribution difference. Therefore, it is necessary to evaluate the high-
way debris flow disaster from the regional perspective (Kazakova et al., 2017;
Sun et al., 2021). The risk assessment of highway geological disasters can quan-
tify the risk value of highway geological disasters in different regions, understand
the extent of highway damage, carry out targeted disaster prevention and man-
agement measures, and ensure the long-term development of society and econo-
my (Ding et al., 2020).

As for debris flow, scholars have studied the characteristics of debris flow ac-
tivities (Wang et al., 2013; Sepulveda et al., 2015; Xiong et al., 2020) to master its
development law (Santi et al., 2011), which can effectively establish a debris flow
evaluation model to assess the vulnerability (Sujatha, 2020) and hazard (Coro-
minas et al., 2013; Kim et al., 2016) or risk (Budetta, 2002; Wieczorek et al., 2004;
CUI et al., 2013; Ali et al., 2021), and put forward effective and reasonable con-
trol measures (Youssef et al., 2014). Through literature review, it is found that
the research on highway debris flow disaster has not been evaluated from a re-
gional perspective. As the basic carrier of social and economic development in
mountainous areas, the highway is an important hub for social and economic
exchanges, and the debris flow seriously affects the normal traffic of the town-
ship highway, so it is very important to evaluate the risk of debris flow on the
township highway.

In this paper, 81 villages and towns in the upper reaches of Minjiang River are
taken as the evaluation unit, and the vulnerability of highway under debris flow
stress is evaluated from the perspectives of society, economy and highway itself;
Based on 1800 Small Watersheds in the upper reaches of Minjiang River, the risk
of highway in the upper reaches of Minjiang River under the stress of debris flow
was evaluated by using information method; Finally, according to the vulnera-
bility and risk assessment results of highway debris flow, the highway risk in the
upper reaches of Minjiang River under the stress of debris flow is quantified,
which provides scientific guidance and reference for highway planning and con-
struction and disaster prevention and mitigation management in southwest moun-
tainous areas. It is not only conducive to promoting regional social and economic
development, but also has important scientific significance for the development
of highway disaster prevention and control research and other related fields.
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2. Overview of the Study Area

The upper reaches of Minjiang River are the area covered by the reach above
Dujiangyan of Minjiang River and its tributaries. It is the transitional zone be-
tween Qinghai Tibet Plateau and Sichuan Basin, located at 30 n"45' - 3310, 102
e°35' - 103° The study area is about 2.29 M x 104 km?’, There are 81 townships
including Songpan County, Heishui County, Mao County, Li County, Wenchuan
County and Longchi town in Dujiangyan (Figure 1). The geological landforms
in this area are complex and diverse, and the geological structure movement is
frequent. The Longmenshan earthquake fault zone is included in this area. The
geological disasters such as collapse, landslide and debris flow occur frequently,
among which the debris flow development has the most serious impact. The
highways in the upper reaches of Minjiang River are mainly distributed along
the main stream of Minjiang River and its tributaries. Especially after the 2008
Wenchuan earthquake triggered the development of a large number of debris
flows, the upper reaches of the Minjiang River Highway suffered serious damage.
In August 2010, debris flow disasters occurred in Yingxiu Town, Xuankou Town,
Yinxing Township and other towns in Wenchuan County, resulting in multiple
blocking of the Wenchuan section of G213 line, resulting in 11 deaths and direct
economic losses of 1.03 billion yuan; In July 2013, a debris flow broke out in Qi-
pan gully, Weizhou Town, Wenchuan County, blocking Chengdu Wenchuan
expressway; In August 2019, mud rock flow occurred in many places in Wen-
chuan County, and many sections of Duwen Expressway and national highway
G213 were damaged, resulting in highway interruption. The disaster caused a
total of 12 deaths, and the direct economic loss of the whole county reached
more than 1.4 billion yuan (Figure 2). After the Wenchuan earthquake, debris
flow will affect the normal operation of the highway in the upper reaches of
Minjiang River for a long time, and restrict its social and economic develop-

ment.

3. Establishment of Highway Debris Flow Risk Assessment
System

In 1992, the United Nations Department of Humanitarian Affairs gave the defi-
nition of natural disaster risk: “risk is the expected loss of people’s life, property
and economic activities caused by a certain natural disaster in a certain region
and a given period of time”. The mathematical expression is: risk = vulnerability
x hazard (United Nations, 1991).

3.1. Debris Flow Vulnerability Evaluation System of Highway

From three aspects of highway, society and economy, this paper selects highway
network density, highway disaster resistance ability, population density and high-
way cost to establish the debris flow vulnerability of highway evaluation index
system.

1) Highway network density
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Figure 1. General situation of highway and debris flow in the upper reaches
of Minjiang River.
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Figure 2. Destruction of highways caused by debris flow in Chutougou.

DOI: 10.4236/gep.2021.97002 24 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2021.97002

M. Y. Lietal.

When the debris flow disaster occurs, the higher the density of the highway
network, the more detours available, and the greater the emergency rescue ca-
pacity, that is, the smaller the vulnerability of the highway (Jenelius & Mattsson,
2015; Bil et al., 2015; Tian et al., 2019). The calculation formula of highway net-

work density is as follows:
4
D= z n I, / S (1)
i-1

where: D is the density of regional highway network; n is the conversion coeffi-
cient of each grade highway; /is the length of a certain grade highway in the
area; Sis the area of the area; 7is the type of highway grade existing in the area.

Because the design capacity of different grades of highways has different in-
fluence on the highway network density (Table 1), according to JTGD20-2017
highway route design specification, the conversion coefficient of highway grade
is characterized by the ratio of design capacity of different grades of highways
(Meraj et al., 2015; Tian et al., 2019).

2) Highway disaster resistance ability

Highway disaster resistance refers to the ability of highway to resist disasters
when disasters occur in a region (Ma et al., 2013). The higher the highway grade is,
the better its infrastructure is, and the stronger its ability to resist debris flow and
other disasters is, that is, the lower its vulnerability is. The calculation formula of

disaster resistance index of each grade highway is as follows:
4
n= zTiﬁi (2)
i1

where: 1) is to the highway disaster resistance capacity; 7'is the disaster resistance
index of a certain grade of highway in the township; P is the proportion of a cer-
tain grade highway in the total highway mileage in the township; The meanings
of other symbols are the same as above.

3) Population density

When debris flow occurs, the greater the population density along the high-
way, the greater the impact of debris flow on Residents’ production, life and
transportation, and the greater the loss of residents’ life and property (Liu et al.,
2002; Armenakis & Nirupama, 2013), that is, the higher the debris flow vulnera-
bility of highway of Minjiang River.

4) Highway cost

The higher the cost of the highway, the greater the loss caused by debris flow
disaster in the region (Jaiswal et al., 2010; Li et al., 2015) is. The upper reaches of
Minjiang River are typical mountainous environment. Therefore, the average
cost of highway in mountainous area is selected. Based on the experience of high-
way construction and statistical yearbook of China, the average cost of highway
in the upper reaches of Minjiang River is calculated, including 60 million yu-
an/km for expressway, 30 million yuan/km for secondary highway, 15 million
yuan/km for grade III Highway and 6 million yuan/km for class IV Highway.
The calculation formula of township highway cost is:

DOI: 10.4236/gep.2021.97002

25 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2021.97002

M. Y. Lietal.

Table 1. Design capacity of roads in the upper reaches of Minjiang River.

Highway grade
Expresswa Second Third Fourth
X U
P Y class highway class highway class highway
Design capacity 2200 1100 600 400

pcu/(h-In)

E:ixili/s 3)

where: E is highway cost; X is the average cost per kilometer of a certain grade
highway in the region; The meanings of other symbols are the same as above.
The debris flow vulnerability evaluation index of highway is normalized, and
the entropy weight method is used to determine the index weight:
4
V=SuWw, @)
=1
where: Vis the vulnerability of highway debris flow; p is the normalized value of
highway debris flow vulnerability evaluation index; Wis the weight of evaluation
index; /is the vulnerability evaluation index of highway debris flow.

3.2. Debris Flow Hazard Evaluation System of Highway

Highway is the main transportation mode in the upper reaches of Minjiang Riv-
er, and as a kind of line project crossing various terrain and landform; it is in-
evitable to be threatened by debris flow, while small watershed is the basic carri-
er of debris flow development. Therefore, considering the influencing factors of
debris flow formation, the density, shape coefficient, relative height difference
and annual rainfall of debris flow are selected as evaluation indexes to establish
the debris flow hazard assessment system of highway.

1) Debris flow density

The density of debris flow (piece/km?) is expressed by the ratio of the amount
of debris flow in the township to the area of the township. The higher the density
of debris flow is, the greater the hazard it may cause to the highway, which is a
direct factor to evaluate the hazard of debris flow on the highway (Liu, 2000)
(Figure 3).

2) Shape factor

The shape factor represents the runoff concentration capacity in a small wa-
tershed. When the shape factor is closer to 1, that is, the shape of a small wa-
tershed is more similar to a circle, the stronger its confluence capacity is, the
easier it is to form a larger flood peak in a short time, and the greater the hazard
of debris flow (Tian et al., 2013a). The calculation formula is as follows:

4A

F
l?

(5)

where: F is the shape factor; A is the area of small watershed; L is the main

channel length.
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Figure 3. Debris flow vulnerability (A), hazard (B) and risk (C) classification map of highway in the upper reaches of the Minjiang

River.

3) Relative height difference

As the basic carrier of debris flow, the higher the relative elevation difference,
the greater the potential energy, the greater the transformed kinetic energy, the
greater the speed and destructive power of debris flow, that is, the higher the
hazard of debris flow (Li & Huang, 2011; Anbazhagan & Ramesh, 2014). Based
on the DEM (digital elevation model) data of the study area, the relative eleva-
tion difference of 1800 Small Watersheds in the upper reaches of Minjiang River
was calculated by using GIS platform.

4) Annual rainfall

Rainfall is an important water source condition for the initiation of debris
flow in a small watershed. The greater the annual rainfall in a small watershed is,
the more material will be gathered in the gully through rainfall erosion, and the
greater the hazard of debris flow development (Bacchini & Zannoni, 2003; Das
et al., 2011; Winter et al., 2013). Based on the annual rainfall data of the study
area, the annual rainfall of 1800 Small Watersheds in the upper reaches of Min-
jiang River was calculated by using GIS platform.

The information method is used to calculate the debris flow hazard of highway:

H,=> B, (6)
where: H is the debris flow hazard of township highways; B is the information
quantity of the debris flow hazard evaluation index of highway in the township;

m is a township in the upper reaches of Minjiang River.

4. Analysis of Evaluation Results

1) Calculate the mileage of various grades of roads in the upper reaches of the

Minjiang River, and combine the related formulas and table data of vulnerability
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indicators to obtain the road network density, road disaster resistance capacity,
and road cost of the township roads in the study area, and calculate them ac-
cording to the statistical yearbook of the study area. The population density of
the towns and towns in the upper reaches of the Minjiang River; the entropy
weight method is used to obtain the road debris flow vulnerability evaluation
index weight, and the weighted calculation is based on the highway debris flow
vulnerability evaluation model.

2) Based on the debris flow hazard evaluation model of highway, the indexes
are processed. Firstly, the shape factor, relative elevation difference and annual
rainfall of 1800 small watersheds are obtained according to the calculation for-
mula of hazard index, and the values are classified by natural breakpoint method
based on GIS platform. Secondly, the information value of each level of highway
debris flow hazard evaluation index is obtained by using the information me-
thod. Finally, 1800 small watersheds are mapped to each township, and the shape
factor, relative elevation difference and annual rainfall of small watersheds are
obtained by superposition calculation.

3) Based on the debris flow risk assessment model of highway and substituting
relevant indexes for calculation, the highway vulnerability, hazard and risk are
divided into five grades: extremely low, low, moderate, high and extremely high
by using the natural breakpoint method, as shown in Figure 3.

It can be seen that the spatial distribution of debris flow vulnerability of high-
way in the upper reaches of Minjiang River presents a trend of low in the West
and high in the East; 48 towns are in low vulnerability level and below, account-
ing for 59% of the total number of towns in the study area, of which the overall
vulnerability level of Heishui county highway is the lowest; The towns with
moderate vulnerability level and above are located along the Duwen high speed,
G213, G317 and S302; The three towns with high vulnerability level are located
in Wenchuan County, respectively Weizhou Town, Miansi Town and Yinxing
Town. The debris flow hazard distribution of highway in the upper reaches of
Minjiang River is high in the East and low in the west, high in the South and low
in the north, and the hazard level of the towns along the main stream and the
first tributary of Minjiang River is generally higher; The overall hazard level of
Songpan county is the lowest; The towns above the high hazard level are distri-
buted in Heishui county and Maoxian East and south of Li County, which shows
the trend along the high-grade highway; Five of the six towns with extremely
high hazard level are located in Wenchuan County. The debris flow risk distri-
bution of highway in the upper reaches of Minjiang River shows a trend of high
in East and low in West; The towns with very low risk level are mainly distri-
buted in Songpan county and Heishui County, and the overall risk level of
highway in Heishui county is the lowest; The towns with medium and high risk
levels of debris flow are located along the high-grade highway and are distri-
buted uniformly; All four towns with high risk level are located in Wenchuan

County, including Weizhou Town, Miansi Town, Yinxing Town and Yingxiu town.
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5. Discussion

Using Origin software to analyze the relationship between the data in the process
of highway debris flow risk evaluation, the evaluation results are as follows.

1) It can be seen from Figure 4 that the small watershed with high hazard of
debris flow is distributed in the area 20 to 100 km away from Wenchuan earth-
quake earthquake fault zone (central fault zone of Longmenshan). The number
of small basins in the range of 0.5 to 0.8 indicates that the whole small watershed
is more dangerous. From Figure 5, it can be seen that the smaller the overall
area of towns, the smaller the small watershed, the greater the hazard of highway
debris flow, indicating that the higher the hazard of small watershed in these
towns, combining Figure 4 and the distribution of townships, it can be seen that
the high-risk townships are close to the Wenchuan earthquake seismogenic fault
zone (Longmenshan central fault zone); the overall risk degree shows an in-
creasing trend with the increase of hazard, and the high-risk townships are con-
centrated in the distance The fault zone is within the range of —10 to 30 km. The
reason is that the small watershed in these towns is affected by Wenchuan earth-
quake, and the mountains are loose and scattered during the earthquake, which
provides sufficient material sources for the formation of debris flow, which
makes debris flow activity frequent; With the increase of distance, the influence
of Wenchuan earthquake gradually weakened, and the hazard of debris flow is
generally low. At the same time, the area is a developed area in the upper reaches
of Minjiang River, with high highway grade and greater threat from debris flow.
With the increase of distance, the influence of Wenchuan earthquake gradually
weakened, and the debris flow hazard degree and debris flow risk degree of high-
way were relatively small. The prevention and control of debris flow in towns
within the range of —10 to 30 km should be strengthened, especially in Wen-
chuan County. For other towns with relatively small risk of debris flow, mud
rock protection projects can be built properly; meanwhile, the highway network
density of towns within the range of —10 to 30 km is increased, and the high-grade
highways along the line are maintained and strengthened.

2) The hazard degree, vulnerability and risk degree of different counties and
towns are grouped and statistical, and the results are shown in Figure 6. It can
be seen that the risk degree increases with the increase of vulnerability. The de-
bris flow vulnerability, hazard and risk of in Wenchuan County are the highest,
among which, the debris flow hazard and risk of in Miansi Town are the highest,
and that of highway debris flow in Weizhou is the highest. Along Miansi Town,
Weizhou Town, Yinxing Town and Yingxiu Town, the risk degree is generally
high, and it is distributed in a belt. This belt is the section from Yingxiu to
Wenchuan (Weizhou town) of Duwen expressway. Due to the strong debris flow
development near the central fault zone of Longmenshan, debris flow is devel-
oped strongly. In 2010, 2013, 2019 and 2020, debris flow should be mass flow to
destroy the highway, which will cause the traffic interruption of Wenchuan County.
As this line is the hub and bottleneck of the external connection of the whole

upper reaches of Minjiang River, the prevention and control of disasters should

DOI: 10.4236/gep.2021.97002

29 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2021.97002

M. Y. Lietal.

be strengthened to reduce the damage of debris flow to the highway by combin-
ing blocking and drainage; From the perspective of highway planning, the by-
pass and detour routes of this line should be improved, the ability of highway
network to resist debris flow should be strengthened, and the degree of damage
caused by debris flow to its highway network should be reduced. Meanwhile,
sufficient highway rescue equipment and materials should be arranged to im-
prove the emergency rescue capability after debris flow disaster damages the

highway. The smooth of this line can be ensured by various means, Reduce its

impact on social and economic development.

Figure 5. Diagram of the relationship between the debris flow hazard degree and the de-
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6. Conclusion

Based on the 1800 small watersheds and debris flow density in the upper reaches
of the Minjiang River, this paper quantifies the debris flow hazard of highway,
and combines the debris flow vulnerability of highway assessment results to con-
duct the debris flow risk of highway assessment in 81 towns in the study area.
The conclusions are as follows:

1) The debris flow vulnerability of highway in the upper reaches of Minjiang
River is low as a whole, and the spatial distribution shows a trend of low in the
West and high in the East; The villages and towns with moderate vulnerability
and above are located along the high-grade highway. The debris flow hazard of
highway along the upper reaches of Minjiang River is relatively high, and the
spatial distribution of debris flow is high in the East, low in the west, high in the
South and low in the north; The villages and towns above high hazard level are
concentrated in Heishui County, Maoxian county and Lixian County, showing a
trend of distribution along the high-grade highway. The debris flow risk of
highway in the upper reaches of Minjiang River is relatively low, and the overall
spatial distribution shows a trend of high in the East and low in the West.

2) The villages and towns with a small number of small watersheds and rela-
tively high risk are mainly distributed near the fault zone. The debris flow vul-
nerability, hazard and risk of highway in Wenchuan County are the highest in
the range of —10 to 30 km from the fault zone. The risk of debris flow in Miansi
Town, Weizhou Town, Yinxing town and Yingxiu town is generally high, and
the distribution is in a belt. The villages and towns of Wenchuan County in the
region were greatly affected by the Wenchuan earthquake, and the mountains
were loosened and scattered in the earthquake, which provided sufficient ma-
terial sources for the formation of debris flow and made the debris flow activities
frequent; At the same time, Wenchuan county is an economically developed area

in the upper reaches of Minjiang River. The highway grade is high as a whole,
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and it is threatened by debris flow.

3) From the perspective of disaster prevention and control, we should streng-
then the prevention and control of debris flow in the range of —10 to 30 km, es-
pecially in the villages and towns from Yingxiu to Wenchuan (Weizhou town)
section of Du Wen expressway, and reduce the damage of debris flow to the
highway through the combination of blocking and drainage; From the perspec-
tive of highway planning, the highway network density of villages and towns
within —10 to 30 km should be increased, and sufficient highway rescue equip-
ment and materials should be arranged to ensure the smooth highway and re-
duce its impact on social and economic development. Through the debris flow
risk assessment of highway in the upper reaches of Minjiang River, it can pro-
vide ideas and reference for the risk assessment of highway geological disasters

in southwest mountainous areas.
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