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By means of the Graphic Method, Gray Correlation Method and Frequency
Method, the total amount of loose solid materials, the amount of loose solid
materials per unit area in the source area, and the risk degree and critical rainfall
of the study area are determined, respectively. On the basis of the calculation
results, the total amount of loose solid materials is 57.2x10*m?, the amount
of loose solid materials per unit area is 0.13m?*/m? (greater than 0.1m*/m?),
which better meets the initiation conditions for dilute debris flow. The Hazard
Evaluation Model of Debris Flow in earthquake areas is established by the gray
correlation method and the hazard index H=0.725 is determined. According
to the hazard classification standards for debris flows in earthquake areas,
the debris flow in Lecugou was moderate after the earthquake. The critical
rainfall value of 1H, calculated by the frequency method, ranged from 1745
to 22.21mm (R.=25mm) and 8.17 to 13.01mm (R.=50mm). The critical rainfall
value at 10min ranged from 6.23 to 8.44mm (R.=25mm) and 2.92 to 5.13mm
(Re=50mm), respectively. The maximum rainfall intensity of 45.5mm/h was
reached between 10:00 and 11:00 on July 29, 2019 and the cumulative rainfall
reached 144mm, far exceeding the critical rainfall of Legugou. Under the
influence of earthquakes and human activities, the loose solid source amount
and loose solid source amount per unit area increased greatly, and the critical
rainfall for debris flow after earthquakes decreased sharply, which induced
debris flows under the influence of heavy rainfall. This research will be helpful
for the establishment of monitoring and early warning systems based on
artificial intelligence methods, and can greatly improve the effectiveness of
disaster prevention and mitigation.

01 frontiersin.org


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.1053687%EF%BB%BF&domain=pdf&date_stamp=2022-10-28
https://www.frontiersin.org/articles/10.3389/fevo.2022.1053687/full
https://www.frontiersin.org/articles/10.3389/fevo.2022.1053687/full
https://www.frontiersin.org/articles/10.3389/fevo.2022.1053687/full
https://www.frontiersin.org/articles/10.3389/fevo.2022.1053687/full
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.1053687
mailto:zhongwei@imde.ac.cn
mailto:yzq1983816@kust.edu.cn
https://doi.org/10.3389/fevo.2022.1053687
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Heetal.

KEYWORDS

10.3389/fevo.2022.1053687

debris flows, formation mechanism, earthquakes, grey correlation method,
frequency method, human activities, artificial intelligence

Introduction

A debris flow is a typical solid-liquid two-phase flow, which
commonly causes huge economic losses and casualties every year.
Debris flows destroy the regional ecological environment,
aggravate the process of soil erosion and create wasteland; their
influence is far-reaching (Liu et al, 2020). China is a large
mountainous country, including plateaus and hills, with a
mountainous area of 6.66 million km?, accounting for 69.4% of the
total land area. The mountainous population accounts for more
than one third of the total population of China (Chen and Su,
2001). Statistics show that the area of debris flow activity in China
is about 4.8 million km? accounting for 72.1% of China’s
mountainous area, and there are an average of approximately
80,000 debris flow activities in China every year. Sichuan province
is one of the provinces which experiences the most geological
disasters in China and they tend to have characteristics such as: a
wide area, large scale, quick disasters, high outbreak frequency and
long duration (Tang, 2019). The Wenchuan earthquake in 2008 and
Lushan earthquake in 2013 induced a large number of secondary
disasters, such as collapses and landslides. Landslides caused by the
Wenchuan earthquake were distributed along the seismic fault and
nearly 80% occurred in the near-fault region (Hu et al,, 2014;
Zhang et al.,, 2019). This suggests that seismic-induced slope failure
should be strongly affected by certain features of near-fault waves
(Zhu et al,, 2022). Earthquake-induced landslides and debris flows
have raised extensive concern as they have been not only
responsible for repeated blockage of national highways and rivers
but also responsible for loss of life and property, and also cause
damage to the environment every year in the mountainous regions
(Chen etal, 2011, 2021). Some theoretical and empirical models
have been proposed to evaluate the stability of seismic slopes in a
near-fault regions (Zhang et al., 2019), previous studies conducted
experiments to investigate the effect of seismic activities on
dynamic response of slope (Zhu et al., 2022). With the aim of
reducing the impact of debris flow disasters, some early warning
methods based on history statistical data and physical properties
of the materials have been put into practice (Akcali and Arman,
2013; Papa et al., 2013; Liu et al., 2016).

The main earthquake areas were in the western mountainous
areas of Sichuan, associated with high mountains, deep valleys,
complex geological structures, and developed faults. These
mountainous disaster-prone areas experience collapses, landslides
and debris flows. An earthquake activates a large number of
potential debris flow gullies, causing significant slope instability
and rock mass destruction, so that these debris flow gullies will
be in an active period for a long time in the future; the scale and
frequency of debris flow outbreaks will increase significantly. The
active period of debris flows will last for 20 ~ 30 years, particularly
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5~ 10years after the earthquake (Cui et al., 2010; Shen et al., 2019;
Giordan et al., 2020; Liu et al., 2020).

Scholars, at home and abroad, have conducted a lot of research
and exploration on the formation mechanism of debris flows. Du
etal. (2022) analyzed the change of formation conditions of debris
flows after the Wenchuan earthquake. Ni Huayong (Hu et al., 2019)
studied the formation mechanism of gully bed erosion-dominated
debris flows through investigations, mapping and remote sensing
interpretation. Zhou Jian (Jianping et al., 2012) carried out centrifuge
model testing, using a self-developed visual test device and referring
to a debris flow field test, to study the formation mechanism of typical
landslide debris flows. Kou (Li et al., 2022) studied the occurrence
mechanism of mountain stream debris flows and Chen (Ningsheng
et al,, 2004, 2009) studied the formation mechanism of debris flows
in arid seismically active areas.

On July 29, 2019, a medium-scale debris flow occurred in
Legugou, Ergu Village, Qianjin Township, Ganluo County,
Sichuan Province; it washed away the village cooperatives and the
roads leading to the township, blocking the Tianba River at the
outlet of the gully. Lianghong Power Station is located at the outlet
of the watershed and suffered serious damage, with a direct
economic loss of about 40 million RMB, seriously affecting the
lives of local people. At present, there are abundant loose solid
materials that may participate in debris flow activities. Once heavy
rainfall occurs, it is more likely that large-scale debris flows will
happen again, and this poses a direct and serious threat to the life,
property and safety of the villagers in the Ergu Village, Qianjin
Township, Goukou, and along the Tianba River.

The main objective of this work is to find the causes of the
debris flow and analyze its development trend. This study uses
gray correlation method to discuss the possibility of debris flow
eruption in earthquake-affected areas and determine the risk level.
On this basis, the frequency method is introduced to calculate the
critical rainfall of debris flow initiation in the study area, and the
critical rainfall range is determined. Combined with the field
investigations and meteorological data, the possibility and possible
damage degree of the debris flow in the study area can be revealed,
which can provide useful information for future disaster
prevention and mitigation for such type of debris flow.

Study site

Ganluo County is located in the southwest platform of
Sichuan Province, to the north of Daliang Mountain and on the
eastern foot of Xiaoxiangling Mountain. It is a high mountain
valley area from the western edge of Sichuan basin to the Qinghai
Tibet Plateau. The landform of the county is mainly medium sized
mountains, accounting for 90.8% of the county area, while the
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river valley accounts for only about 2.2% of the total area. The land
sloping at an angle greater than 25°is 1,357.41km?, accounting for
63.02% of the county area (Figure 1). Due to the strong crustal
movement, the folds and faults in the county are very developed,
forming large anticlines and synclines. Due to the broken terrain
and small vegetation coverage, most of the faults are steep high-
angle thrust faults, which are prone to landslips, landslides and
debris flows. The geology comprises Paleozoic strata in the north
and Mesozoic and ancient carbonate strata in the south. Legugou
is located in the middle of Ganluo County and is an area which
has suffered strong structural erosion of the central mountains.
The overall terrain is low in the south and high in the north, with
deep valleys and large topographic fluctuations. In the valley, the
mountains are high and steep, with an average slope of more than
35 degrees (Figure 2), and the longitudinal gradient of the gully is
larger, especially the branches in the upper stream of the main
gully, whose longitudinal gradient is more than 350%o. The
longitudinal slope increases from the downstream to the upstream
and the width decreases. According to the geomorphological
features of the basin, it is divided into two geomorphological units,
the middle and upper reaches of the gully are developed, the
bedrock is buried shallowly, the bank slope is steep, and the
relative height difference between the gully and the ridge is large
and mainly characterized by high mountain landform. The
erosion in the middle and lower reaches of the gully is strong and
the gully, with a depth of 50 ~ 100 m, is formed by undercutting.

10.3389/fevo.2022.1053687

The relative height difference between the gully and the ridge is
small and mainly characterized by low mountain landform.
Legugou is located in Ganluo County, Sichuan Province (east
longitude: 102°45'29.11”, north latitude: 29°00'06.79”) (Figure 3).
The length of the main gully is about 4.5km, the drainage area is
4.5km’, the average gradient of the main gully is 284.4%o, the
elevation is about 2,320 m, and the elevation of the gully mouth is
about 1,040 m (with a relative height difference of 1,280 m). There
is little development in the inner branch gully and only one branch
gully has developed to a large scale. The study area has been
affected by the folds, uplifts and faults of the Hengduan Mountain
range and the sharp cutting action of rivers, undulating mountains
and ravines. The elevation difference between the river section and
the mountains on both sides is wide; the valley wall is steep and
the riverbed is narrow, which shows the typical topography of
high mountains and valleys (Figure 4). Due to the strong crustal
movement, folds and faults are very frequent, forming large
anticlines and synclines, and deep valleys with mountains and
valleys. The exposed geology is mainly strongly to moderately
weathered sandstone, dolomite and limestone, which is conducive
to the generation of debris flow sources and the convergence of
water sources. There are abundant material sources in the gully
area, most of which are distributed near the gully, or directly
accumulated in the gully. The loose structure of the deposits make
them easy to initiate movement by water flow; they provide rich
material source conditions for the formation of debris flows.
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FIGURE 1
Geomorphological map of Ganluo County.
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According to the formation conditions, the movement mechanism
of debris flows and the distribution of loose solid matter, the
Legugou watershed is divided into three parts: clear water area,
formation and circulation area (material source area) and
accumulation area (Figure 5).

The water source of the debris flow in Legugou mainly comes
from atmospheric precipitation. The surface runoff from

15% -, 25°

slope

. <5° mm25¢ - 35°
oV 5°-8° mm>35°
nal zone 8°- 15°

FIGURE 2
Slope map of Legugou Watershed.

10.3389/fevo.2022.1053687

rainstorms is the main water source of debris flow as well as the
main triggering factor. This area is located in the subtropical
monsoon climate zone. It is humid and warm in summer, abundant
in rainfall, dry and cold in winter and spring. However, because it
is located at the eastern edge of the Hengduan Mountains (i.e., the
transition zone between Western Sichuan Plateau and Sichuan
Basin), the river valley is deep and the terrain is changeable, so that
meteorological factors such as rainfall and temperature change can
vary significantly, regionally and at different altitudes. The annual
average precipitation in the high mountain area can reach
1,400mm. The basin or gully lowland has less rainfall and the
average annual rainfall is less than 1,000 mm. The highest 10-day
precipitation recorded in the county occurred in late July, reaching
57.8 mm, and the lowest was recorded in early January, reaching
0.5mm. The average annual precipitation is 980.78 mm, the
maximum annual precipitation is 1179.9mm (1994), and the
minimum annual precipitation is 621.4mm (2014). The
precipitation is large and concentrated, and concentrated heavy
rainfall often occurs in a short time. Rainfall is mainly concentrated
from April to October, accounting for 93.14% of the annual rainfall.
At the same time, this period is also a high incidence period of
geological disasters, and the number of geological disasters in the
months with less rainfall is small. It can be seen that the annual
variation of rainfall in this area is large and the rainfall distribution
is uneven within a year. The possibility of concentrated rainfall is
high, which is an important factor that causes geological disasters,
such as landslides, in this area.

Methodology

In order to identify the total amount of the loose solid
materials in the watershed, determine the influence of various
factors on debris flow initiation and the possibility of debris flow
outbreak, and the critical rainfall for debris flow mobilization,

ESL NG 102" 007 03" 00K 108* 070K —
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= 0 05 1 2 :
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FIGURE 3

Location of the study area.
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FIGURE 4

conditions in the middle part of the watershed.

Geomorphological conditions of Legugou watershed. (A) Geomorphological conditions in the upper part of the watershed. (B) Geomorphological

historical data needs to be collected. However, field investigations
are conducted after the debris flow event, and the dynamic
characteristics of the debris flow are mainly based on the
description of the local witnesses. Local residents do not have
professional knowledge, and the described processes may
be different from the real one, thus may lead to some inaccurate
in the model calculations.

Graphic method of debris flow source
materials in seismic area

Dynamic source materials of Erosional Debris Flow (Jianping
et al, 2012): It is assumed that the V-shaped gully bed
accumulation body will gradually form gullies from point C to
point O, under the action of flood undercutting, and the right
hand triangle shows the largest possible provenance of dynamic
reserves for debris flow (Figure 6). The area of this region is:

1 1 1 .- o
A d =— cecd=—h-h-t =—h"-tg(90° - @ 1
1€0 2co c 5 ga 2 g( ) @

where, 0 is the natural angle of repose of the slope, and co=h
is the original trench bed depth.
The dynamic reserve volume is:

Vo1 = Arcod x L (2)

where, Vj, is the undercut erosion type dynamic reserve, and
L, is the length of gully bed accumulation.

Dynamic source materials of Lateral Erosional Debris Flow:
It is assumed that U-shaped valley slope deposits will gradually
collapse from point ¢, to point d and form a debris flow source
under the action of flood erosion and flood side erosion; any
triangle A. o is the largest possible source area of debris flow
dynamic reserves. The area is:

Frontiers in Ecology and Evolution

Acod =%czo~czd =%l-l~tg¢ =%12 tg(a-60)  (3)

where, 0 is the natural angle of repose of the slope, « is the foot
of the actually measured accumulation slope, ¢ is the angle
between the integration and the natural angle of repose, and ¢,0=1
is the measured slope length.

The volume of dynamic reserves is:

Vo2 = Acyoa X Ln (4)

where, Vi, is the lateral erosion type dynamic reserve and L,
is the length of the channel stack.

Gray correlation method (Binbin et al.,
2013)

Eight factors are selected to evaluate
risk: X = {X1 X0,X3,X4,X5X¢ ,X7X3} , comprising: debris flow
scale X,/(10° m®), watershed area X?/(km)?, main gully length X,/
(km), watershed relative height difference X,/(km), watershed
cutting density Xs/(km™), channel gradient X,/(%), average
annual rainfall X,/(mm) and earthquake intensity X/(°). When
the gray correlation method is adopted to establish the evaluation
model, due to the incomparability of the influencing factors, the
weights of each factor are quantitatively analyzed and normalized,
and all of them are converted into values between 0 and 1
(Table 1), so as to prevent the leaping change of the converted
values at the combination points of the evaluation factors.

Data averaging and dimensionless processing:

X! =x, (k) LS X (k) (5)
M=o
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FIGURE 5
Zoning map of the watershed.

FIGURE 6
Computational model of loose solid materials.

where, k=1, 2,..., m, and m is the number of response factors;
i=0, 1,..., n, and n is the number of debris flow gullies.
Absolute difference sequence:

() =X/ (k) = () ©
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where, k=1,2,...,m;i, j=0,1,...,n.
Correlation coeflicient:

Ami A
égij (k) = min TP max @)
o ()= X (06)| + P
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TABLE 1 The conversion function of the impact factor.

Transformation value (0~ 1)

10.3389/fevo.2022.1053687

Transformation function x; ~ x; is the actual value of the factor

X, X, =0 When x, < 1; X, =log m/3 When 1 < x; < 1000; X, =1 When x; >1000
X, X, =0.245853%% When 0< x, < 50; X, =1 When x, >50

X, X; = 0.2903x§)'5372 When 0 < x; < 10; X; =1 When x; > 10

X, X, =2x,/3When 0< x, < 1.5; X, =1 When x, > 1.5

Xs X5 =0.05When 0 < x5 <20; X; =1 When x5 >20

X Xe = x/60 When 0 < x, < 60; Xs =1 When x4 > 60

X; X; = x,/1500 When 0 < x; < 1500; X; =1 When x; > 1500

X X5 = x5/10 When 0 <x3 < 10; X; =1 When x;3 > 10

TABLE 2 Values depend on the frequency of debris flow.

Frequency type Standard of classification Grading standard
Extremely high frequency A few to a dozen times a year. 6
High frequency Once or twice to several times a year 5
Subhigh frequency Once a few years to once or twice a year 4
Intermediate frequency Every 10 years to every few years. 3
Low frequency Every few decades to every ten years. 2

Extra low frequency

Once a 100 years to once a few decades.

—_

where, p is the resolution coefficient, with a value range of
[0,1], generally 0.5.
Correlation degree:

1 m
rj =—2 5 (k)
M =1

Substitute the obtained correlation coefficients into Eq. (8) to
find the correlation degree between the comparison sequence X;
and the reference sequence X..

Factor weight:
8
W=7 Y1) ©)
i=l
Evaluation function:
8
H=>wX, (10)
i=1

The weight of each factor is substituted into Eq. (10) to obtain
the evaluation function of debris flow risk in an earthquake area:

H =0.1227151x; +0.1180667x; +0.1244250x3
+0.1206587x4 + 0.1288537x5 +0.1274201x¢

+0.1289447x7 +0.1289161x3 (11)
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Frequency method

The regional critical rainfall range of 1h and 10min of
Legugou debris flow is calculated by using the critical rainfall
(Lingkan, 1988), derived from the frequency of the debris flows
and rainstorms. The frequency calculation formula is as follows:

K =-0.10x; +0.073x, + 0.60 (12)

where, k is the critical rainfall index of debris flow, and X is
the frequency of debris flow; the values are shown in Table 2. X, is
the rainstorm frequency with annual daily rainfall greater
than 50 mm (regional rainstorm frequency).

The formulas for calculating critical rainfall of 1 h and 10 min
are shown in Table 3.

Among them: R; is the total effective rainfall, I, is the rain
intensity at 10 min, I, is for 1h rain intensity, Hyg is the mean
value of the annual maximum 10 min rainstorm, H| is the annual
maximum rainstorm average, and Hyg and H, are from the
Handbook of Rainstorms and Floods in Small and Medium
Watershed of Sichuan Province (Sichuan Provincial Department
of Water Resources and Electric Power, 1984).

Results

The Legugou debris flow basin has a large area, rich sources of
loose solids, and adverse geological phenomena such as more
developed collapses and landslides. Through in-situ investigations,

frontiersin.org
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TABLE 3 Calculation formula of critical rainfall for 1h and 10min.

10.3389/fevo.2022.1053687

Rain intensity Rg =25mm Rg =50mm
1h Lower limit value/(mm/h) 1 K <0.04 0 K<0.15
Ihmin = 2 Ithmin = )
14.8K2 +743K -14 K >0.04 11.5K2% +76.6K -11 K >0.15
4 K <0.04 8 K <0.15
- Ilhmax = Nhmax =
Upper limit value/(mm/h) 10.8K2 +83.8K +1.3 K >0.04 142K2 +80.5K -73 K >0.15
Hy/e Hy/e
T = g L/ T10min = 117 i L€
10min Lower limit value/(mm/10 min) 10min =1/imin H 10min = f1/imin H

Upper limit value (mm/10 min)

110max =/10min +5K +1

Nomax =/10min +5K +1

Source zone

main gully

7)

i 1# branch gully
JAransporfaflop zone

Legend

E Basin boundary

[j Danger zone boundary
fiol\ | Landslide deposit source
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0 05 1 @] Static / dynamic reserves
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FIGURE 7
Distribution of loose solid materials in the watershed.

loose solid materials are widely distributed in the basin; the
middle and lower reaches of the basin belong to debris flow source
areas. There are many concentrated source areas in the gully area.
In the survey, 18 relatively concentrated material sources were
found, with landslide deposits and channel deposits as the main
material sources, followed by slope erosion deposits, collapse
deposits, and mineral waste residue (Figure 7).

The lithology of the exposed rock strata in Ganluo County is
complex and some of them are weak and easily weathered
Figure 8. Some of the rock is hard but tectonic activity easily
produces fractures at stress concentration points, Figure 9. In a
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fault zone and its immediate vicinity, the rock mass is severely
damaged. Interbedded soft and hard rock layers have also formed
with strong differential weathering, and this produces rolling
stones and collapses (Li et al., 2022; Figure 10). Therefore, the local
formation lithology and geological structure are conducive to the
production of a large number of loose solid materials. The
calculation results of total source and dynamic reserves are shown
in Table 4.

According to the emergency identification method and the
index of secondary debris flow gullies of the Wenchuan 5.12
earthquake, put forward by Ningsheng et al. (2009), the number
of loose solid materials in 0.1 m*/m” is taken as the identification
index of debris flow gully, and the number of loose solid
materials in 2m?/m? is taken as the identification index of
viscous debris flow, so as to quickly identify debris flow
gullies. The quantity of loose solids in the Legugou watershed is:

57.2x10%*m>

—5 = 0.13m> / m?. Therefore, it can be judged that the
4.5x10°m

Lagougou debris flow is belongs to diluted debris flow.

Influence of seismic activities on debris
flow initiation

Previous studies have shown that almost all mountain
disasters around the world (such as debris flows, landslides, and
collapses) are distributed in the tectonic and seismically active
belts formed by the rising mountains at the edges of the main
plates. Therefore, to some extent, the seismic or tectonic active
zone is also the active zone of debris flow (Muco et al., 2012).
Wenchuan earthquake in 2008 caused a large number of various
geological disasters (Huang and Li, 2009), among them the
collapses and landslides produced a large number of loose solid
materials. After the earthquake, debris flow became the main
hazard (Fan et al., 2017). For example, the Chi-Chi earthquake in
Taiwan in 1999 caused many landslides, which provided a large
number of loose solid materials, resulting in frequent debris flow
activities over the next decade (Chen and Hawkins, 2009). At least
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five disaster events occurred in Wenjiagou, Qingping Town,
Mianzhu County, Sichuan Province from September 24, 2008 to
September 18, 2010, which is a typical post-earthquake debris flow
gully (Nietal,2011,2012). On September 24, 2008, 72 mudslides
were triggered by heavy rainfall in the middle of the Wenchuan
earthquake-stricken area. Compared to the period before the
earthquake, the critical cumulative precipitation and hourly
rainfall intensity required to trigger mudslides after the earthquake
significantly reduced (Tang et al., 2009). On March 25, 2007, the
earthquake in Noto Peninsula (Ishikawa Prefecture) in Japan
caused a long-distance debris flow in gullies (Okada et al., 2008).
It can be seen that the occurrence of debris flow is closely related
to earthquakes.

Ganluo County is located in the Anning River-Zemuhe
seismic belt, with frequent earthquakes, and the epicenters are
mainly distributed in the Moxi and Yalong River fault zones. In
the 648 years from 1,327 to 1975, there were 147 earthquakes with
a magnitude above 2.5, including 15 earthquakes with a magnitude
above 5; the highest magnitude was 7.5. Generally speaking,
Earthquakes of magnitude 6 and above are more likely to cause
collapses and landslides. The higher the intensity, the more loose
solid materials will be produced and the larger the scope of
triggering debris flows will be (Cauzzi et al., 2018). In recent years,
the Wenchuan earthquake (May 12, 2008), the Lushan earthquake
(April 20, 2013), the Jiuzhaigou earthquake (July 7, 2017), and the
Changning earthquake (June 6, 2019) all had a great impact on
Ganluo County, especially the Lushan earthquake. The cohesive
and effective cohesive force of soils gradually decrease with an
increase in earthquake magnitude and the effective cohesive force
of soil with higher saturation (saturation above 92%) can
be reduced to 0 under strong vibrations (Mielenz, 1952). Frequent
seismic activities destroy the internal structure of the soil, reduce
its shear strength, cause collapse and landslides, and provide loose
solid materials for the formation of debris flow. Moreover, seismic
activity intensifies gully erosion, providing an effective surface for
the accumulation of landslides on both sides of the river, which is
conducive to the formation of debris flow. The Ganluo area has
frequent geological tectonic movements, and strong crustal
movements develop local folds and faults. Strong tectonic action
has damaged the rock mass and the earthquake has further
loosened and broken some rock masses, further damaging the
stability of the rock and soil mass. This results in further
deterioration of the geological conditions, which are prone to
landslides and debris flows. An earthquake strengthens the
intensity of heavy rainfall through a series of feedback actions
(Ning-sheng et al., 2014). Through the statistics of rainfall data in
Ganluo County, the frequency and scale of rainfall in the county
after the earthquake are higher than those before the earthquake.

According to the basic data from the Legugou Basin (the
seismic intensity is 6 degrees according to the 4.20 Lushan seismic
intensity map), the factors are converted by using the conversion
function in Table 5 to obtain the calculated data (Table 6).

According to Eq. (11), it is calculated that the risk degree of
debris flow in Legugou watershed is H=0.725. According to the
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FIGURE 10
Photos of loose solid materials in Legugou watershed.

TABLE 4 Loose solid materials statistics in Legugou source zone.

Source materials Number Length (m) Width (m) Thickness (m) Total capacity Dynamic reserves
statistics 10*m? 10*m?

Landslide deposit HO1 40 40 5 0.8 0.2

source HO2 120 150 6 10.8 5.4

HO3 50 30 3 05 0.3

HO4 80 70 8 45 1.0

HO5 20 30 3 02 0.1

HO06 120 50 7 42 15

HO7 70 50 5 1.8 0.3

HO8 30 30 5 0.5 02

HO09 50 40 5 1.0 0.5

242 9.5

Collapse source BO1 100 70 5 3.5 1.0

Slope erosion source PO1 150 50 2 1.5 0.3

P02 100 150 3 45 1.0

6.0 1.3

Channel deposit source Go1 250 20 5 2.5 1.0

G2 450 10 5 23 1.0

Go3 500 20 5 5.0 2.0

Go4 550 20 5 5.5 2.0

GO5 500 15 5 3.8 15

19.0 7.5

Slag deposit source Ko1 300 150 1 4.5 0.5

Sum 57.2 19.8
classification standard of debris flow risk in earthquake areas, the sparsely populated areas. Normally, it should be well covered by deep
debris flow in Legugou is moderately dangerous after the forests. In fact, the county often suffers from serious natural events,
earthquake, and it may happen again. such as hail and windstorms. According to the 25years of recorded

observation data for the county, there have been 42 strong hailstorms
in that time. Strong winds above Grade 8 occur for an average of

Influence of human activities on debris 65days every year, reaching 128days in most years, and the
flow initiation maximum wind force reaches Grade 12. In addition, forests,
farmland and villages are intertwined, human activity is frequent, the

Ganluo County is located in the mountainous area outside the illegal felling of trees and deforestation occur as well as land
Sichuan Basin, with high mountains and steep slopes, wide lands and reclamation from time to time; the existing forest coverage rate is
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TABLE 5 The weight of each influential factor.

10.3389/fevo.2022.1053687

Factor X, X, X, X, X, X, X, X,
Weight 0.1227151 0.1180667 0.1244250 0.1206587 0.1288537 0.1274201 0.1289447 0.1289131
TABLE 6 Fundamental data of Lugugou basin.
Debris flow Drainage area/ Length of Relative Watershed Unstable trench- Average Earthquake
scale/ (km) main elevation cutting density/ bed ratio/(%) annual intensity/(°)
(10°m?) gully/(km) difference of (km™) rainfall/(mm)

river basin/(km)
X, X, X; X, Xs Xs X; Xq
0.61 0.42 0.65 0.85 1 1 0.65 0.6

only 29.28%(Xiang, 1988). The area with slope greater than 30°
accounted for 90.9% of Legugou watershed (Figure 2). The land use
type map of the Legugou watershed was obtained through remote
sensing interpretation (Figure 11). It can be seen from the map that
the clear water area has good vegetation coverage and the probability
of forming vegetation in the circulation area is less than 30%, while
the vegetation coverage in the accumulation area is almost zero; the
vegetation coverage rate is decreasing year by year. At present,
human engineering activities in the Legugou basin include farming,
urban construction, quarrying, road building and hydropower
station construction. The steep slope reclamation and sloping
farmland directly affect the mountain landform, which not only
provides a solid material source for the occurrence of debris flow, but
also intensifies water erosion. Excessive deforestation and water and
soil loss, in some areas, accelerate the evolution of sloping land: the
gullies are cut down and the slope stability is reduced. Under heavy
rainfall conditions, it is easy to lose stability and directly enter the
gully bed. In addition, Ganluo County is rich in minerals, according
to the historical records of debris flow events, the wastes of road
construction and mining are the components of solid sources. After
on-site investigation, there is still a mineral waste residue source in
the Legugou River Basin (Table 4). The unreasonable stacking of a
large amount of earth and rock during mining, quarrying and road
construction still provides a solid source for the formation of this
debris flow.

Influence of heavy rainfall

It can be seen from the correlation diagram between the
average rainfall and the number of geological disasters in Ganluo
County, Figure 12. The main hydrodynamic force of the debris
flow is induced by rainfall in Legugou watershed. Rainfall
processes are usually divided into two categories. The first
concerns the fact that, on the basis of accumulated rainfall in the
previous period, a certain rainfall process can reach the critical
hydrodynamic condition to trigger loose solid materials moving
in the basin, thus inducing debris flow. The second is that there is
no effective accumulated rainfall before the occurrence of debris
flow, or its contribution to the formation of debris flow is small,
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which mainly meets the critical hydrodynamic conditions of loose
solid materials in the basin through short-term heavy rainfall
processes, and induces debris flow in a short time (Chae et al,,
2017). It is the latter rainfall process of debris flow which occurs
in Legugou. Ganluo County has a subtropical climate with
abundant rainfall, which is characterized by frequent local
rainstorms and concentrated rainfall. According to the hourly and
cumulative rainfall of Qianjin Township Station (from 21:00 to
15:00 on July 28, 2019 (Figure 13; Liu and He, 2020), the rainfall
reached 37 mm/h at 21:00 on July 28 and the maximum rainfall
intensity reached 45.5 mm/h between 10:00 and 11:00 on July 29,
2019; the cumulative rainfall reached 144 mm.

Hye and H; is from the Handbook of Rainstorms and
Floods in Small and Medium Watershed of Sichuan Province
(Sichuan Provincial Department of Water Resources and Electric
Power, 1984). By consulting relevant data, it is determined that the
history of debris flow activity ranges from once every few years to
once or twice a year, with a X, value of 4. The probability of
average annual rainfall of 50mm or more in Ganluo County is
58% and the X, value is 0.58; in addition, referring to the
Handbook of Rainstorms and Floods in Small and Medium
Watershed of Sichuan Province yields H, =35, Hyg=12.5.

The calculation results, according to the frequency method,
are shown in Tables 7, 8.

Take points (25, 17.45) and (50, 8.17), as well as points (25,
22.21) and (50, 13.01), as the upper limit straight line and lower limit
straight line intersecting the coordinate axis, and draw the 1H critical
rainfall map (Figure 14A). Take points (25, 6.23) and (50, 2.92), as
well as points (25, 8.44) and (50, 5.13) as the upper limit straight line
and the lower limit straight line intersecting with the coordinate axis,
and draw the 10min critical rainfall map (Figure 14B). The four
extreme points of critical rainfall in Figure 14A constitute the 1h
critical rainfall range and the four extreme points of critical rainfall
in Figure 14B constitute the 10min critical rainfall range. Figure 14
shows that the range of critical rainfall value for 1h is
17.45~22.21mm (Re-=25mm) and 8.17 ~13.01 mm (R,=50mm);
the 10min critical rainfall values range from 6.23 to 8.44mm
(R,=25mm) and 2.92 to 5.13mm (R,=50mm).

According to the contour map of rainstorm volume attached to
the Handbook of Rainstorm and Flood in Small and Medium
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Watershed of Sichuan Province, the average value of the maximum
rainstorm in 10 min and 1h in Qianjin Township, Ganluo County is
12.0mm and 30.0mm, respectively. On July 29, 2019, between
10:00am and 11:00am, the maximum rain intensity reached
45.5mm/h and the accumulated rainfall reached 144mm, far
exceeding the critical rainfall of Leguogou, which caused the debris
flow. Heavy rainfall was the main factor that induced this debris flow.

Comprehensive analysis

The Legugou watershed has a large relative height difference,
steep terrain and a large longitudinal slope, which is conducive to
the collection of debris flow materials. The gully area is large, with
abundant rainfall and abundant water resources. Besides this,
there are abundant loose solid materials for debris flow in the
gully, which also provides conditions for the development of
debris flow. Under the influence of long-term seismic activities,
the soil in the basin is damaged to varying degrees, and its stability
is reduced, which leads to collapses and landslides. A large number
of loose material sources are piled up in the channel, which
provides a large number of material sources for the formation of
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FIGURE 13
Rainfall data from July 28 to 29, 2019 (Qianjin meteorological
station).

TABLE 7 Critical rainfall range (frequency method).

10.3389/fevo.2022.1053687

debris flow. Through the gray correlation method, it is calculated
that Legugou is moderately dangerous due to the influence of
previous seismic activities. Natural disasters, unscientific
reclamation of mountain slopes and excessive felling of forest
vegetation have caused soil erosion; the forest coverage rate is only
29.28%, which aggravates soil erosion. If continuous and
concentrated heavy rainfall occurs, it is more likely to induce
debris flow disasters. From June to July, 2019, the cumulative
rainfall in Ganluo County reached 373 mm. On July 28th and
29th, the basin suffered from concentrated heavy rainfall. On the
29th, the cumulative rainfall reached 144 mm and the rainfall
intensity reached the 20-year rainfall level. According to the
calculation, the 1h critical rainfall of Legugou watershed is
17.45~22.21mm (R,=25mm) and 8.17 ~13.01 mm (R, =50 mm),
and the maximum rainfall intensity is 45.5mm/h between
10:00am and 11:00am on the 29th, far exceeding the critical
rainfall. Under the action of antecedent rainfall, rainwater
infiltration leads to the increase of pore water pressure in the soil
and the decrease of shear capacity. The runoff, forming after the
confluence of surface water, has a strong undercutting erosion
effect on the loose deposits in the gully bed, forming a deep gully.
On the 29th, under the action of heavy rainfall, the water scour
the gully, causing the stability of the gully bank landslide to
decrease and then slide into the channel, resulting in the blockage
of the channel. After the dam body burst, it played an enlarged
role, and the original loose solid sources in the channel and the
sliding loose landslide sources were entrained away by the water
flow to form a debris flow.

In summary, the Legugou watershed itself has conditions for
the development of debris flow. Under the influence of earthquakes
and human activities, it is stimulated by concentrated heavy
rainfall, which is the main factor inducing this debris flow.

Discussion

On July 29, 2019, the debris flow in Legugou was formed
under the joint actions of an earthquake, human activities and
heavy rainfall (the latter being the main factor inducing this debris

X1 X H Hye i Rain intensity Re =25 Re =50
4 0.58 0.242 12.5 35 1h rain intensity (mm/h) Nhmin =17.45 Nhmin =817

Npmax =22.21 Nhmax =13.01

10 min rain intensity (mm/h) N10min =6.23 110min =2.92

N0max =844 NOmax =513
TABLE 8 Debris flow risk classification standard in the quake-hit zone.
Extremely low risk Low risk Moderate danger Highly dangerous Extremely dangerous
0<H<045 0.45<H<0.6 0.6<H<0.75 0.75<H<0.9 09<H<1.0
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Critical rainfall of debris flow initiation in Legougou watershed. (A) 1 h critical rainfall. (B) 10 min critical rainfall.

flow). Through analysis, it can be determined that this debris flow
belongs to a rainstorm gully type, in which the downstream slope
has poor stability, and adverse geological phenomena, such as
collapse and landslides often occur, which is the main material
source of the debris flow. The total amount of loose solid materials
in the basin is 57.2x 10" m® and the dynamic reserves that can
participate in debris flow activities are 19.8x10*m’ which
provides sufficient material source conditions for the recurrence
of debris flow disasters. The terrain in the basin is steep, the
longitudinal slope of the valley is large, the rainfall distribution is
uneven, and the concentrated rainfall intensity is high. Under the
influence of many factors, debris flow disasters will still occur.

From the perspective of topography, the relative height
difference in the Legugou basin is large, the terrain is steep, and
the longitudinal gradient of the valley is large, which is conducive
to the collection and disaster of debris flow materials (Yu et al.,
2020). The debris flow in the gully is rich in solid material sources.
Under the influence of heavy rainfall, landslides, and collapses
occur frequently in the gully area, and the amount of material
sources in the watershed increases dramatically. Especially after
the May 12 Earthquake and Lushan 4.20 Earthquake, the
geological environment in the gully area is affected to varying
degrees by the earthquake and geological structure, and the
mountain is severely shaken, the stability of soil is reduced, and
the phenomena of landslides and collapses increases. Recent years
have been affected by extreme weather and frequent landslides
and collapses have occurred in the gully area, a large number of
loose solid sources have been added in the gully, and flash floods
(at different scales) occur during every rainstorm.

There is abundant rainfall in the basin and concentrated heavy
rainfall often occurs, which provides hydrodynamic force for the
formation of debris flows. Earthquakes and unreasonable human
activities destroy the soil stability in the basin, and the critical
rainfall for debris flow initiation decreased significantly. The
landslide sources in the middle and lower reaches of the gully are
developed. Debris flows and mountain torrents scour the bank
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slope, forming a steep surface on both sides of the gully, which
makes the landslide stability on both sides of the bank slope low
and increases the possibility of landslides (Figure 15). Therefore,
under heavy rainfall conditions, the scale and frequency of debris
flow in Legugou will increase, from the original low-frequency
debris flow to the intermediate-frequency debris flow.

Real-time monitoring and early warning have great significance
in reducing the consequences caused by geological disasters (Chen
etal, 2021). Most importantly, warning systems can avoid the large
numbers of causalities and permits the timely evacuation of the
community. Consequently, prediction and mitigation of landslide
geo-hazards have attracted a lot of attention and remain hot issues
within the fields of geotechnical engineering and engineering
geology. A reliable early warning system, comprising monitoring
indicators, data processing, communication, and dissemination of
warnings and community evacuation, is a cost-effective means to
alleviate or even avoid economic and fatal consequences by
landslides (Intrieri et al., 2012). The early warning indicators (EWIs)
aim at characterizing the evolution stages and are keys to determining
the release of warnings to the public. Physical and statistical models
have been developed to find the correlation between their occurrence
and rainfall, and different triggering criteria, i.e., thresholds, for
shallow landslides and debris flows have been proposed (Hu et al.,
2010). However, even for a certain basin, the rainfall threshold is not
constant. For instance, a rainfall far below the threshold can trigger
debris flows when material supplies or slope failures are extensive, as
in the case of valleys suffering earthquakes (Cui et al., 2011)
Therefore, it is hard to define the rainfall threshold both literally and
physically. The establishment of a monitoring and early warning
system based on the underlying conditions and critical rainfall in the
study area can effectively improve the forecast accuracy and better
meet the needs of disaster prevention and mitigation.

Based on the field investigations and theoretical calculations,
the total amount of loose solid materials in the study area was
determined, and the hazard evaluation model of the debris flow
in earthquake area was established by means of the gray
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FIGURE 15
Landslide characteristics. (A) Landslide HO2. (B) Landslide HO6.

correlation method. The hazard index of the debris flow in the
earthquake area was identified and the level of danger can
be determined. Subsequently, the critical rainfall of debris flow
initiation is calculated with the help of frequency method, and the
possibility of debris flow initiation is assessed synthetically
combined with the rainfall conditions in this area. The results in
this paper can provides data support for disaster prevention and
mitigation, and also provide basic indicators for the establishment
of monitoring and early warning systems.

Conclusion and advice

On 29 July 2019, a medium-scale debris flow occurred in Legu
Village, Qianjin Township, Ganluo County. The debris flow
destroyed 3 houses, washed away the villagers’ cooperative, roads
and water supply lines. It blocked Tianba River located in the
outlet of the watershed and caused a direct economic loss of 40
million RMB. At present, the loose solid materials that can
participate in debris flow activities in the watershed are still large,
and the possibility of debris flow initiation under the influence of
heavy rainfall is very high.

Through analysis, it can be determined that the debris flow in
Legugou belongs to rainstorm gully type, in which the
downstream slope is poor in stability, and some unfavorable
geological phenomena, such as collapse and landslides often
occur. This was the main material source for the debris flow. The
analysis revealed that there are favorable conditions for the
development of debris flow in the study area. In terms of
topography and geomorphology, the relative height difference
and the longitudinal slope of gullies is large, and the terrain is
steep, which is conducive to the confluence of loose solid
materials. In terms of source materials, the loose solid materials
in the watershed is abundant, and the total amount of solid
materials is 57.2x 10* m?® and the dynamic reserves that can
participate in debris flow activity is 19.8 x 10* m’. From the point
of view of water source conditions, the area of Legu watershed is
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larger, with abundant rainfall. In particular, after the 5.12
earthquake and the 4.20 Lushan earthquake, a large number of
loose solid materials were sharply increased, while the critical
rainfall for debris flow initiation was significantly decreased.
Therefore, it is likely to trigger a large-scale debris flow by heavy
rainfall in the future.

The debris flow in Legu gully watershed is mainly triggered by
heavy rain. The susceptibility of debris flow in the study area is
evaluated by gray correlation method, through calculation the
susceptibility can be identified, and the corresponding conclusion
is moderate.

Affected by earthquakes and geological structures, loose solid
sources in the gully increased, rock mass was destroyed, soil
stability decreased, and the critical rainfall for debris flow
initiation decreased significantly. Under rainstorm conditions,
the scale and frequency of debris flow will increase, and the
original low-frequency debris flows will change into medium-
frequency debris flows in the future. Therefore, it is necessary and
urgent to implement the prevention and control project. On the
basis of comprehensive analysis of the formation conditions,
dynamic characteristics and development trend of the debris flow
in Legu watershed, taking the complexity of construction
conditions into consideration, the main engineering measures of
“hold back ground runoff, and improve the stability of loose solid
materials in the source zone” needed to be adopted to protect the
safety of residential areas and facilities. This research can not only
provide a reference for the analysis of the formation mechanism
of debris flow after earthquake, but also provide an important
basis for disaster prevention and mitigation of similar debris
flow events.
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