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Abstract

From June 10th to 13th, 2019, a continuous heavy rainfall occurred in Longchuan County,
Guangdong Province, causing many landslide hazards. Among Longchuan County dis-
tricts, Mibei Village is one of the hardest-hit areas and suffered severe losses. In this paper,
field investigation, remote sensing image interpretation, and UAV aerial photography were
used to investigate and analyze hazard characteristics. Combined with rainfall monitoring
data, laboratory and field tests data, and existing research results, the characteristics and
failure mechanism of group-occurring landslides in Mibei Village were studied. Because
of the continuous heavy rainfall, 327 landslides occurred in the study area, mainly distrib-
uted in the north of the Mibei River and along the X158 road. The terrain slope of land-
slide hazards ranged from 35° to 45°, and the slope structure can be divided into two types.
Granite residual soil was the main part of landslide mass, and sliding surface developed
along with the interface between bedrock and covering layer. The continuous heavy rainfall
from June 10th to 13th was the main triggering factor of the disaster. The total precipita-
tion was 281.3 mm, and the rainfall on June 10th was 153.5 mm. The rain led to the con-
tinuous increase in volume water content in granite residual soil and completely weathered
granite. The shear strength and parameters of the two materials changed differently, and
slope stability continued to decrease, and then landslides occurred under terrain conditions
and engineering excavation space. Untimely support and unreasonable support measures
for the excavation slope exacerbated the disaster. The development degree of debris flows
in the study area was very low, and debris flows were shown as the secondary disaster of
landslides. The branch gully terrain is the key to transforming the landslide into the debris
flow, and a large amount of loose deposits in the main gully will become the potential
source of debris flow in the future.
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1 Introduction

The southeast coastal area of China is located in the subtropical monsoon climate zone,
with frequent typhoons and rainstorms. The average annual rainfall ranges from 1300 to
2500 mm. The landslide and debris flow caused by rain are the most common types of
geological hazard in this area, and show the characteristics of the small scale of individual
hazard point, a large number of groups, and wide distribution range (Chen et al. 2006; Fan
et al. 2020; Liu et al. 2020a, b; Yang et al. 2020a, b). The results show that rainfall is the
direct triggering factor of this kind of landslide and debris flow. Rain is mainly reflected
in rainfall intensity and rainfall duration (Li et al. 2019; Marin 2020; Zhang et al. 2019),
and terrain topography, geotechnical property, slope structure, and other factors affect
the development characteristics and spatial distribution of hazards(Bhardwaj et al. 2019;
Huang et al. 2019; Netto et al. 2013; Wei et al. 2020, 2019; Yi et al. 2021). Under favorable
topographical conditions, landslides caused by rain become the source of debris flow, and
the disaster chain of landslide and debris flow is formed, resulting in more significant loss
of life and property (Yang et al. 2020a, b; Liu et al. 2020a, b; Fang et al. 2016). It is very
important to study the distribution characteristics and disaster chain of landslides in this
area. The findings can directly guide the local government to carry out the targeted preven-
tion and control of geological disasters and optimize the current prevention and control
scheme. Based on in-depth understanding of group-occurring landslides, the development
of regional geological disaster monitoring and early warning technology can be promoted
to a greater extent in the future.

From June 10th to 13th, 2019, there was continuous heavy rainfall for four days in
Longchuan County, Guangdong Province, with accumulated rainfall of more than 260 mm.
A large number of shallow landslides were triggered in the whole county. Landslide mass
mainly developed in granite residual soil layer, and a small part of landslides in the gully
turned into debris flow. The direct economic loss of the whole county reached 1.545 bil-
lion yuan. In this round of heavy rainfall, Longchuan County appeared several severe dis-
aster areas, of which Mibei Village is one of the most typical areas. According to local
villagers, landslide hazards mainly occurred from 20:00 on June 12th to 04:00 on June
13th (UTC +8), and then there were sporadic landslides. After the rain stopped, the whole
Mibei Village and its surrounding areas were densely developed with small shallow land-
slides with 7.2 km road damaged, 3.2 km? farmland buried, four houses directly damaged,
and more than 50 houses affected by the disaster. The direct economic loss was as high as
120 million yuan. Due to the early release of the disaster’s meteorological warning, the
local Government transferred 377 residents in time, causing no casualties; the study area’s
essential characteristics are shown in Fig. 1.

After the disaster, the technical team of the Nonferrous Mine Geological Disaster Pre-
vention Center of Guangdong Province rushed to the study area to guide the emergency
rescue work. In this process, the hazard background and characteristics of Mibei Village
were preliminarily mastered. After completing the emergency rescue work, some research-
ers entirely collected the geological data, optical satellite remote sensing images, rainfall
monitoring data, treatment engineering survey reports, and other data of the study area.
Then, the research group went to the site to carry out the detailed field investigation again
to find out the distribution characteristics of the group-occurring landslides and triggering
factors, and complete laboratory and field tests of rock and soil mass. Based on a series
of previous work, this paper obtains the development and distribution regular pattern
and accumulation characteristics of group-occurring landslides through investigation and
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Fig. 1 Post-disaster photographs of Mibei Village (June 13, 2019). a Aerial view of Mibei Village after the
disaster (provided by Hua Zhang); b the landslide characteristics along X158 road (provided by Xiangtao
Zhang); ¢ buried roads, river, farmland (provided by Mingming Tang); d the damage of landslide to houses
(provided by Wei Xie)

statistics results, evaluates the relationship between the landslide disaster and slope aspect,
terrain slope, elevation, section shape, and explains the initiation mechanism of group-
occurring landslides from different angles. It discusses the effect of the landslide-debris
flow disaster chain and the influence of engineering activities in the study area.

2 Data and methods

The methods used in this paper mainly include data collection, UAV aerial photography,
field investigation, and laboratory and field tests. The data obtained have optical satellite
remote sensing images, rainfall monitoring data, UAV orthophoto images, and physical and
mechanical parameters of rock and soil mass. A mass of data provides sufficient data sup-
port for accurately grasping the development and distribution characteristics of hazards in
the study area and initiation mechanism analysis. The details of various information are as
follows:

1. Rainfall monitoring data
The rainfall monitoring data are from the National Meteorological Science Data Center
and Longchuan County Meteorological Bureau of Guangdong Province. They include the

monthly rainfall data of Longchuan County from 1998 to 2018, daily rainfall data of Beil-
ing meteorological station from May to July of 2019, and hourly rainfall data from June
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9th to 13th, 2019. The data provide great help to master the study area’s meteorological
environment and support the correlation analysis of rainfall and hazards in Mibei Village.

2. Interpretation of optical satellite remote sensing images and UAV orthophoto images

The optical satellite remote sensing images are derived from Google Earth and geological
cloud platform (http://geocloud.cgs.gov.cn/). The data of January 24th, 2019, and August
24th, 2019, are, respectively, carried out geometric correction by using ALOS 12.5 m digi-
tal elevation model (DEM) data. The optical satellite remote sensing image resolution is
very high, with a panchromatic band of 0.5 m and a multispectral band of 2 m. A digital
orthophoto map (DOM) with 0.1 m accuracy has been obtained through the UAV ortho-
photo images.

Through the comparison and visual interpretation of optical satellite remote sensing
images and UAV orthophoto images, the disaster database of Mibei Village is established.
Based on spectral information and DEM data, the relationship between slope aspect, ter-
rain slope, elevation, section shape, landslide scar area, and landslide scar area percentage
(LSAP) is studied.

3. Field interview and investigation

After the emergency rescue work, the residents and government managers were inter-
viewed, and all relevant news released by the media were collected to understand the dis-
aster occurrence and the history of landslides and debris flows in the region. Through field
investigation, the characteristics of landslides, debris flows, and slope structure in Mibei
Village have been investigated in detail, and the development and distribution characteris-
tics of landslides and debris flows were fully mastered. The geological background of the
disaster was identified.

4. Laboratory and field tests

The research group selected suitable points to take granite residual soil samples and com-
pletely weathered granite samples for the screening test, dry density test, moisture content
test, and volume water content test under natural and saturated conditions after complet-
ing the field investigation. Various tests obtained the gradation structure and physical and
mechanical parameters of granite residual soil and completely weathered granite. Simulta-
neously, permeability tests were conducted at sampling points to test the saturated perme-
ability coefficient of granite residual soil and completely weathered granite. The data pro-
vide significant evidence for the initiation mechanism analysis of slope instability induced
by rainfall.

3 Geological settings

The study area is located in the northeast of Guangdong Province and the north of
Longchuan County, belonging to the low mountain and hilly terrain. The overall terrain
is high in the north and south and low in the middle. The study area’s highest altitude
is 609 m, and the lowest altitude is 183 m at the outlet of the Mibei River. The relative
height difference is 426 m. Low mountains dominate the northern part of the study area,
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and the terrain slope is 35°-45°. The mountains are steep, and the peaks are sharp and
conical. The middle part is the valley with heavy terrain cutting, and its cross-section
is mostly V-shaped. The southern part is dominated by hilly terrain, and the overall
terrain forms a pattern of alternating distribution of low mountains, hills, and valleys.
The area of low mountains and hills is relatively large. Simultaneously, the geological
structure of the study area is simple, and no fault or fold is found. The seismic intensity
is VI degree, and the seismic acceleration is 0.05 g. The characteristic period of the
seismic response spectrum is 0.35 s. The geographical location and regional geological
environment characteristics of the study area are shown in Fig. 2, and the pre-disaster
topographic satellite image of the study area is shown in Fig. 3.

The bedrock in the study area is only Paleozoic granite (p,;), and the quaternary
strata are mainly granite residual soil (Q,*). The covering layer’s thickness varies
greatly, ranging from 1.0 to 5.0 m, and there is about 20-30 cm arable soil layer on the
surface. Mibei River is the only river in the study area, belonging to the second tributary
of the Dongjiang River. It crosses the whole study area from east to west, and there is
no perennial surface water in the tributaries on both sides of Mibei River. Mibei River is
about 5~8 m wide and 4.1 km long, with a large flow in the rainy season (March to Sep-
tember) and a small flow in the dry season. Groundwater includes pore water of loose
accumulation layer and fissure water of bedrock, with s buried depth of 6.0-10.0 m,
which is mainly supplied by rainfall and finally discharged into Mibei River. It is signifi-
cantly affected by seasons and the water level changes with seasons.
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Fig.2 Geographical location and geological environment characteristics of the study area
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Fig. 3 Pre-disaster remote sensing image of the study area (January 24, 2019, according to Google Earth)

4 Characteristics of landslides
4.1 Spatial distribution of landslides

The study area is 14.76 km?, and 327 landslides are interpreted by post-disaster high-res-
olution optical satellite remote sensing images (Fig. 4). The total area of landslide scar is
75.25%10*m?, accounting for 5.1% of the study area. Figure 4b shows that the landslides
are mainly distributed in the north of the Mibei River and along the X158 road. Among
them, 86 landslides (accounts for 26.3%) are adjacent to roads and houses, causing traffic
interruption and house damage, which are the leading cause of economic losses. According
to the statistical analysis of the landslide scar area, the landslide scar area percentages of
less than 5000m? and 10000m? were 87.46% (n=286) and 96.94% (n=317), respectively.
There are 10 landslides with an area of more than 10000m?, which are distributed along the
X158 road (n=4) and in the valley (n=6).

Figure 5 shows the relationships between slope aspect, terrain slope, elevation, sec-
tion shape, landslide scar area, and landslide scar area percentage (LSAP), respectively.
Generally, the terrain will affect the distribution of light, airflow, and rainfall in high
mountain and canyon areas (Sun and Yu, 2015; Wang et al. 2018), and there is a par-
ticular relationship between landslides caused by rainfall and slope aspect(Jin et al.
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Fig.4 a Remote sensing image of the study area taken by Gaofen-1 on August 24th, 2019; b spatial distri-
bution of landslides interpreted by remote sensing image
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Fig.5 Relationship between landslide scar area, landslide scar area percentage (LSAP) and slope aspect,
slope angle, section shape, elevation. a Slope aspect; b slope angle; ¢ section shape; d elevation

2019). The study area belongs to the low mountain and hilly terrain, and the uneven
distribution characteristics of rainfall caused by terrain are not significant. Therefore,
there is no apparent rule between the slope aspect and landslides in Fig. 5a, which is
relatively discrete. According to the ALOS-DEM data analysis, the terrain slope of
landslides is 35°—45° (Fig. 5b), and the section shape is the mainly linear type (accounts
for 53.62%), followed by concave type, as shown in Fig. 5c. Figure 5d shows that the
landslides primarily occurred in the elevation range of 300-400 m. The low-altitude
areas (<300 m) are mostly gully areas with gentle terrain and undeveloped landslides,
and the terrain slope of the high-altitude areas (>400 m) is generally higher than 50°,

@ Springer



3188 Natural Hazards (2021) 108:3181-3201

and rainfall infiltration is less than surface runoff. Therefore, there are few landslides in
high-altitude areas. Besides, the vegetation coverage rate in the study area is higher than
90%, mainly arbor and bamboo, and almost all the landslides occurred in the vegetation-
covered area. It can be seen that vegetation does not play an essential role in maintain-
ing slope stability under such a geological environment.

4.2 Landslide scale and slope structure

Through field investigation and survey of typical landslides, it is easy to determine
left and right boundaries and rear edges of landslides. Because the main sliding mass
has scraping and accumulation characteristics in the movement process, it is difficult
to determine the shear outlet of the front edge. The height difference between the rear
edge of the landslide and the front edge of accumulation is 10-20 m, and some small-
scale landslides are only 3—5 m. The survey results show that the sliding surface depth
of many landslides is about 1.5-3 m. Combined with the landslide scar area interpreted
by satellite remote sensing images, the landslide mass volume is generally between
10and 40,000m>. There are few landslides greater than 50,000m>, and the landslides of
more than 100,000m? do not occur. Therefore, the landslides in the study area are group-
occurring and small-scale. The plane shape of landslides is mainly strip-shaped, and the
length of the landslide scar is 2-3 times its width. Some of the landslides distributed in
the gully source are fan-shaped, and the landslide mass converges to the channel.

There are two types of sliding bed exposed after the occurrence of a large number of
landslides, i.e., completely weathered granite and moderately strong weathered granite.
Combined with the characteristics of the slope structure near the landslide area, the study
area’s slope structure can be summarized into two types. The first kind of slope structure is
composed of moderately strong weathered granite and granite residual soil with a thickness
of 1-2 m. The sliding surface mainly develops along with the interface between bedrock
and covering layer for the landslides under this kind of slope structure. The material com-
position of landslide mass is primarily composed of fine-grained components, with a small
amount of gravel carried away from the moderately strong weathered granite. The diameter
of gravel is 5-20 cm. After the landslide, the bedrock (moderately strong weathered gran-
ite) was exposed in the middle and front edge of the slope; (Fig. 6a, ¢). The second type of
slope structure is composed of moderately strong weathered granite, completely weathered
granite, and granite residual soil. The thickness of granite residual soil is 1.5-3 m, and the
typical thickness of completely weathered granite is 3—6 m, but the thickness of partial
completely weathered granite can reach more than 12 m. There is no outcrop of moderately
strong weathered bedrock in the slope area. Under this kind of slope structure, the slid-
ing surface develops along with the interface between granite residual soil and completely
weathered granite, and locally cuts into completely weathered layer. The landslide mass is
mainly composed of fine-grained components with a small amount of breccia with particle
size less than 2 cm (Fig. 6b, d).

Also, due to the very high growth density of bamboo and cedar in the study area,
plant roots and stems mixed with loose landslide accumulation in the process of land-
slide movement. During the investigation, many plant debris were found in the landslide
accumulation, with a maximum diameter of 20 cm and a maximum length of 5 m. Plant
debris has an individual impact on the movement and accumulation of landslides, as
shown in Fig. 6e, f.
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Fig.6 Structural characteristics and material composition of typical landslides

4.3 Accumulation characteristics of landslides

There are three types of landslide accumulation in the study area, which are closely related
to the location and terrain of the landslide area.

1. Long-distance accumulation (Fig. 7a)

The landslides with this accumulation form are generally located in the gully source. Under
the gravitational potential energy provided by the gully source slope, a large amount of
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 Landslide afe8 .

Fig. 7 Plane characteristics of landslide accumulation (digital orthophoto map)

loose landslide mass entered the gully, and then the second stage of the movement would
be carried out under the action of the potential energy of the gully. The potential energy
provided by the gully is less than that of the gully source slope, so the movement distance
of landslide mass was mainly completed in the first stage and completed rapidly. In the
second stage, the landslide mass continued to move at a relatively low rate. For a small
number of branch ditches with longitudinal gradient higher than 300%o, the landslides at
the gully source may continue to move to the gully intersection or even to the gully mouth
under the gravitational potential energy provided by the slope and the gully, and the maxi-
mum movement distance can reach more than 100 m.

2. Short-distance accumulation (Fig. 7b)

This kind of landslide is distributed on the slopes on both sides of the Mibei River and
near the X158 road. The foot of the slope has open and gentle terrain. When the landslide
mass moved to the foot of the slope, the sliding rate of landslide mass reduced significantly.
Because the open and gentle terrain has no space constraint and no continuous potential
energy effect, the landslide mass moved to multiple directions and gradually stopped when
it encountered obstacles such as houses and retaining walls. In this process, the houses
which play a role of blocking will be damaged in varying degrees. The movement path of
this type of landslide is a broken line, and its movement distance is considerably shortened
compared with the first type, which is generally 10-20 m.

3. Accumulation of slope toe (Fig. 7c)

The landslides are mainly distributed on both sides of the V-type gully. After the landslide
mass lost its stability, it stroked the slope on the opposite bank through a straight path and
then stopped. Loose accumulation of landslides blocked the gully channel. However, since
the landslide movement path is nearly vertical to the gully flow direction, the potential
energy provided by the gully cannot be converted into the kinetic energy of the continuous
landslide. The gully channel is blocked by landslide mass, and the increasing flow with
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rainfall will continue to gather. Because the scale of landslides in the study area is small,
it is difficult to form a barrier dam. When the catchment reaches a certain reserve, the flow
will rush out a channel in the loose accumulation, and the collected water will be released
quickly, and then it will be transformed into a small-scale, short-term barrier burst debris
flow.

Due to the high vegetation coverage in the study area, the contribution of vegetation
to slope stability is small in the process of continuous heavy rainfall. However, there are
many plant debris scattered in the loose accumulation, which is similar to mixing with
large-diameter block stones in morphology, so as to improve the friction strength of land-
slide mass and reduce the speed of landslide mass in the process of movement.

5 Initiation mechanism of landslides
5.1 Rainfall distribution

Figure 8 shows the characteristics of monthly rainfall and average monthly rainfall in Long-
chuan County, Guangdong Province, from 1998 to 2018. The statistical data shows that the
annual rainfall trend of Longchuan County is a bimodal distribution. The rain shows con-
tinuous growth from January to June every year and reaches the first rainfall peak in June,
with the average monthly rainfall reaching 264.6 mm. Then, the rainfall decreases signifi-
cantly in July, with the average monthly rainfall less than 170 mm, and the decrease is
about 37% compared to June. In August, the rainfall increases again and reaches the second
rainfall peak. The average monthly rainfall reaches 206.5 mm, which is 23.8% higher than
that in July, but the second rainfall peak is less than the first one. After August, the rainfall
continues to decrease and finally maintains the same level as that in January and February.
The group-occurring landslides in Mibei Village of Beiling town occurred in June 2019,
which is in the first peak period of rainfall in the region. The disaster also reflects that the
heavy rainfall weather causing group-occurring landslides conforms to the area’s large cli-
mate environment (Wang et al. 2014).
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Fig.8 Distribution of monthly rainfall and average monthly rainfall in Longchuan County from 1998 to
2018
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Fig. 10 Hourly rainfall distribution of Beiling town, Longchuan County from June 9th to 13, 2019

Figure 9 shows the daily rainfall of the study area from May to July 2019, of which
the total rainfall in June 2019 is 524.5 mm, while the monthly accumulated rainfall of
583.8 mm occurred in 2005, but it did not cause group-occurring landslides. It can be seen
that the monthly accumulated rainfall cannot fully explain the occurrence of group-occur-
ring landslides. There were six days with daily rainfall of more than 40 mm in these three
months, including four days in June, namely 55 mm on June 1st, 153.5 mm on June 10th,
72.2 mm on June 11th and 111.1 mm on June 24th. The continuous heavy rainfall from
June 10th to 11th and the constant rainfall from June 12th to 13th (33 mm and 22.4 mm,
respectively) led to the disaster. Figure 10 shows the hourly rainfall from 20:00 on June 9th
to 23:00 on June 13th. Since the early morning of June 10th, there are four rainfall peaks
with the hourly rainfall peak of 27 mm, 20.7 mm, 36.5 mm, and 48.4 mm, respectively,
and the hourly rainfall in other periods is less than 6.1 mm. According to local villagers,
most of the landslides and debris flows occurred from 20:00 (UTC+8) on June 12th to
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04:00 on June 13th in Mibei Village. After the hourly rainfall peak of 48.4 mm on June
11th, the accumulated rainfall has exceeded 230 mm, which further reflects the control
role of extreme rainfall from June 10th to 11th in the disaster, and also shows the lag effect
between disaster and rainfall.

After the disaster, heavy rainfall occurred again on June 24th, but it did not show persis-
tent characteristics. Therefore, the impact of the "6.24" heavy rainfall in the study area was
minimal, which reflected the different implications of rainfall structure on the environment,
that is, the sharp increase in hourly rainfall after the daily continuous heavy rainfall in the
early stage triggered the disaster.

5.2 Initiation mechanism analysis

From the process of the disaster, the continuous heavy rainfall is the direct factor leading to
group-occurring landslides, and the continuous heavy rainfall is the external natural factor.
The change of internal geological conditions based on rains (such as slope structure, physi-
cal and mechanical properties of rock and soil) is the key to group-occurring landslides.

The physical and mechanical parameters of granite residual soil, completely weathered
granite, and strongly weathered granite in the study area are obtained through laboratory
and field tests, as shown in Table.1. The density and moisture content are mainly obtained
by ring blade knife method and drying method in the field, the permeability coefficient
is obtained by single ring test in the field, and the shear strength parameters are obtained
by direct shear test in the laboratory. After drying the samples, the grading characteris-
tics are obtained by screening test. The field permeability test shows that the permeability
coefficient of granite residual soil belongs to the order of 10°-10~* cm/s, and the perme-
ability coefficient of completely weathered granite belongs to the order of 101073 cm/s.
The difference of permeability coefficient between them is 1-2 orders of magnitude, which
leads to the difference in rainfall infiltration and pore water pressure. The gradation struc-
ture can explain the contrast in permeability. In Fig. 11, the particle mass of less than 2 mm
in the granite eluvium and completely weathered layer accounts for about 96.5% and 85.6%
of the total mass, respectively. The clay content of less than 0.075 mm is higher than 8%
in granite residual soil, while that of completely weathered granite is only about 4%. In the
particle size range of 0.5-2 mm, the percentage of granite residual soil is 28-33%, and the
portion of completely weathered granite can reach more than 40%. It can be seen that the
sand content in the completely weathered layer is higher than that in granite eluvium, while
the clay content is lower than that of granite eluvium. High sand content and low clay con-
tent also make the permeability of completely weathered layer stronger than that of granite
eluvium, reflecting an absolute correlation between the permeability and particle gradation
of completely weathered layer and granite eluvium.

Due to the difference of physical properties between granite residual soil and com-
pletely weathered granite, the mechanical properties are different. It can be seen from
Table.1 that the cohesion (c/kPa) of granite residual soil under natural condition is
higher than that of completely weathered granite, but the internal friction angle (¢/°)
is lower. Moreover, the strength parameters of granite residual soil under saturated con-
dition are lower than that of completely weathered granite. The cohesion and internal
friction angle of granite residual soil decreased by 37.71% and 21.73%, respectively,
under saturated condition, while the cohesion and internal friction angle of completely
weathered granite decreased by 17.7% and 12.28%, respectively. The strength attenu-
ation degree of granite residual soil affected by rainfall was much greater than that of
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Fig. 11 Gradation characteristics of residual soil and completely weathered granite

completely weathered granite, and the cohesion of the two materials was more affected
by rain than that of internal friction angle An et al. 2020). The main minerals of granite
residual soil and completely weathered granite are kaolinite, illite, and quartz (Wang
et al. 2020), and the chemical properties are relatively stable. The seepage force of pore
water in the process of rainfall infiltration promotes the expansion of mineral particles
and forms quite a lot of microcracks, which affects the frictional strength of granite
residual soil and completely weathered granite. The lubrication and softening effects of
pore water on fine particles (especially residual soil) are reflected in the attenuation of
cohesive strength (Chen et al. 2015). Frictional strength and cohesive strength consti-
tute shear strength. In the process of rainfall, the interaction form of groundwater, gran-
ite residual soil and completely weathered granite is complex. The continuous rainfall
process promotes the degree of soil-water interaction, and the change of shear strength
is also a process from unsaturated state to saturated state. When granite residual soil and
completely weathered granite reach saturated state, the continuous rainfall environment
makes the rock and soil in a state of low shear strength for a long time. The slope stabil-
ity maintained by the shear strength of rock and soil will also change significantly.

The change of shear strength is finally reflected in the slope stability, and the contin-
uous weakening of rock and soil strength results in the decrease in slope stability. Seep-
age field is formed along the direction and angle of the interface between bedrock and
covering layer inside the slope, and underground water migrates to the toe of the slope.
In this process, seepage force and strength attenuation of rock and soil lead to slope sta-
bility decline. Due to the difference of permeability between granite eluvium and com-
pletely weathered layer, a local saturated area will be formed at the foot of the slope,
and the loss of soil shear strength in the resist-slide part leads to the overall instability
of the slope. From the previous research results, the frictional strength is more condu-
cive to maintain the stability of the slope, so in the slope composed of granite residual
soil and completely weathered granite, the landslide mass mostly slides along the inter-
face between granite eluvium and completely weathered layer. For the slope of granite
residual soil and moderately strong weathered granite, the difference of permeability
leads to the formation of retention at the interface of two materials after rainfall infiltra-
tion. The seepage movement of pore water along with the interface towards the foot of
the slope occurs. With the continuous rainfall, the saturated zone gradually forms at the
interface between the bedrock and covering layer, and the scope expands continuously.
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The sharp decrease in the saturated shear strength of granite residual soil will cause the
residual soil in the shallow layer to slide along the interface.

In the study area, the influence of human engineering activities is mainly reflected in
the excavation of the slope, and the free face with different heights is formed after excava-
tion. The terrain environment created by this human factor is very conducive to the slope
sliding out from the free face. Under the condition of no rainfall, this kind of slope can
maintain the overall stability under the shear strength of rock and soil, but in the process
of continuous heavy rainfall, the shear strength of rock and soil decreases, and the slope
stability decreases continuously. At this time, the free slope formed by manual excavation
constitutes the terrain condition of sliding out, which is conducive to the deformation and
failure of the slope. This phenomenon is mainly distributed on both sides of the road with
intensively excavated slopes, so the group-occurring landslides are more distributed along
the X158 road.

It can be seen that the occurrence of group-occurring landslides in the study area
involves many factors, among which the continuous heavy rainfall is the direct triggering
factor. The structural characteristics of slope and the physical and mechanical properties
of rock and soil are the internal conditions of the disaster, and intense human engineering
activities can intensify and promote the occurrence of landslides.

6 Discussions
6.1 Characteristics and initiation mechanism of debris flow

According to the investigation and statistics results, the small landslides account for a large
proportion of the disaster caused by continuous heavy rainfall in the study area, and the
debris flows are not prominent. There are only four debris flows in the whole study area,
and all of them occurred in the branches of gullies. This kind of branch ditch has a short
channel, large longitudinal slope, and small catchment area. The substance source of debris
flow in the branch ditch comes from the landslide at the gully source. Under the chan-
nel terrain condition, collected surface water makes the loose landslide mass saturated and
presents a flow state. It moves under the gravitational potential energy provided by the
gully terrain, scraping the early accumulation along the gully and damaging the vegeta-
tion on both sides of the slope. Therefore, debris flow in the study area is more like the
secondary disaster caused by a landslide, as shown in Fig. 12. The post-disaster calcula-
tion results show that the mass of solid material washed out by the debris flow gully is
about 0.04-0.3x 10*m?, and the fluid density is between 1.5and 1.53 /m’. From the start of
debris flow to the stable accumulation in the gully mouth, the flow velocity increases first
and then decreases, and presents a stage change process. The maximum flow velocity is
3.5 m/s, and the minimum flow velocity is less than 1.0 m/s. The change and fluctuation of
gully terrain are the main factors affecting the flow velocity change.

The formation of debris flow is closely related to rainfall, terrain topography, slope
structure, and physical and mechanical properties of rock and soil. The substance source
of this kind of small debris flows is distributed in gully source slope. Rainfall is the direct
triggering factor of slope instability. The mechanism of slope instability caused by rain will
not be described here. After the slope is unstable, the landslide mass will have a movement
distance under the gravitational potential energy. However, due to the pore water content
not reaching saturation at this stage, the loose landslide mass is scattered and accumulated,
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Fig. 12 Characteristics of typical debris flow in the study area. a Characteristics of debris flow provenance
area; b characteristics of debris flow gully; ¢ damage of debris flow to gully slope; d houses damaged by
debris flow in the middle of the gully; e houses affected by debris flow accumulation at gully mouth; f accu-
mulation characteristics of debris flow at gully mouth

and the permeability is much improved (Crosta and Frattini 2008). Under the effect of con-
tinuous heavy rainfall, the pore water content of loose landslide mass increases rapidly in
a short period, resulting in the accumulation showing a flow state. At this time, under the
gravitational potential energy of the gully, the loose landslide mass is transformed into the
debris flow, and the velocity increases and reaches the peak value. Then, the terrain gradu-
ally slows down near the gully mouth, and the flow velocity decreases. The debris flow
finally stops and accumulates. In this process, the gravitational potential energy provided
by the gully is the key to the initiation of debris flow. These small branch ditches have
similar topographic characteristics, which lead to debris flow. However, the main gully
generally reaches 3—4 km. In addition to the larger topographic slope in the source slope
area and the longitudinal gradient of the middle gully is less than 110%o, it cannot pro-
vide continuous potential energy for the initiation and movement of debris flow. For the
landslides in the main gully, most of the landslides accumulated in the gullies, and a small
part of them moved along the gullies for a short distance, but debris flow hazard did not
form this time. This situation leaves hidden danger for the next heavy rainfall, becoming
the potential substance source of debris flow in the next stage. However, due to the terrain
condition, the flow velocity is relatively low after the start-up, and it has less destructive
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power, but a large amount of debris flow substance cannot be ignored for burying buildings
and farmland.

6.2 Influence of engineering activities

The survey results show that there are 72 landslides along the X158 road, accounting for
22% of the total number, showing the characteristics of development along the road. It can
be seen that engineering activities play an essential role in the group-occurring landslides.
The influence of engineering activities on slope stability is mainly reflected in two aspects:
one is that the slopes are not supported in time after excavation; the other is that the sup-
port measures for excavation slope are not effective.

1. No timely support measures

The X158 road in the study area passes through the low mountain and hilly, and the slope
is excavated because of the terrain, to form the excavation slope with the height of 2—15 m,
and the terrain slope is generally 40°-50° in a straight line. Due to the low frequency of
local geological hazards, most of these excavated slopes are not timely and effectively sup-
ported. In the excavated surface, the boundary between granite residual soil and completely
weathered granite is clear, providing good free space conditions for sliding out along the
interface of granite eluvium and the completely weathered layer in Fig. 13a. The group-
occurring landslide hazards in the study area also provide a warning for the later engi-
neering construction. The rainfall in the study area has the peak characteristics over the
years, which does not rule out the recurrence of continuous heavy rainfall again. The future
engineering activities should fully consider the slope structure characteristics, evaluate the
stability of the excavation slope, and timely and effective support should be carried out for
the excavation slope with the risk of instability to reduce the landslide hazards caused by
rainfall in the future.

2. Unreasonable supporting measures
After the disaster occurred in June 2019, the local Government repaired the X158 road in

time to keep the lifeline unobstructed. Retaining walls with a height of about 1.3 m were
built for the crucial slopes along the road, and vegetation greening was adopted for the

Fig. 13 Characteristics of landslide hazard caused by engineering activities
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slope surface. After the rainy season of 2020, the front edge of the retaining slope along
the X158 road appears new deformation signs, and even locally sliding failure occurs, as
shown in Fig. 13b. Through investigation and analysis, it is found that the support meas-
ures are not reasonable. The excavation slope reveals granite residual soil and completely
weathered granite, while the height of the retaining wall is lower than the boundary of
granite eluvium and completely weathered layer. The sliding surface of shallow landslide
mainly develops along with the interface of granite eluvium and completely weathered
layer, so the retaining wall does not play its full role. It is suggested that before adopting
retaining walls and other types of supporting measures in later engineering construction,
the structural characteristics of the slope should be fully identified, and the corresponding
size design should be carried out to avoid similar situations.

7 Conclusion

Combined with field investigation and remote sensing image interpretation analysis, this
paper studies the spatial distribution and development characteristics of the group-occur-
ring landslides in Mibei Village, Longchuan County, Guangdong Province, due to the con-
tinuous heavy rainfall from June 10th to 13th, 2019. The rain caused 327 landslides, which
were mainly distributed in the north of the Mibei River and along the X158 road and con-
centrated in 300—400 m. The landslide terrain slope is mainly between 35° and 45°, and
there are two types of slope structures, involving granite eluvium, a completely weathered
layer, a moderately strong weathered layer, and the landslide mass is mainly granite resid-
ual soil. There are three kinds of accumulation patterns of shallow landslides: long-dis-
tance accumulation, short-distance accumulation, and accumulation of slope toe. The form
of movement and accumulation is closely related to terrain and landslide spatial position.

The disaster in Mibei Village is caused by various factors, among which continuous
heavy rainfall is the direct triggering factor. The terrain, slope structure, rock and soil
properties, and engineering activities affect the formation and development of landslides
from different angles and in different forms. Continuous rainfall occurred in the study area
from June 10th to 13th, 2019, with a total rainfall of 281.3 mm, of which the rainfall on
June 10th was 153.5 mm. The continuous heavy rainfall led to the sharp increase in pore
water content of rock and soil mass, and the shear strength and shear strength parameters
of different materials changed differently, which leads to the start-up of landslides under
the spatial conditions provided by terrain and engineering activities. The occurrence of
group-occurring landslide hazard is closely related to road construction. No timely sup-
porting measures and unreasonable supporting measures become the driving force of dis-
aster aggravation.

There are only four debris flows in the study area. The debris flow hazards are second-
ary disasters of landslides, all of which occurred in the short branch ditch. At present, a
large number of loose deposits are distributed in the main gully, leaving hidden dangers for
the later heavy rainfall.
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