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Abstract: Heavy rainfall induces shallow landslides in the mountainous areas of China. There is a
need for regional slope stability prediction to reduce the damage to infrastructure, residents, and
the economy. This study attempts to demarcate areas prone to rainfall-induced shallow landslides
using the transient rainfall infiltration and grid-based slope stability (TRIGRS) model under different
rainfall conditions. After inputting the engineering geological and geotechnical characteristic data
of the area in China, the slope stability was simulated and verified by a deformation monitoring
landslide. The slope stability gradually declined under the influence of precipitation from 5-8 July
2021. Slope stability gradually decreased under the predicted rainfall intensity of 60 mm/d for 6 days.
The percentage of the slope area with a factor of safety (Fs) less than 1.0 increased from 0.00% (1 d) to
3.18% (6 d). The study results could be used for hazards mitigation in this region.
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1. Introduction

Landslides are one of the most common natural disasters in the world and threaten
the safety of humans and property [1,2]. Landslides may be triggered by various of factors,
such as extreme rainfall, which can accelerate or reactivate a landslide deformation of
failure [3-5]. The frequency and intensity of landslides have increased dramatically with
the increase in heavy or extreme precipitation caused by global climate change [6]. Extreme
climate has been discussed as a driving factor for current and future landslides [7,8]. The
emergence of new—or renewal of older—landslides occurs when precipitation exceeds the
threshold values, usually over a short time (1-3 days) [9].

In China, many large-scale landslides were triggered by heavy rainfall, such as the
Yigong landslide [10], rockslide debris in the Wenchuan earthquake area [11], and Yanguang
and Shaziba landslide in Hubei [12,13]. However, shallow landslides (generally lower than
2 m) are the primary and common phenomena worldwide. Rainfall often triggers shallow
landslides due to the shear resistance decrease of the slip zone after infiltration. The
early deformation of shallow landslides is often inconspicuous, and failures are sudden,
appearing in large groups. The disasters are catastrophic and significant for humans and
infrastructures [14,15]. Therefore, shallow landslide stability evaluation and prediction are
crucial for disaster reduction.

For regional shallow landslide prediction, Baum et al. [16] proposed a TRIGRS model
for quantitatively evaluating the regional topographic stability based on DEM coupling
the transient pore pressure change model caused by rainfall infiltration and the infinite
slope stability model. By considering the transient effects of rainfall, the effectiveness
of stability analysis can be improved. Kim et al. [17] and Park et al. [18] found that the
parameters should be determined according to the characteristics of the study area by using
the TRIGRS model to ensure the results. Garcia-Ruiz et al. [19] and Viet et al. [20] used the
TRIGRS model to predict the spatial distribution and optimized the model by improving
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data parameters such as soil and hydrology. Although the TRIGRS model could predict
shallow landslides, the results are unverifiable or verified by field investigation.

In this paper, we analyzed the stability of slopes in the Shazhenxi mountainous area
according to the geological conditions and geotechnical characteristics, and an optimized
parameter database of the study area is established based on the TRIGRS model of transient
rainfall infiltration and infinite slope theory. The Factor of Safety of regional slopes was
simulated, and the prediction results were confirmed with landslide on-site real-time
monitoring. It has particular relevance for regional shallow landslides induced by rainfall.

2. Materials and Methods
2.1. Study Area and Materials

Landslides are the dominant geohazards in mountainous areas of western Hubei
Provence, China. As a part of the mountainous area, Zigui County suffered a severe
landslide disaster due to the geological lithology and heavy precipitation. To study the
slope stability, an area of the Shazhenxi region was chosen as the case affected by the heavy
rainfall.

The Shazhenxi region in Zigui County is located in the mountainous area of western Hubei
Provence, China. The mountainous area (31°2/22""-30°53/33" N, 110°25'57"-110°39'18" E) is
on the south bank of the Yangtze River (Figure 1a), with an area of 122.8 km?.
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Figure 1. Location and geological map of the study area: (a) is the location of the study area and
some real-time monitoring landslides and (b) is the geological map of the study area.

The topography is low with middle-relief mountains, and the average altitude is in
the 300400 m range with a slope angle of 15-45°. Most of the steep slopes with angles
greater than 30° are mainly distributed on the banks of the Yangtze and the Qinggan Rivers.
The outcropped strata in the survey area mainly consist of Middle-Lower Jurassic and
Upper-Lower Triassic Systems, and the lithology of the Jurassic is siltstone, sandstone, and
mudstone and siltstone, mudstone and limestone of the Triassic system, which is shown in
Figure 1b.

The study area of the Shazhenxi in Zigui County is the area of primary heavy rainfall in
Hubei Province. The Zigui County has an average annual precipitation of about 1100 mm.
The heaviest rainfall commonly occurs in July and August. Figure 2 shows the contour
map of precipitation in Zigui County in July 2021. The precipitation was 120-550 mm in
the whole county area, and the Shazhenxi region was 160-210 mm.
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Figure 2. Precipitation contour map of the study area in July 2021.

This area is a high-susceptibility zone of landslides in the western mountainous
area of Hubei Province, with some deep-seated landslides, such as the Qianjiangping
landslide [21], Shuping landslide [22], Shanshucao landslide [23]. Although deep-seated
landslides severely affected residents’ lives and infrastructures, numerous shallow land-
slides triggered by rainfall are more grievous (Figure 3), especially in the rainy season
(June-September). Therefore, the numerous shallow landslide stability is the key point of
the investigation.

Figure 3. Shallow landslides induced by rainfall.

2.2. Methods

A transient rainfall infiltration and grid-based regional slope-stability model, TRI-
GRS, was employed to investigate the shallow landslide stability under various rainfall
intensities in the Shazhenxi region. The TRIGRS model is one of the most widely used
for the potential occurrences of shallow landslides by incorporating the transient pressure
response to rainfall and downward infiltration processes [24]. The TRIGRS program uses
an infinite-slope model to compute a Factor of Safety (Fs) calculation for each grid cell. The
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infiltration models in the TRIGRS are based on Iverson’s linearized component of Richards
equation [24].

In the failure analysis, the instability of an infinite slope is characterized by the ratio
of resisting basal Coulomb friction to gravitationally induced downslope basal driving
stress [25]. The ratio is the Factor of Safety (Fs), calculated at depth Z by the following.

tang’ ¢ —¢(Z,t)yptan ¢’
Fs(Z,t) = 1
5(21) tan ¢ + vsZsin dcos & M

where F; is the safety factor, 7y, is unit weight of soil, 7, is unit weight of groundwater, ¢’ is
cohesion, ¢ is the friction angle of soil, ¢ is the groundwater pressure head and depends
on Z (vertical depth) and ¢ (time), and 0 is the slope angle.

2.3. Data

Several data sets were used as the input parameters to implement the TRIGRS model.

(1) Digital Elevation Model (DEM): the primary data for the TRIGRS model. In this study,
a DEM at 30 m resolution was prepared and preprocessed in a GIS platform, including
elevation, slope angle, and spatial location.

(2) Flow direction: the key factor for hydrological information and also the primary data
of the TRIGRS model. Flow direction was calculated by the method proposed by
Fairfield et al. [26], which was accurate and straightforward.

(3) Soil mechanical parameters: obtained after the statistical analysis based on the soil
datasets from previous landslide surveys [27]. The soil data spatial distribution was
obtained by employing the interpolation method, and the cohesion distribution of
natural soil is shown in Figure 4a. According to the soil types and parameters and
surface coverage (cultivated, wood, or grassland), the study area was divided into
three regions: Zone 1, 2, and 3 (Figure 4b).

110° 40°0°E 110° 30°0°E 110° 407 0°E

110° 407 0°E 110° 30°0°E 110° 40°0°E

(a) (b)

Figure 4. Parameters distribution of the study area: (a) is cohesion distribution of natural soils and
(b) is the zoning map.

The soil mechanical parameters of the three zones are shown in Table 1, which lists
only the required parameters for the calculation of the TRIGRS model. The hydraulic
parameters mainly include the hydraulic diffusion coefficient (D), saturated permeability
coefficient (Ks), and unit weight of water ().
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Table 1. Soil geotechnical properties for the TRIGRS model.
Zone c’/KPa @) Yw/(kKN/m3) g (kN/m3) Dy (m/s) Kg (m/s)
Zonel 12 15 9.8 20 12x107° 6x10°°
Zone2 15 15 9.8 20 12x107° 6x10°°
Zone3 20 20 9.8 20 12x107° 6x10°°

The hydraulic diffusion coefficient, Dy, is mainly determined by the empirical formula

of unsaturated soil mechanical parameters. It is proposed as follows:

@)

©)

Dy = 200Kg )

Soil thickness: one of the essential parameters for the TRIGRS model. The soil
thickness varies due to the complex terrain in the mountainous area of western
Hubei. If the thickness is a constant value determined by the gentle terrain area,
it will inevitably lead to deviations in the prediction. Therefore, an appropriate
method should be proposed to predict the soil thickness. Various equations have
been proposed to estimate the thickness [18,28,29]. Tran et al. [30] compared several
thickness distribution models and concluded that the soil thickness is linear with the
slope angle by a statistical equation. According to the linear law [30], we proposed an
equation to determine the soil thickness after field investigation and data collection of
explored boreholes, which was as follows:

h = —0.03816a + 3 (©)]

where F is the soil thickness (m) and « is the slope angle (°). As the infiltration depth
of rainfall is generally less than 3 m according to the slope monitoring data [30], the
thickness, , is less than 3 m. We simulated the spatial distribution of soil thickness in
the study area.

Rainfall data: collected as the precipitation from rain gauges in Shazhenxi Town,
Zigui County. Then, a spatial distribution map of rainfall intensity by the Kriging
geo-statistics method was drawn and shown in Figure 5. One rain gauge, numbered
Q4942, was selected to analyze the recording data (Figure 6) in detail because it was
near the Tudiling monitoring landslide. Heavy rainfall occurred at the beginning
of July 2021, especially from 5-8 July. The maximum daily precipitation was nearly
60 mm, a heavy one for this area, with an average monthly precipitation of about
125 mm. The rainfall intensity and duration from 5-8 July were calculated, and the
maximum intensity was 10-14 mm/h on 8 July 2021 (Table 2).

Table 2. Rainfall conditions and properties for the TRIGRS model.

Rainfall Conditions Stage Rainfall Intensity Rainfall Duration
7/5 1.6-22mm/h 5h
Actual precipitation 7/6 1.0-1.2 mm/h 10h
(5-8 July 2021) 7/7 2.5-34 mm/h 18 h
7/8 10-14 mm/h 4h
stage 1 60 mm/d 1d
Extreme precipitation stage 2 60 mm/d 3d

stage 3 60 mm/d 6d




Water 2023, 15, 2938 60f11

110 SUOE 110 407 0°E 110 SUUE 110 40°07E

- 82 i y . p o - 53

45 Sy y 42
@ Rainfall gauge " ‘ @ Rainfall gauge
T T T
110° 30’ 0"E 110° 40°0"E 110° 30°0"E 110° 40°0"F

(@ (b)
Figure 5. Spatial distribution of rainfall intensity: (a) is 7 July 2021 and (b) is 8 July 2021.
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Figure 6. Bar chart of precipitation data of No. 4942 rain gauge in the study area.

The extreme rainfall conditions were examined in the area considering the increasing
extreme weather in western Hubei in recent years. The conditions were the rainfall intensity
of 60 mm/d with the duration of 1d, 3 d, and 6 d (Table 2).

3. Results

All the input data, such as soil and water mechanical parameters, slope elevation, and
soil thickness for the TRIGRS model, were generated using the GIS spatial analysis. The
slope stability was predicted by the factor of safety (Fs) calculated for different rainfall
conditions by employing the TRIGRS model.

3.1. Stability Prediction and Verification under Actual Precipitation Conditions

In order to evaluate the influence of rainfall on the stability of regional landslides, the
heavy rainfall of actual conditions from 5-8 July 2021 was input into the TRIGRS model.
The results were compared and verified by landslide deformation monitoring data. On
7 July, with the rainfall increased to 45-62 mm, the Fg of the areas of both sides of the
Yangtze and Qinggan Rivers ranged from 1.05-1.15 to 1.00-1.05 (Figure 7b). The percentage
of the area with Fg in 1.00-1.05 was 6.24%, which was the first appear area (Table 3). After
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the rainfall on 8 July, some less stable areas were unstable with Fg < 1.00 (Figure 7c), and
the percentage of unstable areas was 0.73% of the study area (Table 3).

110° 30'0°

110° 40'0° 110 " 110" 40'0° 110 y 110" 40°0"

(b) (o)

Figure 7. Spatial distribution of Factor of Safety (Fs) under actual rainfall condition: on 6 July (a),
7 July (b), and 8 July (c) 2021.

Table 3. Results of the TRIGRS simulation at different times.

5July 2021 6 July 2021 7 July 2021 8 July 2021

Fs <1.00 0.00% 0.00% 0.00% 0.73%
1.00 < F5 < 1.05 0.00% 0.00% 6.24% 13.12%
1.05<Fg5<1.15 16.84% 18.32% 38.40% 43.06%
Fs>1.15 83.16% 81.68% 55.36% 43.04%
Percentage of
region Py <02m 51.30% 43.82% 2.13% 2.13%
02m<Py<04m 23.95% 25.99% 0.42% 0.42%
04m<Py<10m 24.75% 30.13% 86.72% 8.92%
1.0m<Py<16m 0.00% 0.06% 10.72% 83.68%
16m<Py<20m 0.00% 0.00% 0.00% 4.85%

With the rainfall increasing and infiltrating, the pressure heads (Py) of the soil were
higher (Figure 8). On 5 July, most of the area had a lower pressure head, and 51.30% of
the slope area had a pressure head P, < 0.2 m (Table 3). However, most of the area had
higher pressure heads, which was 86.72% of the areas with the P, in the range of 0.4 m
to 1.0 m on 7 July and 83.68% of the areas with the Py, in the range of 1.0 m to 1.6 m on
8 July, respectively.

In the less stable areas in Figure 7c, there are some dormant landslides, which have
been monitored using GNSS. One monitored landslide is Tudiling Landslide (marked
in Figure 7c). The Tudiling Landslide was used to be chosen as a demonstrated case to
decorate the reliability of the research. The Tudiling landslide is positioned in the center of
the study area. It is a medium-sized landslide composed of clay and gravel soil in the sliding
body. Three GNSS points (QJ01, QJ02, and QJ03) in the landslide surface were employed to
monitor the deformation. After the 6-8 July rainfall, the monitoring displacement increased
with time (Figure 9). It means that the Tudingling Landslide is affected by heavy rainfall,
and the stability of the Landslide is reduced. We estimated that the Fs was about 1.00-1.05
from the deformation velocity. That matches the calculated results of the TRIGRS model.
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Figure 8. Spatial distribution of pressure head (P;) under actual rainfall condition: on 6 July (a),
7 July (b), and 8 July (c) 2021.
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Figure 9. Displacement monitoring curve of the Tudiling Landslide.

3.2. Stability Prediction under Extreme Rainfall

The landslide stability that may be caused by extreme rainfall was investigated and
predicted. The extreme rainfall condition was designed so that the rainfall intensity was
60 mm/d for 6 days. The landslide stability was calculated by a TRIGRS model after 1 d,
3 d, and 6 d of rainfall infiltration.

The prediction results are shown in Figure 10 and Table 4. After the influence of ex-
treme rainfall with an intensity of 60 mm/d, the stability of the slopes gradually decreased.
The Fs of most slopes was more than 1.05 in the study area (Figure 10a), and the percentage
was 95.48% in Table 4. About 36.82% of the area had an Fg in the range of 1.05 to 1.15, and
58.66% had the Fg > 1.15. With the rainfall continuing, the area with the Fs < 1.05 increased.
Figure 10b shows the stability of the slopes after three days of extreme rainfall. The area
with Fg < 1.05 increased to 10.00% (Table 4), which accounted for 7.83% and 2.17%, with the
Fs in the range of 1.00 to 1.05 and Fs < 1.00, respectively. At the end of the extreme rainfall
condition (six days of continuous rainfall with the intensity of 60 mm/d), about 14.63% of
the areas had an Fg less than 1.05 (Figure 10c and Table 4). The percentages increased to
11.45% and 3.18% of the Fg in the interval of 1.00 to 1.05 and less than 1.00, respectively. It
suggested that the less stable and unstable areas would be mainly distributed on the steep
slopes on both sides of the Yangtze River and the Qinggan River.
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Figure 10. Spatial distribution of Factor of Safety (Fs) under the extreme rainfall condition: (a) 1d,
(b)3d, and (c) 6 d.

Table 4. The prediction of Factor of Safety (Fs) under extreme rainfall.

1d 3d 6d
Fs < 1.00 0.00% 2.17% 3.18%
Percentase of revion 1.00 < Fs < 1.05 4.52% 7.83% 11.45%
8 & 1.05 < Fs < 1.15 36.82% 41.18% 43.86%
Fs>1.15 58.66% 48.82% 41.51%

4. Discussion

The results regarding the case study in the Shazhenxi mountainous region demon-
strated that the TRIGRS model can predict shallow landslide stability with some statistical
data. Although, some results may be incorrect by employing statistical data of the Digital
Elevation Model (DEM), flow direction, soil mechanical parameters, and thickness. Not all
regions with Fg < 1.00 would be a failure under extreme rainfall.

The prediction has value for the government and residents in disaster reduction. The
rainfall, especially the extreme rainfall, affected the shallow landslide stability. The role
played by the rainfall in triggering shallow landslides in the study area requires further
investigation. Rainfall data used in the TRIGRS analyses were gathered from a rain gauge
stations. The gauge stations are not enough for the study area of 122.8 km? for mountainous
areas with different elevations. A more comprehensive monitoring system, including rain
gauges, GNSSS surface deformation monitoring points, water table level, and piezometers,
is being installed to record the rainfall potentially influencing shallow landslides and
disaster reduction. That will be used to verify the results in the future.

The shallow landslide stability was predicted by the TRIGRS model under actual
and extreme rainfall in the Shazhenxi area. However, deep-seated landslides or rockslides
should not be neglected by the residents. The precipitation significantly influences slope
mass movement, and the reservoir water is also a dominant factor for the bank slopes of
the Yangtze River and Qinggan River.

5. Conclusions

A mountainous area in China was used to demarcate areas prone to rainfall-induced
shallow landslides using the TRIGRS model. After field investigation and inputting the en-
gineering geological and geotechnical characteristic data, the slope stability was simulated
and predicted.

The stability of regional shallow landslides was evaluated by the TRIGRS model with
the heavy rainfall of actual condition from 5-8 July 2021. After the rainfall on 8 July, some



Water 2023, 15, 2938 10 of 11

less stable areas tended to be unstable areas with Fs < 1.00, and the percentage of unstable
areas was 0.73%. On-site landslide monitoring data were used to verify the results, which
was compelling evidence for the TRIGRS model.

The slope stability decreased gradually in the predicted condition, where the rainfall
intensity was 60 mm/d and lasted 6 days. The percentage of the slope area with the Fs < 1.0
increased from 0.00% (1 d) to 3.18% (6 d).
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