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Abstract: Rainfall is the main factor inducing landslides. Clarifying rainfall-induced landslides’
mechanisms and establishing adequate warning and prevention measures are crucial for regional
disaster prevention and sustainable development. The weathering degree of fully weathered granite
slopes is high, and the engineering mechanics property is poor, so it is easy to lose stability under
extreme rainfall conditions. In this paper, the Fanling fully weathered granite landslide in Laoshan
Scenic Spot in eastern China is taken as the research object, and the fluid-solid coupling landslide
numerical model is established using ABAQUS 2022. The numerical simulation is carried out under
five different rainfall intensity and time conditions, and the seepage field response, deformation
response, and stability of the slope are analyzed. The research results indicate that (1) the fully
weathered granite landslide in Fanling is a thrust-type landslide, and the response of horizontal defor-
mation is greater than that of vertical deformation. (2) Compared with a long-term small rainstorm, a
short-term heavy rainstorm is more harmful, and the slope is more prone to instability and damage.
(3) The established unstable and under-stable rainfall warning curves for fully weathered granite
landslides can provide a reference for the warning and prevention of similar regional landslides.

Keywords: weathered granite landslides; extreme rainfall; fluid—solid coupling; numerical simulation;
rainfall warning curve

1. Introduction

Landslides are one of the most common geological disasters. Under terrain, rainfall,
and artificial unloading, the rock and soil on the slope break the original balance and
slide along the weak surface. Due to the numerous mountainous areas in China, landslide
disasters occur frequently. According to the Ministry of Natural Resources of China
statistics [1], 5659 geological disasters occurred nationwide in 2022, resulting in a direct
economic loss of CNY 1.5 billion. Among them, 3919 landslides, accounting for nearly
two-thirds of the total, pose a significant threat to the safety of people’s lives and property.
In 2020, the State Council of China launched the first national geological disaster risk survey,
which shifted its work philosophy from focusing on post-disaster relief to pre-disaster
prevention, from reducing disaster losses to reducing disaster risks. In 2022, 905 geological
disasters were successfully predicted nationwide, avoiding 7226 potential casualties due to
the disaster [1]. Therefore, it is crucial to clarify the mechanism of landslide induction and
develop adequate warning and prevention measures for geological disaster reduction.

In studying the mechanism and warning of rainfall-induced landslides, in addition to
physical model experiments, numerical simulation is the most commonly used method [2].
Standard methods include the Finite Element Method [3], Difference Method [4], Discrete
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Element Method [5], Material Point Method [6], Computational Fluid Dynamics [7], etc.
Commonly used geological mechanics analysis and numerical simulation software include
GeoStudio [8], RocScience [9], ABAQUS [10], FLAC3D [11], 3DEC [12], COMSOL [13], and
so on. By combining finite element and extensive deformation analyses, Chen et al. [14]
revealed the landslide mechanism from instability to ultimate flow failure. Research has
found that the increase in pore water pressure caused by rainfall leads to the formation of
plastic shear bands, at which point slope failure begins. The subsequent flow-like defor-
mation is caused by the strain-softening effect related to enormous strains. Yu et al. [15]
simulated the evolution trend of the water head, saturation zone, transition zone, and
humid zone in the soil interlayer of the slope, deepening the understanding of the in-
stantaneous infiltration of inclined soil interlayer rock slope and helping to evaluate the
changes in slope stability during rainfall. Thomas et al. [16] proposed the transient rainfall
infiltration and grid-based slope stability model (TRIGRS), which is more sensitive and
reliable when calculating the safety factor and pore water pressure during and after rainfall.
They can accurately predict 67% of landslides in the Himalayas region. Bilal et al. [17] used
3D coupled discrete metamodeling and computational fluid dynamics (CFD) methods to
conduct a dynamic analysis of the Fuquan landslide and its shock wave. Jéssica [18] com-
bines the three-dimensional variable saturated flow solver with the infinite slope stability
method to calculate the statistical distribution of the safety factor and pore pressure at the
soil bedrock interface.

Related scholars have also conducted numerical simulations of landslides induced by
the combined effects of rainfall and other factors. Laxman et al. [19] conducted a transient
hydromechanical analysis of the Bianjiazhai landslide, analyzing the impact of rainfall and
reservoir water level fluctuations on the slope. The study found that when the reservoir
suddenly draws water from a large area, the stability of the slope will be significantly
reduced. Xu et al. [20] studied the seepage and deformation of unsaturated slopes during
rainfall after an earthquake. They found that earthquakes significantly affect the sliding
surface of slopes affected by rains, leading to more severe landslides. Li et al. [21] combined
the SLOPE Permeability Distribution Equilibrium (SLIDE) model with the Landscape
Evolution Model (CAESAR Lisflood) to establish the interaction mechanism between the
“Rainfall Landslide Mountain Flood” disaster chain and the dynamic changing environment
in mountainous areas, effectively predicting the susceptibility of landslides under extreme
rainfall in the Wenchuan earthquake area. Wang et al. [22] used the Monte Carlo simulation
method to establish a reverse analysis method to identify landslide events caused by
typhoons and excessive rainfall. They defined the threshold for exceeding each region
by using corresponding cumulative rain. Hao et al. [23] integrated rainfall infiltration
boundary conditions and Mohr—Coulomb criteria into the thermal-hydraulic mechanical
(THM) model and analyzed a landslide case in the Permafrost region. In recent years,
relevant scholars have begun to study the relationship between landslides and rainfall
distribution [24]. Dou et al. [25] used the typical rainfall intensity duration (I-D) threshold
model as the research object, combined with China’s geographical characteristics and
20-year average annual rainfall, to characterize the spatial distribution of rain-induced
landslide warning thresholds in China. Liu and Wang [26] used the bivariate distribution
of rainfall intensity and duration to solve the annual probability of slope failure caused
by specific slope rainfall. In addition, Al and machine learning methods have also been
applied to the numerical analysis of landslides. For example, Wei et al. [27] studied
the safety factor of slopes under different groundwater levels. They determined the
rainfall threshold using the genetic algorithm back-propagation neural network (GA-
BPNN) method and the genetic algorithm support vector machine (GA-SVM) method.
Mandal et al. [28] combine ABC artificial bee colony, WT wavelet transform, and KELM
Extreme learning machine algorithm based on the kernel to build a landslide displacement
prediction program. Novellino et al. [29] have established a landslide risk assessment model
based on deep learning and benchmark machine learning algorithms. Wang et al. [30] used
artificial intelligence methods such as GIS-based Bayesian networks, holding trees, and
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logistic model trees to evaluate landslide sensitivity. Landslide susceptibility prediction
is a prerequisite for preventing and reducing landslide hazards. Skrzypczak et al. [31]
conducted a landslide susceptibility study using the Hellwig method in the Carpathian
region of southern Poland.

Due to the high degree of weathering and soft rock and soil strength, fully weathered
granite slopes are prone to instability under extreme rainfall conditions. In previous
studies, the author has conducted three sets of large-scale physical model tests (Figure 1)
on the fully weathered granite landslide in Fanling under different rainfall conditions and
preliminarily summarized the mechanism and failure process of rainfall-induced fully
weathered granite landslide [32]. This paper is a follow-up study. Based on the prototype
landslide data and physical model test results, a fluid-solid coupling numerical model is
constructed to analyze further the impact of rainfall intensity and time on the stability of
completely weathered granite. The research results guide disaster prevention, mitigation,
and sustainable environmental development in similar regions.

Figure 1. Large-scale physical model test of Fanling landslide.

2. Characteristics of the Landslide

The Fanling landslide is located in the Laoshan Scenic Area of Qingdao, eastern China,
with a central longitude and latitude of 120°40'49.31” E and 36°50'50.11” N (Figure 2).
The area has many mountain ranges, mainly composed of hard block-like intrusive rock
subregion (Figure 3). The granite has a high degree of weathering. Rainfall is concentrated
in the flood season from June to August. According to the analysis of geological disasters,
the time pattern of geological disasters in the study area is roughly the same as that of
rainfall, generally occurring within three days after a heavy rainfall process or the end of
rains. Rainfall, especially extreme rainfall, is one of the main factors causing geological
disasters in the area.

Affected by heavy rainfall, the slope of Fanling collapsed in August 2007 and July 2020,
respectively, resulting in one community resident’s death and the road’s destruction. When
the landslide occurred on 22 July 2020, a single-day rainfall of 175.96 mm produced a
typical rainfall-induced landslide (Figure 4). According to the analysis of field survey
data, the Fanling landslide belongs to the ancient landslide of Quaternary and the modern
loose accumulation layer. It is a soil-like landslide with a soft sliding surface, bulge at the
front edge, obvious tension crack at the rear edge, etc. The failure mode of the sliding
surface in fully weathered granite is thrust-type broken line sliding failure. At 175~228 m
long, approximately 65~85 m wide, with a plan area of roughly 1.95 x 104 m?, an average
thickness of 12 m, and a volume of roughly 23.4 x 104 m3, it is a medium-sized landslide.
The leading edge elevation is 3-5 m, and the distance from the sea surface is 5-10 m; the
rear edge elevation is 55-85 m, and the length along the highway is 290 m. The overall
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slope of the landslide is relatively steep, with an average gradient of 23°, and both the
slope direction and the landslide direction are 130-140°. The rear edge of the landslide is
the boundary between the bedrock and the Quaternary system, and the shear outlet is the
residual slope boundary.

Proportion 1:1000 ‘ \

1. Quaternary Holocene series

| Quateary artificial deposits (Q,™)
| Quatenary colluvial deposits (Q“Fd)

2. Late Yanshan intrusive rocks

Sy : Middle coarse grained alkali feldspar
Sy granite in the late Yanshan period(ITkcy;’)

I Late Yanshanian biotite hornblende Quartz
monzonite(wDnOs’)

Figure 3. Geologic map of Fanling landslide.
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Figure 4. Rainfall time history of Fanling landslide in 2020.

3. Numerical Simulation
3.1. Simulation Method

Using ABAQUS software, Finite Element Simulation was conducted on slopes under
different rainfall conditions. Considering that the underground seepage caused by rain-
water is included in the model, the fluid/displacement unit in ABAQUS software can be
used to directly couple the stress field and seepage field in the soil, and the strength reduc-
tion method is used to conduct numerical simulation calculation in the ground (Figure 5).
The slope stability is analyzed according to the safety factor, plastic deformation range,
and displacement.

Establish a slope model by Assign different material

Preset field variables for
materials that need to be reduced
in the Property module

Set static and general analysis
steps in the Step module

Create a job in the Job module
and run it until it does not
converge

View field variable and
displacement data to obtain
factor of safety

dividing the sliding zone and
sliding mass in the Part module

Divide grids in the Mesh module |<—

Set the soil transient
consolidation analysis step in the
Step module

P>| properties to the sliding body and

sliding belt in the Property
module: density, elasticity,
Mohr-Coulomb shaping,
permeability. adsorption, and
saturation dependence curve.

Set the soil steady state analysis
step in the Step module

Y

Create a job in the Job module
and run the resulting odb file

Create a job in the Job module,
run it to obtain results, and
analyze it.

Figure 5. Numerical simulation process.
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3.2. Modeling

According to the survey report data of the Fanling landslide [32], 3D rainfall fluid-
solid coupling modeling [33,34] of the main sliding surface of the landslide is carried out.
The geological profile is shown in Figure 6. After on-site exploration and drilling sampling,
it was found that the lithological characteristics of the weathered layer and the weakly
weathered layer are not significantly different, and their water permeability is extremely
poor. The sliding interface is located at the geological interface between the completely
weathered layer and the weathered layer, and there is no abnormal movement in the lower
strata. Groundwater also flows along this interface. Considering that there is no effect on
the stress field and seepage field, we simplified the model by using surface residual soil
and completely weathered rock layers (sandy soil properties) as sliding mass (soil layers)
and weathered and weakly weathered layers as sliding bed (rock layers). The slope model
and material assignment are shown in Table 1. The model’s overall length is 240 m, height
is 85 m, width is 2.4 m, slope height is 54 m, and the foot of the slope § = 20.43°; the sliding
body size is the same as the main screen profile.

= — 100
 The section ln&f‘&e{ ‘;‘5}}11 |
H ~J127.2°
Waterline Pipe 80
4, ‘F W :
- .?gn{; 60
The section Line for the pr \
y . T, . o fé\
Road 5212 40 =
=
|:| The Yellow Sea E
5
|Z, Sliding surface 20 I
- Strongly weathered granite (l"['k\J'g3 )
- Completely decomposed granite (ITkys") 0
0 10 20
" - Sandy powder mixed with rubble (Q*%)
I I I I I I 1 1 I I I 1 _2 0
0 20 40 60 80 100 120 140 160 180 200 220 240
Harizontal distance (m)
Figure 6. Geological profile of Fanling landslide.
Table 1. Model material parameters.
Soil Weight Elastic Modulus Poisson’s Ratio Internal Friction Cohesive Force Permeability
(KN/m?>) (kPa) Angle (°) (kPa) Coefficient (mm/h)
Sliding mass 19 50,000 0.25 20 25 0.08
Sliding bed 26 1,000,000 0.2 37 1000 0.00001

Firstly, mesh the model. The mesh element type is C3D8P, which is an eight-node
hexahedron element. Both displacement and pore pressure are set in a three-dimensional
linear manner. Finally, the model was structured with a total of 11,192 units.
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Apply the X-direction displacement constraint in the X-direction, the Z-direction
displacement constraint in the Z-direction, and XYZ three-dimensional displacement
constraint at the bottom. Apply pore pressure boundaries on both interface sides in the X
direction to simulate the pore water pressure and saturation under the original working
conditions. The self-weight and hydrostatic pressure on both sides of the immersed water
affect the entire model. Apply surface pore flow on the surface of the model sliding body
to simulate rainfall. Set up five monitoring points from the foot of the slope to the top of
the slope to extract simulated data for analysis (Figure 7). The displacement (horizontal
and vertical displacement), pore pressure, saturation, and equivalent plastic strain data for
each working condition can be automatically extracted by the ABAQUS output module.

Surface Pore Flow — N

Rainfall Load

Figure 7. Model diagram.

In combination with local rainfall data and physical model test settings, five different
rainfall conditions are set (Table 2): fifty-year return period (N1), rainstorm (N2), heavy
rainstorm (N3), continuous rainstorm (N4), and long-term rainstorm (IN5).

Table 2. Simulated working conditions.

Group Rainfall Intensity (mm/h) Rainfall Time (h)
N1 32 24
N2 20 24
N3 10 24
N4 20 48
N5 20 72

3.3. Grid Size

We carried out the grid-independence analysis using four mesh types (0.75, 1, 1.25,
1.5) with different cell numbers. Crucial variables most engineers are interested in are
pore pressure and displacement. As shown in Figures 8 and 9, it is clear that there is no
distinguishable deviation among the results of the four meshes. In this regard, we selected
grid 1 (Figures 8b and 9b) for further investigations.



Sustainability 2023, 15,

11738 8 of 20

+1.416 x 102
+1.005 x 1072
+8.304 x 1073
+7.082 x 1073
+6.228 x 1073
+5.190 x 107
+4.152 x 1073
+3.114 x 107
+2.076 x 107
+1.038 x 107
+8.769 x 104 v
+4.385 x 1074 5dsy
+0.000

(a) (b)

() (dd

Figure 8. Distribution nephogram of displacement (a) 0.75; (b) 1; (c) 1.25; (d) 1.5.
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Figure 9. Distribution nephogram of pore pressure (a) 0.75; (b) 1; (c) 1.25; (d) 1.5.

4. Result and Analysis
4.1. Response of Seepage Field

The surface with zero pore pressure is the phreatic surface of groundwater. Since the
sliding bed, in this case, is granite with a low weathering degree, its permeability tends
to be zero, and only the bedrock fissure water does not conform to Darcy’s law [35,36]; it
is considered that the phreatic surface of groundwater is the junction of granite sliding
bed and completely weathered rock sliding body [37,38]. The granite sliding bed part
is considered saturated. Figure 10 shows the distribution of pore hydraulic pressure in
slopes under different rainfall conditions. As the slope deepens, the pore pressure shows a
decreasing trend, with the highest pore pressure in the lower part of the slope.
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Figure 10. Distribution nephogram of pore pressure (a) N1; (b) N3; (c) N2; (d) N4; (e) N5.

Figure 11 shows the saturation distribution nephogram of the slope under different
rainfall conditions. As rainfall conditions change, the saturated area of the slope exhibits
significant movement and transitions. The intensity and time of rainfall will significantly
impact the location of the groundwater infiltration surface on the slope. At N1, the ground-
water infiltration surface has already approached the surface at most of the sliding bodies;
at N2, the groundwater infiltration surface only becomes characterized at the thin sliding
mass at the top of the slope; at N3, the groundwater infiltration surface shows little change
compared to before rainfall. At N4, the groundwater infiltration surface only approaches
the surface at the thinner part of the slope top sliding mass; at N5, the groundwater infiltra-
tion surface has already closed the surface at most of the sliding bodies. After conversion,
when there is no rainfall, the boundary pore pressure of the slope soil is 0 kPa (calculated
as —59.68 kPa). As the rainfall intensity increases to 32 mm/h (N1), 20 mm/h (N2), and
10 mm/h (N3), the boundary pore pressure increases to 20.52 kPa, 10.4 kPa, and 4.46 kPa,
respectively. (The calculated values are —39.16 kPa, —49.28 kPa, and —55.22 kPa.) When
the rainfall time increases to 48 h (N4) and 72 h (N5), the boundary pore pressure of the
slope also increases to 20.24 kPa and 30.07 kPa, respectively. (The calculated values are
—39.44 kPa and —29.61 kPa.)

Extract simulation results in data to draw a time history map of pore pressure changes
(Figure 12). The saturation line inside the slope gradually rises with the increase in rainfall
intensity and time, and the pore pressure at each monitoring point inside the slope also
gradually increases. This indicates that slope saturation is positively correlated with rainfall
intensity /time.

Under the same rainfall intensity, the pore pressure values of monitoring points at
different positions on the slope are different, and their response to changes varies with
the duration of rainfall. The thicker the completely weathered granite layer below the
measuring point, the smaller its pore pressure value, and its growth trend is similar to the
increase in rainfall intensity. Taking N5 as an example (Figure 12d), the monitoring point at
the top of the slope has a faster increase in pore pressure. This is because the fully weathered
rock layer at the top of the slope is relatively thin, and the groundwater infiltration surface
increases rapidly. After about 18 h of rainfall, the pore pressure at monitoring points 4 and 5
at the top of the slope suddenly increased significantly; after about 31 h of rain, there was a
significant increase in pore pressure at monitoring point 3, indicating that the groundwater
infiltration surface was already higher than that of the monitoring point; the constant
increase in pore pressure at monitoring point 1 and monitoring point 2 indicates that the
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Under different rainfall intensity conditions, the rate of pore pressure increase at the
same monitoring point is significantly different. After 11 h of rainfall, the pore pressure of
monitoring points 4 and 5, located at the top of the slope, suddenly increased significantly,
indicating that the groundwater infiltration surface was higher than that of the monitoring
point. N2 only experienced this phenomenon after about 17 h of rainfall, while N3 did
not, indicating that the rainfall intensity (20 mm /h) was insufficient to cause large-scale
changes in pore water pressure, thus not inducing landslides.

4.2. Response to Deformation

The displacement cloud map under different rainfall conditions is shown in Figure 13.
Under additional rainfall intensity/time, the development trend of soil displacement is
different due to rainwater infiltration in the slope. In this example, soil displacement
starts from the middle of the slope and gradually develops towards the top of the slope,
and finally deformation occurs at the bottom of the slope. This means that the top of the
slope undergoes deformation first, and it can be inferred that the landslide is a thrust-type
landslide, which is consistent with the results of physical model tests [32].

(a) (b

Y

sl

2ok
(d) (e)

Figure 13. Distribution nephogram of displacement (a) N1; (b) N3; (c) N2; (d) N4; (e) N5.

The slope has different degrees of deformation under other rainfall conditions
(Figure 14). The intensity and time of rainfall are positively correlated with the defor-
mation of the slope. The slope displacement response of N1 is evident, with a significant
deformation increment, and the maximum displacement is 3.051 X 10~2 m; in contrast,
the maximum displacement of N2 and N3 slopes is 1.070, respectively, x 1072 m and
5.085 x 1073 m. For the same rainfall intensity, the slope displacement response of N5 is
pronounced, with a significant deformation increment and a maximum displacement of
3.211 x 1072 m, and the maximum displacement of N4 slope is 2.408 x 10~2 m (Figure 14d).

Furthermore, based on the horizontal and vertical displacement distribution nephogram
under different rainfall conditions (Figures 15 and 16), the N1 operating condition data
were extracted. The horizontal and vertical displacement time history maps were drawn
(Figure 17a). Monitoring point 4, the point with the most significant displacement scale un-
der all working conditions, separately extracted the horizontal and vertical displacements
under different conditions (Figure 17b).
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Figure 14. Slope displacement-time response diagram (a) N1; (b) N2; (c) N3; (d) N5.

Under extreme rainfall (N1), the slope response to horizontal deformation is more
significant than that to vertical deformation at monitoring points with high displacement
sensitivity. The displacement in both directions has undergone two processes: slow and
rapid growth. After 18-19 h of rainfall, the displacement response of various slope parts
rapidly increases, and the displacement at the top of the slope changes quickly. The
vertical displacement response will lag slightly behind the horizontal displacement, and the
response amplitude of each point on the slope is relatively large. The vertical displacement
of monitoring points 3, 4, and 5 increases rapidly and then tends to flatten out.

As the rainfall intensity increases, the inflection points of the displacement change
rates in both directions of advance. Under N1 conditions, the stress field response of
the slope is evident, and the displacement is large. When rainfall lasts for 12-13 h, the
displacement response of various slope parts increases significantly, and the displacement
scale at the top of the slope is more significant than that at the bottom. Under the conditions
of N2 and N3, during rainfall of 18-19 h, the displacement response of various parts of
the slope increases, and the difference in displacement scale among monitoring points is
not significant.
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Figure 15. Vertical distribution nephogram of displacement (a) N1; (b) N3; (c) N2; (d) N4; (e) N5.
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Figure 16. Horizontal distribution nephogram of displacement (a) N1; (b) N3; (c) N2; (d) N4; (e) N5.

4.3. Slope Stability

Table 3 shows the slope safety factor under different rainfall conditions. During
the landslide process, its safety factor gradually decreases with increased rainfall inten-
sity/time.

Table 3. Safety factor of slope.

Group N1 N2 N3 N4 N5
Safety factor 1.168 1.378 1.495 1.214 1.126
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Figure 17. Horizontal and vertical displacement response diagram (a) N1; (b) Point 4.

When a slope experiences instability, the development of its plastic strain zone varies
under different rainfall conditions (Figure 18). When there is no rainfall, the plastic strain
caused by groundwater is minimal and can be ignored. However, as the rainfall inten-
sity/time increases, the maximum plastic strain of the slope also increases. When the
rainfall intensity is 32 mm/h, 20 mm/h, and 10 mm/h, the maximum plastic deformation
of the slope is 3.689, respectively, x10~2 (N1), 1.537 x 102 (N2) and 9.224 x 103 (N3).
When the rainfall duration is 48 h (N4) and 72 h (N5), the maximum plastic deformation of
the slope is 2.572 x 102 and 3.859 x 102, respectively.
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Figure 18. Distribution nephogram of equivalent plastic strain (a) N1; (b) N3; (c) N2; (d) N4; (e) N5.

Different from the plastic strain zone generated from the foot of the slope to the end of
the slope top in conventional landslides [37,38], in this example, the plastic strain zone is
generated from the middle of the slope, expanding in both directions at the bottom and top
of the slope, and expanding faster towards the top of the slope, indicating that deformation
first occurred in the upper part of the slope and formed a continuous circular sliding surface
with the top of the slope, thereby triggering the overall landslide. At maximum rainfall
intensity (N1) and maximum rainfall time (N5), the continuity of the plastic zone of the
slope is more significant.
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4.4. Comprehensive Analysis

Figure 19 shows each monitoring point’s pore water pressure and displacement re-
sponse data under different rainfall conditions. From Figure 19b,d, it can be seen that there
are significant differences in the displacement response caused by rainwater dynamics at
different parts of the slope. The displacement response at the top of the landslide is more
critical than other factors. Due to the differences in geotechnical characteristics, such as
saturated moisture content and elastic modulus of soil, thin soil is more sensitive to the
dynamic load response of rainfall than thick soil, and the elastic modulus value of soil
is negatively correlated with the deformation response. The front edge of the landslide
soil undergoes shear creep towards the free direction, resulting in the most significant
displacement response at monitoring points 4 and 5. In contrast, other monitoring points
have smaller answers. Based on the slope’s stress situation and the landslide structure’s
geomorphic characteristics before returning to the mountain, it is determined that the
landslide is a thrust-type landslide.
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Figure 19. Final response of pore pressure and displacement (a,b) under different rainfall intensities;
(c,d) under different rainfall times.

As the intensity of rainfall increases, the speed of slope damage also increases. There-
fore, the pore pressure and displacement response rate values, i.e., the curve’s curvature,
show an increasing trend and are directly proportional to the rainfall intensity (Figure 19a,b).
As the duration of rainfall increases, the slope angle of the curve, i.e., pore pressure and
displacement response rate values, decreases (Figure 19¢,d), indicating that the slope grad-
ually tends to saturation, and the groundwater infiltration surface approaches the surface,
possibly forming surface runoff. When the rainfall intensity is less than the permeability
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coefficient of completely weathered granite, the slope can fully absorb rainwater without
generating slope runoff. The stronger the rainfall within a fixed time, the more water
permeates the slope and the more significant the impact. The rainwater first invades the
upper silty sand and residual soil layer and then infiltrates the fully weathered granite
layer. At this time, the shear strength of the slope soil is reduced, the pore water pressure
of both is changed, and the sliding force of the soil is significantly increased. It can be
seen that water is the “lubricant” that induces landslides and is an essential condition for
landslide induction.

Furthermore, extract the safety factor under different rainfall conditions (Figure 20). It
can be seen from the curve that during the process, with the increase of rainfall intensity
and duration, the slope stability and the safety factor when a landslide occurs show a
decreasing trend. The reason is that the internal water storage capacity of the slope soil
gradually increases with the increase in rainfall, leading to a gradual increase in the pore
pressure and water content of the slope soil. Under the influence of the rainwater seepage
flow field, the shear strength of the slope soil will gradually decrease, forming a “strength
loss”, thereby inducing slope collapse. When high-intensity concentrated rainfall occurs,
rainwater infiltration will make the slope’s shear failure more significant, thereby lowering
slope stability.

Rainfall time 7/ h
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Figure 20. Comparison of safety factors.

Compared with the small long-term rainstorm with small rainfall intensity and long
duration (N5), the short-term heavy rainstorm (N1) will make the response of pore pressure
and displacement of the slope faster, the loss of safety factor of the slope is more, and the
slope is more prone to instability and failure. This is because strong rainfall can cause
substantial erosion and infiltration on the slope’s soil, significantly weakening the strength
of the slope, leading to a decrease in the stability of the slope, and causing severe landslides.

4.5. Early Warning

To quantitatively analyze the impact of rainfall on the stability of a completely weath-
ered granite landslide, establish the rainfall warning curve of the landslide, and calculate
the change curve of its landslide safety factor (Fs) as shown in Figure 21. According to
the specification [39], when the landslide safety factor Fs < 1, the landslide is unstable.
But when the landslide safety factor Fs < 1.1, the landslide displacement field begins to
respond significantly, and there are specific errors in the numerical simulation. Therefore,
the landslide safety factor Fs = 1.1 is the critical value of under-stable, and the landslide
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safety factor Fs = 1 is the critical value of unstable. When the landslide safety factor Fs <
1.1, it is considered that the slope has reached an under-stable state, and a landslide begins
to occur; When the landslide safety factor Fs < 1, it is believed that the slope has reached
the unstable state, and the landslide has overall instability.
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Figure 21. Change trend of safety factors.

According to the rule that the safety factor of landslide changes with rainfall time,
the critical time points of landslide under-stable and unstable are obtained, and the early
warning curve of landslide under rainfall conditions is established [40]. Regression analysis
is carried out on the critical point of landslide stability state change under different rainfall
intensities using the exponential function to obtain the landslide R-T early warning curve,
as shown in Figure 22.

The rainfall warning formula for under-stable is:

T =191.728 x 0.936R +7.929 (1)
The rainfall warning formula for unstable is:
T = 225.508 x 0.936% +9.699 )

In the formula, T is rainfall duration in hours; R is the rainfall intensity in mm/h. The
correlation coefficients R? are all greater than 0.999, indicating that the regression analysis
is reliable.

In the actual process of a fully weathered granite landslide warning, the slope is in
danger of instability when the R-T point is above the unstable curve. When the R-T point is
below the under-stable curve, the slope is safe, which can effectively warn the landslide.
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Figure 22. Warning curve of rainfall-induced fully weathered granite landslide.

5. Conclusions

To clarify the mechanism of rainfall-induced fully weathered granite landslides and
establish effective warning methods, the Fanling fully weathered granite landslide is taken
as the research object in this paper. Based on the physical model test, ABAQUS is used to
establish the fluid—solid coupling numerical model under five different rainfall conditions.
A study was conducted on the seepage field, deformation response, and stability of the
slope, and the impact of rainfall intensity and time on the slope was analyzed. The main
conclusions were as follows:

(1) The fully weathered granite landslide in Fanling is a pushover-type failure. The
deformation occurs from the middle of the slope and extends in both directions at the
bottom and top, with a faster expansion rate towards the top. And the response of
horizontal deformation is greater than that of vertical deformation.

(2) The impact of different rainfall intensities and times on slope stability varies. For a
completely weathered granite landslide, a short-term heavy rainstorm is more harmful
than a long-term small rainstorm; the pore pressure and displacement response of the
slope is faster, the loss of factor of safety of the slope is more, and the slope is more
prone to instability and failure.

(3) A rainfall warning curve for under-stable and unstable of fully weathered granite
landslides has been established. In future research, the author will further utilize
machine learning methods to develop warning programs, providing a reference for
the warning and prevention of similar regional landslides.
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