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Shallow hillslope failure caused by rainfall is characterized by complex soil
hydrology and mechanical behavior. It is important to understand the hydraulic
behavior of hillslopes and quantify the effect of the uncertainty of mechanical
parameters on hillslope stability for forewarning and hillslope management.
Intra-hole deformation and displacement were record for the hillslope of the
Babaoliao collapse site in the Chiayi County, as a case study. The fuzzy point
estimation method and physical-based model were combined with the local
factor of safety (LFS) theory to calculate the internal local factor of safety of the
hillslope. A reliability analysis was then performed to determine the failure
probability at different depths. Historical rainfall events were used to validate the
model and predict the development of the failure probability for different rainfall
patterns with the same warning rainfall. The results revealed that the failure
probability model could effectively predict the area of hillslope instability and its
changes over time and space. Different rainfall patterns affected the infiltration
flux, leading to the difference in hillslope failure time. The delayed rainfall
pattern had a significant impact on the time of slope instability, and shallow
collapse was most likely to occur earlier. This study can be used as a reference
for developing future hillslope warnings.

KEYWORDS

shallow landslide, fuzzy point estimation method, physical-based model, local factor
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Highlights

e Uncertainty propagation is handled through physical-based model
e Fuzzy method can respond to the uncertainties inherent in practical landslide
e The proposed framework was applied to practical hillslope to verify its feasibility
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Introduction

Landslides are geomorphic processes occurring globally in
areas with hillslopes, covering different climatic zones and soil
materials, and can potentially result in environmental and
economic loss (Tiranti and Cremonini 2019). Rainfall is the
most common landslide trigger (Iverson 2000). When rainfall
infiltrates into the unsaturated soil of a hillslope, the increased
water content of the soil leads to a loss of matric suction and an
increase in soil weight (Lacerda 2007; Godt et al., 2009; Augusto
Filho and Fernandes 2019), leading to hillslope instability and
failure. Usually, rainfall-induced hillslope failure occurs
preferentially at shallow depths. In contrast, a single high-
intensity rainfall event may cause rapid and deep failure,
while slow and deep hillslope failure requires long
hydrological processes (Sidle and Bogaard 2016). The internal
hydrological processes, timing, and location of failures caused by
rainfall on hillslopes remain a complex and ongoing research
problem. Bogaard and Greco (2016) defined the hydrological
processes that trigger hillslope failure as landslide hydrology and
noted that storage and flux measurements are essential for
understanding and quantifying landslide failure. The evolution
of transient unsaturated groundwater flow and local stress can be
considered based on physical models to effectively describe
rainfall-induced internal hydrological and mechanical changes
and failure mechanisms of hillslopes (Zhang J. et al., 2018).

As the physical model can combine hydrological and

mechanical mechanisms, it can describe the internal
hydrological and mechanical changes and the failure
mechanisms of hillslopes caused by transient rainfall.

Moreover, the model has a high predictive capability for
quantifying the effects of various parameters on the hillslope
stability (Corominas et al., 2014). Common hillslope stability
analysis usually based on limit equilibrium analysis (e.g.
Fellenius, 1936; Janbu, 1954; Bishop, 1955; Morgentern and
Price, 1965) or shear strength reduction techniques (Matsui
and San 1992; Dawson et al., 1999; Cai and Ugai 2004; Cheng
et al,, 2007). In addition, research on developed constitutive
models that consider soil stress state variables, such as suction
stress (Lu and Likos 2006; Lu 2020) and thermal and chemical
processes (Nuth and Laloui 2008; Zhang et al., 2012; Bai et al,,
2019; Bai et al., 2021), has gradually become prevalent. However,
using a single stability index (factor of safety, Fs) for the hillslope
makes it challenging to describe the spatiotemporal evolution of
the hillslope unstable surface. Recently, Lu et al. (2012) proposed
the local factor of safety (LFS) theory. Based on the Mohr-
Coulomb failure criterion, the finite element method was used
to solve the transient variably saturated flow and stress state,
thereby analyzing the local safety factor of each position inside
the hillslope. This method can capture the evolution of the stress
state and failure surface with rainfall infiltration without the prior
condition of the potential failure surface, thereby overcoming the
challenges of limit equilibrium analysis. This method has also
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been applied to study the evolution of hillslope failure surfaces
caused by changes in water content dynamics (Moradi et al,
2018) and the change in infiltration characteristics on
embankment stability over time and space (Hinds et al,
2019). However, because the physical model relies on an
extensive database of in situ or laboratory parameters, the
quality and quantity of the database are major issues in this
analysis, indicating that the model is susceptible to uncertainties
arising from measurement errors, spatial variability, and
incomplete data (Phoon and Kulhawy 1999). The geotechnical
parameters of hillslope material, such as cohesion and friction
angle, are inherently heterogeneous in space and these data are
often limited in acquisition (Baecher and Christian 2005). The
uncertainty of the input model parameters is the main factor that
causes the deviation of the hillslope stability analysis results from
reality (Burton et al., 1998).

Probabilistic analysis has been widely applied to quantify the
uncertainty in hillslope stability analysis (El-Ramly et al., 2002;
Griffiths and Fenton 2004; Xiao et al., 2017; Zhang L. et al., 2018;
Lietal, 2020). As physical-based slope stability analysis is highly
dependent on reliable estimates of soil parameters, the reliability
of slopes for soil variables has been increasingly investigated
(Jiang et al, 2014; Liu et al., 2019; Johari & Fooladi 2020).
However, Nawari and Liang (2000) and Giasi et al. (2003)
suggested that probability analysis requires a sufficient
number of reliable observations to construct a reasonable
probability density function. In addition, the uncertainty of
the parameters may be non-stochastic (Juang et al., 1998;
Nawari and Liang 2000). When data are limited and
insufficient to define the probability density function, fuzzy set
theory based on cognitive origin seems to be more suitable for
analyzing the uncertainty of geotechnical parameters (Luo et al.,
2011; Beer et al,, 2013). In some case, this theory has been applied
to hillslope stability analysis (Dodagoudar and Venkatachalam
2000; Park et al., 2012; Gong et al., 2014; Xu et al., 2014; Park
et al., 2017, 2019; Zhou et al., 2019; Habibagahi et al., 2021).

In this study, by combining the fuzzy theory and hydraulic
coupling model to quantify the uncertainty of mechanical
parameters (cohesion and internal friction angle), we
evaluated the internal hydrological and mechanical processes
of hillslopes under rainfall conditions, the two-dimensional
spatial distribution of hillslope stability and failure probability,
and the impact and evolution of different rainfall patterns on the

failure surface using the existing hillslope as an example.

Study methods

The fuzzy theory was used to establish the dependence
functions of the soil mechanics parameters, namely cohesion
and internal friction angle. The fuzzy point estimation method
combined with the finite element analysis model HYDRUS2D
and the Slope Cube Module effectively described the changes in
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FIGURE 1

Flowchart of one way coupled hydro-mechanical calculation in this study.

the soil hydraulic behavior of the unsaturated layer affected by
rainfall infiltration. HYDRUS 2D is a hydrological model that is
widely used to simulate the movement of soil water (Bufon et al.,
2012; Dabach et al,, 2013; Kanda et al., 2020), heat (Wang et al.,
2013; Nakhaei and Simtinek, 2014), and solute (Pang et al., 2000)
in variably saturated soils. The Slope Cube Module is a
supplemental package of HYDRUS 2D to simulate the
transient fields of soil suction, suction stress, and local factor
of safety (LFS). Finally, the failure probability was calculated
using reliability analysis. The hydraulic analysis process is
illustrated in Figure 1, and each method is explained as follows.

Hydrological model

The two-dimensional HYDRUS2D seepage control equation
is a transient unsaturated layer seepage control equation
developed by Simtinek et al. (2008) based on Richards’
equation (Richards 1931).

90(h)

5 =V-K(h)VH+W (1)

where t denotes the time [T]; W, the source or sink [T™']; H, the
total head [L]; K (h), the hydraulic conductivity function (HCF)
[LT™']; and 0 (h), the volumetric water content [L’L™]. Soil water
characteristic curve (SWCC) links the relationships between
matric suction and volumetric water content, and is of great
importance for exploring the hydraulic and mechanical behavior
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of unsaturated soils. In this study, the SWCC model proposed by
van Genuchten (1980) and the HCF proposed by Mualem (1976)
were used to describe the water retention capacity and hydraulic
conductivity coefficients of unsaturated soil, as shown in Eqs 2, 3:

o(m=6,+ 0 %)
1+ (alhl))
n-1 nyl 2
O | R UL R

{1+ [alh]]"y

where 6, denotes the saturated soil water content [L*L7]; 0,, the
residual soil water content [L’L°]; h, the pressure head [L]; a [1/
L] and » [-], the fitted parameters of SWCC [-]; andK, the
saturated hydraulic conductivity [LT™].

Stress-strain deformation model

The Hillslope Cube Module adopts the two-dimensional
finite element code FEM2D (Reddy 1985) to solve the stress
distribution at each point within the hillslope based on the
momentum balance. The method is based on plane stress
linear elasticity to simulate the stress change caused by the
change in transient unit weight, and applies suction stress in
the computation of effective stress and displacement. The control
equation is expressed as follows:

V- (0)+yb=0 (4)
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where o denotes the three independent stress variables (i.e., 0y,
Oyys Oxy) [ML™'T?]; y, the bulk unit weight of the hillslope soil
material [ML>T7]; and b, the unit vector of body forces [-].
Therefore, the elastic modulus E = /¢ [ML T %] and Poisson’s
ratio v [-] can be used to solve the stress and displacement.

The unified effective stress developed and validated by Lu
and Likos (2004,2006), and Lu et al. (2010) was adopted.

o=0-u,-¢

©)

where u,, is the pore-air pressure [ML™'T ] and ¢* is the suction
stress [ML'T"?], representing all the physical and chemical
mechanisms that can occur between soil particles, expressed
as follows:

S

0’ =-0.=~-0,,,~0p — S(Us — Uy)

(6)

cap

where o is the Born repulsive force [ML™"T}; 0cap, the capillary
force [ML™'T™?]; O pes the combination of van der Waals attractive
force and electric double-layer force [ML™"TJ; S, the soil saturation
[-]; and (u, — uy,), the matric suction [ML™'T?], where 1, is the
pore-water pressure [ML'T?]. The matric suction, capillary, van
der Waals, and electric double-layer force of the soil balance each
other out with the Born repulsive force, but the effects of van der
Waals and electric double-layer force can be neglected as the grain
size of the soil increases. Lu et al. (2010) used thermodynamic theory
to consider suction as the energy stored in a unit soil as each stress
component of soil can be expressed as a function of matric suction,
saturation, and water content, and since soil suction is mainly
controlled by soil water content. The suction stress characteristic
curve can be estimated from the same set of parameters from the
SWCC model. The formula can be expressed as follows:

o’ :_(ua_uw)

U, — U, <0

Uy — U
o = (o — thu) Uy — Uy >0

{1+ [or (g — )]} 0

™

Hillslope stability model

The LFS theory developed by Lu et al. (2012) was used to
assess the internal stability of the hillslopes. The LES is based on
the Mohr-Coulomb failure criterion and represents the process
of changing the soil stress state toward the direction of failure
owing to rainfall infiltration. LES is defined as the ratio of shear
strength to shear stress at any point inside the slope, as follows:

¢ cos¢’

LFS=—= -
T o1r

(c’ +0, tan ¢') (8)
where 7* is the shear strength, also known as potential Coulomb
stress [ML™'T™]; 1, the shear stress, also known as current
Coulomb stress [ML'T2];c/, effective cohesion [ML™'T2;
and¢’, the effective internal friction angle [°]. 0’1 [ML™'T™]
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and o7 [ML'T 2] are the positions of the center and radius of
the Mohr circle in two dimensions and can be expressed as
follows:

' '
01+03 O] +03

(o3 5 > o
0’+0', (o} O (9)
O = - - 2
2 2

Substituting Eq. 9 into Eq. 8, LFS can be expressed as follows:

!
LFS = cos¢ [Zc' + (o) + 03 — 20°) tan gb']
0; — 03

(10

This study calculated the suction stress by combining the water
content, matric suction, and total stress changes. The LES was then
calculated using the unified effective stress based on suction stress.
This linear theory-based computational mechanics framework
solves the stresses and displacements of statically admissible
fields, regardless of the complex elastoplastic theory. The
redistribution of pressure or displacement caused by a hillslope
failure is defined by the static allowable stress field as that satisfies the
equilibrium differential equation (Malvern 1969). Therefore, an LES
of less than one indicates the location of potential hillslope failure
(Lu et al, 2012), which can be used to indicate the location of
potential failure areas. This model and finite element analysis can be
used to analyze the stability of soil elements at different locations or
depths of the hillslope affected by changes in water content or
suction stress, overcoming the challenges of conventional hillslope
stability analysis.

Fuzzy set theory

The traditional set rationality defines whether an element x
belongs to set A, and its characteristic function is expressed as
follows:

1,xe A

‘MA(X):{O,X¢A (11)

When x belongs to A,u , (x) = 1; when x does not belong to A,
py (x) =0. There are only two cases of 0-1. Zadeh (1965)
proposed the fuzzy theory to represent the uncertainty and
fuzzy phenomenon, also known as the fuzzy set theory. The
characteristic function is extended into a continuous value
function u, (x) in the interval [0,1], called the membership
function. The value of the membership function indicates the
degree to which element x belongs to set A. The most significant
difference between a fuzzy set and a traditional set is that a
traditional set has only a unique characteristic function. In
contrast, a fuzzy set has an infinite number of membership
functions to represent. Common membership functions
include a triangular shape, trapezoid shape, Gaussian shape, S
function, and Z function. Triangular and trapezoid functions are
less intensive and  highly

computationally adoptable
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(Dodagoudar and Venkatachalam 2000). Fuzzy theory is also
known as fuzzy set theory, and the fuzzy number is a special case
of fuzzy set, its characteristic is that the shape of the membership
function is unimodal, and at least one degree of membership is 1.
If there is no specific assumption (under the condition of lack of
data), the fuzzy number can be assumed to be a triangle,
expressed as TFN [a,m,b], including upper bound (a), lower
bound (b), and peak value (m). In general, the peak value is
usually estimated from the average of the available data (Luo
etal., 2011). This study used cohesion and internal friction angle
as analysis variables. We used the mean value of cohesion and
friction angle from the laboratory test as the peak value of their
fuzzy numbers. Upper and lower bounds were determined using
an estimated approach of the standard deviation of uncertain
parameters. Therefore, the triangular fuzzy number of cohesion
and friction angle can be expressed as follows:
x. = TEN [m, — ko., m., m. + ko]

(12)
Xy = TFN [m¢ - kG¢,1’Vl¢, my + k0'¢:|

The value of k depends on the actual conditions of the
hillslope project and ranges from 0.5 to 3. When the value of k
is larger, the distribution of the mechanical parameters is
larger and the selected parameter is less reliable, and vice
versa. Luo et al. (2011) and Park et al. (2017) considered it
reasonable to estimate the upper and lower bounds using the
mean value of + 20. Therefore, the value of k in this study was
considered to be 2 cv is the coefficient of variation, which
indicates the degree of parameter variation (cv = o/u):cvof
cohesion is 25-30%, and that of the internal friction angle
is 10-20% (Phoon & Kulhawy 1999; Hsiao et al., 2008; Park
et al.,, 2013).

The fuzzy point estimation method combines the fuzzy
vertex and the point estimation methods. The fuzzy vertex
method was proposed by Dong and Shah (1987) and is based
on a- intercept set and interval analysis to obtain the vertex
combinations of variables and replace the membership

functions as input variables. Thus, there are vertex
combinations for N membership functions as the input
variables2V. Rosenblueth  (1975) proposed a point

estimation method to evaluate the uncertainty parameters
of a performance function. Two points estimate the mean
and standard deviation of the performance function, and the
upper bounds of the variables obtained through a- intercept
setare (c%,cf) and (¢%, ¢), respectively. In this study, the a-
intercept set took nine membership degrees from 0.1 to 0.9 to
reduce the dispersion of the analysis results. Each a- intercept
set can cut out a range of two points and obtain four sets of
vertex combinations, and four sets of output values were
obtained through simulation (LFS__,LFS_,,LFS,_, LFS,,).
When considering the difference in the contribution of
each a- intercept set to the results, this study used the
concept of fuzzy weighted average, and the mean and
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standard deviation of the fuzzy weighted factor of safety is
expressed as follows.

M
E[LFS] = 22%LES (13)
i1 i
ours = \E[LFS?] - (E[LES])’ (14)

Mis the number of a- intercept sets. The failure probability is
obtained from the reliability index. Assuming that the factor of
safety is normally distributed, the reliability index is a standard
normal distribution. The reliability index3 and failure probability
(Py) are expressed as follows:

f= E[LFS] -1 (15)
OLFS
Pr=1-0(p)=0(-p) (16)

Study site
Background of the study site

Located at the collapse site of Babaoliao in the Dongxing
Village, Zhongpu Township, Chiayi County, the topography of
the study site is low-altitude hilly terrain with elevations
ranging from 420-580 m. The slopes of the area are Grade
5 and Grade 6 (slope >40°), and the slope direction decreases
from north to south, followed by southeast, southwest, and
west. The rocks belong to the western piedmont belt geological
area, and the exposed strata are of Miocene to Pleistocene age.
As shown in Figure 2, the regional geological unit contained the
main stratum of the collapse site—the beak layer (Niaotsui
Formation, Nt), with a lithology of muddy sandstone, sandy
shale, and thick sandstone. The Yunshuichi Formation (Yh)
was first exposed and was composed to shale, sandy shale, and
mudstone on the west side of the collapse site. The Liuchungchi
Formation (Lu), with silt-layered shales, sandy shales, or
interbedded muddy sandstones, is exposed on the west side
of the collapse site. Tangenshan sandstone (Tn), located on the
eastern side of the collapse site, is dominated by thickly bedded
gray to massive mudstone sandstone, occasionally interbedded
with sandstone or thin shale. The Changchikeng Formation
(Cc) is dominated by greenish-grey fine-grained sandstone,
muddy sandstone, and thick grey sand shale, commonly
interbedded with mound-like laminations. In the geological
structure, the Liuchungchi Fault passes through the southern
side of the collapsed area, while the Chukou and Lunhou Faults
are the main fault structures in the area. The collapse site was
mainly located on the back-slope axis (anticline axis) and its
eastern flank slope. The northeastern portion of the collapse site
presents a localized oblique structure. This complex geological
condition is one factor contributing to the higher collapse
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FIGURE 2
Schematic diagram of geology and geological structure in Babaoliao area.
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potential of the area. Since the formation of the collapse site in
November 2011, the landslide area has continued to expand
owing to heavy rains and typhoons, and there are signs of
continuous sliding. The potential collapse area is 11.31 ha, with
a risk of shallow collapse and deep sliding. Systematic surveys
have been conducted since 2017. To date, the collapse site has
field
geophysical/chemical investigations, sampling and analysis,
observation system construction, UAV interpretation, and
application models. Related observations are ongoing, and

undergone integrated analysis such as surveys,
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the investigation strategy is being revised in response to
spatiotemporal changes to clarify the sliding mechanism of
the potential landslide and formulate countermeasures
(Branch, 2018).

Hydrogeological assessment

The internal factor of the Babaoliao collapse mechanism
was regional geological fragmentation, and the external
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TABLE 1 Hydraulic and mechanical parameters of three geological materials.

Hydraulic parameters

Materials Or [-] Os [-]
Soil 0.00001 0.350
Regolith 0.0000124 0.486
Bedrock 0.031 0.467

Mechanical parameters

Materials Gs|-] c’[kPa]
Soil 2.72 17.16
Regolith 2.61 34.33
Bedrock 2.64 68.65

triggering factor was mainly rainfall. When rainfall infiltrates
into shallow soil or generates fracture -advantageous water
flow on the sliding surface, it may cause hillslope instability.
Therefore, we conducted soil sampling and indoor test
analysis on the collapse site to understand the internal
hydraulic behavior of hillslope soils due to rainfall and its
effect on stability. The test items included the general physical
property test of soil (unit weight, porosity ratio, specific
gravity, and saturation), general physical property test of
rock (water content, porosity, durability, unit weight, and
specific gravity), triaxial water permeability test of soil,
pressure cooker test of soil, and direct shear test of rock.

No Flow Boundary

'y

BH-05CI
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x-displacement:

Ay
Free Dn?osplzerjc
isp, oup
ac Mepe B da’l’

a [m™] n [-] e [] Ks [mm/h]
0.21 1.158 0.56 324
0.63 1.125 1.05 3.24
3.64 1.121 0.19 5.90x10™
¢’[degree] E[kPa] possion ratio[-]
23 20000 0.33
23 20000 0.33
23 40000 0.33

The tests were performed by the geotechnical engineering test
laboratory of Sinotech Engineering Consultants with TAF
certification. The hydro-mechanical properties of geological
materials are listed in Table 1 and reported in detail in SWCB
(2018). The results and parameters of the tests were used as
references for subsequent conceptual modeling of the collapse
site. The soil composition of the fine particles was mainly fine
sand to powder soil, whereas the coarse particles with
relatively high content are mainly medium sand. The
results of the soil permeability test showed that the
permeability values ranged from 1.64x1077-8.99x107° cm/s
at 20°C under different compression pressure. The test
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FIGURE 3
Conceptual model of slope geometry and boundary conditions.
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results showed that the unit weight of the rock sample was
. . 533
2.37-2.69 t/m’, water content was 1.9-8.7%, specific gravity z
. . 532 -
was 2.68-2.73, porosity was 0.08-0.19, and water absorption =
S |
rate was 2.7-12.8%. £ 5
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=
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. . E
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This study used the section from BHO05-CI to BH-02 on the s26 o7 s 29 a0 s 2 23
upper slope of the disaster-prone area at the Babaoliao collapse site Observed water head(m)
as an example. The soil thickness of this section ranges from 3.8 to
. . FIGURE 5
7.2 m, and the rock plate 18 muddy sandstone. On-site surveys have Validation of simulated value against observed values at
shown that the surface soil has undergone erosion caused by rainfall BHO5-CI.

events, forming several eroded pits and trenches, and is prone to
disasters such as rock chippings. BH-05CI established an automatic
observation record of in-hole deformation in July 2018, and obvious
deformation was observed during the rainfall period from 08/23/
2018 to 08/24/2018. This study adopted a rainfall event (hereafter
referred to as the 0823 rainfall event) for subsequent numerical
simulations. In this study, the geological conceptual model from
BHO05-CI to BH-02 was first established based on the results of
previous field surveys and tests, as shown in Figure 3, and the actual
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elevation of the slope before the rainfall event was used for the
surface elevation. According to the experimental parameters of the
test (Table 1), we adopted the best-fitting SWCC, HCF, and
estimated SSCC through Eq. 7, as shown in Figure 4.
Stratification was used as the mesh refinement unit in this
study. The soil layer was set to 0.8 m, and the weathered rock
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TABLE 2 The value of cohesion and friction angle of three geological materials in this study.

a-cut Soil Regolith
c- c+ - o+ c-
0.1 7.89 26.43 14.72 31.28 15.79
0.2 8.92 25.40 15.64 30.36 17.85
0.3 9.95 24.37 16.56 29.44 1991
0.4 10.98 2334 17.48 28.52 21.97
0.5 12.01 2231 18.40 27.60 24.03
0.6 13.04 21.28 19.32 26.68 26.09
0.7 14.07 20.25 20.24 25.76 28.15
0.8 15.10 19.22 21.16 24.84 30.21
0.9 16.13 18.19 22.08 23.92 3227
1.10 2.50
——LFS  —A—Reliability index
~1.08 200 &
Py 5
5 1.06 - 1.50 E
5 1.04 4 1.00 =
> E]
q e
< 1.02 - 050 2
1.00 T T T T T T T T T 0.00
00 01 02 03 04 05 06 07 08 09 1.0
The degree of membership
FIGURE 6

Variation of average LFS, reliability index with the degree of
membership.

debris layer was 1.6 m. The farther the grid distance from the
set stratification, the larger the size, and the system
automatically optimizes the target grid size to 5.6 m; that
is, the grid distribution to the target grid size stops. The overall
grid was divided into 2,453 nodes and 5,032 elements. The
hydrological boundary is the atmospheric boundary on the
slope, seepage surface boundary on the slope below BH-02,
constant head boundary on the right side, time-varying head
boundary on the left side, and zero-flow boundary at the
bottom. The mechanical boundary is the free displacement
boundary on the slope, the zero-displacement boundary in the
x-direction on the left and right sides, and the zero-
displacement boundary in the z-direction at the bottom.
The simulation of the 0823 rainfall events included the
complete rainfall events. To include the complete rainfall
event, the simulation time used in this study was 60 h, and
the iterative convergence conditions are 0.001 water content
tolerance and 0.01 m pressure head tolerance. The simulation
results showed that the root mean square error of water level
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c+

52.87
50.81
48.75
46.69
44.63
42.57
40.51
38.45
36.39

09

Bedrock

- o+ c- c+ ¢- o+

14.72 31.28 31.58 105.72 14.72 31.28
15.64 30.36 35.70 101.60 15.64 3036
16.56 29.44 39.82 97.48 16.56 29.44
17.48 2852 43.94 93.36 17.48 28.52
18.40 27.60 48.06 89.25 18.4 27.6

19.32 26.68 52.17 85.13 19.32 26.68
2024 25.76 56.29 81.01 20.24 25.76
21.16 24.84 60.41 76.89 21.16 24.84
22.08 23.92 64.53 72.79 22.08 23.92

was ~0.35 m, and the coefficient of determination R* was
~0.95 at the BH05-CI, as shown in Figure 5, indicating the
reasonableness of the model.

Establishment of cohesion and internal
friction angle fuzzy numbers

In this study, the cohesion force and internal friction angle
were considered triangular fuzzy numbers, and the values in
Table 1 were considered the mean values. The maximum
establish  the
triangular fuzzy numbers, which were 30% of the cohesion

coefficient of variation was used to
coefficient of variation and 20% of the internal friction
angle coefficient of variation. The top sets of cohesion and
internal friction angle were obtained by intercepting nine
affiliations from 0.1 to 0.9. A total of 36 input variables
were obtained, as listed in Table 2. After the model
calculation, 36 sets of output variables were obtained,
subsequently, the hillslope failure probability was obtained

by calculating Eqs 13-15.

Results and discussion

Analysis of failure probability of historical
rainfall events

This study used the 0823 rainfall event as the analysis period. We
obtained different combinations of parameters with varying degrees
of affiliation through the intercept set without considering the
correlation between cohesion and angle of internal friction. We
considered an observation point at a depth of 1 m for BH-05CI
and the 48th hour of rainfall as an example. The results show that the
reliability index increased as the degree of affiliation increased. The
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average local safety coefficient at this location varied from [1.064,
1.075] to [0.217, 2.278], as shown in Figure 6. The fuzzy weighted
average local safety factor considering the degree of membership was
1.073. The change in the fuzzy weighted average local safety factor
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over time is shown in Figure 7. According to the rainfall data,
continuous heavy rainfall began at the 15th hour. The BH-05CI
observation deformation records in the wellbore show that the
position started to deform by 0.54mm at the 23rd hour, the
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Result of (A) volumetric water content and (B) probability of failure change with depth at 6, 12 and 24 h (U: Uniform rainfall pattern; D: Delayed
rainfall pattern; N: Normal rainfall pattern; A: Advanced rainfall pattern).

deformation increased by more than 1 mm per hour, and the
maximum deformation was 25.04mm at the 32nd hour.
Therefore, the LFS (LES = 1.258) at the 23rd hour was considered
a critical value in this study. The change in the failure rate of this
observation point with time showed that the LFS decreased with the
increase in cumulative rainfall, and the failure rate increased with it.
The failure rates were 50% at the 23rd hour, 90% at the 48th hour,
and 94% at the 60th hour. The spatial distribution of the failure rate
was mainly concentrated around BH-05CI, indicating that the
unstable area of the slope extended from the surface to the
bottom as the rainfall infiltration increased. A failure rate of 50%
was used as an indicator of instability. The instability depth was
~1.5 m at the 23rd hour, 1.8 m at the 48th hour, and 2 m at the 60th
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hour. As shown in Figure 8, the areas with a failure rate of over 50%
were consistent with the interface of elevation loss, indicating that the
model can predict the area of slope instability and its change over
time and space.

Analysis of rainfall pattern failure
probability

In this study, regarding the warning management benchmark
of Babaoliao, the cumulative rainfall of the yellow warning in the
area was 200 mm, and the average rainfall intensity was 20 mm/h
(SWCB, 2018). Therefore, in this study, four rainfall patterns were
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FIGURE 12
Distribution of 50% probability of failure at 24 h at the top of
slope.

designed based on the principle of 24-h cumulative rainfall of
200 mm, namely, uniform, delayed, normal, and advanced rainfall
patterns (Rahimi et al., 2011), as shown in Figure 9, to investigate
the effect of different rainfall patterns on the hydraulic behavior
and stability of the hillslope.

This study first analyzed the cumulative runoff and infiltration
flux of the atmospheric boundary at the surface of the slope under
four rainfall patterns. Surface runoff analysis showed that the
retrogressive rain pattern was third in rainfall time owing to the
strong initial rainfall intensity. Surface runoff occurs in hours, and
surface runoff occurred at the latest in the progressive rain pattern of
~ the 14th hour, as shown in Figure 10A. The cumulative infiltration
flux shows that the overall cumulative infiltration flux of the delayed
rainfall pattern was higher than that of the other rainfall patterns in
each time period, as shown in Figure 10B. This study evaluated the
changes in the volumetric water content of the surface soil with depth
in different time periods under four rainfall conditions on the BH-
05CI vertical profile. The delayed rainfall pattern caused the soil
surface to reach saturation in a short time (the sixth hour as an
example). Furthermore, the wet zone had a deep advancing depth,

Ads
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FIGURE 13
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and the water content response depth was ~2 m. Advanced rainfall
patterns had little initial and accumulated rainfall intensity, so the
water content response depth was ~0.7 m, and the surface layer was
saturated. As shown in Figure 11A, at the 12th hour, the water
content reaction states of the homogeneous and normal types were
similar. After the 24th hour, the surface layer reached a saturated state,
and the depth of the saturation zone was ~0.7 m. The water content
response changed below the saturation zone in the order of delayed
rainfall pattern> uniform rainfall pattern> normal rainfall pattern>
advanced rainfall pattern. The soil water content was affected by the
rainfall pattern and accumulated rainfall. In the process of rainfall
infiltration, rainfall intensity affected the development of the shallow
saturation profile, revealing the important influence of vertical
seepage on shallow hydrological responses. Chinkulkijniwat et al.
(2016) conducted experiments to evaluate the hydrological response
of different shallow slope and showed similar findings. The slope soil
was unstable owing to rainfall infiltration, which was affected by the
change and distribution of soil water content. The analysis of the
probability of failure shows that in the sixth hour, except for the
advanced rainfall pattern, other rainfall patterns caused instability of
the surface soil. Along with the vertically downward direction of the
saturation zone, the instability range also developed in the deep soil, as
shown in Figure 11B; in the 24th hour, the location with a 100%
probability of failure was ~1 m below the surface.

Under the four rainfall conditions, the spatial variability of the
hillslope failure probability was affected by the boundary flux and
hillslope topography, as shown in Figure 12. The spatial distribution of
the failure probability of 50% was presented at the end of the rainfall
time (24th hour) as the basis of analysis, which showed that different
rainfall patterns would lead to different degrees of development of the
unstable area for the same cumulative rainfall of 200 mm. At the end
of the rainfall event, the delayed rainfall pattern had the largest
instability area, followed by the uniform and normal types. In
contrast, the advancing rain type had the smallest instability area.
The variation in stability over time was evaluated at the observation
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Result of (A) slope stability analysis and (B) probability of failure under four rainfall patterns.
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point of BH-05CI at a depth of 1 m. When considering the time
variability, this study considered the observation point at a depth of
1 m at BH-05CI as an example to evaluate the changes in stability over
time under the four different rainfall patterns, as shown in Figure 13.
The average local safety factor of the delayed rainfall pattern had a
large decreasing slope, reaching a failure probability of 100% in the
third hour, followed by a uniform rainfall pattern at the sixth hour, a
normal rainfall pattern at the ninth hour, and an advanced rainfall
pattern at the 13th hour. This shows that even if the accumulated
rainfall over 24-h was 200 mm, depending on the rainfall intensity, the
overall infiltration flux of the slope changes dynamically, affecting the
time of slope instability. Among them, the delayed rainfall pattern
significantly impacted on the time of slope instability, and shallow
collapse was most likely to occur earlier. Rahimi et al. (2011) showed
that the delayed rainfall pattern occurred earlier and exhibited similar
results. It should be noted that this study only considered the effects of
different rainfall patterns on the boundary fluxes, slope hydraulic
behavior, and stability for the same 24-h rainfall. When the rainfall is
of the long-delay, high-intensity continuous type, deeper slope failure
may occur after the shallow collapse, which is not included in the
scope of this study. The type and scale of slope failure are controlled by
slope hydraulic behavior, geomaterial properties, and slope structure.
Shallow failures are usually the priority soil-sand hazards caused by
rainfall, indicating the importance of evaluating shallow soil hydraulic
behavior and failure mechanisms.

Conclusion

This study considered uncertainties in the mechanical
parameters. The fuzzy theory was combined with the hydraulic
coupling model and the LFS theory was used to evaluate the LFS at
different depths of the shallow slope. Reliability analysis was then
used to calculate the failure rate of the slope at different depths. To
verify the rationality of the analytical model, this study used a case
study of the Babaoliao hillslope, which has a record of in-hole
deformation and observed displacements, to simulate the
0823 rainfall event, analyze of the simulation results, calculate the
failure probability, and compare the instability range.

The observation of 1 m underground displacement in BH-05CI,
and the time of the beginning of displacement after the 23rd h was
used as the benchmark. The local safety factor at this time was
regarded as the critical value (LFS = 1.258), and the underground
factor was calculated—the change in the probability of failure with
time. The results showed that the failure rate was 50% at the 23rd
hour, 90% at the 48th hour, and 94% at the 60th hour. Spatial
analysis showed that the change in the failure rate was mainly
concentrated around BH-05CI, and the relative instability area is
consistent with the elevation loss interface, indicating that the model
could effectively describe the development and distribution of the
slope instability area with in situ observation data.

We evaluated the effect of different rainfall patterns on
hillslope stability concerning yellow alert rainfall (24-h

Frontiers in Earth Science

14

10.3389/feart.2022.957506

cumulative rainfall of 200 mm), which is the benchmark
value of the Babaoliao alert management. The results
showed that the boundary flux controls the overall
infiltration of water into the slope and affects the change
in soil water content, which in turn causes slope instability.
Delayed rainfall causes early slope instability, therefore,
special attention should be paid to this type of rainfall
pattern. According to the occurrence sequence of soil-
sand disasters, shallow landslides and soil-rock flows are
usually the priority soil-sand disasters. They are influenced
by the internal hydraulic behavior of the slope, the
characteristics of the geological material, and the structure
that controls the type and scale of slope failure, indicating
that shallow failure is one of the precursors of large-scale
collapse. Therefore, evaluating the hydraulic behavior and
failure mechanisms of shallow soils is crucial.
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