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ARTICLE INFO ABSTRACT

Keywords: Evaluating the temporal stability and risk of unsaturated soil slopes during rainfall is essential for early warning
Rainfall and emergency response to landslides. However, limited research has been conducted on the transition timing
Unsaturated slopes of sliding mechanisms, instability/failure time and the integration of sliding consequences into quantitative risk
Heterogeneity

assessment. In order to extend the research in this field, the Random Finite Element Method (RFEM) is used in
this paper to investigate the influence of spatial variability of hydraulic properties (related to the fundamental
parameter porosity) on the temporal stability and risk of soil slopes subject to rainfall. The findings indicate that
the advancing speed of the wetting front is more rapidly in zones with low porosity than that in zones with high
porosity. As rainfall progresses, the sliding mechanism of the slope shifts from deep sliding to shallow sliding.
The homogeneous case tends to underestimate the rise in groundwater levels, leading to an overestimation of
slope stability. Hydraulic boundary conditions significantly affect slope stability, making it crucial to consider
horizontal (or near the toe of the slope) drainage conditions in practical applications. Additionally, the time
of instability/failure predicted in the homogeneous case may be delayed compared to the actual conditions.
Both probability of instability/failure and risk increase with continued rainfall. Compared to scenarios where
the spatial variability of internal friction angle is not considered, the probability of instability/failure and
risk will be higher when the spatial variability of internal friction angle is additionally considered. Risk-
based assessment can define the risk levels, reflecting the severity of sliding consequences. Furthermore, the
Malin slope failure record from the Chibo region of India is used to validate the effectiveness of the proposed
approach. The probabilities of slope failure align well with actual observations, and the risk-based assessment
provides additional information into the Malin landslide. This paper proposes a general model for studying
the performance of heterogeneous slopes subject to rainfall, providing valuable guidance for landslide early
warning systems and the scope and timing of emergency measures taken.

Temporal stability
Risk analysis

1. Introduction by altering environmental loads, such as rainfall, which subsequently
impacts the annual probability of rainfall-induced landslides (Liu and

The field of engineering geology commonly studies natural or ar- Wang, 2024). When long embankment slopes that are stable in their
tificial soil slopes, and the stability of these slopes is influenced by natural state experience rainfall, the water content and saturation

a combination of internal factors (e.g., soil properties) and external
factors (e.g., rainfall, earthquakes). Natural soil slopes often exist in
a temporally changing state, with some parts saturated and others par-
tially saturated, and matric suction is a critical factor in maintaining the
stability of unsaturated slopes (Cai and Ugai, 2004; Arnold and Hicks,
2011). Climatic conditions can significantly influence slope stability

of the shallow zone of the slope increase due to the infiltration of
rainwater. This decrease in matric suction reduces the contribution
of matric suction to the soil shear strength, ultimately resulting in a
significant reduction in slope stability (Zhang et al., 2014; Elia et al.,
2017), resulting in rotational or compound slides (Hungr et al., 2014).
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Therefore, it is crucial to evaluate the performance of unsaturated
slopes under rainfall.

The natural formation process of soil is heterogeneous, making
soil a spatially variable material. Therefore, to be most realistic, the
parameters used to represent soil properties should also exhibit spatial
variability. For instance, internal friction angle, porosity, saturated
hydraulic conductivity, and unit weight exhibit spatial variability, and
there are often cross-correlations between these parameters. Two meth-
ods are typically used to address cross-correlation among multiple
parameters: (1) multivariate cross-correlated random property fields
(e.g., Arnold (2016), Masoudian et al. (2019)); (2) a single random
property field, with other properties related to it (e.g., Le et al. (2015,
2019)). The first method considers the combined effect of the random
characteristics of multiple parameters, making it difficult to attribute
changes in slope performance to a single parameter, this complexity
makes the analysis more challenging. The advantage of the second
method is that it can directly present the response of the model to a
single parameter.

This spatial variability in soil properties can be effectively de-
scribed using random fields, often in combination with the Monte
Carlo method, forming the Random Finite Element Method (RFEM).
RFEM has been shown to enhance our understanding of slope failure
mechanisms (Li et al., 2015), which has been used widely to investigate
the influence of mechanical parameter variability on slope stability
(e.g., Griffiths and Fenton (2004), Hicks and Onisiphorou (2005), Cho
(2009), Hicks and Spencer (2010)).

In recent years, many scholars have studied the stability of un-
saturated slopes using the RFEM. Le et al. (2015) evaluated how
the coefficient of variation (COV) and scale of fluctuation (SOF) of
porosity affect the factor of safety (FOS) and failure consequences
of unsaturated slopes. Masoudian et al. (2019) considered the spatial
variability of porosity to study the stability of brown coal dump sites.
Additionally, Liu et al. (2017) found that porosity affects saturated
hydraulic conductivity, which in turn influences the stability of unsat-
urated slopes. These studies emphasise that porosity (or void ratio) is a
fundamental parameter for describing soil properties. Variable porosity
drives other properties and overall behaviour.

Probability of failure or reliability can be used to evaluate slope
performance. Liu et al. (2020) introduced an adaptive Monte Carlo
simulation method based on the limit equilibrium method, which sig-
nificantly improves the computational efficiency in assessing slope
failure probability and reliability. However, this method does not ac-
count for the influence of rainfall on slope stability. Gu et al. (2023)
indicated that the reliability of slopes can be influenced by the un-
certainty of soil-water characteristic curve (SWCC) model parameters,
and they investigated the response of slope failure probability under
different rainfall modes. Similarly, Pan et al. (2024) took into account
the spatial variability of saturated hydraulic conductivity (K,) and
shear strength parameters (¢’ and ¢’) to analyse the failure probability
of slopes subjected to rainfall. However, it is important to note that
these studies ignore the consequences of failure, and the assessment of
slope performance may be incomplete.

The risk assessment of slope failure, which can take into account
the impact of the failure consequences, has made significant progress
in recent years (Jiang et al., 2022). Typically, risk is expressed as the
product of the probability of failure and the consequences of failure.
The consequences of failure are influenced by the mode of failure,
with deep failures typically resulting in more severe damage, although
this depends on the specific situation and chain of events leading to
damage. Chowdhury and Xu (1995) and Huang et al. (2010) noted
that there may be multiple failure modes for the same slope. For
unsaturated slopes, rainwater infiltration reduces matric suction in the
unsaturated zone and alters the volumetric weight distribution in the
slope, potentially causing shallower or deeper failures. The studies
by Le et al. (2015, 2019) confirmed that rainfall infiltration can indeed
change the failure mode of slopes. Huang et al. (2013) proposed a
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new framework for quantitative landslide risk assessment, which is
suitable for evaluating the risk of slope failure under various failure
modes. Analysing the sliding mechanisms of slopes and assessing slopes
temporal stability and risk of failure is essential for early warning
systems and the implementation of emergency measures to mitigate the
impact of landslides, as highlighted in previous studies (Ju et al., 2020;
Yang et al., 2022; Hou et al., 2022; Chansorn et al., 2023).

Arnold (2016) established a transient model subject to rainfall to
study the transition of slope failure mechanisms caused by the ad-
vancing of the wetting front, and the risk of slope failure had been
evaluated. Although these aspects being comprehensively explored,
some limitations still exist: (1) it utilised multivariate cross-correlated
random property fields, but little is known about the cross-correlation
of multivariate random property (limited field evidence) at a particular
site; (2) it did not consider the transition timing of sliding mechanisms,
which hinders the evaluation of the scope and timing of emergency
response to landslides; (3) the impact of rising groundwater levels on
slope stability was not investigated due to the hydraulic boundary
conditions set; (4) the instability/failure time of heterogeneous slopes
was not analysed; (5) the risk of failure was directly estimated from
the probability of failure, overlooking the impact of the failure con-
sequences on risk. Addressing these limitations would require further
exploration and research.

Additionally, previous research has given less attention to the tran-
sition timing of sliding mechanisms and instability/failure time of
unsaturated slopes. So far, few articles have attempted to quantify the
risk of failure of unsaturated slopes under rainfall over time.

This paper aims to establish a stochastic model for partially sat-
urated soil slopes during rainfall infiltration and quantify the impact
of heterogeneous soil parameters on the temporal stability and risk of
potential slope instabilities. First, the transient response of an embank-
ment soil slope over a 10 day rainfall period is examined, accounting
for the spatial variability of the porosity as a fundamental parameter.
The impact of the heterogeneity of hydraulic properties (related to
porosity) on the performance of unsaturated slopes is evaluated. Based
on Monte Carlo simulation (including 500 random realisations), the
distribution of FOS and sliding area are obtained. Each realisation
involves different porosity random fields and finite element analyses
of the slope. Thereafter, the Malin slope failure record from the Chibo
region of India is utilised to validate the effectiveness of the proposed
approach. In the following sections, the fundamental methodologies
are briefly introduced, including: Richards’ equation for water seepage,
strength reduction for slope stability, spectral clustering for sliding
area quantification, random field for simulating spatial variability,
Monte Carlo method for failure probability and risk assessment. Then
an illustrative embankment slope example is presented, of which the
advancement of the wetting front, changes in groundwater level, FOS
and sliding areas/volumes are statistically analysed and discussed. Par-
ticularly, the instability/failure time, probability of instability/failure,
and a proxy for risk of slope instability are quantified. Subsequently,
some conclusions are drawn to highlight the implications of considering
the variability of hydraulic soil parameters. Finally, the performance of
the Malin slope is analysed using the framework proposed in this paper.
The model established in this paper can be used as a general tool for
sliding mechanism analysis and quantitative risk assessment of slopes
subject to rainfall.

2. Methodology
2.1. Process of the overall analysis

The calculation process of the numerical method is shown in Fig. 1.
This study focuses on partially saturated soil slopes subjected to rain-
fall. The model is implemented in COMSOL Multiphysics, which incor-
porates both solid mechanics and hydraulic mechanics. A one-way cou-
pled hydraulic-mechanical modelling approach (Vardon et al., 2016)
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Fig. 1. Numerical approach framework for transient analysis.

is employed, allowing the results of the hydraulic mechanics analysis
to inform the subsequent solid mechanics analysis. Firstly, the Local
Average Subdivision (LAS) method (Fenton and Vanmarcke, 1990) is
used to generate the void ratio (e) random field with spatial variability,
which is then transformed into the porosity random field; secondly,
the porosity random field is fed into the finite element model, and
stochastic seepage analysis is completed to obtain the distributions of
pore pressure and effective degree of saturation; thirdly, slope stability
analysis is conducted at each rainfall time step to obtain FOS, height
of groundwater level, sliding area, etc; finally, the sliding mechanism,
time of instability/failure, probability of instability/failure and risk are
analysed.

2.2. Transient flow in unsaturated soil slopes

The Richards’ equation is used to describe the flow of water in
variably saturated porous media:

Cn op K
Pw pw_g + SeS E +V- Pw _”_wKr(Vp + pwgVDe) = Qm (l)

where C,, is the specific moisture capacity, as shown in Eq. (6); S, is
the effective degree of saturation; S is the water storage coefficient;
K is the saturated hydraulic conductivity; K, is the relative hydraulic
conductivity; p,, is the fluid density; g is the acceleration of gravity; u,,
is the viscosity of water; p is the water pore pressure; ¢ is the time; D,
is the elevation; Q,, is the fluid source (positive) or sink (negative), as
shown in Eq. (2), u is the fluid velocity; and V represents the gradient
operator. The hydraulic conductivity of unsaturated soil can be defined
as Eq. (3)

V- (ppt) = Op (2)

K = K,K, 3)

The SWCC is used to describe the relationship between matric
suction and volumetric water content. There are many fitting equations
that describe the SWCC of unsaturated soils, with the van Genuchten
(VG) model and the Fredlund and Xing (FX) model being the most
widely used.

The SWCC and relative hydraulic conductivity are described by the
VG model (Van Genuchten, 1980):

0,,—6, 1
e — L p<0
S, = 050, (I+|aVGp| VG) VG 4
1 p=>0
L \"y67?
"y G
K, = \/S. [1—(1—Se > ] p<0 )
1 p>0
1 1
Yyeé"ve "y G My ym
G, =] a0 -0)80 (-5 p<0 ©
0 p=>0

where 6,,, 6, and 6, are the volumetric water content, saturated vol-
umetric water content, and residual volumetric water content, respec-

tively; «, ., m,, and n,  are fitting parameters for the VG model, and

myg =1-1/ny¢.
The SWCC and relative hydraulic conductivity are described by the
FX model and Leong and Rahardjo model (Pan et al., 2024):

0, = b @)

w ney mFX
{ln [eeluer + (aFXp) ] }
0 Pr
K, == 8
=(@) ®
wherea, ,m_ andn_ are fitting parameters for the FX model; e,
is the Euler’s number; p, is the constant related to the soil type.

The parameter @, . and «, can be related to porosity (¢), and
utilises an additional parameter » (Rodriguez et al., 2007; Zandarin
et al., 2009):

_ 50 9)
expln(¢y — ¢)]

where ¢, is the base value of porosity; ¢ is the porosity; and the

parameter 5 controls the rate at which a, JEx deviates from its base

value ay, when ¢ deviates from its base value ¢,. Similarly, saturated

hydraulic conductivity can be related to porosity (¢) by using the

a
VG/FX
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Kozeny equation (Le et al., 2015):
¢ (1= y)?
KS = KAO 2 —3
-02 ¢

where K| is the base value of the saturated hydraulic conductivity.

(10)

2.3. Slope stability analysis

The extended Bishop’s effective stress criterion (Bishop and Blight,
1963) and the Mohr-Coulomb (MC) model are used here to describe
the mechanical constitutive behaviour of unsaturated soils. The failure
criterion for unsaturated soil is:

7 =c + (0, —uy)tan ¢’ + y(u, — u,,)tan ¢’ (11)

where 7, is the soil shear strength; ¢’ is the effective cohesion; ¢’ is
the effective internal friction angle; o, is the total stress; u, is the pore
air pressure; u,, is the pore water pressure; y is the effective stress
parameter equal to the effective degree of saturation; (c,-u,) is the
net stress; (u,-u,,) is the matric suction; and y(u, — u,,) is the suction
stress. Eq. (11) reflects the contributions of net stress, matric suction,
effective cohesion and effective internal friction angle to the strength
of unsaturated soils, the suction stress decreases with the decrease of
matric suction.

The strength reduction method (SRM) is used to calculate the FOS
and to monitor the maximum displacement response of the slopes.
The effective cohesion and the tangent of the effective internal friction
angle are simultaneously divided by the reduction factor, as shown in
Eq. (12), where C}ail and d)lfail represent the effective cohesion and
the effective internal friction angle when the strength parameters are
reduced to slope failure.
¢’ _ tan qﬁ,

Fos =< = ¢
Cran AN,

(12)

The slope is considered stable when the FOS is greater than the
critical factor of safety (CFOS), and unstable when the FOS is less than
the CFOS (especially when CFOS=1, slopes with FOS less than CFOS
are considered to have failed):

{ Stable FOS > CFOS 13)

Unstable FOS <CFOS

2.4. Generation of spatially variable properties

The statistical characteristics of soil parameters can describe the
probability distribution of variables, such as mean (u), standard devia-
tion (¢) or COV (COV=c/u). SOF (0) is used to characterise the distance
between spatial points within which soil parameters show a relatively
strong correlation. Here the LAS (Fenton and Vanmarcke, 1990) is
used to generate random fields. This method generates a standard
normal random field which can be transformed to an appropriate target
distribution (e.g., the log-normal distribution). In addition, the field
values can be post-processed to obtain anisotropic random fields to
represent different SOFs in different directions (Hicks and Samy, 2004).
The correlation structure of the soil property is characterised by a
simple exponential correlation function:

27y 2 27, 2
p(7,7,) =exp|— — ) + == 14)
6, 0,

where (7),7,) is the lag distance between two points in a random
field, and the subscripts 1 and 2 represent the vertical and horizontal
coordinate directions, respectively.

2.5. Failure probability and risk

Consequence of failure is an important factor in the risk assessment
of slope failure (Zhang and Huang, 2016). The risk R is defined
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as (Huang et al., 2013):

ny ny 1 ny
R:prixc[:pf[Zc[: ZC[ (15)
i=1 i=1

Ryeal i=1

where p; and C; are the probability and consequence of failure mode
i, respectively, and n, is the number of failure cases in a Monte Carlo
simulation. The failure modes of each realisation are independent of
each other, so the probability of a single failure mode is constant,
i.e, pg; = 1/n,,, where n,,, is the total number of realisations.

The options used to represent the impact of slope failure include
the volume of the failure mass, the height of the failing mass relative
to the ground, the distance from the slope toe to the element at risk,
or aspects relating to the dynamic behaviour of sliding masses, such
as velocity and energy (Cui et al., 2022). However, the analysis of
the consequences of slope failure is highly dependent on the analysis
method. For an ideal two-dimensional slope model, the choice of the
sliding area as a proxy for the failure consequences is an acceptable
result.

2.6. Slope sliding area calculation

Huang et al. (2013) and Le et al. (2015) identified two typical
slope failure modes: shallow failure and deep failure. They used nodal
displacements of the slope to identify the landslides and calculate the
sliding area. Additionally, Hicks et al. (2014) used a simpler method
to determine the failure consequences of 3D slopes by recording the
maximum x-direction nodal displacement in the mesh, and for a given
percentage of the maximum displacement, the volume of the mesh
greater than or equal to this displacement is calculated. The nodal
displacements of the slope can therefore be used to quickly and easily
identify the landslide.

The use of any predefined displacement threshold to identify land-
slides is not generalisable. From a classification perspective, landslides
can be identified without using such a threshold. The spectral clustering
method works well for the application considered in this paper. It
conceptualises all data as points in a high-dimensional space, connected
by edges that representing their similarities. A similarity matrix is
constructed to quantify the connections between these points, and then
the eigenvalues and eigenvectors of the graph Laplacian are used to
identify a partitioning of the data. This partitioning is characterised
by high intra-cluster similarity and low inter-cluster similarity, thereby
achieving the purpose of clustering.

The nodal displacements are classified by spectral clustering to ob-
tain the sliding area. Spectral clustering can be summarised into three
steps (Bojchevski et al., 2017): (a) First, the k-nearest neighbour (KNN)
method is used to generate a similarity graph A; (b) The normalised-
cut method (Ncut) is used to cut the graph A into k, unconnected
subgraphs; (c) Finally, the K-means clustering method is used to obtain
the final classification result.

The SRM is used to calculate the FOS of the slope, and the dis-
placements of the finite element nodes are collected when the iteration
to find the elastic—plastic strain variable does not converge. Figs. 2(a)
and 2(c) are the displacement distributions of the slope under the limit
state (failure), corresponding to the shallow sliding and deep sliding of
the slope. Figs. 2(b) and 2(d) show the classification results, with the
sliding mass marked in red. The size of the sliding area is used as a
criterion for classifying the slope sliding modes, this value is shown in
Section 3.4.

3. Ilustrative example 1: an embankment slope

Griffiths and Lu (2005) analysed the stability of homogeneous slopes
composed of silt and clay. Their findings indicated that the stability
of silt slopes was more susceptible to rainfall infiltration. It is there-
fore necessary to carry out a transient rainfall infiltration analysis for
heterogeneous silt slopes. In this section, a representative clayey silt
embankment slope subject to rainfall is considered.
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Fig. 2. Spectral clustering results: (a, c) slope displacement at failure for two examples; (b, d) classification results of shallow failure and deep failure (sliding mass is red). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.1. Slope description

The slope has a height of 10 m, resting on a 20 m thick base, and
the slope ratio (vertical direction to horizontal direction) is 1:2. The
slope geometry and boundary conditions are shown in Fig. 3. The finite
element model adopts second-order quadrilateral elements, with the
maximum side length of the elements being 1.2 m. It consists of 1564
elements, which has been verified to meet the accuracy requirements
for the calculations.

The numerical modelling is representative of possible in situ con-
ditions. The two sides (ABC and FGH) of the model are assigned
roller boundary conditions (zero x-displacement), while a fixed bound-
ary condition at the bottom (AH) with zero x-displacement and y-
displacement. The initial groundwater level is set at 15 m (5 m below
the toe of the slope), while the free water surface outside the slope
is located at point G. The pore air pressure is assumed to be constant
and equal to the atmospheric pressure, then the suction equal to the
negative value of pore water pressure. Thus, the maximum initial ma-
tric suction occurs at the top of the slope under static water conditions
(150 kPa). A no-flow boundary condition is applied along AH, BC
and FG, while a Dirichlet seepage (e.g., Masoudian et al. (2019)) was
prescribed along GH, where a constant pressure head is maintained.
Groundwater exceeding the set head can flow out of the slope through
GH.

Arnold (2016) found that the failure probability of ultimate limit
state may increase significantly for slopes subjected to prolonged peri-
ods of low-intensity rainfall. Additionally, Liu et al. (2023) developed
an explicit relationship between rainfall intensity and duration (i.e., the
critical rainfall pattern curve (CRPC)) for a specific slope and found that
the CRPCs obtained from the uniform and stochastic rainfall models
were generally consistent. In this paper, a slope subject to 10 days
of “relatively small” uniform rainfall events is examined, with rainfall
boundary conditions applied along CDEF with an infiltration rate of
q (43.2 mm/d). Furthermore, the pore pressure along the CDEF is
not allowed to exceed zero, which means that rainfall beyond the
infiltration capacity will not enter the model domain and will not
accumulate at the slope toe. To investigate the detailed changes in
slope stability during rainfall, a total of 40 slope stability calculations
were performed, corresponding to 0.25 day per time step. Even if the
FOS of the slope drops to 1.0 at a particular rainfall instant, stability
calculations are still performed for subsequent time steps to capture the

full process of slope stability changes over time.

The VG model was used to describe the SWCC and relative hydraulic
conductivity. The statistical characteristics of typical clayey silt soil
properties are shown in Table 1. To avoid deviating from the typical
values, the m, , n and a are approximately the middle of their
respective typical ranges of variation (Bear, 1972; Van Genuchten,
1980; Zandarin et al., 2009). It should be noted that the framework
used in this paper can also be applied to analyse other types of soil
slopes.

Some studies have reported values of saturated hydraulic conductiv-
ity of silt soils ranging from 1x 1073 m/s to 4.4x 107 m/s (Wang et al.,
2018; Ng et al., 2022). Le et al. (2019) found that for typical clayey
silt soils, a larger K, (e.g., 107 m/s) facilitates water flow, resulting
in a smaller pore pressure gradient and a reduced decrease in matric
suction, leading to a smaller decrease in shear strength. Conversely,
a lower K, (e.g., 10=® m/s) limits infiltration and restricts water
movement along the slope to very shallow layers. Therefore, the base
value of the saturated hydraulic conductivity is set to Ky, = 107 m/s
(flow ratio ¢/ K, = 0.05), which produces a large pore pressure gradient
and a significant suction drop, allowing the sliding surface to remain
within the wetted region of the shallow surface.

Eq. (11) demonstrates that both matric suction and shear strength
parameters contribute to slope stability. The heterogeneity of porosity
affects the hydraulic properties of the slope, which in turn influences
the distribution of matric suction and ultimately impacts the strength
of the soil. The determination of shear strength parameters is also
influenced by porosity. Mouyeaux et al. (2018) indicated that slope
stability is particularly sensitive to strength parameters, especially the
internal friction angle. The subsequent sections analyse the influence of
porosity on hydraulic properties, which in turn affects the distribution
of matric suction and ultimately affects slope performance. To isolate
this influence from other factors, it is assumed that the stiffness and
strength of the soil remain constant. In addition, the scenario of con-
sidering the spatial variability of both hydraulic properties and internal
friction angle are presented in Appendix A.

The values of ¢’ and ¢’ used in this study are typical values for
clayey silts, as reported by Bishop et al. (1960). Young’s modulus (E)
and Poisson’s ratio (v) are also within the typical range for clayey silt
soils (Zhu, 2014). It should be noted that the random variability of
the void ratio (e) is introduced before the application of gravity to
account for the effect of the variation in soil unit weight (caused by
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Fig. 3. Model size and elements (profiles 1, 5 and 9: for analyses in Section 3.2).
Table 1
Soil parameter values.
Parameter m, n by Ky, ay E v o ¢
Value 0.2 5 0.333 1073 0.05 100000 0.3 4 16
Units - - - m/s 1/kPa kPa - kPa °
Table 2
Statistical characteristics of the random parameter (void ratio).
Distribution Mean Ccov Vertical Horizontal Anisotropy Number
type SOF (m) SOF (m) of realisations
Log-normal 0.5 0.3 8.0 32.0 4 500

the variability of ¢) on the initial stress distribution.

There are very few published real measurement values of the SOF
for void ratio. Le et al. (2013, 2019) investigated the SOF for the
void ratio of clayey silts and used SOF(e) = 8 m in the study, but
without considering soil anisotropy. Furthermore, Phoon and Kulhawy
(1999) found that the horizontal SOF of soil properties is more than
one order of magnitude larger than the vertical SOF. Eq. (10) shows
that porosity is correlated with saturated hydraulic conductivity, many
studies (e.g., Liu et al. (2018)) have shown that the horizontal SOF
is considerably greater than the vertical SOF for saturated hydraulic
conductivity in layered clay soils, implying that the horizontal SOF for
porosity is similarly greater than the vertical correlation length. Given
this limited information, the statistical parameters of the void ratio
used in this study are presented in Table 2. Assuming that the void
ratio follows a log-normal distribution to ensure the values of the void
ratio are positive, and the anisotropic random field of the void ratio is
converted into the anisotropic random field of the porosity to ensure
that the obtained porosity value remains between 0 and 1.

Fig. 4(a) shows the typical porosity random field for realisation
1, Fig. 4(b) shows the random field of parameter a,. (VG model)
according to Eq. (9), and Fig. 4(c) shows the random field of saturated
hydraulic conductivity according to Eq. (10). Figs. 4(d—f) show the typ-
ical random field of porosity, a,, . and saturated hydraulic conductivity
for realisation 2. It is evident from Figs. 4(a-c) that a,, and saturated
hydraulic conductivity are larger in zones where porosity is higher.
Additionally, Fig. 4(d) illustrates that the porosity in zone 1 is lower
than in zone 2, which will affect the advancing speed of the wetting
front, as discussed in Section 3.2.

3.2. Wetting front

According to the improved Green-Ampt model (Jiang et al., 2023),
the soil profile can be divided into two regions during rainfall in-
filtration: a wetting region (including the transition region) and a

non-wetting region. The interface between the two regions is termed
the wetting front. This means that the soil below the wetting front
is at the initial degree of saturation. Similarly, in this paper, the
interface is treated as the wetting front, which between the region with
a change in effective degree of saturation and the region without a
change in effective degree of saturation. Rainfall infiltration increases
the effective degree of saturation in the shallow surface soil of the slope.
Under the influence of gravity, water is transported towards the interior
of the slope, resulting in the formation of a wetting front that progresses
inwards as rainfall continues.

Fig. 5 illustrates the distribution of the effective degree of sat-
uration, the wetting front, and the sliding surface for two typical
realisations and the homogeneous case at different stages of rainfall
(T= Oth, 1st, 5th and 10th day). Prior to the onset of rainfall, the
initial distribution of the effective degree of saturation generated by
the initial suction profiles (according to Eq. (4)) is shown in Figs. 5(a),
5(e) and 5(i). The spatial variability of the porosity results in a non-
uniform initial distribution of the effective degree of saturation and
leads to heterogeneous rainfall infiltration, which is more evident in
Figs. 5(e-h). As shown in Fig. 4(d), the porosity in zone 1 is generally
smaller than that in zone 2, and Fig. 5(h) indicates that the wetting
front advances faster in zone 1 compared to zone 2, suggesting that
the wetting front advances faster in zones with lower porosity.

On the 10th day of rainfall, 9 profiles were selected to investigate
the relationship between the advancing depth of the wetting front
and the average porosity of the profile above the wetting front. The
coordinates of the profiles are listed in Table 3. Fig. 6 shows a negative
correlation between the advancing depth of the wetting front and the
average porosity of the profile above the wetting front. This suggests
that profiles with lower porosity result in a faster advancement of the
wetting front.

Figs. 7(a-b) show the relationship between the effective degree
of saturation and the unsaturated hydraulic conductivity with matric
suction. The maximum matric suction of the slope in this paper is 150
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Fig. 4. Two typical random realisations: (a, d) field of porosity; (b, e) field of «, (VG modeD); (c, f) field of saturated hydraulic conductivity (zones 1 and 2 are employed to
facilitate a comparative analysis of the distribution of porosity).

T: time 0.5 0.6 0.7 0.8 0.9 1.0
FOS: factor of safety . b - Wetting front
As: sliding area Effective degree of saturation (-) Sliding surface
30 - T =0 day 30 | T =0 day 30 T =0 day
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Realisation 1 Realisation 2 Homogeneous case

Fig. 5. Distribution of effective degree of saturation, wetting front (dashed line) and sliding surface (solid line): (a—d) realisation 1; (e-h) realisation 2; (i-1) homogeneous case
(zones 1 and 2 are used to assess the advancing speed of the wetting front).
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Table 3
The coordinates of the start and end points of the
profiles (examples of profiles 1, 5 and 9 are shown

in Fig. 3).

Profile Start point End point
1 (0,15) (0,30)

2 (2.5,15) (2.5,30)
3 (5,15) (5,30)

4 (7.5,15) (7.5,30)
5 (10,15) (10,30)
6 (12.5,15) (12.5,30)
7 (15,15) (15,30)
8 (17.5,15) (17.5,30)
9 (20,15) (20,30)

—_
—_

(=}
1

0 On the 10th day of rainfall

W (=)} -3 o Nl
1 1 1 1 1

Advancing depth of the wetting front (m)
S
1

3

T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7

Average porosity of the section above the wetting front (-)

Fig. 6. Advancing depth of the wetting front versus average porosity.

kPa, and the matric suction at an effective degree of saturation of 0.82 is
30 kPa. The approximate range of matric suction variation in this paper
is indicated by a dashed box in Figs. 7(a-b). The effective degree of
saturation varies significantly for different porosity values, as indicated
by the dashed box in Fig. 7(a). In addition, there is little difference in
unsaturated hydraulic conductivity for porosity values greater than 0.2,
as shown in the dashed box of Fig. 7(b).

The dry density of the specimen is controlled by the void ratio
(porosity). Through physical experiments, Wang et al. (2023) found
that the void ratio (porosity) mostly controls the permeability. For
the specimen after the first rainfall, the unsaturated permeability is
insensitive to changes in the dry density of specimens when the volu-
metric water content is less than 0.12. In other words, the unsaturated
permeability is insensitive to changes in porosity at this time. When the
volumetric water content exceeds 0.12, specimens with different dry
densities have similar unsaturated permeability at the same volumetric
water content. This is similar to the conclusion of this study.

Figs. 7(c—d) show the initial hydraulic conductivity distribution for
two typical realisations. Although zone 2 has a higher porosity than
zone 1 (Fig. 4(d)), the unsaturated hydraulic conductivities of zone 1
and zone 2 in Fig. 7(d) are not significantly different. In the saturated
zone (the region below the groundwater level), the saturated hydraulic
conductivity increases with increasing porosity.

Zones with low porosity contain a smaller proportion of pores
within the total volume of the soil. Over the same rainfall duration,
low porosity zones have a greater proportion of soil with changes in
initial effective saturation, indicating that the wetting front advances
deeper into the soil. This paper examines the advancing speed of the
wetting front, which is influenced by the combined effect of distribution
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of porosity and unsaturated hydraulic conductivity, with porosity being
the primary factor.

If only the spatial variability of the saturated hydraulic conductivity
is considered and the porosity is assumed to be constant, the opposite
conclusion may be reached. This highlights the importance of selecting
fundamental parameter carefully. In areas where the wetting front
advances more rapidly, the matric suction disappears more rapidly, it
is clear that more attention should be paid to areas with lower porosity.

Prior to the onset of rainfall, the matric suction of the unsaturated
soil contributes significantly to slope stability, and the slope has the
highest FOS and maximum sliding area at this time. The potential
sliding mechanism of the slope exhibits a deep sliding. At the beginning
of the rainfall (as shown in Figs. 5(b) and 5(f)), only the superficial soil
layer is wetted. As rainfall continues until the 5th day (Fig. 5(c)), the
shallow soil tends to become saturated, reducing the contribution of
matric suction to slope stability and resulting in a decrease in shear
strength. Failure occurs primarily in the shallow areas with a smaller
sliding area.

In Fig. 5(g), the presence of matric suction at the slope shoulder
proves to be beneficial for slope stability, allowing the slope to maintain
a deep sliding mechanism. The FOS decreased from 1.53 to 1.27
between Figs. 5(b—c), and the FOS decreased from 1.61 to 1.50 between
Figs. 5(f-g). A sudden decrease in FOS is observed when the sliding
mechanism is changed.

3.3. Factor of safety

Fig. 8 shows a heat map of the FOS consisting of the probability
density function (PDF) of the FOS at each rainfall time step. Specifi-
cally, the PDFs of the FOS on the 1st, 5th and 10th day are shown as
‘deterministic’ in Fig. A.22. The colour bar in Fig. 8 is a local colour bar,
with red indicating a higher frequency of FOS. The upper limit of 100
is set to better represent the frequency distribution of FOS throughout
the rainfall period.

The ‘deterministic’ results in Fig. A.22 indicate that the normal
distribution provides a reasonable fit to the Monte Carlo simulation
outcomes on the 1st and 10th days, while the fit on the 5th day is
poor due to changes in the sliding mechanism of some slopes within the
Monte Carlo simulation. As shown in Figs. 5(b—c), the FOS decreases
significantly during this period, leading to greater variability in the
FOS.

In general, Fig. 8 illustrates that the FOS decreases as rainfall pro-
gresses. The FOS obtained from the homogeneous case is often larger
than the mode of the FOS obtained from the Monte Carlo simulation,
suggesting that the homogeneous case may generally overestimate the
slope stability. The distribution of FOS is relatively narrow (with a
small standard deviation) for the 0-3 days and 8-10 days periods.
However, the distribution of FOS is wider between 3-8 days. This is
because during 3-8 days of rainfall, some realisations experience a
change in their sliding mechanism from deep to shallow sliding. This
change causes a sharp decrease in FOS, resulting in an increase in the
standard deviation. Therefore, the variability of the FOS of the slope is
greatest during the middle stage of the rainfall.

3.4. Sliding consequence

Fig. 9 shows the heat map of the sliding area, which consists of
multiple PDFs of the sliding area. In particular, the PDFs of the sliding
area on the 1st, 5th and 10th day are shown as ‘deterministic’ in
Fig. A.23. The colour bar in Fig. 9 is a local colour bar.

According to Section 3.2, the analysis indicates that as the advanc-
ing of wetting front, local areas will develop between the wetting front
and the slope surface. In the local areas, the soil was wetted and the
saturation increased, resulting in a decrease in matric suction and lower
shear strength; at the same time, the total weight of the soil increases,
which increases the overturning moment.
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Fig. 7. Relationship between effective degree of saturation and unsaturated hydraulic conductivity with matric suction, initial hydraulic conductivity distribution of two typical
realisations: (a) effective degree of saturation versus matric suction; (b) unsaturated hydraulic conductivity versus matric suction; (c-d) initial hydraulic conductivity distribution
(zones 1 and 2 are employed to facilitate a comparative analysis of the initial unsaturated hydraulic conductivity).

1.8
1.7
Frequency
1.6 100
Rt S
%1-4 b M -
“§ 60
o 1.3 .
1) n
§ 12 40
2
BB 20
1.0 0

I
=)

e
=

Rainfall duration (days)

Fig. 8. Heat map of FOS (black dots: homogeneous case). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

The deterministic analysis (homogeneous case) in Fig. 9 shows that
at the onset of rainfall, there is a deep sliding with a relatively large
sliding area (164 m?), and the sliding area gradually decreases with
the rainfall process. After the 5th day, the local areas with low shear
strength located between the wetting front and the slope surface are
the first to experience sliding failure, with the sliding mechanism of
the slope changing from deep sliding to shallow sliding (similar to

240
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gg 160
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=
< 120
Z 40
§ 100
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Rainfall duration (days)

Fig. 9. Heat map of sliding area (m?) (black dots: homogeneous case; red and green
boxes are employed to assess the difference in sliding area between the homogeneous
case and heterogeneous cases). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 5(c)), causing a decrease in the sliding area from 122 m? to 37
m?. Subsequently, the sliding area gradually increased. During the later
stages of rainfall (after the 5th day), the proportion of shallow sliding in
the realisations increases, resulting in a relatively narrow distribution
of the sliding area and a small standard deviation (e.g., the ‘determinis-
tic’ PDF of sliding area on the 10th day in Fig. A.23). Throughout most
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Fig. 10. Proportion of two sliding modes as a function of rainfall duration.

of the rainfall period, the mode of the sliding area obtained from the
Monte Carlo simulation was smaller than the sliding area of the homo-
geneous case. This indicates that simplifying porosity as a constant may
overestimate the sliding consequences of the slope, potentially leading
to conservative slope protection designs and increased costs.

Simplifying the parameters to constant values gives a single result
that may deviate from the actual situation. As shown by the red solid
box in Fig. 9, between 2.5 and 5 days of rainfall, some slopes have
already taken on shallow sliding (A,: approximately 20-45 m?), indicat-
ing that shallow sliding is likely to have occurred on the heterogeneous
slopes. Conversely, the homogeneous case still takes on a deep sliding
mechanism (A4,: 100-190 m?). Additionally, as shown in the green
dashed box in Fig. 9, the slope may still exhibit deep sliding even after 5
days of rainfall. The result from the homogeneous case (shallow sliding)
underestimates the sliding consequences and may lead to an unsafe
estimate. Inaccurate estimates of sliding consequences could lead to
biased risk evaluations.

In order to distinguish the sliding modes implemented throughout
the entire rainfall process, the criterion used was the sliding area (55
m?) of the homogeneous model on the 10th day of rainfall. Realisations
with a sliding area less than 55 m? were classified as exhibiting shallow
sliding, while those with a sliding area greater than 55 m? were
considered to exhibit deep sliding. Fig. 10 shows that the proportion
of two sliding modes progresses over time. The proportion of slopes
exhibiting shallow sliding gradually increases after 4 days of rainfall,
and by the 5th day, more than half of the slopes exhibit shallow sliding.
As rainfall continues, the sliding area increases in some realisations,
and some slopes revert to deep sliding during the later stages of rainfall.

In this paper, the transition timing of the sliding mechanisms for
the homogeneous case is the 5th day, while for the heterogeneous
cases, it may occur as early as 2 days after the start of rainfall.
This discrepancy may result in the homogeneous model providing an
unrealistic estimate. The size of the sliding area is directly influenced
by the sliding mechanism of the slope, which in turn determines
the scale of landslide prevention. Analysing the transition timing of
the sliding mechanism of the slope is crucial, because the transition
of the sliding mechanism affects the scope of emergency responses
required for slope management. Additionally, the transition timing of
the sliding mechanisms determine when emergency measures need to
be implemented. Understanding this transition timing is essential for
effective slope management and risk mitigation strategies.

10

Engineering Geology 347 (2025) 107895
3.5. Groundwater level

If the permeability of the soil around the slope is low or the drainage
conditions around the slope are poor (i.e., a no-flow boundary con-
dition along the GH may be appropriate), rainwater may accumulate
in the slope, causing a higher rising height of groundwater level. This
will further increase the changes in FOS and sliding area. Consequently,
the performance of the slope is further investigated when the boundary
condition 2 in Table 4 was employed: the no-flow boundary condition
was imposed along the GH, while the other hydraulic and mechanical
boundary conditions remained unchanged (Section 3.1). Furthermore,
the 500 porosity random fields generated in Section 3.1 were still used
to characterise the spatial variability of the porosity. On the 10th day of
rainfall, the point with the highest pressure head in the homogeneous
model is used to represent the groundwater level height, this point
is located at (40,0) in boundary condition 1 and (60,0) in boundary
condition 2.

Figs. 11(a—c) and 11(e-g) show the variation of groundwater level
over time for boundary conditions 1 and 2, respectively. Figs. 11(d)
and 11(h) show the arrows pointing to the directions of the flow
velocity for realisation 1 on the 10th day of rainfall, with the different
colours and/or lengths (of these arrows) representing the magnitudes of
the flow velocity. A comparison of these figures reveals that the internal
groundwater flow velocity in Fig. 11(h) is significantly higher than in
Fig. 11(d), with a maximum of 10 times higher. This high groundwater
flow velocity within the slope may weaken the soil structure, leading
to the expansion of the sliding surface. Additionally, as shown in
Fig. 11(h), the top rainwater has not yet reached the initial groundwa-
ter level, and the rise in groundwater level within the slope is caused
by the horizontal flow of rainwater near the toe of the slope. As water
flows into the slope, it accumulates, increasing pore water pressure,
which weakens soil strength and increases the potential for further
slope instability. Therefore, enhancing drainage measures, particularly
near the toe of the slope, may be an effective strategy to prevent the
rise of the internal groundwater level and reduce groundwater flow
velocity within the slope. Additionally, the rise in groundwater level
has reduced the size of the unsaturated zone, which is more pronounced
in Figs. 11(f) and 11(h).

Table 4 shows the FOS, sliding area, rising height of groundwater
level, and area of unsaturated zone for different boundary conditions
on the 10th day of rainfall. Poor drainage around the slope (boundary
condition 2) results in a higher rise in groundwater level, which further
reduces the area of the unsaturated zone, accelerating the process of
saturation at the toe of the slope. Different boundary conditions have
little effect on the advancing of wetting front but have a significantly
effect on the rising height of groundwater levels. The soil at the slope
toe is completely saturated for realisation 1 under boundary condition
2 (see in Fig. 11(f)), and the weight of the soil further increases,
making the slope more unstable. Additionally, for realisation 1, the
FOS and sliding area of the model employing boundary condition 2
are smaller than those of boundary condition 1. This is because the
disappearance of the matric suction at the slope toe further reduces the
slope stability, resulting in more superficial slidings. It can be seen that
the drainage conditions around the slope have a significant effect on the
slope stability, and the application of drainage measures is conducive
to improving the slope stability.

Following the analysis of two typical examples, the results of all re-
alisations were counted. The log-normal distribution was found to be an
appropriate fit for the results of the Monte Carlo simulation. Therefore,
the normal distribution is used to fit the PDF of the logarithmic values
of the groundwater level on the 5th and 10th day (Fig. B.26). Fig. 12
presents the heat map of the logarithmic value of the groundwater level
as a function of rainfall duration for different boundary conditions. The
upper limits of the local colour bars have been set at 300 and 100
as needed. It can be seen from Fig. B.26 that the rising height of the
groundwater level in the homogeneous case is observed to be lower
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Table 4

Two different boundary conditions of model.
Boundary Case Rising height Area of FOS Sliding
condition of GH of groundwater unsaturated ) area (m?)

level (m) zone (m?)
1 homogeneous 15.69 154 1.12 55
Dirichlet realisation 1 15.77 143 1.07 54
seepage realisation 2 15.71 134 1.22 55
2 homogeneous 19.53 111 1.10 52
no-flow realisation 1 23.62 70 1.02 53
realisation 2 20.22 79 1.17 38
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Fig. 12. Heat map of groundwater level for different boundary conditions (black dots:
homogeneous case): (a) boundary condition 1; (b) boundary condition 2.

than the mean of the groundwater level in the heterogeneous model.
This suggests that the homogeneous case may have underestimated the
rising height of the groundwater level, which in turn may have led to
an overestimation of the slope stability, which is consistent with the
analysis results presented in Section 3.3.

It can be observed that the distribution of groundwater level gradu-
ally widens (the COV of groundwater level increases), which is more
evident in Fig. 12(b). This indicates that the spatial variability of
porosity has a greater influence on the hydraulic response of slopes
as rainfall progresses. Simplifying porosity as a constant (and thus
making the hydraulic parameters constant) may not accurately reflect
reality.

To further investigate the effect of groundwater level changes on
the stability of unsaturated slopes, Fig. 13(a) illustrates 10 random
realisations, including two typical realisations in Fig. 4. The non-
uniform infiltration of rainwater results in different rising heights of
groundwater level (different examples have different horizontal coor-
dinates). As shown in Fig. 13(a), the FOS shows a continuous decrease
with increasing groundwater level. Fig. 13(b) shows the relationship
between the FOS and groundwater level for each time step of all real-
isations (500 random realisations with 40 time steps per realisation).
A correlation analysis was performed on the FOS and the groundwater
level height in Fig. 13(b). The results showed a negative correlation
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Fig. 13. FOS versus water level (m): (a) 10 random realisations; (b) each time step of
all realisations.

between FOS and groundwater level height, with a Pearson correlation
coefficient of —0.750, suggesting that slopes with higher groundwater
levels have lower stability. When the model adopts boundary condition
2, the Pearson correlation coefficient between the FOS and the height
of the groundwater level is —0.805, indicating a stronger negative
correlation. This shows that the rise of the groundwater level is another
important factor leading to a decrease in slope stability. Ignoring the
rise in groundwater level may lead to an overestimation of the slope
stability. Therefore, hydraulic boundary conditions have a significant
influence on slope stability.

The rise in groundwater level reduces the area of unsaturated zones.
The combined effect of rising groundwater level and the advancement
of the wetting front leads to a reduction in slope stability during rainfall
events.

In Fig. 8, the FOS distribution is relatively narrow in the early stages
of rainfall, but shows greater variability in the later stages. In contrast,
Fig. 9 shows that the sliding area has a greater variability in the early
stages of rainfall, while the distribution is relatively narrow in the later
stages of rainfall. Comparing Fig. 8 and Fig. 9, it is clear that focusing
solely on the FOS or sliding area results in relatively large uncertainties
in the slope performance analysis. The risk assessment that combines
FOS and sliding consequences can comprehensively consider slope
stability and sliding scale and provide new suggestions for designers.
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Fig. 14. Temporal FOS and histogram of time of instability/failure for different CFOS: (a) temporal FOS; (b) CFOS = 1.0; (c) CFOS = 1.1; (d) CFOS = 1.2; (e) CFOS = 1.3.

3.6. Instability/failure time

The CFOS can serve as a warning threshold for potential landslides.
In practical engineering, due to the inherent uncertainties in slope sta-
bility analysis (such as variations in soil properties, external loads and
simplification in calculation models, etc.), conservative safety criteria
may be employed to ensure sufficient safety margins (e.g., CFOS =
1.2-1.3). The model presented in this paper is suitable for slopes with
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different safety reserve requirements, allowing an appropriate CFOS
(warning threshold) to be selected as required.

For a random realisation, the slope is considered unstable if the
FOS is less than the CFOS at a given time step, and the time at that
point is recorded as the time of instability/failure. Fig. 14(a) shows the
temporal FOS for all realisations. Figs. 14(b-e) show the histograms of
the time of instability/failure for different CFOS values. In Fig. 14(b),
the absence of red, blue, and black vertical lines indicates that even
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when the rainfall reaches the 10th day, the FOS of the realisation 1,
realisation 2 and the homogeneous case remain larger than the CFOS
(1.0).

It is evident that the total number of unstable slopes is the largest
when CFOS = 1.3. The distribution type of the time of instability is
close to a normal distribution when CFOS is large. Additionally, as
CFOS increases, the lower limit of the time of instability occurs earlier,
resulting in a decrease in the mean time of instability. This suggests that
slope failures may occur at earlier stages. For slopes requiring higher
safety margins, it is essential to implement early stability monitoring
and landslide prevention measures.

Figs. 14(b—e) show that the instability time of the homogeneous
case exceeds the mean instability time of the random analysis. In
Fig. 14(e), the mean instability time is 5.73 days, indicating that the
heterogeneous slopes are likely to become unstable around this time,
while the instability time of the homogeneous model is 6 days after the
onset of rainfall. The instability time predicted by the homogeneous
model may be later than the actual situation, potentially resulting in
missed opportunities to implement emergency measures. Additionally,
it can be seen from Fig. 14(e) that the instability time of heterogeneous
models may occur as early as 2.25 days after the start of rainfall, which
is much earlier than the results given by the homogeneous model.

Therefore, it is important to analyse the time of instability/failure
of heterogeneous slopes to provide information for early warning of
landslides, as well as to determine the appropriate timing for emer-
gency measures (e.g., drainage measures for slopes, support of slopes,
and evacuation of people in landslide hazard areas).

3.7. Probability of failure and risk

Fig. 15 shows the FOS and sliding area of the slope on the Oth,
1st, 5th and 10th day. Areas with high FOS and low sliding area are
classified as low risk level areas, while areas with low FOS and high
sliding area are classified as high risk level areas.

According to the China National Standards (DL/T5353-2006), the
FOS of different types of slopes (Class A and Class B) must not be less
than 1.20 under transient conditions (rainfall in this paper). Conse-
quently, the critical value of FOS = 1.2 has been chosen as applicable
to all types of slopes. Arnold (2016) measured the volume of shallow
landslides subject to rainfall in Hong Kong, and found that the sliding
volume of a large landslide is greater than 50 m>. For the 2D model
in this paper, the sliding area of 50 m? is chosen as the critical value
(50 m? divided by a unit width of 1 m). Fig. 15 is divided into four
quadrants by critical values of FOS and sliding area.

Observation along arrow 1 shows that both the FOS and sliding area
gradually decrease from day O to day 10, with the risk level of the
slope increasing from medium to high. The sliding mechanism in some
random realisations changes from deep sliding to shallow sliding on the
5th day. On the other hand, when moving in the direction indicated by
arrow 2, the FOS of these realisations (taking on shallow sliding on the
5th day) continues to decrease, while the sliding area increases. This
change increases the risk level of the slope from low-medium to high.

Fig. 15 shows that there is a correlation between the FOS and
the sliding area. On the 5th day, when the FOS < 1.3, the sliding
consequences may be small (20-40 m?) or large (100-180 m?). Fur-
thermore, the FOS can be small or large even for slopes with the same
sliding consequences. Assessing the performance of a slope based solely
on FOS or sliding consequences can be challenging. However, a risk
assessment that considers both the FOS and the sliding consequences
will compensate for this shortcoming.

The probability and risk of slope instability/failure are calculated
using Egs. (13) and (15), as shown in Fig. 16. The probability and risk of
slope instability are low in the early stages of rainfall, and both increase
as the rainfall continues.

It is important to note that when utilising CFOS values of 1.1, 1.2
or 1.3, the goal is not to calculate the actual probability of failure and
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Fig. 15. FOS and sliding area on the Oth, 1st, 5th, 10th day.

associated risk, but rather to assess the performance of slopes in a more
conservative scenario. For instance, in engineering practice, if a slope
is located near sensitive areas such as schools, hospitals or residential
zones, it may be desirable to evaluate the probability of failure and risk
of the slope at CFOS = 1.1 to account for unforeseen contingencies, such
as heavy rains or earthquakes. Conversely, medium or low CFOS values
suffice for the design of less critical slopes. Therefore, adopting a higher
CFOS serves as a method of assessing the failure risk of slopes under
more stringent criteria. As illustrated in Fig. 16, as the CFOS increases,
the probability of slope failure and risk also increase, this is because
greater safety margins are reserved. The appropriate CFOS for a slope
must be determined based on the local natural conditions (e.g., the
frequency of heavy rainfall or earthquakes), the potential consequences
of failure, uncertainties in the surveyed parameters and the numerical
models.

Furthermore, as illustrated in Fig. 16(a), the probability of slope
instability on the 5th day is 45% when CFOS=1.3. This information
is of limited use to designers without additional context (e.g., the level
of landslide protection). Moreover, according to Fig. 15, 55% of the
slopes are in middle-high risk areas on the 5th day, which can assist
designers in implementing landslide protection measures or issuing
early warnings based on the risk level of the slope.

The CFOS = 1.3 curve in Fig. 16(a) shows that the probability of
slope instability exceeds 90% within 8-10 days of rainfall, after which
the curve flattens. In contrast, the CFOS = 1.3 curve continues to rise
in Fig. 16(b). This comparison suggests that, as the slope approaches
instability, the increase in instability probability is not as steep as the
increase in risk. It indicates that the cumulative effect of risk is more
significant than that of instability probability. The cumulative effect
implies that even if the probability of instability does not rise sharply
in the short term, the increasing potential losses demand enhanced
preventive measures. This emphasises the need for decision-makers
to focus more on changes in risk as the slope nears failure. Further-
more, risk analysis can provide better support for decision-makers in
evaluating the scale of emergency measures, enabling more effective
cost-benefit analyses.

In practice, combining both qualitative and quantitative risk as-
sessments of slopes, which consider both the FOS and the sliding
consequences, can offer comprehensive information and guidance to
decision-makers. This is essential to ensure the safety of individuals
residing in the affected areas.
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4. Ilustrative example 2: Malin slope

The Malin slope, located in the Malin village (Geographical coordi-
nates: Latitude N19 ° 09’ 41.4”, Longitude E73 ° 41’ 16.8”), Ambegaon
Tehsil of Pune District in western Maharashtra, India, experienced a
sliding failure on July 30, 2014 following a continuous heavy rainfall
event. The slope was divided into four zones, designated as Zone 1
through Zone 4. Pan et al. (2024) conducted an inverse analysis of soil
parameters of the Malin slope to predict changes in slope reliability
over time. Due to limited data availability, the temporal stability and
risk of the Malin slope are investigated to verify the effectiveness of the
framework proposed in this paper.

4.1. Slope model and characterisation of the spatial variability of soil
parameters

According to Pan et al. (2024), the potential instability zone (Zone
3) of the Malin slope is selected to establish the finite element model.
The boundary conditions and finite element mesh are depicted in
Fig. 17. A fixed total water head boundary is applied with an upstream
water level of 20 m and a downstream water level of 10 m. The
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Fig. 18. Table of parameters and comparison of FOS obtained from the current study
and Pan et al. (2024) (the grey box highlights the time periods that are the focus of
this study).

slope surface (CDEF) is assigned as the rainfall boundary condition,
and BC and FG are assigned as the impermeable boundaries. COMSOL
Multiphysics offers a user-defined option in the Richards’ equation,
allowing the user to input custom equations for defining the SWCC and
relative hydraulic conductivity. In this section, the FX model and the
Leong and Rahardjo model (Pan et al., 2024) were utilised to represent
the hydraulic properties of the soil.

Given that the Malin slope ultimately failed due to shallow sliding,
a smaller finite element cell size is used for the shallow surface layer,
while a larger finite element cell size is used for the rest of the slope to
improve computational efficiency. The chosen finite element cell sizes
were demonstrated to meet the accuracy requirements (see Fig. 18 for
deterministic model calculations). In addition, the sliding area (July 30,
2014) of the homogeneous model calculated by the spectral clustering
method, differed by less than 1% from the results reported in Pan et al.
(2024). This paper focuses on the performance of the Malin slope over
a 10-day period from July 20, 2014 to July 30, 2014. The rainfall
duration in subsequent sections is expressed as ranging from 0 to 10
days.

Ering et al. (2015) and Singh et al. (2016) reported that no field
investigation data were collected prior to the Malin slope failure, and
only a limited number of representative or disturbed soil samples were
obtained from three locations at the base, middle, and top of the slope
after the Malin slope failure. Therefore, as shown in Fig. 18, the soil
parameters used in this paper are consistent with those in the study
of Pan et al. (2024). The mean porosity adopted in this study is 0.4,
with a COV of 0.2, a vertical SOF of 3 m and a horizontal SOF of 30 m.
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(dashed line: homogeneous case); (d) Histogram of time of failure for the Malin slope (dashed line: homogeneous case).

4.2. Temporal stability and risk analysis of malin slope

As illustrated in Fig. 19(a), the FOS for the homogeneous case is
generally larger than the mode of the FOS derived from the Monte
Carlo simulations. This suggests that the homogeneous case may have
overestimated the stability of the Malin slope. The variability in FOS is
more pronounced in the middle of the rainfall period (within 1-5 days)
and smaller at the early and later stages (0-1 and 5-10 days), which is
consistent with the analysis presented in Section 3.3. This phenomenon
is attributed to changes in the sliding mechanism of the heterogeneous
slopes within 1-5 days, which further accelerates the decrease in the
FOS. Continuous rainfall over 7-10 days leads to a further reduction in
the matric suction of the shallow soil, which accounts for the additional
decrease in FOS during the later stages of rainfall. Fig. 19(b) indicates
that the sliding mechanism of some slopes changes as early as the 1st
day of rainfall. Additionally, Fig. 19(c) shows the PDF of transition
timing of the sliding mechanism for all realisations. The results show
that the probability density function value reaches its maximum on the
2nd day, indicating that the sliding mechanism of the Malin slope is
most likely to change on this day. However, due to the presence of
spatial variability in soil properties, the transition timing of the Malin
slope sliding mechanism may be advanced to the 1st day or delayed
until the 5th day. It is important to note that the Malin landslide
was not predicted in advance, and therefore there is insufficient field
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investigation data to directly confirm the actual transition timing of the
Malin slope sliding mechanism.

Fig. 19(d) shows the distribution of failure times for the heteroge-
neous Malin slope, with a mean failure time of 9.27 days. This suggests
that the Malin slope is most likely to fail after the 9th day (i.e., on the
10th day), which is consistent with the observations from the actual
site. It proves the effectiveness of the framework proposed in this
paper. In addition, the failure time for the homogeneous Malin slope
is 9.32 days, which is later than that the mean of failure time for the
heterogeneous Malin slopes. This indicates that neglecting the spatial
variability of soil parameters may lead to an unsafe estimation of slope
failure time. These findings are consistent with the analysis presented
in Section 3.6.

The change in risk level of the heterogeneous Malin slope can be
represented by connecting the FOS-sliding area coordinate points at
each time step, as shown in Fig. 20, using the FOS = 1.0 and the sliding
area = 56 m? (the deterministic sliding area on the 10th day) as the
critical thresholds. Initially, the Malin slope is at a medium risk level.
As rainfall persists, the sliding mechanism of the Malin slope changes,
leading to a sudden reduction in the sliding area, which lowers the risk
to a low level. However, with continued rainfall, the stability of the
Malin slope decreases sharply and the sliding area further increased,
ultimately raising the slope to a high sliding risk level. It is important to
note that the risk level reflects the potential impact if the slope fails in
its current state. For instance, on the 2nd day, the homogeneous Malin
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Fig. 21. Probability of failure and risk of Malin slope.

slope has an FOS of 1.39, indicating a low likelihood of failure. Even
if failure occurs, the sliding area is only 26 m2, placing the slope at a
low risk level.

Fig. 21 presents a statistical representation of the failure probability
and risk at the critical state of the Malin slope. It can be observed that
both failure probability and risk increase sharply on the 9th and 10th
days. This indicates that not only is the failure probability increasing,
but the consequences of slope failure are becoming increasingly severe.
Once the heavy rainfall on the 9th day ceases, failure of the Malin slope
is almost inevitable. Additionally, the increase in risk between the 9th
and 10th days remains significant, indicating that the potential harm
caused by slope failure continues to rise. Increased risk demands more
attention and intervention than failure probability, as it signifies the
need for a more timely and robust response measures.

5. Conclusion

This study simultaneously considers the impact of spatial variabil-
ity in porosity on matric suction and shear strength parameters, and
ultimately its effect on the probability of instability/failure and risk of
unsaturated slopes subject to rainfall. The RFEM is adopted to evaluate
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the advancing of the wetting front, the height of the groundwater level
and the distribution of the effective degree of saturation. The stability of
slopes is investigated by SRM, and spectral clustering method is used to
obtained the sliding area. Subsequently, the time of instability/failure,
probability of failure and risk of slope failure are quantified. Finally,
a real Malin slope is investigated to demonstrate the effectiveness of
the proposed approach. The key conclusions of the present study are as
follows:

(1) The spatial distribution of porosity and unsaturated hydraulic
conductivity jointly affect the advancing speed of wetting front. In
the unsaturated zone, less variation in unsaturated hydraulic conduc-
tivity for different porosity values. Over the same rainfall duration,
zones with lower porosity experience a greater proportion of soil with
changes in initial effective saturation, resulting in the wetting front
advancing more rapidly in these areas. Therefore, in this study, the
spatial distribution of porosity is the primary factor, while unsatu-
rated hydraulic conductivity is the secondary factor. It is reasonable
to set porosity as the fundamental parameter to represent the spatial
variability of soil. If only the spatial variability of saturated hydraulic
conductivity were considered, with porosity assumed to be constant,
the opposite conclusion may be obtained.

(2) During the “relatively small” rainfall event, the sliding mech-
anism of the slope changes from deep sliding to shallow sliding. This
transition is influenced by the advancing of wetting front and can cause
a sudden decrease in FOS. The transition timing of sliding mechanisms
for the homogeneous case is the 5th day, while for heterogeneous cases,
it may occur as early as 2 days after the start of rainfall. After 5
days of rainfall, the heterogeneous slope may still exhibit deep sliding
(although the proportion is small), while the result of the homoge-
neous model is shallow sliding that may underestimate the sliding
consequences and lead to an unsafe estimation. In the later stages
of rainfall, some slopes take on deep sliding again. In the long term
after the end of the rainfall, the proportion of slopes take on deep slip
will continue to increase. The change in sliding area is related to the
transition of the sliding mechanism, and the timing of the transition of
sliding mechanism is critical in determining the scope and timing of a
reasonable emergency response.

(3) The impacts of two different hydraulic boundary conditions on
slopes were studied. The source of the rise in the groundwater level
on the left side of the slope is the horizontal flow of rainfall water
around the slope toe area, rainfall water at the top of the slope does
not flow to the initial groundwater table. The homogeneous case may
underestimate the rising height of groundwater level and therefore
may overestimate the slope stability. The rising height of groundwater
level is negatively correlated with FOS with a correlation coefficient
of —0.750, which is more obvious when the model adopts a no-flow
boundary condition (correlation coefficient is —0.805). The advancing
of the wetting front and the rising of groundwater level jointly drive
slope failure, therefore the horizontal (or near the toe of the slope)
drainage conditions are important to consider in realistic cases.

(4) Analyses of both the typical embankment slope and the Malin
slope suggest that the homogeneous case may overestimate the stability
of slopes. When the spatial variability of the internal friction angle is
additionally considered, the homogeneous case may significantly over-
estimate slope stability. The time of instability/failure may be delayed,
potentially resulting in missed opportunities for early warning and the
implementation of emergency measures (e.g., evacuation of people in
landslide hazard areas). Therefore, incorporating the spatial variability
of parameters in slope stability analysis is crucial. Appropriate consid-
eration of spatial variation of parameters based on actual survey results
can lead to more accurate prediction of slope instability/failure time.

(5) Risk-based assessment enables the determination of risk lev-
els, and the quadrant figure of the FOS-sliding area shows that the
risk level initially decreases and then increases as rainfall progresses.
Quantitative analysis indicates that the risk increases as rainfall pro-
gresses. Compared to the probability of instability/failure, risk has
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a more pronounced cumulative impact. Therefore, greater attention
should be directed towards changes in risk as the slope approaches
failure. In addition, when the spatial variability of the internal friction
angle is additionally considered, the overall level of probability of
instability/failure and risk will increase.

Additionally, it is important to note that real engineering scenarios
are often more complex, and obtaining accurate parameters presents
significant challenges. The accuracy of the framework proposed in this
study is highly dependent on both the precision of the parameters and
the model. While this study has achieved certain results, there is still
room for further development. Future research will focus on reducing
the uncertainties in hydraulic and mechanical parameters. For example:
(i) the use of conditional random fields is necessary to better represent
the spatial distribution of actual site parameters (e.g., Li et al. (2016));
and (ii) data assimilation techniques are needed to further reduce
parameter uncertainties (e.g., Liu et al. (2018), Mohsan et al. (2021)).
Once a comprehensive database of hydraulic and physical parameters
for the actual slope is established, it can be easily incorporated into the
model used in this paper. The methods for stability and risk assessment
demonstrated in this study are applicable to complex slopes and can be
extended to other types of soil.

Notations

CFOS critical factor of safety

cov coefficient of variation

FOS factor of safety

KNN k-nearest neighbour method

LAS local average subdivision method

MC Mohr—Coulomb

Ncut normalised-cut method

PDF probability density function

RFEM random finite element method

SwcCC soil-water characteristic curve

SOF scale of fluctuation

SRM strength reduction method

VG van Genuchten

oy base value of ayg/rx

ayG approximately the inverse of the
air-entry suction head for main curve
of VG model

Apyx approximately the inverse of the
air-entry suction head for main curve
of FX model

Y unit weight of the soil

n the rate at which control parameters
deviate from their base values

0 scale of fluctuation

0, residual volumetric water content

0, saturated volumetric water content

0, volumetric water content

u mean

My viscosity of water

v Poisson’s ratio

p correlation coefficient between two
points

Puw fluid density

c standard deviation

o, total stress

7y soil shear strength

1) porosity

¢ effective friction angle

o base value of porosity

’fm.l effective friction angle during failure
Vs effective stress parameter
A similarity graph
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A, sliding area

C consequence of failure

C, specific moisture capacity

r effective cohesion

c’fa” effective cohesion during failure

D, elevation

E Stiffness (Young’s modulus)

e void ratio

Celuer the Euler’s number

g acceleration of gravity

K hydraulic conductivity

K, relative hydraulic conductivity

K, saturated hydraulic conductivity

Ky base value for K|

k constant in Caquot’s relationship

k, number of eigenvectors of Laplacian
matrix

Meyx fitting parameter for the soil-water
characteristic curve of FX model

my g fitting parameter for the soil-water
characteristic curve of VG model

HEx fitting parameter for the soil-water
characteristic curve of FX model

nyG fitting parameter for the soil-water
characteristic curve of VG model

ny number of failure cases

Ryoal number of realisations

p water pore pressure

pr probability of failure

Pk the constant related to the soil type

0O, fluid source (positive) or sink
(negative)

q rainfall infiltration rate

R risk

S water storage coefficient

S, effective degree of saturation

t time

u the fluid velocity

u, pore air pressure

u, pore water pressure

v gradient operator
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Appendix A. Effect of spatial variability of internal friction angle
on slope performance

In this section, both the spatial variability of hydraulic parameters
and the internal friction angle are considered. The internal friction
angle is related to the void ratio by Caquot’s relationship (Mouyeaux
et al., 2018), as expressed in Eq. (A.1), where k represents a constant.
Therefore, once the spatial variability of the void ratio is determined,
the spatial variability of the internal friction angle can be characterised
accordingly.

e-tan(¢p) = k (A.1)

The k value used in Eq. (A.1) is 0.1376, this value is obtained by
the back-figured average void ratio and the deterministic value of the
internal friction angle (see in Table 1).

The PDFs of the FOS and sliding area on the Oth, 1st, 5th and 10th
day of rainfall are shown in Figs. A.22 and A.23. These figures contain
two scenarios for setting the internal friction angle: constant value
and random fields. As shown in the figures, the statistical trends are
generally consistent across both scenarios. For example, Fig. A.22(a)
illustrates that the homogeneous case may overestimate the slope sta-
bility, and this observation remains valid whether the internal friction
angle is treated as a constant or as a random field.

Fig. A.24 shows the quadrant figure of the FOS-sliding area, where
most realisations are at medium risk levels, with some at high risk levels
on days 0 and 1 of rainfall. Most realisations are at high risk levels on
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the 10th day of rainfall. The trend in risk level changes is consistent
with Fig. 15. The probability of slope instability/failure and risk under
different CFOS are shown in Fig. A.25. It can be observed that both
the probability of slope instability/failure and risk generally increase
as rainfall progresses. Using the curve with CFOS = 1.3 as an example,
the probability of instability increases more slowly in the later stages of
rainfall, while the risk continues to show an upward trend, with trends
consistent with Fig. 16.

However, comparing the results of setting the internal friction angle
as random field and deterministic value, additional information can
be found. The variability of the PDFs for the FOS and sliding area
is greater when the internal friction angle is modelled as a random
field, as the spatial variability introduces uncertainty into the slope
system. As shown in Fig. A.22, the mean FOS obtained from the
Monte Carlo simulation is consistently lower when the internal friction
angle is modelled as a random field compared to the deterministic
value. This suggests that ignoring the spatial variability of the internal
friction angle may lead to a significant overestimation of slope stability.
Similarly, Fig. A.23 shows that the mean sliding area obtained from
the Monte Carlo simulation is consistently larger when the internal
friction angle is set as a random field. This indicates that neglecting the
spatial variability of the internal friction angle may lead to a significant
underestimation of the sliding area.

The combined analysis of Figs. A.22 and A.23 suggests that set-
ting the internal friction angle as a constant may underestimate the
probability of instability/failure and risk of slope, as demonstrated
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Fig. A.23. PDFs of sliding area: (a) the Oth day; (b) the 1st day; (c) the 5th day; (d) the 10th day (Mu and Sigma: mean value and standard deviation for sliding area).

in Figs. A.24 and A.25. In Fig. A.24, it is evident that on day O of
rainfall, some realisations already exhibit high-risk levels, whereas in
Fig. 15, all realisations are classified as medium risk level. Fig. A.25
further confirms this conclusion: when the spatial variability of the
internal friction angle is considered, the probability and risk of failure
are greater than zero on day O of rainfall. For CFOS = 1.3, the failure
probability reaches 26.8%, and the risk increases to 40 m?, whereas in
Fig. 16, both the failure probability and risk on day O are zero. This
further emphasises that setting the internal friction angle to a constant
value may underestimate both the probability and risk of slope failure.

The FOS and sliding area are highly sensitive to the internal friction
angle. When the spatial variability of the internal friction angle is
considered, the COV of the FOS and the sliding area will increase,
further affecting the values of instability/failure probability and risk.
However, this does not alter the overall trends in the development of
instability/failure probability and risk.

Appendix B. PDF of water level

Fig. B.26 shows the PDFs of logarithm value of the groundwater
level on the 5th, 10th day.
Data availability

Data will be made available on request.
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Fig. A.24. FOS and sliding area on the Oth, 1st, 5th, 10th day (considering the spatial
variability of internal friction angle).
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