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Abstract: Due to the spatial variability of hydraulic properties, probabilistic slope seepage analysis
becomes necessary. This study conducts a probabilistic analysis of slope seepage under rainfall, con-
sidering the spatial variability of saturated hydraulic conductivity. Through this, both the commonly
used Monte Carlo simulation method and the proposed first-order stochastic moment approach
are tested and compared. The results indicate that the first-order analysis approach is effective and
applicable to the study of flow processes in a slope scenario. It is also capable of obtaining statistics
such as mean and variance with a high enough accuracy. Using this approach, higher variabilities in
the pressure head and the fluctuation of the phreatic surface in the slope are found with a higher value
of the correlation length of the saturated hydraulic conductivity. The Monte Carlo simulation is found
to be time-consuming: at least 10,000 realizations are required to reach convergence, and the number
of realizations needed is sensitive to the grid density. A coarser grid case requires more realizations
for convergence. If the number of realizations is not enough, the results are unreliable. Compared
with Monte Carlo simulation, the accuracy of the first-order stochastic moment analysis is generally
satisfied when the variance and the correlation length of the saturated hydraulic conductivity are
not too large. This study highlights the applicability of the proposed first-order stochastic moment
analysis approach in the slope scenario.

Keywords: first-order stochastic moment analysis; slope seepage; spatial variability; saturated
hydraulic conductivity; rainfall infiltration; phreatic surface

1. Introduction

Due to the heterogeneous nature of geological media and our inability to completely
know them [1-3] our predictions of the hydrological processes in a slope inevitably involve
uncertainties [1,4-6]. For example, the hydraulic properties generally exhibit significant
spatial variabilities at multiple scales [1,7]. This leads to uncertainties in the slope seepage
flow analysis, which contributes to the slope stability analysis.

Probabilistic methods become necessary for dealing with the uncertainty issues as-
sociated with our predictions of slope seepage [1,5,8,9]. Generally, given the statistical
properties of hydraulic parameters, a Monte Carlo simulation method is used to derive the
statistics such as the mean and variance of properties of the slope seepage field. Either a
steady or transient analysis of the saturated or unsaturated flow in the slope can be carried
out in a Monte Carlo simulation. For example, Gui et al. [5] used Monte Carlo simulation
to investigate the influence of variabilities in the hydraulic conductivity on the seepage
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and stability of an embankment dam. Using FLAC 5.0, Srivastava et al. [10] conducted a
Monte Carlo simulation to derive the statistical response of steady-state seepage flow due
to spatially variable permeabilities. Cho [2] obtained statistical responses of the seepage
of an infinite slope under rainfall due to the spatial variability of hydraulic conductivity
from the Monte Carlo simulation. Gomes et al. [11] investigated the effect of uncertainties
in the hydraulic properties on the pressure head via the Monte Carlo simulation of a three-
dimensional flow model. Tang et al. [12] considered the random rainfall pattern through
the Monte Carlo simulation to produce its impacts on the pore-water pressure distribution
and the assessment of rainfall-induced landslide. Li et al. [13] applied the Monte Carlo
simulation to the probability and sensitivity analysis of slope stability of a tailings dam
under seepage. More recently, Monte Carlo simulation was used in the stochastic analysis
of unsaturated slopes subjected to various rainfall intensities and patterns by [14]. Few
simplified assumptions are required by the Monte Carlo simulation except for the definition
of the probability density function of the hydraulic properties [15].

These appealing advantages of the Monte Carlo simulation method build on its high
demand for computational time and storage space [2,15]. This demand becomes dreadful
when addressing flow problems with fine meshes [15]. In turn, this restricts the number of
realizations that can be conducted in a Monte Carlo simulation [5].

As an alternative, a first-order stochastic moment analysis approach [16] has been used
to conduct a two-dimensional probabilistic infiltration analysis in a hillslope. Although
the derived statistics of slope seepage are at an accuracy of the first-order approximation,
conducting a large number of simulations is avoided, thus easing the computational
burden associated with the Monte Carlo simulation. In addition, similar to the Monte
Carlo simulation, either the steady-state flow or the transient flow in the slope can be
examined using the first-order analysis. With these advantages of the first-order approach,
Cai et al. [7] investigated the temporal and spatial propagation of the uncertainty of slope
stability during rainfall, considering variabilities in the initial soil moisture, rainfall and
soil hydraulic properties.

Although much work has been performed using the Monte Carlo simulation to date,
much less attention has been paid to the influence of the grid density on the Monte
Carlo simulation. In addition, the applying conditions of the first-order analysis remain
unexplored. Moreover, at the present time, the effective flow profile and variability of
seepage in two-dimensional, unsaturated heterogeneous slopes under conditions of steady
rainfall infiltration, based on a spatially correlated hydraulic conductivity field, are not
sufficiently understood.

The objectives of this study are to (1) conduct a probabilistic analysis of slope
seepage under rainfall, considering the spatial variability of hydraulic conductivity and
(2) test and compare the Monte Carlo simulation and the first-order analysis method
applied in the probabilistic slope seepage analysis. The influence of the grid density
on both methods and the applicability of the proposed first-order stochastic moment
analysis approach are the focus. To this end, we first introduce how the first-order
stochastic moment analysis works by analyzing the first-order moments of the pressure
head. In Section 2, we consider the spatial variability of the hydraulic conductivity and
introduce the equations that govern the rainfall infiltration process. For the purpose of
verifying the accuracy of the first-order analysis method, we also briefly introduce the
Monte Carlo simulation of hydraulic responses, considering the spatial variability of
the hydraulic conductivity in Section 2. One focus of this study is the grid density, the
influence of which on the probabilistic analysis by both Monte Carlo simulation and the
first-order analysis method will be investigated. The model setups for the numerical
simulation of the slope rainfall infiltration analysis are also provided in Section 2. The
results and discussions are provided in Section 3, which includes the results of the
effect of the spatial variability of hydraulic conductivity on the pressure heads by the
proposed first-order stochastic moment analysis method and the Monte Carlo simulation
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verification, shedding light on the applying conditions of the first-order analysis in
probabilistic slope seepage analysis. The article finally draws its conclusions in Section 4.

2. Methodology

Based on the governing equations of the rainfall infiltration process, the first-order
stochastic moment analysis of the pressure head, considering the spatial variability of the
saturated hydraulic conductivity, is introduced. In addition, to verify the accuracy of the
first-order analysis method, the Monte Carlo simulation of hydraulic responses, considering
the spatial variability of the saturated hydraulic conductivity, is also briefly introduced.
Finally, both the first-order analysis and the Monte Carlo simulation of rainfall infiltration
are implemented via finite element simulations. Hence, the methodology section will be
grouped into: (1) the governing equations for rainfall infiltration analysis, (2) first-order
stochastic moment analysis, (3) Monte Carlo simulation verification and (4) the setup of
the simulations.

2.1. Governing Equations for Rainfall Infiltration Analysis

The two-dimensional, steady-state flow in a slope under rainfall infiltration can be
described by the following equation:

% <K(h)gz> + % <1<(h)a(};;rz)> =0 @

which is subject to the following boundary conditions:

oh oh
h(x,z)|r, = hp and {K(h)ax -1y + K(h) (E)z + 1) : nz]

=N ()
I'n

where x and z denotes the coordinates along the horizontal x-axis and vertical z-axis,
respectively; h denotes the pressure head, which is a function of the coordinates; k(h) is
the hydraulic conductivity—pressure constitutive function, hp is the prescribed head at the
Dirichlet boundary I'p, gy is the specific flux at the Neumann boundary I'y and notations
ny and n, are the components in the x and z directions, respectively, of a unit vector n that
is normal to the boundary I'y.

To describe the k(1) and the volumetric water content, 6(%), the hydraulic conduc-
tivity curve and the moisture retention curve (Figure la,b) developed by [17,18] are
adopted herein:

() = Ko (1= Galtl)" [+ Gl ™) 1+ Galy) .

0(h) = (65— 6,) [1+ (alh)"] ™" + 6, €y

In which K; is the saturated hydraulic conductivity; a, n and m are soil parameters, where
m = 1—1/n and 6; and 6, denote the saturated and residual moisture content, respectively;
|| represents the absolute value.

2.2. First-Order Stochastic Moment Analysis

Based on the governing equations of the rainfall infiltration, the first-order stochas-
tic moment analysis of slope seepage can be discussed. In this section, the two-
dimensional correlation structure of the saturated hydraulic conductivity, Ks, was
constructed, and the first-order stochastic moment formulation of slope seepage was
then derived.
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Figure 1. Moisture retention and hydraulic conductivity curves: (a) is the hydraulic conductivity
curve and (b) is the moisture retention curve.

2.2.1. Two-Dimensional Correlation Structure of Saturated Hydraulic Conductivity

Usually, a mean (ug,), a variance ((712(5) and a correlation structure described by correla-
tion length (A) are needed to define a correlated field. The correlation length, A, represents
the distance within which the hydraulic conductivities are correlated in space. Physi-
cally, the correlation lengths describe the average dimensions (e.g., length, thickness) of
heterogeneity, such as layers or stratifications [19].

If the saturated hydraulic conductivity is assumed to follow a lognormal random field,
then In K can be modeled as a normal distribution with a mean, yj, g, and a variance,
(71%1 K./ which are calculated from:

Uﬁle = ln(l + (7,2(5 /y%@) (5a)

1
Hink, = In(pk,) — g‘fﬁms (5b)

In this study, the saturated hydraulic conductivity was treated as a statistically station-
ary and isotropic field, which is reasonable when the soil of the slope is deposited with
regionally similar soils and without a specific direction. In this type of field, the mean
hydraulic properties are constant in the domain. The covariance (or correlation) between
any two points in the simulation domain does not depend on their locations. It decreases
with their distance within the correlation length, gradually becoming relatively small (or
zero) beyond the correlation length. The correlation lengths in the horizontal and vertical
directions were assumed to be the same. An exponential autocorrelation function was used
as follows:

\/(x—x’)2+ (z—z’)2

(A A) =exp| - 5

(6)

where p(A, A') is the autocorrelation function of any two points, A(x,z) and A'(x/,2").

2.2.2. First-Order Formulation

Natural logarithms of the saturated hydraulic conductivity are treated as a stochastic
process in space, which is characterized by its mean, py, ., its variance, ‘len k. and its spatial
correlation function, p(A, A’). Subsequently, the pressure head, #, is expanded in a Taylor
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series about p, g, . After neglecting the second- and the higher-order terms, the first-order
approximation of the pressure head can be written as:

oh(x,z)

h(x,z) = h(x,z) + p(x,z) = h(x,z) —i—f(X,Z)W

@)

where f(x,z) is the perturbation of In Ks(x,z); h is the mean pressure head, evaluated
using the mean saturated hydraulic conductivity, k., and it represents the head in an
equivalent homogeneous slope; and p denotes the head perturbation around the mean head
h, resulting from spatial variability of In K (x, z). The partial derivative is the sensitivity
matrix, which is evaluated at the mean parameter px,. According to Equation (7), the head
perturbation can be written in a matrix form as:

P =1Jyf ®)

Here, bold symbols denote either matrices or vectors. J,, is the sensitivity of p to
change in f or a Jacobian matrix, which can be calculated by the adjoint method [15,20-22].
Multiplying Equation (8) with itself and taking the expectation leads to the covariance of
the head:

Rpp = JpfRpf) Zf ©)

where Ry are the covariance function matrices for In K, which is calculated by (fﬁ1 K. p(AA).

The superscript T denotes the transpose. Each diagonal element of Ry, is the head variance, 0'%,
at location (x, z), representing the mean-square deviation of the head in a heterogeneous slope
from the head, calculated using the mean parameter, ik, , for the homogeneous slope.

2.3. Monte Carlo Simulation Verification

Despite the enormous computer effort required by a Monte Carlo simulation, this
method is still the most widely acceptable method to obtain various statistical properties [1].
In order to verify the accuracy of the first-order analysis method proposed in this study,
Monte Carlo simulation was used. For one simulation, a series of realizations of a random
field with the same mean (yg,),variance (012(5) and correlation length (1) were generated,
and the hydraulic response was calculated for each realization. These hydraulic responses
(e.g., pressure head) were then used to calculate statistical properties such as mean and
variance, which can be compared with the results produced by the first-order analysis.
In order to generate a statistically stationary and isotropic random field, the fast Fourier
transform code, modified from [23], was applied.

The grid density of the random field, which is crucial in a Monte Carlo simulation,
decides the amount of random data appearing in one realization, and hence influences
the number of realizations needed to reach convergence. A coarse grid with 25 x 20 cells
and a fine grid with 50 x 40 cells of random fields are generated to investigate how the
random field grid density affects the number of realizations required for a Monte Carlo
simulation. These two sets of grid size have also been applied in the first-order analysis to
test the algorithm stability of the first-order analysis approach.

In addition, a single realization of a K;(x, z) random field was generated using this fast
Fourier transform method with the given mean, variance and correlation length of K;(x, z).
This random field was then used to simulate the head response within a heterogeneous
slope. The response within the heterogeneous slope was subsequently compared to the
response derived from mean parameter, yg, (homogeneous slope), to show the effect of
heterogeneity on the pressure head profile.

2.4. Setup of Simulations

A finite element numerical modeling of the steady seepage flow due to rainfall in-
filtration was conducted within a 2D hypothetical slope (Figure 2) and was based on a
variably saturated flow and transport in 2D (VSAFT?2) platform [24]. Firstly, the simulation
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domain (100 m x 40 m) was evenly discretized into 50 x 40 elements and 2091 nodes.
Then, the top right corner of the domain was truncated, and the shape of the remaining
part, with 1610 elements and 1681 nodes, was the geometry of the slope (Figure 2). The soil
hydraulic parameters used in this study are listed in Table 1. These parameter values are
mainly from the study by [25]. Based the published literature [1,5,9,10], the general range
of o2, k, Was suggested to be 0.1~0.7. The correlation length, A, of In(K;) was suggested to
be 0.025-100 times the slope height [9]. Actually, the slope height, in addition to the grid
size and the entire domain size, should be taken into consideration to determine a proper
study range for correlation length [26]. Hence, a range of 0.1-100 m of correlation length, A,
was proposed in this study (Table 1). Finally, the ratio between the vertical infiltration flux
and pg, was set as 0.01 [9].
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Figure 2. The hypothetic slope in the numerical study.

Table 1. Soil hydraulic parameters used in the study.

Parameters Values
Mean of saturated hydraulic conductivity, pig, 1.0m/d
Coefficient in MVG model, « 04m1
Exponent in MVG model, n 2
Exponent in MVG model, m 0.5
Residual volumetric water content, 0, 0.07
Saturated volumetric water content, 6 0.4
Vertical infiltration flux, g 0.01m/d
Variance of In(Ks), ‘712n X 04,0.7
Correlation length of ]n(Ksk), A 0.1,0.5,1,10,100 m

Figure 2 displays the boundary conditions for this analysis. The boundaries AH
and BC remained a constant head, in which (h+z)|,; =20 m and (h+z)|gc = 10 m.
The boundary AB was impermeable, and the boundary GF had a constant vertical flux
applied,g = 0.01 m/d. The boundaries FE, ED, GH and DC were defined as seepage
faces [16].

To comprehensively investigate the effect of variability in saturated hydraulic conduc-
tivity and to verify the first-order analysis approach proposed, a series of study cases were
selected, shown in Table 2. From Case 1 to 5, the first-order analysis was carried out to study
the variability of the pressure head with respect to the change in the correlation length, A,
of InKs(x,z). A single realization of a K;(x, z) random field was generated for each A of
K;(x,z) to calculate the head response within a heterogeneous slope. To use the result of the
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Monte Carlo simulation as a comparison to verify the accuracy of the first-order analysis
method, a, Monte Carlo simulation with two different grid sizes (Case 8 and Case 9) were
first conducted to find the number of realizations needed to reach convergence for different
grid densities. These two cases with different grid sizes were also applied in the first-order
analysis (Case 4 and Case 6). Second, both the Monte Carlo simulation (Case 8 and Case 10)
and the first-order analysis (Case 4 and Case 7) were conducted at two ‘712n K. of 0.7 and 0.4.

Table 2. Statistics of K; in each study case.

Case No. ot K, A (n) Grid Method
1 0.7 0.1 50 x 40 cells First-order analysis
2 0.7 0.5 50 x 40 cells First-order analysis
3 0.7 1 50 x 40 cells First-order analysis
4 0.7 10 50 x 40 cells First-order analysis
5 0.7 100 50 x 40 cells First-order analysis
6 0.7 10 25 x 20 cells First-order analysis
7 0.4 10 50 x 40 cells First-order analysis
8 0.7 10 50 x 40 cells Monte Carlo simulation
9 0.7 10 25 x 20 cells Monte Carlo simulation
10 0.4 10 50 x 40 cells Monte Carlo simulation

3. Results and Discussion

The results and discussions are grouped into (1) the effect of the spatial variability
of the saturated hydraulic conductivity on the pressure heads and (2) the Monte Carlo
simulation verification.

3.1. Effect of Spatial Variability of Saturated Hydraulic Conductivity on Pressure Heads

To reveal the effect of the spatial variability of the saturated hydraulic conductivity on
the pressure heads, the deterministic analysis of the mean pressure head with the mean
value of the saturated hydraulic conductivity and the first-order analysis of the variance
of the pressure head were first conducted. Afterwards, the mean and the variance of the
pressure head were used to derive the upper and the lower bounds of the pressure head
profile. Finally, these upper and lower bounds served as an appropriate range to discuss
the pressure head response within the heterogeneous slope.

3.1.1. Deterministic Analysis

The deterministic analysis was performed assuming the slope was homogeneous, with
the mean of the saturated hydraulic conductivity, ux,, and the soil hydraulic parameters
displayed in Table 1. The slope geometry, the grid size and the boundary conditions can
be seen in Figure 2. The results, including the vectors of seepage velocity, contours of
the pressure head at a steady-state flow and the phreatic surface, of the deterministic
analysis are shown in Figure 3. As expected, the rain infiltrates into the slope, merging
with the groundwater at the phreatic surface and flowing from high total head to low total
head under the phreatic surface. The seepage field derived from the homogeneous, mean
hydraulic properties represents the most likely seepage field with given infiltration rates
and boundary conditions. Although the most likely seepage field can be quite different
from the field based on the heterogeneous hydraulic properties, it shows the general
seepage field within the slope. This result presents a basic understanding of seepage within
the slope, which demonstrates that VSAFT?2 has the ability to predict the infiltration and
seepage behavior in an unsaturated slope scenario. The pressure head was calculated can
also be used as the mean pressure head in Equation (7).
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Figure 3. Results of deterministic seepage analysis.

3.1.2. Pressure Head Variance

For Case 1 to Case 5 in Table 2, the first-order analysis was utilized to calculate the
variance of the pressure head at each node in the slope. Analyses were conducted with the
same mesh that was used for the deterministic analysis.

Figure 4 shows the variance of the pressure head at each node in the slope. It shows
that a higher correlation length leads to a higher variability in the pressure head on the
whole. More specifically, the variance of the pressure head above the phreatic surface
increases sharply with the correlation length before the correlation length reaches 10 m
and then grows slowly until the correlation length reaches 100 m. On the other hand, the
increases in the variance of the pressure head below the phreatic surface are mainly around
the central part of the phreatic surface.
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Figure 4. Pressure head variance at steady state for various correlation lengths of In(Ks): (a) p = 0.1 m;
(b)p=05m;(c) p=1m;(d) p=10m and (e) p = 100 m.
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The amount of different random data of K; appearing in one realization decreases
with the increasing correlation length. Meanwhile, the statistical differences between each
generated realization based on the same mean, variance and correlation length increases.
To summarize, the amount of random data of K, appearing in each realization is sufficiently
high at small correlation lengths. However, when correlation length becomes larger, each
realization generated from the same statistical parameters only contains parts of the random
data of the whole probability distribution.

Due to this tendency, the variance of the pressure head is also affected by the bound-
ary conditions. The domain above the phreatic surface is dominated by a constant flux
boundary. According to Darcy’s law, the hydraulic gradient is inversely proportional to
the K; field, as is the pressure head. Therefore, at low correlation lengths, the pressure
heads do not deviate much from each other due to the similar statistical characteristics
of the K; field. Therefore, the variance of the pressure head is small. However, at large
correlation lengths, the pressure head values calculated from different realizations of K
certainly deviate from each other, and the variance of the pressure head becomes large.
This is the reason why the variance of the pressure head is proportional to the correlation
length above the phreatic surface.

The domain below the phreatic surface is saturated under the control of a constant
hydraulic head difference between (h+z)|,y = 20 m and (h+z)|g- = 10 m. Using
Darcy’s law, the head loss distributes inversely with the K distribution along the flow
direction, keeping the continuous, specific discharge through the domain below the phreatic
surface so that the head distribution is influenced by the discrepancy in the distributions of
the K; field. Therefore, at low correlation lengths, the K; field of each realization becomes
homogenous, in which a relatively high or low zone of K, which contains many elements,
is hardly delineated. Thus, the variance of the pressure head is small. At a relatively high
value of correlation length (e.g., 10-100 m in this study), each generated realization has a
discrepancy in the distributions of the K field. These distributions differ from each other,
leading to a large variance of the pressure head. These explanations are supported by the
other literature [26,27].

3.1.3. Upper and Lower Bounds of Pressure Head Profile

The standard deviation of the pressure head, 0y, derived from Figure 4, is added to
and subtracted from the mean pressure head profile obtained from Figure 3 to yield the
upper and the lower bounds of the pressure head profile. The pressure head profiles along
the cross section 1-1’ (indicated in Figure 2) are shown in Figure 5.

20
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| . B 1/ i ——a—— p=0.1,upper L ——s—— p=0.1,upper
¥ W 8 i —--—s—-— p=0.5,lower | - ——a—— p=0.5lower
I bl j ——a—— p=0.5,upper 15 R\ ——&—— p=0.5,upper
o b I ——v—~ p=1lower . ——v—— p=1,lower
I LW b v p=1,upper | ———— p=1,upper
T x5l Lok | — —b—— p=10,lower ~ | — —b— — p=10,lower
= i ——+—— p=10,upper E T ——+—— p=10,upper
5 - 5 ] 3 p=100,lower S 10 p=100,lower
g I KR b p=100,upper =] B p=100,upper
[ - > -
O o ! ‘ - ﬁ |
- \\ -
20 -
a 51
I L L L I I : S
15 : ey
-6 - -2 0 0O 5 10 15 20
Pressure head (m) Pressure head (m)

(a) (b)

Figure 5. Bounds of pressure head along section 1-1’: (a) above the phreatic surface; (b) below the
phreatic surface.
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As can be seen from Figure 5, a higher correlation length yields a lower bound with a
more negative pressure head and an upper bound with a less negative pressure head. This
result is consistent with the findings in the variance of the pressure head shown in Figure 4.
However, Figure 5 clearly illustrates that the range of variation of the pressure head can be
as much as approximately 3 m due to the uncertainties and spatial variation of the hydraulic
conductivity in a slope. In their studies, Santoso et al. [26,27] and Zhu et al. [9] also found
that the range of variation of the pressure head changes with the correlation length of
the hydraulic conductivity. This can be circumstantial evidence for the effectiveness and
accuracy of the first-order analysis.

The fluctuation range of the phreatic surface, which is crucial to the slope stability
analysis, can be seen on the left side of Figure 5b where the pressure head is equal to zero.
A fluctuation of up to 3 m is shown. More specifically, the fluctuation range of the phreatic
surface increases sharply at first when the correlation length value is low. The growth then
slows when the correlation length reaches 10 m. The fluctuation range at high correlation
lengths is larger than the range at low correlation lengths. This phenomenon is due to the
amount of different random data of K;, the boundary condition and the discrepancy in the
distributions of K; field, which has been explained in previous section.

Note that the lower and upper bounds obtained by the first-order analysis are ap-
proximate bounds. They delineate the expectation of deviation from the pressure head
profile obtained using g, based on a first-order approximation. To summarize, in all
possibilities, this fluctuation can be far larger than this expectation: 3 m. Usually, it is
suggested that three times the standard deviation, 0}, is the range for all the possibilities;
this is a fluctuation of 9 m.

3.1.4. Pressure Head Response within Heterogeneous Slope

Figure 6 shows the simulated pressure head profiles at a steady state along Section 1-1/
in the heterogeneous slopes with five different correlation lengths. The corresponding
mean pressure head profiles were obtained based on the homogeneous slope assumption,
and the upper and lower bounds are associated with the mean pressure head profiles. As
can be seen, the pressure head profiles of these heterogeneous slopes differ from the ones
based on the homogeneous slope with g, and are bounded by the upper and the lower
bounds. These results imply that it is not possible to reproduce the hydraulic response of
a real slope under steady rainfall infiltration from any equivalent homogeneous model.
The upper and the lower bounds provide an appropriate range to delineate the possible
hydraulic response.

The positions of the phreatic surfaces of these heterogeneous slopes also differ from
the one based on the homogeneous slope, which can be indicated by the location where
the pressure head equals zero in Figure 6a—e. This may also suggest that the shape of
the phreatic surface in a heterogeneous slope is different from its shape in an equivalent
homogeneous slope.

3.2. Monte Carlo Simulation Verification

For the Monte Carlo simulation verification, we first investigated the influence of
the grid density on the probabilistic analysis by both the Monte Carlo simulation and the
first-order analysis method. We then compared the results from the first-order analyses
with those from the Monte Carlo simulations.

3.2.1. Impacts of the Grid Density

As was previously mentioned in Section 2, the grid density decides the amount of
random data appearing in one realization and the number of realizations needed to make
the Monte Carlo simulation reach convergence. Changes in the grid density also can
be used to test the algorithm stability of the first-order analysis proposed here. For this
purpose, a fine grid with 50 x 40 cells and a coarse grid with 25 x 20 cells were adopted
for both the Monte Carlo simulation and the first-order analysis.
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Figure 7 shows that the mean and variance of the pressure head of Point F (slope top)
changes with the number of realizations obtained by the Monte Carlo simulation for Case 8
and Case 9. Both cases involved 20,000 realizations.
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Figure 6. Pressure head response along section 1-1’ within heterogeneous slope: (a) p = 0.1 m;
(b)p=05m;(c) p=1m;(d) p=10m and (e) p = 100 m.
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Figure 7. Convergence of the mean and variance of the pressure head of Point F (slope top) obtained
by Monte Carlo simulation using two different grid densities: (a,b) are for Case 8 with the fine grid
(50 x 40 cells) and (c,d) are for Case 9 with the coarse grid (25 x 20 cells).

As can be seen in Figure 7a,b, the mean pressure head initially fluctuates with a
maximum range from —3.5 to —4.7 m. With the increasing number of realizations, the
fluctuation of the mean pressure head decreases. Finally, it keeps nearly steady after ap-
proximately 3000 realizations. The variance of the pressure head can be observed to reach
convergence after 10,000 realizations, with a maximum fluctuation of 0 to 1.46 m?2. There-
fore, the minimum number of realizations needed for Case 8 (a fine grid with 50 x 40 cells
of random fields) to reach convergence was 10,000.

The result for the coarse grid with 25 x 20 cells of random fields is shown in Figure 7c,d).
The maximum fluctuation of the mean pressure head with the increasing number of realiza-
tions is from —3.5 to —5.5 m. The maximum fluctuation for the variance of the pressure head
is from 0 to at least 1.7 m?: both are larger and more fluctuating than the corresponding result
for the fine grid case. In addition, the mean pressure head still maintains a slight fluctuation
when the number of realizations reaches a quite high value, 20,000, indicating that the Monte
Carlo simulation with a coarse grid size requires a greater number of realizations to reach
convergence than the simulation with a fine grid size. This is for to two reasons: firstly, each
realization of a coarser grid contains a lesser amount of random data; it therefore needs more
realizations to make the results of the Monte Carlo experience the same amount of random
data as in the fine grid case to reach convergence. Secondly, a finite element numerical
simulation with a coarse grid size reduces the accuracy of the pressure head prediction,
making the mean and variance of the pressure head more fluctuating and uncertain.

Comparisons of Figure 7a—d indicate that the mean pressure heads for cases with both
the coarse and fine grid sizes are all approximately —4.2 m. However, the variance of the
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pressure head values in the coarse grid case is larger than the variance in the fine grid case.
Again, this can be attributed to an insufficient amount of random data contained in one
realization and the reduced accuracy of the pressure head prediction in the coarse grid case.

In summary, the Monte Carlo simulation can only reach convergence based on a large
number of realizations, which is time-consuming and computation-consuming. If the
number of realizations is not high enough, the result is unreliable.

As a comparison, Figure 8 shows the variance of the pressure head, (75, along section
1-1/, which was obtained by first-order analysis, using two different grid densities: a fine
grid with 50 x 40 cells (Case 4) and a coarse grid with 25 x 20 cells (Case 6).

|
\
i
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|
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c, (m?)

Figure 8. Comparison of variance of pressure head along section 1-1’ obtained by first-order analysis
using two different grid densities.

According to Figure 8, the 0’% with the fine grid, denoted by the solid red line, is slightly
smaller than that of the coarse grid, which is denoted by the dashed green line. This result
is consistent with the result obtained by the Monte Carlo simulation in Figure 7. Moreover,
this result indicates that changes in grid density have little impact on the 0'}% estimated by
the first-order analysis approach, which reveals a good algorithm stability of the first-order
analysis approach.

3.2.2. Comparison of First-Order Analysis and Monte Carlo Simulation

Scatter plots of the mean and the variance of the pressure head at two variances of
InK;(x), o2, k. = 0.7 and 0.4, obtained from the Monte Carlo simulation versus the results
obtained from the first-order analysis are displayed in Figures 9 and 10. In these scatter
plots, a red point is located using the means (in Figure 9) or variances (in Figure 10) of
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the pressure head, which were calculated by the different methods from the same point
in the finite element slope model. The solid black line in these scatter plots represents
the reference position for a perfect match. More points approaching this line implies that
the differences between the results obtained from these two methods are smaller. The
Monte Carlo simulation used in Case 8 and Case 10 contains 20,000 realizations, and the
correlation length is 10 m.
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Figure 9. Comparison of mean pressure head obtained by different methods: (a) ‘712n x, =07 and
(b) 02, ¢ =0.4.
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Figure 10. Comparison of variance of pressure head obtained by different methods: (a) ‘712n k=07
and (b) Ulang =04.

As is indicated in Figure 9, for both cases with the variances of In Ks(x) equal 0.7
and 0.4, the mean pressure head values range from —5 to 20 m, and the mean pressure
head values obtained by the first-order analysis are close to those achieved by the Monte
Carlo simulation.

The variances of the pressure head, (712,, obtained by both methods are less consistent

with each other. According to Figure 10a, when o7, k. = 0.7, the range of (7’% from the
Monte Carlo simulation is from 0 to 2.1. This is slightly broader than the range from the
first-order analysis, which is from 0 to 2. The maximum deviation from the reference line
is approximately 0.25, which is small and acceptable. As is shown in Figure 10b, when
o k, = 04, the deviation of points from the reference line is up to 0.1. (7’2, ranges from
0 to 1.22 from the Monte Carlo simulation, while its range is narrower, from 0 to 1.15,
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when obtained using the first-order analysis. This is to be expected because the first-order
analysis approach ignores the high-order terms in the Taylor series and therefore results in
a smaller value of O'FZ,.

Comparisons of Figure 10a with Figure 10b indicate that the deviation from the
reference line and the discrepancy of range of Urz, increase with (len k.- This suggests that the
accuracy of the first-order analysis approach with respect to deriving statistics such as the
mean and the variance of the slope seepages can be sufficiently high when the correlation
length and variance of In K, (x) are not too large.

4. Conclusions

This study conducts a probabilistic analysis of slope seepage under rainfall, consider-
ing the spatial variability of hydraulic conductivity. Both the commonly used Monte Carlo
simulation method and the proposed first-order stochastic moment approach applied in
the probabilistic slope seepage analysis are tested and compared with each other.

Results indicate that the first-order analysis approach is effective and applicable to
the study of slope seepage flow. It is capable of obtaining statistics such as mean and
variance at a high enough accuracy. With the aid of the first-order analysis approach, it
is found that a larger value of the correlation length of In K;(x) leads to a higher value
of the variability in the pressure head and a larger fluctuation of the phreatic surface
in the slope. In a heterogeneous slope, the distribution of the pressure head is quite
different from that of a homogeneous slope. Therefore, it is not possible to reproduce the
hydraulic response of a real heterogeneous slope under steady rainfall infiltration from
any equivalent homogeneous model. The upper and the lower bounds obtained from
the first-order analysis approach provide an appropriate range to delineate the possible
hydraulic response.

The Monte Carlo simulation is found to be time-consuming, requiring at least 10,000
realizations are to reach convergence. In addition, the number of realizations needed is
sensitive to the grid density. A coarser grid case needs more realizations for convergence.
If the number of realizations is not enough, the result is unreliable. In comparison, the
first-order analysis approach reveals a good algorithm stability. The first-order analysis
approach is strongly competitive for use in addressing probabilistic slope seepage analysis
with fine meshes, especially for the calculation of the sensitivity or the cross-correlation of
the pressure head with the hydraulic conductivity, which can be time-consuming and even
hard to implement using the Monte Carlo simulation method.

Despite the many advantages of the first-order analysis, it should be emphasized that
this approach is based on a first-order approximation. The accuracy of the approximation
is generally satisfied when the variance and correlation length of In K;(x) are not too
large. At a large variance and correlation length, a higher order approximation or an
iterative approach is proposed (Li and Yeh, 1998), and its application in probabilistic slope
seepage analysis may deserve further investigation. Regardless, this study highlights
the applicability of the proposed first-order stochastic moment analysis method in the
slope scenario.

Author Contributions: Conceptualization, E.-C.Y. and ].-5.C.; methodology, ].-S.C.; software, H.Z.,
L.J. and R.-X.T.; validation, L.J.; formal analysis, H.Z.; investigation, H.Z.; resources, E.-C.Y.; data
curation, L.J.; writing—original draft preparation, H.Z.; writing—review and editing, J.-5.C.; visual-
ization, R.-X.T.; supervision, E.-C.Y.; project administration, K.S.; funding acquisition, K.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (Grant No.
41807264 and 41972289); the Key Laboratory of Geological Hazards on Three Gorges Reservoir Area
(China Three Gorges University), Ministry of Education (Grant No. 2020KDZ01); the Engineering
Research Center of Rock-Soil Drilling & Excavation and Protection, Ministry of Education (Grant No.
202102); the China Scholarship Council (Grant No. 201406410032); and the Science and Technology
Research Project of Education Department of Hubei Province (Grant No. B2019452).



Water 2023, 15, 810 16 of 17

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cho, S.E. Probabilistic analysis of seepage that considers the spatial variability of permeability for an embankment on soil
foundation. Eng. Geol. 2012, 133-134, 30-39. [CrossRef]

2. Cho, S.E. Probabilistic stability analysis of rainfall-induced landslides considering spatial variability of permeability. Eng. Geol.
2014, 171, 11-20. [CrossRef]

3. Caj,].-S; Yeh, T-C],; Yan, E.-C.; Tang, R.-X_; Hao, Y.-H. Design of borehole deployments for slope stability analysis based on a
probabilistic approach. Comput. Geotech. 2021, 133, 103909. [CrossRef]

4. Liu, J.; Zhao, Y.; Tan, T.; Zhang, L.; Zhu, S.; Xu, F. Evolution and modeling of mine water inflow and hazard characteristics in
southern coalfields of China: A case of Meitanba mine. Int. J. Min. Sci. Technol. 2022, 32, 513-524. [CrossRef]

5. Gui, S.; Zhang, R; Turner, J.P,; Xue, X. Probabilistic Slope Stability Analysis with Stochastic Soil Hydraulic Conductivity. J. Geotech.
Geoenvironmental Eng. 2000, 126, 1-9. [CrossRef]

6. Cai,].-S; Yan, E.-C.; Yeh, T.-C.J.; Zha, Y.-Y. Sampling schemes for hillslope hydrologic processes and stability analysis based on
cross-correlation analysis. Hydrol. Process. 2017, 31, 1301-1313. [CrossRef]

7. Cai,].-S; Yeh, T-CJ,; Yan, E.-C.; Tang, R.-X.; Hao, Y.-H.; Huang, S.-Y.; Wen, ].-C. Importance of variability in initial soil moisture
and rainfalls on slope stability. J. Hydrol. 2019, 571, 265-278. [CrossRef]

8.  Griffiths, D.V.; Fenton, G.A. Probabilistic Slope Stability Analysis by Finite Elements. J. Geotech. Geoenvironmental Eng. 2004,
130, 507-518. [CrossRef]

9.  Zhu, H,; Zhang, LM.; Zhang, L.L.; Zhou, C.B. Two-dimensional probabilistic infiltration analysis with a spatially varying
permeability function. Comput. Geotech. 2013, 48, 249-259. [CrossRef]

10. Srivastava, A.; Babu, G.S.; Haldar, S. Influence of spatial variability of permeability property on steady state seepage flow and
slope stability analysis. Eng. Geol. 2010, 110, 93-101. [CrossRef]

11.  Gomes, G.J.; Vrugt, ].A.; Vargas, E.A.; Camargo, ].T.; Velloso, R.Q.; van Genuchten, M.T. The role of uncertainty in bedrock depth
and hydraulic properties on the stability of a variably-saturated slope. Comput. Geotech. 2017, 88, 222-241. [CrossRef]

12.  Tang, G.; Huang, J.; Sheng, D.; Sloan, S.W. Stability analysis of unsaturated soil slopes under random rainfall patterns. Eng. Geol.
2018, 245, 322-332. [CrossRef]

13. L, T; Liu, G.; Wang, C.; Wang, X.; Li, Y. The Probability and Sensitivity Analysis of Slope Stability Under Seepage Based on
Reliability Theory. Geotech. Geol. Eng. 2020, 38, 3469-3479. [CrossRef]

14. Gu, X; Wang, L.; Ou, Q.; Zhang, W. Efficient stochastic analysis of unsaturated slopes subjected to various rainfall intensities and
patterns. Geosci. Front. 2023, 14, 101490. [CrossRef]

15. Li, B;; Yeh, T-C. Sensitivity and moment analyses of head in variably saturated regimes. Adv. Water Resour. 1998, 21, 477-485. [CrossRef]

16. Tang, R.; Cai, J.; Yeh, T.J. Two-Dimensional Probabilistic Infiltration Analysis in a Hillslope Using First-Order Moment Approach.
Groundwater 2019, 57, 226-237. [CrossRef]

17.  Mualem, Y. A new model for predicting the hydraulic conductivity of unsaturated porous media. Water Resour. Res. 1976,
12, 513-522. [CrossRef]

18. van Genuchten, M.T. A Closed-form Equation for Predicting the Hydraulic Conductivity of Unsaturated Soils. Soil Sci. Soc. Am. ].
1980, 44, 892-898. [CrossRef]

19. Cai,].-S,; Yan, E.-C; Yeh, T.-C.].; Zha, Y.-Y,; Liang, Y.; Huang, S.-Y.; Wang, W.-K.; Wen, J.-C. Effect of spatial variability of shear
strength on reliability of infinite slopes using analytical approach. Comput. Geotech. 2017, 81, 77-86. [CrossRef]

20. Sykes, ].E; Wilson, J.L.; Andrews, R.W. Sensitivity Analysis for Steady State Groundwater Flow Using Adjoint Operators. Water
Resour. Res. 1985, 21, 359-371. [CrossRef]

21. Li, B.; Yeh, T.-C/J. Cokriging estimation of the conductivity field under variably saturated flow conditions. Water Resour. Res. 1999,
35, 3663-3674. [CrossRef]

22. Hughson, D.L.; Yeh, T.-C.J. An inverse model for three-dimensional flow in variably saturated porous media. Water Resour. Res.
2000, 36, 829-839. [CrossRef]

23.  Gutjahr, A.L. Fast Fourier Transforms for Random Field Generation: Project Report for Los Alamos Grant to New Mexico Tech.
Ph.D. Dissertation, New Mexico Institute of Mining and Technology, Socorro, NM, USA, 1989.

24. Yeh, T.-C..; Srivastava, R.; Guzman, A.; Harter, T. A Numerical Model for Water Flow and Chemical Transport in Variably
Saturated Porous Media. Groundwater 1993, 31, 634-644. [CrossRef]

25. Cai, J.-S,; Yan, E.-C.; Yeh, T.-C.J.; Zha, Y.-Y. Effects of heterogeneity distribution on hillslope stability during rainfalls. Water Sci.

Eng. 2016, 9, 134-144. [CrossRef]


http://doi.org/10.1016/j.enggeo.2012.02.013
http://doi.org/10.1016/j.enggeo.2013.12.015
http://doi.org/10.1016/j.compgeo.2020.103909
http://doi.org/10.1016/j.ijmst.2022.04.001
http://doi.org/10.1061/(ASCE)1090-0241(2000)126:1(1)
http://doi.org/10.1002/hyp.11101
http://doi.org/10.1016/j.jhydrol.2019.01.046
http://doi.org/10.1061/(ASCE)1090-0241(2004)130:5(507)
http://doi.org/10.1016/j.compgeo.2012.07.010
http://doi.org/10.1016/j.enggeo.2009.11.006
http://doi.org/10.1016/j.compgeo.2017.03.016
http://doi.org/10.1016/j.enggeo.2018.09.013
http://doi.org/10.1007/s10706-020-01226-4
http://doi.org/10.1016/j.gsf.2022.101490
http://doi.org/10.1016/S0309-1708(97)00011-0
http://doi.org/10.1111/gwat.12791
http://doi.org/10.1029/WR012i003p00513
http://doi.org/10.2136/sssaj1980.03615995004400050002x
http://doi.org/10.1016/j.compgeo.2016.07.012
http://doi.org/10.1029/WR021i003p00359
http://doi.org/10.1029/1999WR900268
http://doi.org/10.1029/2000WR900001
http://doi.org/10.1111/j.1745-6584.1993.tb00597.x
http://doi.org/10.1016/j.wse.2016.06.004

Water 2023, 15, 810 17 of 17

26. Santoso, A.M.; Phoon, K.-K.; Quek, S.T. Effects of soil spatial variability on rainfall-induced landslides. Comput. Struct. 2011,
89, 893-900. [CrossRef]

27. Srivastava, R.; Yeh, T.-C.J. Analytical solutions for one-dimensional, transient infiltration toward the water table in homogeneous
and layered soils. Water Resour. Res. 1991, 27, 753-762. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.compstruc.2011.02.016
http://doi.org/10.1029/90WR02772

	Introduction 
	Methodology 
	Governing Equations for Rainfall Infiltration Analysis 
	First-Order Stochastic Moment Analysis 
	Two-Dimensional Correlation Structure of Saturated Hydraulic Conductivity 
	First-Order Formulation 

	Monte Carlo Simulation Verification 
	Setup of Simulations 

	Results and Discussion 
	Effect of Spatial Variability of Saturated Hydraulic Conductivity on Pressure Heads 
	Deterministic Analysis 
	Pressure Head Variance 
	Upper and Lower Bounds of Pressure Head Profile 
	Pressure Head Response within Heterogeneous Slope 

	Monte Carlo Simulation Verification 
	Impacts of the Grid Density 
	Comparison of First-Order Analysis and Monte Carlo Simulation 


	Conclusions 
	References

