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Abstract: This study examines the pore water pressure responses and stability of an unsaturated–
saturated consolidating slope under the influence of rainfall infiltration. Analysis of slope behaviour
was carried out with the results obtained for soils having similar saturated coefficients of permeability
(ks) of 1 × 10–5 m/s, and rainfall flux (q) of 1 × 10−6 m/s but varying air-entry and coefficient of
volumetric compression (mv) values. Results indicate that for the unsaturated portion of the slope
(above the groundwater table), negative pore water pressure exists during rainfall infiltration which
tends to lessen as the duration of rainfall progresses. An increase in soil compressibility caused
a decrease in soil suction in the unsaturated portion irrespective of the rising groundwater level
during infiltration. The difference in the pore water distribution was less for mv values below
0.002 kPa−1 especially under major rainfall events. The stability of the slope reduced with an
increment in infiltration time as soil compression increased, with the difference being slightly more
pronounced under antecedent rainfall of duration greater than 7 days. Although the studied slope
appeared to be just safe (factor of safety of 1.2) under the conditions of increased air-entry value,
increased compression, and rainfall flux of 1 × 10−6 m/s, the stability of the slope was observed to
have been compromised when the rainfall flux was equal to or greater than the saturated coefficient
of permeability (1 × 10−5 m/s) of the soil.

Keywords: rainfall; soil compression; slope stability; pore water pressure; soil suction; factor of safety

1. Introduction

Climate change is predicted to trigger more fluctuations in the patterns of rainfall in
the long term [1]. The alterations in the frequency, intensity, and amount of precipitation
can result in the deformation of soil slopes leading to instability. Slope failures and general
landslides are responsible for thousands of fatalities and millions of dollars’ worth of
damage to critical infrastructural assets such as railways, roadways, and flood defence
systems [2]. In geotechnical engineering, the effects of infiltration and seepage on the
stability of soil slopes are normally addressed through the determination of the factor of
safety or in some instances, critical depth [3]. This type of analysis lends itself to saturated
steady-state flow occurring over a given depth. To account for the worst-case scenario
of rainfall infiltration, it is usually presumed that the groundwater table (or the phreatic
surface) would gradually rise to coincide with the surface of the slope, hence rendering
a completely saturated condition [4]. In a fully saturated slope, additional seepage or
infiltration may not be feasible, hence, precipitation will have no further effect on the
stability of the slope. However, it has been proven through in situ measurements of matric
suction that negative pore water pressures in a soil slope may not be entirely destroyed
following a rainstorm [3,5]. In this regard, it is possible for some amount of shear strength
to be sustained in such slope conditions.

Previous studies have demonstrated that the hydraulic responses of a slope to pre-
cipitation can be broadly divided into two major stages, namely: (1) the propagation of
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a wetting front and (2) the rise of groundwater table [4,6,7]. Based on the theory of infiltra-
tion and seepage through an unsaturated–saturated soil system, certain conditions under
which soil suction can be maintained in a slope with an advancing wetting front resulting
from rainfall has been established in the past [8–10]. Under steady state conditions, one of
the most important factors that can contribute to the permanency or maintenance of matric
suction in soil slopes is the amount of precipitation experienced by the soil. This magni-
tude of precipitation (or rainfall flux) can also be expressed as a ratio or percentage of the
saturated coefficient of permeability of the soil [11]. For soils with low saturated coefficient
of permeability (or larger water storage capacity), the negative pore water pressure may
require a sufficient amount of time to dissipate in order to ensure that it is maintained over
a longer time duration than the rain is likely to last, even if the rainfall intensity (or ground
surface flux) is greater than or equal to the saturated coefficient of permeability [12,13].

Previous studies have also shown that under transient conditions of seepage, pore
water pressure is dependent on the magnitude of rainfall, saturated coefficient of perme-
ability, desaturation coefficient, slope geometry, and unsaturated soil property functions
such as the air-entry value of the soil and the water storage function [5,14–18]. Although
not explicitly considered in most previous research in the recent past, it is proposed that
slope stability analysis should also incorporate the behaviour of pore water pressure of
a slope that is subjected to consolidation from external forces (or under its own self weight)
during a rainfall event.

Hence, the present study aims to examine and evaluate, through an unsaturated
–saturated infiltration and seepage model, the matric suction response and the stability
of a consolidating slope subjected to rainfall. The conditions leading to the maintenance
of negative pore water pressure in the unsaturated zone of the slope are studied under
transient-seepage conditions using finite element numerical modelling. Furthermore,
semi-parametric analysis is carried out to include a range of unsaturated soil and volume
conditions with an investigation of the stability of the slope under those conditions.

2. Theory of Infiltration and Seepage in Unsaturated–Saturated Soils

Darcy’s law governs water flow in unsaturated and saturated soils [19]. According to
Darcy’s law, the velocity of discharge is proportional to the gradient of hydraulic head:

v = −k
δh
δy

(1)

where k is the coefficient of permeability, h is the hydraulic head, and δh/δy is the hydraulic
gradient in the y direction.

The hydraulic head h is composed of an elevation head y and a pore water pressure
head as follows:

h = y +
uw

ρwg
(2)

where uw is the pore water pressure, ρw is the density of water, and g is the acceleration
due to gravity. For a saturated soil, the coefficient of permeability can be considered
as a constant value. However, for unsaturated soils, the coefficient of permeability is
normally regarded as a function of negative pore water pressure (matric suction) and tends
to decrease with increasing suction.

The relationship between matric suction and the coefficient of permeability for
an unsaturated soil is referred to as the permeability function. Darcy’s law and the equa-
tion of continuity, the governing equation for two-dimensional transient flow through
an unsaturated soil, can be expressed as:

δ

δx

(
kx

δh
δx

)
+

δ

δy

(
ky

δh
δx

)
=

δθw

δt
(3)
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where kx is the coefficient of permeability in the x direction, ky is the coefficient of perme-
ability in the y direction, and θw is the volumetric or gravimetric water content.

The water phase constitutive relationship proposed by Fredlund and Morgenstern [20]
for an unsaturated soil can be expressed as follows:

dθw = mw
1 d(σ − ua) + mw

2 d(ua−uw) (4)

where σ is the total stress; ua is the pore air pressure; m1
w is the slope of the water volume

vs. σ − ua relationship when d (ua − uw) is equal to zero; m2
w is the water storage coefficient

representing the slope of the water volume vs. (ua − uw) relationship when (ua − uw) is
equal to zero.

For an analysis involving transient seepage, it can be assumed that the pore air pressure
remains at atmospheric conditions while the total stress is constant. Then, a change in
porewater pressure can be related to volumetric water content as follows:

dθw = mw
2 d(ua−uw) (5)

Substituting Equations (2) and (5) into Equation (3) yields the following governing
equation for water flow through an unsaturated soil:

δ

δx

(
kx

δh
δx

)
+

δ

δy

(
ky

δh
δx

)
= mw

2 ρwg
δh
δt

(6)

3. Methodology
3.1. Slope Properties and Design

This study models transient seepage conditions on a simplified slope of height 20 m
inclined at an angle of 30 degrees. In keeping with the primary aim of this research, the
slope is initially composed of an isotopic and homogeneous soil having a unit weight of
20 kN/m3, cohesion of 15 kPa, and an angle of friction of 30 degrees. The analysis and
design of the slope is based on Eurocode 7, Design Approach 1, Combination 2 using the
Mohr–Coulomb strength type. As would be described in the section following, the slope
presupposes the existence of an unsaturated region above the groundwater table during
infiltration. Hence, unsaturated soil properties using the [21] soil–water characteristic curve
(SWCC) model with varying af values (0.1, 0.5, 1, 2, 5, 10, and 20 kPa) and constant nf and
mf values of 2 and 1, respectively, are adopted. The af value relates to the air-entry value
of the soils, the nf value is a fitting parameter and represents an SWCC’s slope function,
while mf is a fitting parameter of the SWCC, being a function of the residual water content.
The saturated coefficient of permeability (ks) value of 1 × 10−5 m/s is used in this study.
The SWCC and the corresponding coefficient of permeability functions for the soils with
various af values adopting the [21] model are shown in Figure 1a,b.

3.2. Numerical Modelling and Boundary Conditions

Finite element modelling of groundwater considering transient seepage was conducted
on the slope. The finite element mesh and corresponding boundary conditions adopted
for the slope following the model proposed by Zhang L. [3] is shown in Figure 2. Along
the left- and right-side boundaries of the slope, a variable head was applied at elevation
60 m and 50 m, respectively, at the groundwater table. This study considers a free water
table condition since this may rise during rainfall infiltration. It is assumed that the base of
the finite element mesh applied on the slope is impermeable. The mesh element type used
is four-noded quadrilaterals; the total number of elements and nodes are 3366 and 3432,
respectively. Numerical simulation is executed using the Slide2 program [22].

High rainfall intensities can lead to rapid infiltration of water into the slope, especially
if the soil’s air-entry value (AEV) is low. This rapid infiltration increases pore water
pressures swiftly, reducing the soil’s effective stress and shear strength.
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Continuous high-intensity rainfall can saturate the slope, making it more prone to
shallow failures or surface erosion.

On the other hand, lower rainfall intensities might allow for better drainage and
dissipation of pore water pressures, reducing the immediate threat to slope stability.
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Figure 1. (a) Soil–water characteristic curve for different air-entry values. (b) Coefficient of perme-
ability curve for different air-entry values.
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Figure 2. Slope geometry with finite element mesh and boundary conditions.

In this study, rainfall effect is modelled as a flux boundary (q), applied along the
surface of the slope. Analysis of unsaturated suction and pore water profiles are carried out
in the middle of the slope at the section denoted as X-X in Figure 2; for an unsaturated soil
condition above the groundwater table, suction could be sustained if the rainfall intensity
or surface flux (q) is less than the saturated coefficient of permeability (ks) [3]. In this regard,
the ratio of surface flux to the saturated coefficient of permeability (i.e., q/ks) less than
unity ensures the slope is not fully saturated during infiltration. A typical pore pressure
distribution profile with increasing q/ks is shown in Figure 3. Hence, a rainfall intensity
value of 1 × 10−6 m/s (i.e., q/ks of 0.1) has been adopted for this study. Critical porewater
profiles are analysed in this study considering both major and antecedent rainfalls. A major
rainfall event is that which has a duration of less than 24 h while an antecedent rainfall is
considered as that which would last for more than 24 h [23].
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4. Analysis and Discussion
4.1. Effect of Air Entry on Porewater Condition

The results shown plotted in Figure 4 illustrate the different patterns realised through-
out the pore water pressure distribution profile with the value of “af” equal to 0.1, 0.5, 1, 5,
10, and 20 kPa, respectively. These results were obtained for soils having similar saturated
coefficients of permeability (ks) of 1 × 10–5 m/s, nf of 2, and mf of 1. Rainfall flux (q) of
1 × 10−6 m/s (i.e., q/ks of 0.1) was applied on the slope.

Mechanism by Which Air Entry Affects Slope Stability

The air-entry value (AEV) is a measure of the matric suction head at which air starts
to enter the soil’s pores, leading to a rapid drop in the soil’s water retention capacity. It is
a key parameter in the soil–water characteristic curve.

Soils with higher AEVs tend to resist water infiltration for longer durations during
rainfall events. This resistance means that the buildup of pore water pressures, which can
reduce the soil’s shear strength, is delayed.

Conversely, a lower AEV implies that the soil becomes saturated more quickly, leading
to a faster rise in pore water pressures, which can compromise slope stability.

For the soil with af that is equal to 0.1 kPa, the negative pore pressure (or matric
suction) near the ground surface is seen to decrease with time (Figure 4). There is a clear
distinction between the curves which indicate progressive movement, suggesting a rise
in the groundwater as the infiltration continues. It is also observed that although there
are relatively different values of suction for infiltration occurring from 1 min up to 24 h
(1 day) of rainfall above the water table, the level of groundwater rise seems not to change.
However, the reverse seems to be the case as infiltration continues up until 7 days beyond
which the suction seems to remain the same even though the level of groundwater rise
is greater with the passage of time. Groundwater rises by about 1 m between the major
rainfall conditions (1 min–24 h) and 7 days and by 4 m between the major rainfall conditions
and 30 days.

At greater values of af (also indicating higher air-entry value), the suction of the soil
during rainfall infiltration above the groundwater table generally seems to increase, as
could be observed from Figure 4. Also, a distinct “vertical” wetting front with a slightly
sharp separation of pore water profiles of the antecedent rainfall from the major rainfall
conditions is noticed with a reduction in the air-entry values of the soil. However, as the af
value increases, the wetting front becomes less distinct, but with the gradient of the pore
water pressure being greater for the soil with smaller air entry.

As rainfall infiltration progresses, the level of groundwater rise seems to be almost
equal at about 2 m for af values between 5 kPa and 10 kPa. However, there seems to be
a slight distinction in the progress of infiltration and water levels at the af value of 20 kPa.
In this regard, there is a small increase in the water level between 1 min of rainfall and
that lasting for 1 day or 24 h. It is also observed from Figure 5 that the level of rise in the
groundwater across the infiltration times are generally lower for higher air-entry values of
the soil.

Figure 6 shows more clearly the pore water pressure profile highlighting the differences
in the matric suction for different air-entry values as the time of infiltration increases when
re-cast with varying durations. It is obvious that higher matric suctions are accorded to
the soils having higher air entry across all infiltration durations. However, as the time of
rainfall progresses, the matric suction values tend to reduce with increasing af value.
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Figure 4. Pore water pressure distribution and duration of rainfall. (a) Pore water pressure profile
with af = 0.1; (b) pore water pressure profile with af = 0.5; (c) pore water pressure profile with af = 1;
(d) pore water pressure profile with af = 5; (e) pore water pressure profile with af = 10; (f) pore water
pressure profile with af = 20.
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4.2. Effect of Soil Consolidation on Porewater Condition

The effect of volume change either from external loading or self-weight of soil is
modelled using the coefficient of volume change (mv), often regarded as the volumetric
change in a soil per unit increase in effective stress.
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Mechanism by Which Coefficient of Volumetric Compression Affects Slope Stability

When water infiltrates a slope, the resulting increase in pore water pressures leads to
a decrease in the soil’s effective stress. Soil with a higher mv will undergo a more significant
volume reduction (or compression) for a given increase in pore water pressure.

This compression can lead to a decrease in the soil’s shear strength, making the slope
more susceptible to failure, especially in fine-grained soils.

The results in Figure 7 were obtained for soils having similar q/ks of 0.1, af of 0.5 kPa,
nf of 2, and mf of 1. The pore water pressure distribution profiles shown correspond to
soils with an mv of 0.2, 0.02, 0.002, 0.0002, 0.00002, and 0.000002 (kPa−1) which invariably
represent a broad range of pressure that could be experienced by the slope. For an mv of
0.2 kPa−1, the pore water pressure profile is very similar for infiltration occurring under
1 day of major rainfall. However, with decreasing mv, the distinction in the profiles seems
clear for infiltration occurring under major rainfall (i.e., between 1 h up to 24 h/1 day) and
antecedent rainfall afterwards. Beyond 1 day, the suction in the unsaturated zone tends
to approach zero for antecedent rainfall experienced by the slope up to 30 days. The pore
water pressure profiles all tend to converge to the initial antecedent rainfall stages at suction
values of about 10 kPa. Generally, it is noticed that an increase in soil compressibility does
tend to result in a decrease in soil suction above the rising groundwater level although
the difference in the pore water profiles seems less for mv values below 0.002 kPa−1.
Also, similar to an earlier behaviour with the effect of air entry considered, a distinct
“vertical” wetting front with a slightly sharp separation of pore water pressure profiles of
the antecedent rainfall from the major rainfall conditions can be observed for mv values
of 0.002 kPa−1 and lower. Moreover, for mv values lower than 0.2 kPa−1 (i.e., increased
soil compressibility), the rise in groundwater level is clearly noticeable for antecedent
rainfall or infiltration occurring beyond days (please see Figure 8). Although the mv
for a soil is not an intrinsic property but depends on the stress range from which it is
calculated, it is clear that a reduction in the volumetric compressibility of a soil due to
stress change results in the reduction in soil suction in the unsaturated zone during rainfall
infiltration, irrespective of whether the advancing groundwater level for rainfall is less
than the saturated permeability of the soil. Increased soil compression means a gradual
reduction in volume; therefore, the interaction between the re-arranged soil particles and
the infiltrated rainwater (which does merit further investigation at a microscopic level)
tends to lead to less suction with prolonged rainfall. It should be borne in mind that reduced
soil volume incontrovertibly results in a decrease in pore spaces in the soil which, in an
unsaturated soil, would mean increased suction. However, as this study suggests, although
some antecedent rainfall may cause the suction to be eventually wiped out, for the period
within which suction can still be maintained in the unsaturated zone, further investigations
are required at the microscopic level to enable an understanding of the phenomenon of
pore arrangements during volumetric changes under rainfall. As seen in Figure 7, there
seems to be only little difference in the pore water profiles for mv values 0.02 kPa−1. Most
test standards would often specify a single value of mv, determined for a stress increase of
100 kPa in excess of the in situ vertical effective stress of the soil at the depth being sampled
(i.e., effective overburden pressure) [24]. Hence, it could therefore be established that for
most geotechnical applications, mv values can be specified or calculated within the range
between 100 kPa and 1000 kPa.
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Figure 9 shows distinctly the pore water pressure distribution profiles of the slope with
different values of mv but with the duration of infiltration considered separately. Suction
values of up to 20 kPa are generally observed in the unsaturated zone with precipitation
intensity of 1 × 10−6 m/s (or q/ks = 0.1). There is no difference in the behaviour of the soil
in the unsaturated zone for a major rainfall of 1 min duration. The distribution of the soil
suction profile seems marginal for infiltration durations of 1 h to 4 h. The difference in soil
suction seems to be more for mv less than 0.02 kPa−1. This distinction seems to be greater
with prolonged antecedent rainfall.
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4.3. Stability of Consolidating Slope

Figure 10 illustrates the distribution of factor of safety along the slope (from the crest
to the toe) for different values of mv and with the progression of infiltration. A close
examination of the slope’s stability indicates that the factor of safety tends to be less at both
ends (crest and toe) compared to the middle of the slope for all values of mv. For an mv
value of 0.2 kPa−1, it is clearly seen that there is no difference in the factor of safety on the
slope for all durations of rainfall. However, with an increase in soil compression, the factor
of safety does appear to reduce with an increase in infiltration time across the different
values of mv (from 0.02 to 0.000002 kPa−1). This difference is slightly more pronounced
(especially for antecedent rainfall with duration from 7 days to 30 days) as the degree of soil
compression increases from an mv of 0.002 to 0.000002 kPa−1. Overall, the slope tends to be
generally stable (factor of safety greater than one). It could be concluded that the existence
of suction in the unsaturated portion of the slope under the rainfall durations investigated
has ensured this possibility. In order to confirm this claim, the stability of the slope is
further examined with the rainfall intensity increased by an order of 10 (i.e., q/ks = 1) for
a duration of 1 day to ensure full saturation. It could be observed from Figure 11 that
for an mv value of 0.2 kPa−1, the minimum global factor of safety of the slope (1.234) for
a lower intensity of rainfall (i.e, q/ks = 0.1) is greater than the factor of safety for the slope
subjected to higher intensity of rainfall (q/ks = 1), which is 0.861. A factor of safety less
than unity as indicated for the slope under higher rainfall indicates critical slope condition
with impending failure.
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factor of safety of the slope for intensity of rainfall (i.e, q/ks = 0.1). (b) Minimum global factor of
safety of the slope for intensity of rainfall (i.e, q/ks = 1).

It is crucial to emphasize that impending failure of the slope would be critical with
continuous rainfall infiltration duration beyond 30 days for a highly compressible soil, as
Figure 11 indicates.

Figure 12 highlights the distribution of factor of safety with the duration of rainfall
infiltration to buttress the points made above. As could be observed, for the slope with
the least compressible soil, the factor of safety appears to remain constant for the entire
duration of rainfall up to 30 days. The most drastic decrease in the factor of safety seem to
occur with mv of soil beyond 0.02 kPa−1. Although not obvious from the Figure 7 as seen
previously, the effects of reducing the mv value of soil further from 0.0002 kPa−1 seem to
be less as the factor of safety of the slope only changes slightly for the entire duration of the
rainfall (please see Figure 12).
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5. Conclusions

This study examined the pore water pressure responses and stability of an unsaturated–
saturated consolidating slope under the influence of rainfall infiltration. An analysis of
slope behaviour was carried out with the results obtained for soils having similar saturated
coefficients of permeability (ks) of 1 × 10–5 m/s, SWCC fitting parameters (nf of 2, and mf

of 1), and rainfall flux (q) of 1 × 10−6 m/s (i.e., q/ks of 0.1) but with varying air-entry and
coefficient of volumetric compression (mv) values. The following are major highlights of
the study:

1. For the unsaturated portion of the slope (above the groundwater table), negative pore
water pressure during rainfall infiltration less than the coefficient of permeability
of the soil increases with the air-entry values of the soil, indicating the existence of
suction in this region. However, as the time of rainfall progresses, the matric suction
values tend to reduce with increasing air-entry values.

2. Generally, it is noticed that an increase in soil compressibility does tend to result
in a decrease in soil suction above the rising groundwater level, irrespective of the
advancing groundwater level for rainfall less than the saturated permeability of the
soil and lasting for prolonged periods.

3. The difference in the pore water distribution profiles seems less for mv values below
0.002 kPa−1 especially for major rainfall events. Moreover, the distribution of the soil
suction profile seems marginal for infiltration durations of 1 h to 4 h.

4. In terms of the stability of the slope, the factor of safety does appear to reduce
with an increment in infiltration time as soil compression increases. This difference
is slightly more pronounced (especially for antecedent rainfall with duration from
7 days to 30 days).

5. Although the slope appears to be just safe (factor of safety of 1.2) under the conditions
of increased air-entry value, increased compression, and rainfall flux of 1 × 10−6 m/s,
the stability of the slope can be compromised if the rainfall flux is equal to or greater
than the saturated coefficient of permeability of the soil.
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