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Abstract

Seepage and slope stability are important problems analyzed in
geotechnical engineering. Conventionally, the analysis is performed
in conditions where the soil is intact. However, near-surface soil is
subjected to various conditions that lead to heterogeneity, for
example, the presence of cracks in clay, relics in weathered rock,
and plant roots. The presence of cracks and other forms of
heterogeneity on the near-surface layer increases the rainfall
infiltration into the slope and changes the pore water pressure
distribution accordingly. Water infiltration increases the pore water
pressure, raises groundwater level, and decreases the matrix
suction of unsaturated soils - which is a critical factor for the stability
of slopes. This study aims to evaluate the effect of varying
permeability of near-surface soil on the rainwater infiltration to slope
and, subsequently, the safety factor. In this case, the near-surface
soil is modeled as a layer with higher permeability. Numerical
analysis performed in this study using SEEP/W and SLOPE/W
indicated that considering this condition results in a higher safety
factor of the slope because the higher permeability resulting from
heterogeneity helps dissipate pore water pressure, which is critical
in maintaining the slope stability during heavy rainfall.
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INTRODUCTION

Rainfall-induced slope failure is a
prevalent geohazard in tropical countries
covered with residual soils and deep
groundwater tables. The reduction in soil shear
strength resulting from elevated pore water
pressure and reduced matrix suction can result
in slope failure. For example, rainfall-induced
slope instability has been studied by [1, 2, 3, 4,
5]. The studies concluded that the stability of a
slope is influenced mainly by the geometry of
the slope, the soil characteristics, and the
rainfall duration and intensity. The normal depth
of the slip surface in rainfall-induced slope

slope. Cracks at the crest or slope surface
could initiate the slip surface. The presence and
size of cracks are usually detected by visual
observation or various methods outlined in [6].

Conventionally, slope stability analysis
was performed for total and effective conditions
whereby the soil is assumed to be in saturated
condition. The application of the unsaturated
soil mechanics concept was deemed to be
difficult and time-consuming. However, the
integration of computer programs enables the
speedy execution of seepage and infiltration
analysis in unsaturated soil, as well as the
assessment of slope stability.

failures is between one and three meters, and it Rainfall-induced slope failures are
is aligned in a direction that is parallel to the primarily caused by complete or partial
slope surface. Thus, analytical analysis is dissipation of matric suction within the
usually carried out in the case of an infinite unsaturated zone during rainfall infiltration,
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which decreases the soil's shear strength [7].
The analysis of rainfall-induced slope instability
is usually performed in conditions where the soil
is intact and homogeneous.

In fact, the near-surface soil is subjected
to various boundary conditions such as rainfall
infiltration, evaporation, and transpiration. The
effect of these boundary conditions was studied
numerically by [8] and [9] and more extensively
using field data by [10]. The studies concluded
that both actual evaporation and rainfall
significantly affect accurate factor of safety
variations and pore-water pressure distribution
within soil layers. The alternation of rainy and
dry periods causes the development of
desiccated cracks in clay [11][12] which lead to
seepage concentration through the crack.
Furthermore, the transient processes of pore
water pressure distribution depend on the soil's
hydraulic and mechanical properties and the
geometry of the moving mass [13].

Besides the crack formation on the
surface soil, the residual soil formation process
in tropical regions introduces minor hydraulic
heterogeneities on the soil surface, significantly
influenced by preexisting discontinuities such
as relic and core-stone [14][15]. Furthermore,
the root of vegetation also introduces
heterogeneity on the near-surface layer
because roots uptake water from the soil,
leading to variation in moisture around the root
system with the distance between the trees and
the soil [16]. Together, these three forms of
heterogeneity had the potential to generate
inconsistencies in the suction distributions,
increase the rainfall infiltration into the slope,
and subsequently decrease the suction. Figure
1 shows the slope surface, indicating some
heterogeneities in the near-surface soil layer.
Considering the hydraulic heterogeneity of the
near-surface soil is a complicated task. [17]
showed that analyzing the effect the presence of
a crack at the surface should not consider only
the soil matrix part of the cracked soil, but also
the crack network. The effects of relict
discontinuities on the stability of residual soil
slopes in tropical regions are also difficult due to
the unpredictable hydrological influences and the
intrinsic heterogeneity of the indigenous soils
[18]. Based on their study, [16] concluded that
trees contribute to slope stability both
hydrologically as a result of the increase in matric
suction of the soil resulting in an increase in the
shear strength and mechanically due to root
reinforcement.

To study the effect of relic-joint on soil
permeability, [19] conducted a laboratory model
test on intact soil and soil with different relic
patterns. They found that the occurrence of relic
and core stones in Grade V material causes the
variability of saturated mass permeability of the
residual soil range over one order of magnitude.

Similarly, based on their research on the
saturated coefficient of permeability of granitic
residual soil in Bukit Timah, Singapore, [20]
concluded that the saturated -coefficient of
permeability of the residual soil mantle varies
within two orders of magnitude.

The impact of precipitation patterns on
soils with varying permeability levels was
investigated by [21] under conditions of delayed,
regular, and advanced preceding rainfall
patterns. The findings suggest that soil with low
permeability is more susceptible to instability than
soil with high permeability. Thus, modelling the
heterogeneity in the near-surface soil as a soil
layer with a higher coefficient of saturated
permeability could lead to a more realistic
evaluation of rainfall-induced instability.

This paper focuses on investigating the
effect of near-surface soil heterogeneities on the
transient pore water pressure induced by rainfall
infiltration.
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The heterogeneity is assumed to increase
the permeability of the near-surface soil, thus; a
higher permeability coefficient was used for the
analysis while other properties were kept similar.
Numerical analyses of soil slopes were
performed under different rainfall scenarios i.e.,
high-intensity short-duration, low-intensity, long-
duration, and a combination of antecedent and
major rainfall. SEEP/W program was used to
evaluate the transient pore-water pressure
distribution in the soil during and after the rainfall
scenarios. Furthermore, the slope stability
analysis was carried out using the limit
equilibrium method in SLOPE/W at any time by
the limit equilibrium method to evaluate the
change in the slope's safety factor during and
after rainfall.

METHOD

The methodology adopted in this study is
the numerical analysis of a slope found in the city
of Pagar Alam, South Sumatra. Samples were
collected to identify soil forming the slope. The
geometry of the slope was estimated based on
the field condition.

Study Location and Geometry of the Slope

Figure 2 shows the location of Pagar Alam
city in South Sumatra Province. A slope in the
South Sumatra National Road segment no 037,
i.e. Simpang Air Dingin — Pagar Alam was
selected for this study. The location coordinates
are 4° 4'23.67" South Latitude and 103°19'26.47"
East Longitude.

Figure 3 shows the geometry of the slope
used in this study. The slope is inclined at 27°
and has a height of 10 m. In this study, the near-
surface soil is modeled as a 1-m thick layer with
a coefficient of saturated permeability higher than
the rest of the soil. In this article, the original soil
is referred to as Soil 1 while the near-surface soll
layer is called Soil 2a and Soil 2b.
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Figure 3. Geometry of the slope

The coefficient of saturated permeability of
the soil is 4.5x10° (m/s). The properties of the
soil selected for this study are summarized in
Table 1.

Table 1. Soil Properties

Properties Unit Soil 1 SNI
. . SNI 1964-
Specific gravity (Gs) 2.62 2008
Porosity (h) 0.62 calculation

Saturated coef. of m/s 4.5x10° SNI 03-
Soil Properties permeability (Ksa) ) 6870:2002
P Passing No 200 sieve " 639 SNFASTM
Disturbed samples were collected from a () 0 . C117-2012
depth of 1 — 2 m. Disturbed s_amples were Liquid Limit (LL) % 523 SNI 1967-
used to determine index properties and solil 2008
classification based on sieve analysis and  Plasticity Index (PI) % 27.13 SN2'0109866'
Atterberg limits. Results of laboratory tests ' — SNI 6371
showed that according to ASTM D-2847, the soil ~ Soil Classification CH 2015
forming the slope can be classified as clay with _Cohesion ¢’ kPa 5 SNI 2813-
medium to high plasticity [22]. Internal _friction ar_]gle ¢ ° 21 2008
Deeper locations are required for  Rateofincreasein o Correlation
ndisturbed sampling in order to find an intact internal friction angle 14 o° = 2/3¢’
u p g due to suction ¢°
sample. The undisturbed samples were used to
determine  the  saturated  coefficient  of
permeability and the effective shear strength of
the soil.
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Soil Water Characteristic Curve (SWCC)
and permeability function are two primary soil
properties used in the analysis of pore water
pressure variation in soil. A straightforward
estimation of SWCC for plastic soil based on the
grain-size distribution and the plasticity index (PI)
[23] was adopted in this study. This method is
used to calculate parameters a, n, m in the
Fredlund and Xing fitting equation of SWCC [24].

o, a,n, =C *#nm
W,a,n,m) = C(¥) @] )

whereas a, n, m are unknown fitting parameters,
w is the matric suction = (ua-uw), 6 is the
saturated water content, e is the natural number
(=2.72) and C(y) is a correction factor defined as
follows:

~ zn(1+'Z’—r)
T @

br

The parameter y, is a fitting parameter
related to the residual suction. In this case wr
=500 should give a good prediction of SWCC
[25]. Zapata method predicts the shape of SWCC
based on a weighed Plasticity index, wPI for non-
plastic soils, whereby w and Pl is the percentage
of particle passing No 200-sieve expressed in
decimal and the plasticity index expressed as
percentage respectively. Parameters a, n, and m
are calculated using (3), (4) and (5).

a = 32.835 {In(wPI)} + 32.438 (3)
n = 1,421 (wPI1)-0.3185 (4)
m = -0.2154{In(wPI)}+ 0.7145 (5)

The SWCC used in this study is presented
in Figure 4. The permeability function calculated
using Fredlund et al. [26] fitting equation
integrated in SEEP/W based on the coefficient of
saturated permeability and SWCC is shown in
Figure 5. The coefficient of saturated permeability
was obtained using a falling head test following
SNI 03-6870:2002.

In this study, Soil 2 was assumed to have
the same properties as Soil 1. Only the
coefficient of saturated permeability of the near
surface layer was increased by one order of
magnitude (Soil 2a) and two orders of magnitude
(Soil 2b) to account for the heterogeneity of the
near-surface soil.

The extended Mohr-Coulomb  shear
strength envelope for unsaturated soils requires
that three shear strength parameters be defined
namely, c¢', ¢ and ¢°. The ¢' and ¢ parameters
can be measured using standard laboratory
equipment on saturated soil specimens.

volumetric water content 8,, [%]
=4 Fad =4 I = 2 e
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Figure 4. SWCC of soil forming the slope (soil 1)
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Figure 5. Permeability curve of the soil 1

However, conventional triaxial and direct
shear equipment require modifications before
testing unsaturated soils, i.e., measuring the ¢°.
In this study, the shear strength of the
unsaturated soil was estimated based on a direct
shear test (SNI 2813-2008) on undisturbed
samples collected on the site from a depth of 2
m. The direct shear test resulted in the effective
cohesion (¢) of 5 (kPa), effective internal friction
angle (¢) of 21° and rate of increase in internal
friction angle with suction or ¢° = 2/3 ¢ = 14° [27].

Rainfall Record

The daily rainfall data was collected from
Pagar Alam PTPN VII Rainfall Station. Figure 6
presents the annual rainfall data in this area from
1985 to 2021. The average annual rainfall
recorded was 2767 (mm) with a standard
deviation of 796 mm. The annual rainfall of more
than 2000 (mm) is considered very high even in
the tropical rainforest, thus rainfall-induced slope
failures and flash floods are normal occurrences
in this area. Observation of the daily rainfall data
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from 1985 to 2021 yields the maximum daily
rainfall was 219 (mm) in 2001, and the maximum
5-day rainfall was 362 (mm), also in 2001, while
the maximum monthly rainfall was 861 (mm) in
2009.

Based on this data, three rainfall scenarios
were designed. The first scenario was the high-
intensity short-duration rainfall of 220 (mm/day)
which lasted for 10 hours resulting in 22 (mm/hr)
for 10 hours. The second scenario was 861 (mm)
of rain for 30 days resulting in a low-intensity
long-duration rainfall of 1.17 (mm/hr) for 30 days.
The third scenario was the combination of
antecedent rainfall and major rainfall which was
selected based on the results of scenario 2.

The analysis was carried out for 27° slope
angle in three conditions. The first case assumes
a homogeneous soil forming the slope while the
second and the third cases consider the
homogeneity in the near-surface soil by varying
the coefficient of saturated permeability of the soil
near the ground surface. The near-surface soil
(soil 2) is 1-m thick with the same soil properties
as Soil 1 but a higher coefficient of permeability.
The saturated permeability was set as one order
of magnitude (Soil 2a) and two orders of
magnitude (Soil 2b) higher than the rest of the
soil. The matrix of analyses is displayed in Table
2.

In the first analysis (A), rainfall with an
intensity of 22 (mm/hr) or 6.1x10° (m/s) applied
for 10 hours was used for the seepage analysis,
while slope stability analysis was carried out at
the interval of 1 hour from the start of rainfall
application up to 1 day (24 hours). The second
analysis (B) is by applying rainfall of 1.17 (mm/hr)
or 3.24x107 (m/s) for 30 days, while slope
stability analysis was carried out at the interval of
1 day from the start of rainfall application up to 1
month (30 days). The third analysis (C) was
aimed at evaluating the effect of antecedent
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rainfall. In this case, initial suction is created by
applying rainfall of 1.17 (mm/hr) or 3.24x107
(m/s) for a number of days (based on the
analysis in Scenario 2 and the criteria for slope
stability given in SNI 8460-2017 [22] i.e., Factor
of Safety = 1.5.) before applying heavy rainfall
with the intensity of 22 (mm/hr) or 6.1 x10° (m/s)
for 10 hr.

Numerical Analysis

Numerical modeling was carried out to
investigate the factor of safety of the selected
slope in Pagar Alam. The finite element analysis
was conducted for transient seepage analysis
using SEEP/W, followed by slope stability
analysis using SLOPE/W at some designated
times [28]. The present analytical approach
assesses the effect of heterogeneity in the near-
surface soil by adopting a soil layer with higher
permeability.

Figure 7 shows the simplified model of the
slope inclined at an angle of 27° and height of 10
(m). Left and right boundary conditions were
placed at three times the height of the slope. A
hydrostatic initial condition was set based on the
position of the groundwater table as shown in the
figure. The left and right edges above the water
table were specified as no-flow boundaries
(Q=0), while the edges below the water table
were assigned as head boundaries with pressure
heads equal to the vertical distance from the
water table. These boundary conditions were
necessary for enabling lateral flow to take place
within the saturated zone. The bottom boundary
was located 19 m from the ground surface at the
toe and was assumed as an impermeable layer
(no flow). The initial suction was set based on the
position of the groundwater table.
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Figure 6. Annual rainfall in Pagar Alam
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Table 2 Matrix of analysis

Case Slope Soil Ramfa_ll Antecedent rainfall Major Rainfall
angle scenario

A No 22mm/hr. applied for 10 hr.

1 27° 1 soil layer B 1.17 mm/hr. for 30 days No
C 1.17 mm/hr. for *) 22mm/hr. applied for 10 hr.
2 soil layers A No 22mm/hr. applied for 10 hr.

2 27° Soil 2 with B 1.17 mm/hr. for 30 days No
Ksat = 4.5 x 10° m/s C 1.17 mm/hr. for *) 22mm/hr. applied for 10 hr.
2 soil layers A No 22mm/hr. applied for 10 hr.

3 27° Soil 2 with B 1.17 mm/hr. for 30 days No
Ksat = 4.5 X 10 m/s C 1.17 mm/hr. for *) 22mm/hr. applied for 10 hr.

*) The duration of 1.17mm/hr rainfall for rainfall scenario 3 was based on the results of analysis for Case 2

RESULTS AND DISCUSSION
Transient Pore-water Pressure Distribution

The pore water pressure distribution is
presented as a function of depth for cross-section
A-A (Figure 7). Before rainfall (t 0) the
distribution of pore-water pressure is hydrostatic
i.e., zero at the groundwater level. For this cross-
section, the elevation of the groundwater level is
16m from the datum. Before rainfall, the suction
at the surface is set at -100 kPa.

The pore water pressure distribution during
major rainfall application in Scenario A is shown
in Figure 8. It can be seen from Figure 8a that for
Case 1, rainfall of 22 (mm/hr) for 10 hours only
wets the soil surface until it is saturated at 10
hours but water did not infiltrate into the soil.
Thus, for scenario A, rainfall did not cause slope
failure as the initial suction was very high. The
presence of a near-surface layer with higher
permeability (Case 2, Soil 2a) caused the water
to infiltrate into soil 2 and was retained in this
layer (Figure 8b).

Variation in Factor of Safety

The change in the factor of safety (FOS)
for rainfall scenario A is shown in Figure 10. It
can be seen from the figure that the FOS
decreases with the application of rainfall from

A
1
L A R N R
1
10m| !<——No Flow (Q=0) !
I
e !
B R
» L
|
19m e Total Head (H)!
|
I
A ah
No Flow (Q=0)

2.388 to 2.333. The FOS continued to decrease
even after the rainfall stopped. Thus, high
intensity and short-duration rain does not cause
slope failure in this area where the soil forming
the slope is CH.

The presence of heterogeneity in the near-
surface soil modeled by increasing the saturated
permeability by one order of magnitude (Soil 2a),
increases the initial FOS. The FOS decreased
from 2.408 to 2.344 during the 10-hour rainfall.
However, when the saturated permeability was
increased by two orders of magnitude (Soil 2b)
the FOS decreased significantly from 2.408 to
2.239. The most significant reduction of FOS was
from 9 to 10 hours because at this point
infiltration has reached the groundwater table.

SNI 8460-2017 suggested that for slope
when results of soil investigation are unreliable,
the factor of safety (FOS) of 1.5 should be used.
as design value. In this case, the major rainfall
(Scenario 1) cannot lead to slope failure both in
Case 1 and Case 2. The lowest FOS (2.239) was
obtained for Case 3, where the near-surface soil
was modeled as a 1-m thick layer with a
coefficient of saturated permeability two orders of
magnitude higher than the original soil (Soil 2b).

/ Rainfall

Y R R R TR LT

No Flow (Q=0) —>* [10m

[ 1PN
T —

9m

Total Head (H) —-&I

Figure 7. Slope model and boundary conditions for seepage analysis
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Figure 8. Porewater pressure distribution due to rainfall scenario A
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Figure 9. Porewater pressure distribution due to rainfall scenario B
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Figure 11. Change in safety factors of slope
subjected to low-intensity long-duration rainfall

The change in the FOS for rainfall scenario
B is shown in Figure 11. It can be seen from the
figure that the Factor of safety (FOS) decreases
with the application of rainfall from 2.388 to 1.261
due to the low-intensity long-duration rainfall for
30 days. The FOS continued to decrease even
after the rainfall stopped. If the heterogeneity in
the near-surface soil is modeled by the coefficient
of saturated permeability one order of magnitude
higher (Soil 2a), the safety factor decreased from
2.408 to 1.402, which is slightly higher than the
safety factor for one layer. Further increase in the
coefficient of saturated permeability (Soil 2b)
caused a further increase in FOS. Thus, rain with
low-intensity and long-duration can cause the
failure of the slope where the soil forming the
slope is CH but the presence of heterogeneity in
the near-ground surface increases the FOS thus
delaying the failure.

The long-duration rainfall creates enough
moisture to reduce the soil's shear strength and
lead to slope failure. From Figure 10, we can see
that for 1-layer soil, the FOS = 1.5 was reached
after about 7 days of rainfall.

260
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5180
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2140
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100 ‘ Anteseden ramfall
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0.60 Major rainfall

040

P

8 72 9% 120 144 168 192
Time (hr) |

Figure 12. Change in safety factors for Case 1
slope subjected to rainfall scenario C

The higher coefficient of saturated
permeability in the near-surface layer by one
order of magnitude increased the duration
needed to reach FOS = 1.5 in 13 days while
increasing the  coefficient of saturated
permeability by 2 orders of magnitude increased
the FOS, thus FOS = 1.5 was reached only after
22 days of rainfall.

Figure 12 shows the effect of the
combination of antecedent rainfall for 7 days and
major rainfall for 10 hours on a slope modeled as
1 soil layer (rainfall scenario C on Case 1). The
FOS decreased from 2.408 to 1.551 due to
antecedent rainfall; then, decreased further to
1.122 due to 10 hours of heavy rainfall. At this
point, the slope is considered to have failed.
Longer durations of antecedent rainfall i.e. 14
days and 21 days were required for cases 2 and
3 respectively.

Discussion

The results obtained in this study are
comparable with the previous study [4] that for
slopes made of high-plasticity soil, the slope
failure is initiated by long-duration rainfall. The
subsequent heavy rainfall triggers the failure
because the porosity of the soil has been filled
with water from the preceding rainfall. The higher
the permeability of surface soil, the faster the
water infiltration and the lower the factor of
safety. The results agree with the study by [3]
that antecedent rainfall plays an important role in
initiating rainfall-induced slope failure. However,
the duration of antecedent rainfall is affected by
the slope surface condition.

CONCLUSION

Based on the results obtained from the
finite element analysis of transient water flow and
slope stability, the following conclusions were
drawn:
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Heavy rain lasting for 10 hours does not
cause slope failures because the soil is
initially still dry. The rainfall only wets the
surface of the soil without seeping in. The
lowest FOS (2.239) was obtained when the
near-surface layer was modeled as a material
with a coefficient of saturated permeability 4.5
x 10* m/s (two orders of magnitude higher
than the original soil)

Prolonged events with less intense rainfall
critically reduce the stability of the slope. The
FOS decreased from 2.408 to less than 1.5
for all cases. This reduction in the FOS is due
to the increase in pore water pressure and the
reduction in matric suction, which contributes
to the reduction in soil strength. The lowest
FOS (1.261) was obtained for the case 1.
Non-uniformity of the surface soil has an
effect on changes in the transient pore water
pressure. Modeling of heterogeneities of near-
surface soil by assuming a soil layer with
higher permeability can effectively predict
pore water pressure distribution in the soil.
However, the effect on the FOS is not
conclusive, especialy when a higher
coefficient of saturated permeability is used.
For slopes formed by clay with high plasticity,
the rainfall pattern with antecedents provides
critical conditions because the antecedent rain
causes the soil to become moist and the
water absorption capacity becomes smaller,
thus high-intensity rain that follows the
antecedent rainfall can cause slope failures.
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