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Numerical modeling on the stability of slope with foundation during rainfall
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Abstract. The movement of soil along a slope during rainfall can cause serious economic damage and can jeopardize human
life. Accordingly, predicting slope stability during rainfall is a major issue in geotechnical engineering. Due to rainwater
penetrating the soil, the negative pore water pressure will decrease, in turn causing a loss of shear strength in the soil and
ultimately slope failure. More seriously, many constructions such as houses and transmission towers built in/on slopes are at risk
when the slopes fail. In this study, the numerical simulation using 2D finite difference program, which can solve a fully coupled
hydromechanical problems, was used to evaluate the effects of soil properties, rainfall conditions, and the location of a
foundation on the slope instability and slope failure mechanisms during rainfall. A slope with a transmission tower located in
Namyangju, South Korea was analyzed in this study. The results showed that the correlation between permeability and rainfall
intensity had an important role in changing the pore water pressure via controlling the infiltrated rainwater. The foundation of
the transmission tower was stable during rainfall because the slope failure was estimated to occur at the toe of the slope, and did

not go through the foundation.
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1. Introduction

The movement of soil along slopes during rainfall can
cause serious economic damage and jeopardize human life.
In Korea, the typhoon season often extends through July,
August, and September (Soh 2013). Table 1 shows
typhoons that affected the Korean peninsula from 1999 to
2009 and accompanied extremely high rainfall intensity
levels. For example, the Maemi typhoon on 12 September
2003 was the most destructive typhoon with wind speeds of
60 m/s and rainfall intensity greater than 50.8 mm/h,
causing widespread damage from the Nakdong River basin
to the port of Pusan and populated areas in the southeast
region of the Korean peninsula (Ji and Julien 2005).

The extreme rainfall on 27 July 2011 in Seoul marked
the highest rainfall intensity thus far on record. A peak
rainfall intensity of 112.5 mm/h and cumulative rainfall of
306.5 mm over 16 hours caused a total of 33 debris flows at
Mt. Umyeon, resulting in 16 fatalities and extensive damage
to houses, roads, and other infrastructure (Jeong et al.
2015). In many cases, footings of structures such as
retaining walls, power transmission towers are located on
aslope surface (Varzaghani and Ghanbari 2014). Therefore,
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the mass movement of soil induced by heavy rainfall can
also seriously impact the stability of the structures. In
which, failure of a transmission tower causes an
interruption in electricity and in turn leads to devastating
economic losses as well as negative social consequences.
Therefore, additional research should be carried out on the
instability of foundations located on slopes during rainfall
considering the soil characteristics in Korea.

Numerous studies have been performed on key factors
such as the rainfall condition and soil properties influencing
rainfall-induced slope failures. For the rainfall condition,
intensity, duration, and antecedent condition are the
important factors in terms of the stability of an unsaturated
slope considering rainfall infiltration (Lee and Kim 2013,
Tsaparas et al. 2002). For soil properties, soil type and
infiltration characteristic are considerably influential factors
on slope failures due to the decrease in the shear strength
caused by a loss of suction (negative) pressure in
unsaturated soils. In other words, coarse-grained soil and
high infiltration rates lead to the development of positive
pore pressures, and failure will be caused by seepage forces,
whereas fine-grained soil that has low infiltration
characteristics does not let rain water penetrate the ground
(Collins and Znidarcic 2004). The hydraulic characteristics
of soil greatly influence the formation and dissipation of
pore pressure in slopes (Cai and Ugai 2004, Roy et al. 2009,
Tsaparas et al. 2002)

The aim of this study is to investigate the stability of an
unsaturated slope with pile foundations considering rainfall
infiltration. A test site having a slope with a transmission
tower located in Namyangju City in Korea was selected in
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Table 1 Type of typhoon tracks that affected the Korean
Peninsula from 1999 to 2009 (data after (Bureau 1999a,
Bureau 1999b, Ji and Julien 2005, Jung 2015, Kim et al.
2006, McPherson and Stapler 1999, Padgett 2000, Padgett
2004, Padgett 2008, Pete and Engel 2002, Savage 2006)

Rainfall
Type Characteristics Typhoon Year intensity
(mm/h)
Moved northward in Neil 1999 8.3
the West Sea and Olga 1999 250
The landed on the west Ann 1999 04.0
Western coast Rammasun 2002 155
sea :
Passed along China Bilis 2000 9.7

and affected the

Korean Peninsula Kalmaegi 2008 20

Saomai; 2000 4.1
The The typhoon landed Rusa 2002  36.3
Southern on the shore of Maemi 2003  50.8
sea southern coast Ewiniar; 2006  10.8
Nari 2007 245
Passed along the

straits of Korea and
went through the Megi 2004 138

The northern eastern sea

Eastern sea area

Passed along Japan
and affected the Usagi 2007 4.2
Korean Peninsula

this study. A fully coupled hydraulic-mechanical analysis
was performed to evaluate the effects of rainfall conditions,
soil properties (i.e., permeability), and pile foundations (i.e.,
position and spacing) on the failure mechanism of a
transmission tower located on an unsaturated slope. Based
on the analysis results, it can be concluded that the
suggested numerical analysis using FLAC2D reasonably
evaluated the stability of a slope with foundations during
rainfall, and it is expected that the results of this study can
be used to design foundations and a drainage system for
slope stability.

2. Analysis method
2.1 Shear strength reduction method

The shear strength reduction method is a powerful tool
for slope stability analysis. The factor of safety (FoS) of the
slope can be easily calculated via reducing effective
cohesion and tangent of effective friction angle in equal
proportion (Tu et al. 2016).

Based on Bishop’s effective stress (Bishop 1959) the
shear strength (Eq. (1)) and the effective stress (Eq. (2)) are
expressed as

Toax =oltang +¢ (1)
where ta« IS the shear strength, ¢ is the effective friction

angle, ¢’ is the effective cohesion of the soil, and ¢” is the
effective stress.

Gb:(U_Ua)"'}((Ua_Uw) (2

where y is a parameter with a value between zero and unity
depending on soil type and the degree of saturation
assuming that the pore water does not occupy the total pore
volume (Cai and Ugai 2004), and u, and u, are air and
water pressure, respectively.

The value of parameter y can roughly be replaced by the
degree of saturation or the relative degree of saturation as
(Vanapalli et al. 1996),

_ S w S r

1-s,
where S,, denotes the degree of water saturation and S, is the
degree of residual saturation.

From Egs. (1)-(3), the yield criterion can be represented
as follows

X ©)

SW_SI’(

Tmax = (0 —ug)tang'+ Ua—Uy)tang'+c’ ()

r

For unsaturated soil, additional cohesion c. by capillary
pressure defined as u. (= u, — Uy) can be expressed as the
second term in Eq. (4) as

Tmax = (0 —Ua)tang'+ce+c' (5)

To calculate the safety factor of an unsaturated slope
using a shear strength reduction technique, a set of
simulations is performed with the reduced shear strength
parameters C"™ and ¢" defined as follows

: 1
trial _
c = I:trial C (6)
trial _{ arctan —=— tan ¢ 7
¢ - Ftrial (7)

where F" i the trial factor of safety. _

The initial shear strength reduction F"™ is set to be
sufficiently small to ensure the stability of the slope. F™™ is
then increased incrementally until a failure occurs and that
value is considered to be the factor of safety of the slope.

2.2 Rainfall infiltration model

Various empirical models and equations have been
developed in order to determine the relationship between
the soil suction and the volumetric water content in
unsaturated soils (Brooks and Corey 1964, Fredlund and
Xing 1994, Gardner 1958, McKee and Bumb 1987, van
Genuchten 1980). Two models, suggested by Fredlund and
Xing (1994) and van Genuchten (1980), have been used by
many researchers (Kim et al. 2004, Lee and Kim 2013,
Stormont and Anderson 1999, Yang et al. 2004). In this
study, van Genuchten equation, which is available model in
FLAC, was used.

The set of closed-form equations formulated by van
Genuchten (1980), based on the Mualem capillary model
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(Mualem 1976a, b, van Genuchten and Nielsen 1985), is

used to represent the hydraulic characteristics of
unsaturated soils as follows

m

s,=SwSe_| 2 ®
1-s; 1+(ago)n
mT2

K(0)=KsKr= Kssé’z{l—(l—s]e-/m) } ©)

-a
_UO|:S 1/a_1} (10)

where S, denotes the effective saturation (i.e., x); «, n, and
m (cf., m is defined as 1 — 1/n) are van Genuchten
parameters; K and K, are the saturated and relative
permeability, respectively; and uy is the reference capillary
pressure.

2.3 Pile foundation of transmission tower

A row of equally spaced piles was simulated as plane-
strain symmetry in FLAC2D. Actual forces and moments in
the spaced pile foundations were evaluated at each
simulation step. The shear and normal stiffness are
important parameters to consider the shear and normal
behavior of interaction between the pile and soil. The shear
behavior of the pile-grid (i.e., soil) interaction is represented
as a spring-slider system in which the relative displacement
between the piles node and the grid is described
numerically by the coupling spring shear stiffness.
Similarly, the relative normal displacement between the pile
nodes and the grid is described numerically by the coupling
spring normal stiffness. Based on the experimental studies
and the simulation results, the shear and normal stiffness are
approximately similar (Kwon et al. 2013). A good rule of
thumb is to set k,, and k to ten times the equivalent stiffness
of the stiffest neighboring zone, and the apparent stiffness
of a zone, k, in the normal direction can be expressed as
follows (Itasca 2011)

(K +ﬂG)
\ 3 )

k , = max
! AZ min

(11)

kn=ks=10k; (12)

where K and G are the bulk and shear modulus of soil,
respectively, and AZy,, is the smallest width of an adjoining
zone in the normal direction.

3. Numerical analysis

A numerical simulation was developed to evaluate the
stability of a slope and a pile foundation during a
rainstorm and to analyze the slope-failure characteristics
depending on the pile properties such as position (i.e.,
location) and spacing. In order to simulate the matric

Table 2 Position and spacing of pile considered in this study

D [m] s [m] s/D Ly [m]
9 2.25 44
10 2.50 44
4 1 2.75 20, 25, 36, 44
12 3.00 44
13 3.25 44
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Fig. 1 Algorithm of numerical analysis on slope stability
with pile foundation during rainfall

suction distribution in an unsaturated slope, a two-phase
flow (i.e., gas and water flow) was used in the numerical
modeling.

In this study, there is no horizontal displacement through
the lateral mesh boundaries and no displacement along the
bottom mesh boundary of the slope. As rainfall intensities
are applied along the slope (i.e., rainwater-infiltrating
boundary), the flow modeling with FLAC is done in parallel
with the mechanical modeling. At the rainfall-infiltrating
boundary, the pore air pressure is ambient (i.e., zero)

Fig. 1 shows the overall algorithm of the simulation to
assess the three main points of interest of this study:

« Effects of the pile existence

L, is defined as the distance from the left boundary of
the slope to the first pile position, and s/D is the ratio of the
pile spacing to the diameter of the pile (Khari et al. 2013,
Lee et al. 1995, Li et al. 2011, Won et al. 2005). In order to
estimate the effects of the position and spacing pile
foundation on the FoS and the failure mechanism, different
values of L, and s/D were considered (Table 2).

« Effects of rainfall on the slope stability

The effects of rainwater on rainfall-induced slope failure
were emphasized by considering the ratio of the rainfall
condition (r) to the hydraulic permeability (k) (i.e., r/k). In
this study, r/k ratios of 0.5, 1, 2, 4, and 10 considering
permeability of 1.08 cm/h were used to investigate the
effects of the rainfall intensity and duration on the slope
instability. The failure mechanism of the slope at a certain
rainfall intensity could thus be determined. In addition, the
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Initial FoS =1.11

23.7m

10.0m

P

10.0m 15.0m
— 48.7m

(a) Slope geometry and initial slope safety

(b) Verified result by the FLAC code in this study
Fig. 2 Verification of piled slope simulation

Heavy weathered rock
100 m

.

Fig. 3 Geometry of Mt. Umyeon (data from Jeong et al.
2014)

325m

Table 3 Properties of Mt. Umyeon soils

Properties Soail Weathered rock
Dry density [o/cm?] 1800 1848
Friction angel [°] 26.5 26.5
Cohesion [Pa] 0 8000
Saturated permeability [cm/h] 2.88 0.72
Saturation 0.6 0.72
Residual saturation 0.18 0.18
van Genuchten o [m7] 088 088
parameter n 0.25 0.25

permeability values were changed from 0.108 cm/h to 10.8
cm/h to estimate the effect of the level of hydraulic
permeability on the stability of the slope during rainfall.

« Effects of rainfall on the pile foundation stability

In order to determine the effects of rainfall on the
foundation stability, the displacement of the pile was
obtained with the rainfall time.

100
90 F
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40
30 |
20
10 ¢ H

0 4 8 12 16 20 24 28 32 36 40 44 48

Time [hours]

Fig. 4 Rainfall on Mt. Umyeon during 26 and 27 July 2011
(data from Jeong et al. 2014)
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Fig. 5 Decrease of the FoS during 16 hours of rainfall

(b) Landslide track on Mt. Umyeon (Jeong et al. 2014)
Fig. 6 Slope failure along Mt. Umyeon after 16 hours of
rainfall

4. Verification of simulation

In order to verify the numerical analysis method used in
this study, two cases of pile and rainfall simulations were
carried out. First, the pile-installed slope that is analyzed
using FLAC2D (Li et al. 2011) was used to verify the
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Fig. 7 Cross-section and geometry of the target slope

Table 4 Properties of weathered soil and pile foundation in
targeted slope

Properties
Unit weight Ywe UM 1.7
Effective cohesion c’ [kPa] 0.0

Effective friction angle  ¢' [ 317
Young’s modulus E; [MPa] 84.0

Soil Poisson ratio n [ 0.3
Initial saturation S [ 0.5
Residual saturation S [ 0.1
Saturated permeability Kgy [ecm/h] 1.1
van 1

Genuchten (r): [rE] ] 12

parameters '
Unit weight Ywg UM 2.4
Concrete pile Elastic modulus E. [Pa] 34.0
P Diameter D [m] 4.0
Length | [m] 16.5
Pile-soil Shear stiffness Ks  [GPa/m] 1.2
interface Normal stiffness K, [GPa/m] 1.2

FoS =1.31

Fig. 8 Initial FoS and failure curve of the natural slope
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Detailed information on the pile and soil properties can be
found in their paper (Li et al. 2011). The initial FoS of a
natural slope is 1.11 with soil movement, as shown in Fig.
2(a). A pile was installed at Lx = 12.56, and the obtained
FoS and failure mechanism (Fig. 2(b)) were quite similar to
the results obtained by Li et al. (2011).

Second, a real case of a landslide at Mt. Umyeon in
Korea was simulated to verify the numerical code on the
slope instability induced by heavy rainfall. Mt. Umyeon
comprises of steep hills, gullies and valleys and is
topographically characterized by pre-Cambrian
metamorphic gneiss associated with the Gyeonggi massif
(Kim and Jeong 2017). Referring to studies of Jeong et al.
(2014) and Jeong et al. (2015), the chosen properties of
soils at the initial condition are summarized in Table 3. The
geometry of Mt. Umyeon and the amount of rainfall per
hour are shown in Figs. 3 and 4, respectively. In fact, the
highest rainfall intensity on 26 July 2011 was 25 mm/h, and
on the next day, a major rainfall of 86 mm/h occurred right
after a rainfall of 32 mm/h.

Based on the hourly rainfall data for 26 and 27 July
2011 (Fig. 4), three rainfall patterns were used in this study.
The slope was subjected to a rainfall of 25 mm/h for nine
hours on 26 July. A second rainfall with intensity of 32
mm/h occurred for six hours before a major rainfall with
intensity of 86 mm/h lasting 1 hour, which caused slope to
failure (FOS < 1.2) on 27 July 2011. Given that the high
effective cohesion used in the simulation of a shallow
failure can cause an overestimated value of FoS (Fell et al.
2005), the effective cohesions of soil and rock are assigned
values of zero and 8,000 Pa, respectively.

Fig. 5 shows the reduction of the FoS after the first 16
hours of rainfall. The FoS gradually decreased during
antecedent rainfalls, and a significant decrease in the FoS
was caused by a major rainfall (i.e., 86 mm/h) with a FoS of
0.96. The slope failure curve from the simulation results
(Fig. 6(2)) is considerably similar to the configuration of the
real landslide on Mt. Umyeon, as shown in Fig. 6(b).

5. Site of interest

A slope in Namyangju City, Gyeonggi Province, South
Korea was targeted the application of the developed model.
A representative cross-section and the geometry of the
target slope are shown in Figs. 7(a) ad 7(b), respectively.
The geometry of the targeted slope is a height of 39 m and a
width of 100 m. The geotechnical and soil-water
characteristic curve (SWCC) properties of the weathered
soil provided by the Korea Electric Power Corporation
(KEPCO) are summarized in Table 4.

Four pile foundations were distributed and
perpendicularly located at 44 m and 55 m from the toe of
the slope, as shown in Fig. 7. The pile foundation has a
length of 16.5 m and a diameter of 4 m, and the properties
of the piles are summarized in Table 4. The shear and
normal stiffness of the soil-pile interface were determined
by Egs. (11)-(12). The unit weight and the elastic modulus
of the pile were assumed using the properties of general
concrete. Other properties were provided by KEPCO. Based
on the field survey, the ground water level was not observed
at the target slope.

6. Results and analysis
6.1 Effects of piles on the slope stability before rainfall

The simulation results show that the installation of a pile
foundation increases the FoS of the slope, which depends
on the position and spacing of the piles within the slope
(Figs. 8 and 9). As shown in Fig. 8, the FoS of the natural
slope is about 1.31. After the pile foundations were installed
at the planned position (L, = 44 m and 55 m), the slope
failure was predicted to occur at the front of the foundation
(Ly = 44 m). It can be seen from Fig. 9(a), there is no
significant effect of the pile foundation on the improvement
of the slope stability (FoS = 1.33). Meanwhile, the
maximum FoS is obtained when the foundation was located
at Ly = 20 m. When the pile was located farther away from
the toe of the slope, lower FoS values are obtained. The pile
spacing does not significantly affect the FoS value, as
shown in Fig. 9(b).

6.2 Effect of rainfall intensity and hydraulic
permeability on the slope stability

The higher the r/k ratio becomes, the faster the FoS
decreases (Fig. 10(a)). A lower rainfall intensity level (r/k =
0.5) with a given permeability value (k = 1.08 cm/h) does
not cause a significant decrease in the FoS, even after 40
hours of rainfall, as shown in Fig. 10(a). On the contrary,
the FoS abruptly drops after 10 hours with a higher rainfall
intensity (r/k = 10) due to the change in the pore water
pressure. In other words, at a lower level of rainfall
intensity, the amount of water that infiltrated into the
soil does not considerably decrease the negative pore water
pressure, and the FoS therefore decreases slowly. Under an
extremely heavy rainfall, the rain water penetrates faster
and the soil is then saturated in a relatively short time. For
instance, Fig. 10(b) shows the FoS after the first 10 hours of
rainfall under varying rainfall intensities. High rainfall
intensities cause the value of the negative pore pressure and
saturation to become almost zero and one, respectively, and
consequently the FoS will be in the failure zone. The detail
changes in matric suction and water saturation after 10
hours of rainfall for different rainfall intensities are shown
in Figs. 11 and 12.

The effect of saturated permeability on the FoS under a
given rainfall condition is shown in Fig. 13(a). For the
lowest permeability (i.e., 0.108 cm/h), rainwater cannot
easily penetrate into the soil. Thus, the decrease in the
negative pore pressure is too small to cause a considerable
decrease in the FoS. Similarly, the highest permeability
(i.e., 10.8 cm/h) also does not cause a rapid FoS decrease.
Due to the small amount of rainwater, which quickly
distributed within the soil, the decrease in the pore pressure
at the surface occurs gradually, leading to a gentle decrease
in the FoS during rainfall. The most rapid drop in the FoS
can be seen when the soil has a moderate permeability of
1.08 cm/h. The soil movement after 20 hours of rainfall is
shown in Fig. 13(b). The results indicate that the correlation
between permeability and rainfall intensity plays an
important role in the change of pore water pressure via
controlling infiltrated rainwater.
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Fig. 11 Distribution of matric suction (a) before rainfall, and after 10 hours of rainfall (b) with the r/k ratio of 0.5, (c) with
the r/k ratio of 2 and (d) with the r/k ratio of 10
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Fig. 12 Distribution of water saturation (a) before rainfall, and after 10 hours of rainfall (b) with the r/k ratio of 0.5, (c)
with the r/k ratio of 2 and (d) with the r/k ratio of 10

6.3 Effect of rainwater on the pile foundation stability permeability of 1.08 cm/h. The displacement of the
foundation gradually increases during rainfall. The

Fig. 14 presents the structural displacement of the pile ~ maximum displacements are obtained as the slope failure
foundation under different rainfall intensities with the given ~ appears. However, the displacement values are very small
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Fig. 13 Effects of permeability under a given rainfall
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Fig. 15 Initial FoS and failure curve of the natural slope

(about 1 mm) under a heavy rainfall condition (i.e., r/k =
10), indicating that the rainfall does not strongly affect the
stability of the foundation. This is because the predicted
shallow slope failure does not pass through the foundation.

7. Discussion

As mentioned in the previous sections, the existence of
the pile foundation have only a small effect on the stability
of the target slope, because the position of the foundation
does not significantly improve the FoS of the slope, and the
predicted failure surface does not go through the
foundation. The results also show that the slope stability is
considerably influenced by the rainfall conditions and soil
properties of the slope compared to the pile foundation. The
relationships among the three parameters of the
permeability, the rainfall condition, and the pore pressure

are the major factors affecting rainfall-induced slope
failures. The simulation results imply that the relationship
between the permeability and rainfall conditions determines
the seepage behavior and consequent distribution of the
pore water pressure in the unsaturated soil.

Using FLAC2D code, the simulation results provide a
FoS database of the targeted slope with rainfall intensity
and duration. Fig. 15 indicates the relationships of the slope
stability versus rainfall intensity and rainfall duration. The
white dots denote the FoSs that are larger than 1.2, while
red dots represent the FoS that are less than or equal to 1.2.
The larger rainfall intensity is the faster slope failure takes
place. The slope does not fail when the rainfall duration is
less than a certain value due to its quite large hydraulic
conductivity. As shown in Fig. 15, the numerical modelling
data can be divided into two zones: a safe zone that contains
the white dots and a risk zone that contains the red dots.
The dash curve is the envelope curve of instability for the
target slope. Based on the FoS chart, the stability of the
slope can be evaluated under a given rainfall condition.

8. Conclusions

In this study, a numerical modeling was conducted to
investigate the stability of a pile foundation and a slope
during rainfall. A typical slope with a transmission tower in
Namyangju, Korea was selected for this study. The ground
water level was not tracked in the target slope area; and
therefore shallow slope failures are the main types of failure
that occur during rainfall. The numerical modelling showed
that it is possible to use FLAC2D to predict the critical
rainfall intensity and duration, under which the slope and/or
foundation failure take place.

Regarding the improvement in the FoS, the optimum
position of the pile system within the slope target is at the
toe area of the slope (L, = 20 m). The predicted shallow
failure does not pass through the foundation; therefore,
there is no effect on the foundation instability due to either
movement of the soil along the slope or the seepage force
within the slope.

The effects of the rainfall intensity level strongly depend
on the permeability of the soil. With lower permeability, the
pore pressure does not significantly change during rainfall,
which is in good agreement with the findings by Tsaparas et
al. (2002). However, it is highlighted that the correlation
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between permeability and rainfall intensity plays an
important role in controlling the amount of water that
penetrates into soil, leading to a change in negative pore
pressure.

This study provides a database on the stability of the
target slope during rainfall, which can be useful reference
data for geotechnical engineers to estimate the slope
instability under a given rainfall and to design and locate
structures and/or drainage systems. In further studies to
obtain the failure area more accurately, 3D model
simulations should be conducted.
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