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Abstract. Most landslides in Korea are classified as shal-
low landslides with an average depth of less than 2 m. These
shallow landslides are associated with the advance of a wet-
ting front in the unsaturated soil due to rainfall infiltration,
which results in an increase in water content and a reduc-
tion in the matric suction in the soil. Therefore, this study
presents a modified equation of infinite slope stability analy-
sis based on the concept of the saturation depth ratio to an-
alyze the slope stability change associated with the rainfall
on a slope. A rainfall infiltration test in unsaturated soil was
performed using a column to develop an understanding of the
effect of the saturation depth ratio following rainfall infiltra-
tion. The results indicated that the rainfall infiltration veloc-
ity due to the increase in rainfall in the soil layer was faster
when the rainfall intensity increased. In addition, the rainfall
infiltration velocity tends to decrease with increases in the
unit weight of soil. The proposed model was applied to as-
sess its feasibility and to develop a regional landslide suscep-
tibility map using a geographic information system (GIS).
For that purpose, spatial databases for input parameters were
constructed and landslide locations were obtained. In order
to validate the proposed approach, the results of the proposed
approach were compared with the landslide inventory using
a ROC (receiver operating characteristics) graph. In addition,
the results of the proposed approach were compared with the
previous approach used: a steady-state hydrological model.
Consequently, the approach proposed in this study displayed
satisfactory performance in classifying landslide susceptibil-
ity and showed better performance than the steady-state ap-
proach.

1 Introduction

Landslides in Korea, which are primarily caused by intense
rainfall during the summer, are typically shallow landslides
due to their shallow ( <2m) failure planes. These shallow
landslides are triggered by rainfall infiltration as well as a
rise of the groundwater table (Cannon and Ellen, 1985; Ale-
otti, 2004). Therefore, the shallow landslides can be associ-
ated with the advance of a wetting front in the soil due to
rainfall infiltration, which results in an increase in the water
content and a reduction in matric suction in the soil. These
processes may result in a decrease in the effective stress in
the near-surface soil and may ultimately lead to slope failure
(Rahardjo et al., 1995; Fourie, 1996; Ng and Shi, 1998).

Landslides in a given area can be triggered at various times
under the same rainfall conditions due to variations in soil
properties. Thus, it is necessary to analyze the relationships
between soil properties and landslide occurrence while con-
sidering the physical thresholds involved in each case. Many
studies have focused on the triggering of landslides as a func-
tion of various soil properties during rainfall. Such studies in-
clude landslide prediction in a regional area using a wetness
index and infinite slope model. The wetness index, proposed
by Beven and Kirkby (1979), has been used to indicate the
degree of slope saturation while considering the geomorpho-
logic properties of the slope. Based on steady-state recharge,
the wetness index is related to the upslope contributing area.
Shallow subsurface flow follows the topographic gradients,
which means that the area contributing to flow at any point
is a function of the specific catchment area as defined by the
surface topography (Beven and Kirkby, 1979).
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In general, rainfall infiltrates the soil along a gravitational
gradient and forms a perched water table in the soil. In the
case of shallow landslides, these perched zones are typically
caused by increases in volumetric water content and porewa-
ter pressure due to water infiltration from the surface. This
infiltration induces saturation of the soil at a certain depth
and time. Soil saturation can be expressed as a ratio of the
saturated depth to the total thickness of soil at a given time,
which is defined by the saturation depth ratio of the soil due
to rainfall infiltration (Hammond et al., 1992). The saturation
depth ratio indicates the portion of a given soil layer that is
saturated. Because landslides generally occur in the saturated
portion of the soil layer, it is possible to evaluate changes in
slope stability based on the changes in the saturation depth
ratio in a soil layer. Therefore, the saturation depth ratio and
the changes in the water content of the soil can be used to pre-
dict landslides. The changes can be recognized by observing
the behavior of the wetting front in the soil.

The wetting front advances downward in the soil from the
ground surface as rainfall infiltrates, and the wetting condi-
tion of the soil changes for this reason. At this time, the ve-
locity of the wetting front changes depending on the rain-
fall intensity and the rainfall infiltration capacity of the soil.
The rainfall infiltration capacity determines the rainfall infil-
tration velocity, which is influenced by various soil parame-
ters, such as the unit weight, porosity and mineral composi-
tion. If the volumetric water content and porewater pressure
increase as the wetting condition of the soil layer changes,
the matric suction consequently decreases and the slope fails
with a sufficient decrease in the shear strength (Fredlund and
Rahardjo, 1993; Muntohar and Liao, 2010). Therefore, un-
derstanding the behavior of the wetting front following in-
filtration of rainfall from the land surface and the saturation
depth ratio will advance understanding of the triggering of
landslides in the soil in a manner unlike that of conventional
saturated soil theory. Accordingly, this study presents a land-
slide prediction method based on the wetting front, infiltra-
tion velocity and saturation depth ratio rather than a complex
relationship between rainfall intensity and physical factors.
Because the proposed method involves the relatively simple
measurement of the wetting front, landslides can be predicted
relatively easily based on the changes in the slope factor of
safety with time as a function of the rainfall infiltration.

2 Slope stability analysis based on the saturation depth
ratio

The infinite slope method is a method of slope stability anal-
ysis in which the length of the sliding plane is large rela-
tive to its depth and the sliding plane is assumed to follow a
straight line parallel to the ground surface (Rahardjo et al.,
1995; Crosta, 1998). In Korea, landslides occur due to rain-
fall; thus, rainfall infiltration into the surface soil layer acts as
an important factor in landslide occurrence. Many weathered
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soils in Korea can be classified as silty sands or sands. These
soils have a tendency to drastically lose shear strength when
saturated and to be easily untangled in water (Lee and de
Freitas, 1989; Kim et al., 2004). Therefore, rainfall infiltra-
tion is a major cause of shallow landslides on natural slopes
underlain by these soil types.

Based on existing methods of infinite slope stability anal-
ysis, it is difficult to calculate the factor of safety of a slope
based on variations in rainfall infiltration with time using the
existing methods of infinite slope analysis. Accordingly, a
modified equation of infinite slope analysis is proposed by
applying the concept of the saturation depth ratio to analyze
the slope stability changes in the amount and duration of rain-
fall on slopes with shallow failures. The modified equation of
infinite slope stability analysis presented herein is based on
the ratio of the density of water to the total density, which is
not the unit weight of the soil, and the changes in the depth of
the wetting front during the rainfall infiltration. In particular,
the rainfall infiltration as a function of the rainfall duration
is not considered in the existing infinite slope stability anal-
ysis equation, and thus, the changes in the factor of safety
caused by this infiltration have been calculated based on the
saturation depth ratio of rainfall infiltration on the depth of
the soil layer. The wetting front is the boundary along which
the soil gradually transitions from its initial unsaturated state
to a state of saturation as the water content increases follow-
ing rainfall infiltration (Kim et al., 2004). The wetting front
plays an important role in identifying the cause of landslide
triggering in an infinite slope model based on the actual in-
filtration characteristics due to rainfall. In addition, previous
studies have been based on the water pressure () acting on
the shear surface, and the emphasis has been on the rise in
groundwater levels rather than the rainfall infiltration charac-
teristics. However, we do not have enough data to explain the
triggering mechanism of landslides by the rise of the ground-
water table or perched water table in Korea. Since shallow
landslides are common in Korea, and the rainfall infiltration
and the deepening of the wetting zone are important factors
that cause shallow landslides (Rahardjo et al., 1995; Ng and
Shi, 1998; Fourie et al., 1999; Kim et al., 2004), this study
assumes that soil saturation by rainfall infiltration is one of
the triggering factors of landslides in Korea. In this study, the
wetting front depth (Dws) in the soil layer accounts for rain-
fall infiltration and rainfall duration, and serves as the pri-
mary variable. In other words, a modified infinite slope sta-
bility analysis equation that enables a practical slope stability
analysis has been proposed by considering rainfall character-
istics, such as the amount and duration of rainfall, and the
consequent variations in the wetting front.

The change in the wetting front induced by the rainfall
infiltration pattern in the soil layer is shown in Fig. 1.
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The existing equation for calculating the factor of safety
of an infinite slope is as follows (Hammond et al., 1992):

_otes+ cos? [Ptg (D — Dw) + (018 — pwg) Dw] tan¢

FS -
Dp,gsin6cos6

(1)

Here, ¢, is the cohesion of plant roots (N m~—2), cs is the co-
hesion of soil (Nm~2), 6 is the slope gradient (°), p; is the
soil density (kgm~3), pw is the density of water (kgm~2), g
is the acceleration due to gravity (9.81 ms~2), D is the depth
of the soil layer (m), Dy is the vertical height of the water
table (m) and ¢ is the internal friction angle of the soil (°).

If the physical properties of the soil layer are derived based
on Fig. 1, the thickness of the soil layer is measured perpen-
dicular to the bedrock, which has a practical effect on the
failure volume during slope failure and shear strength at the
time of failure. Furthermore, rainfall infiltration occurs in the
depth direction (D), and thus, its relationship with the soil
layer thickness (k) is as follows:

h = Dcosé. 2

Because rainfall infiltrates in the depth direction, rainfall in-
filtration is conceptually the same as the advance of the wet-
ting front. The wetting front at the time of rainfall infiltra-
tion is located where the volumetric water content attains a
maximum value. The maximum value of the volumetric wa-
ter content between the ground surface and the wetting front
means that the soil is saturated. Since the infinite slope stabil-
ity analysis for a deep-seated landslide has a basic assump-
tion that soil saturation is caused by the rise of the ground-
water table, the height of the groundwater table from the po-
tential sliding plane in the soil layer should be considered.
In the case of a shallow landslide, however, it is mostly re-
lated to soil saturation by rainfall infiltration from the ground
surface rather than rise of the groundwater table (Kim et al.,
2004). Therefore, this study considers the saturation thick-
ness of the soil between the ground surface and the wetting
front by rainfall infiltration under the shallow landslide con-
ditions. The location of the wetting front is measured using a
water content sensor or porewater pressure sensor at a fixed
depth in the soil layer. The saturation depth ratio (H) in a soil
layer is given by the equation below and is the ratio between
the depth of the saturated soil layer, Dy, and the depth of the
soil layer.
Dwi

H=— ®)
The saturation depth ratio varies with time because it is af-
fected by the rainfall duration and similar factors.

Although the cohesion of the soil includes the effects of
plant roots, here, it is taken as only the primary cohesion (C)
because there are variations in the types and depths of plant
roots. To this end, the practical cohesion of the soil (C) is
derived using the equation shown below and is based on the
cohesion due to plant roots (c;) and the soil itself (cs) as well
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Figure 1. Schematic figure showing the concept of the wetted depth
ratio considering a wetting front in the soil.

as the soil thickness, bulk density and gravitational accelera-

tion.
c=rtes 4)
hpeg

Here, C is dimensionless and is the ratio of the cohesion and
the weight of the soil layer.

In addition, the density of the soil changes with changes
in the water content due to rainfall infiltration, and thus, the
ratio of the water density to the bulk density is given by the

following relationship:
Pw

y=—. ©)
Pt

Equations (2)-(5), which provide the substitutions for the
physical properties of the soil layer in Eq. (1), yield the fol-
lowing derivation:
cr 4 cs + cos20[Altan ¢
- Dp,gsin6 cosd
chpig cos?A[A]tan¢

=Dp,gsin90039 Dp,gsiné cos6

¢ c0s?0[pgD — pwgDws]tane
~ sing Dp;gsiné coso

¢ pigDcos?Otang  pwg Dwfcos6tang
~ sing Dp, g sin6 cos6 - Dp;gsiné coso
Here, A denotes [p; (D — Dwi) + (0: g — pw &) Dwtl-

Equation (6) can reflect the substitutions of Egs. (3)
and (5) and can be rewritten as follows:

FS

(6)

c cosftang cosOtangH(t)y

FS=— - -
sin@ sin@ sing
_ c+coséd(l— H(t)y)tang @
- sing '

Here, C is the cohesion ratio, 0 is the slope angle (°), ¢ is the
internal friction angle of the soil (°), y is the ratio of the wa-
ter density to the bulk soil density and H (¢) is the saturation
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depth ratio as a function of time. Because Eq. (7) accounts
for the change in saturated state following rainfall infiltration
from the ground surface, which is not the conventional con-
cept of a rise in groundwater, it is not based on measurements
of the ground water level.

In Korea, rainfall infiltration has a greater effect on land-
slide occurrence than the ground water level does. In other
words, the failure progresses as a form of shallow failure as
the unsaturated soil layer attains a saturated state following
the infiltration of rainfall. Therefore, it is more appropriate to
consider the saturation depth ratio H (¢) to explain variations
in the wetting front than changes in the ground water level in
the infinite slope model. The rainfall infiltration depth ratio
is also reasonably useful in analyzing the stability of a slope
as a function of rainfall because this ratio may be correlated
with such parameters as the amount, duration and type of
rainfall.

The saturation depth ratio H () as a function of time can
be calculated using Eq. (8). H (¢) is the ratio of the saturated
soil layer depth due to the infiltration of the wetting front to
the total depth of the soil layer, and its value ranges from 0
to 1.

HAt)z%: 0<H(=<1 8)
Here, D is the depth of the unsaturated soil layer, and D; (r)
is the wetting front depth of the ith point (i.e., the saturation
depth).

The factor of safety based on variations in the saturation
depth ratio with time as given by Eq. (7) directly accounts
for the rainfall and saturated state of the soil layer with time,
in contrast with the existing slope stability models, which ac-
count for only the porewater pressure. Therefore, this equa-
tion is valid for the conditions of shallow landslides such as
those that occur in Korea, where the saturation of the soil
layer by downward movement of the wetting front from the
ground surface is dominant (Park et al., 2011).

3 Calculation of the rainfall infiltration velocity in
unsaturated weathered soils using column tests

In this study, a rainfall infiltration test in the unsaturated soil
was performed using a column to better understand the effect
of the saturation depth ratio following rainfall infiltration.
We attempted to measure the rainfall infiltration velocity as
a function of rainfall conditions and soil layer conditions to
calculate the saturation depth ratio of the soil and to identify
the variations in the factor of safety with time in accordance
with Eq. (7), as explained in the previous section.

3.1 Sampling and column test devices

In this study, rainfall infiltration characteristics were an-
alyzed using weathered granite soil, which is the typical
weathered soil involved in landslides in Korea. A sample
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Table 1. Physical properties of the weathered soils.

Soil property (unit) Symbol  Weathered
granite
soil
Specific gravity Gs 2.570
Wet density (gcm™3) wy 1.570
Max. dry density (gcm™3)  wgmax 1.380
Dry density (gcm™3) wy 1.210
Min. dry density (gcm=3)  wgmin 1.040
Moisture content (%) w 30.000
Effective particle size (mm) Djg 0.100
D3 particle size (mm) D3 0.250
Dg particle size (mm) Dgo 0.600
Uniformity coefficient Cy 6.000
Coefficient of curvature Ce 1.000

of weathered granite soil was collected from Sangju, in the
Gyeongbuk area, where approximately 400 landslides oc-
curred in August 1998. The topography of this region is
mountainous, and quartz porphyry, granite porphyry and
granitic gneisses underlie most of the region, as shown in
Fig. 2. The granites include the Jurassic Boeun granite and
a biotite hornblende granite. Their respective corresponding
weathered soils differ substantially in terms of their organic
components and particle composition. The quartz porphyry is
located in the northern part of the study area, where few land-
slides occurred because the minerals are resistant to weather-
ing. However, many landslides occurred in the granitic areas,
where the soil is relatively thick, particularly in the low-lying
areas. Although landslides occurred throughout the area, they
occurred at a greater frequency in the areas underlain by
granite around Hwaseo-myeon. Therefore, samples were col-
lected from the granitic area where landslides were concen-
trated.

In the landslides in the Sangju area, the upper soil layer
was composed of colluvial soil, and the residual soil was
confined to the contact with the bedrock, and thus, a rela-
tively shallow failure with a depth of less than 1 m was typi-
cal. The physical properties and particle size distributions of
the weathered soil are shown in Table 1 and Fig. 3.

The equipment for the unsaturated soil column testing con-
sisted primarily of an artificial rainfall device, a soil column
and a sensor unit and data acquisition device (Fig. 4). The
artificial rainfall device supplied water from a water storage
tank to an artificial rainfall distribution device, which deliv-
ered a constant flow using a controlled peristaltic pump. The
water supplied in this manner created infiltration water by
contacting the soil inside the column through the tube of the
artificial rainfall distribution device, and the infiltration water
infiltrated the soil column for eventual discharge through the
outlet at the bottom of the soil column. The soil column had
an inner diameter of 33 cm, an outer diameter of 35cm and a
height of 50 cm. Sensors designated TDR-1 through TDR-
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[ ]
Study area

Figure 2. Study area. Kgp: granite porphyry, Kagr: alkali granite, tggn: hornblende granitic gneiss, agn: aplitic gneiss, Qr: river deposits and

sch: schist complex.
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Figure 3. Grain size distribution of the weathered granite soil.

5 were inserted for water content measurements at depths
of 5, 15, 25, 35 and 45 cm from the top of the column. Ten-
siometers designated Tensiometer-1 through Tensiometer-3
were inserted at depths of 10, 30 and 40 cm. The measured
amounts of artificial rainfall were automatically saved to a
computer at fixed time intervals using the TDR (time domain
reflector) sensors for the water content measurement and the
tensiometers.

Time domain reflector (TDR) sensors are designed to mea-
sure the volumetric water content of a medium based on the
difference in permittivity between soil and water. In other
words, the water content of soil can be indirectly measured
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from a correlation with measured water content after mea-
suring the traveling time of an electromagnetic wave from
an object that has an electric discontinuity. The TDR wa-
ter content measurement sensor used in this study was the
CS616 from Campbell. The controlled-volume pump used in
the study was the Masterflex from L/S Cole-Parmer.

3.2 Test methods

In this study, testing was performed by measuring the sam-
ple and rainfall conditions and other factors that can affect
the rainfall infiltration velocity to analyze the rainfall infil-
tration characteristics of unsaturated soil. The sample was
completely dried for 24h at 104°C in a dryer oven. Af-
ter examining the field unit weight values and the results
of the compaction tests, the soil was remolded to three unit
weights, including the minimum unit weight of 1.10gcm—3
that enabled molding in the column, the dry unit weight in
the field of 1.21gcm =2 and the maximum dry unit weight
of 1.35gcm~2. The samples in the column were molded to
be appropriate for the target unit weight by performing con-
solidation after slicing a sample with a height of 50 cm into
10 layers of 5.cm each. Consolidation of the soil sample was
performed by vibrating the column with a rubber mallet and
by dropping a weight with a diameter of 15cm and mass of
5kg.

For the rainfall intensity measurements of this study, the
total rainfall was calculated by converting the rainfall inten-
sity to the rainfall amount per hour, as given by the equation
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Figure 4. Unsaturated soil column test equipment. (a) Schematic
description of the soil column and (b) composition of the column
test equipment. A: soil column, B: peristaltic pump, C: rainfall dis-
tribution unit, D: rainfall injection tubes, E: water content sensors,
F: tensiometer, G: data logger and H: computer.

below and after estimating the amount of artificial rainfall per
minute (RPM) using the controlled peristaltic pump (Park et
al., 2011).

i=r/ (ndz /2) 9)
R =i Xty (10)

Here, i is the rainfall intensity (mm min—1), r is the rainfall
per minute (mL = cc = cm® min~1), 4 is the column diameter
(cm?), R is the total amount of rainfall (mm) and #q is the
rainfall duration ().

The artificial rainfall intensity was set at values of 20 and
50 mmh~1, which are the warning thresholds of the Korea
National Emergency Management Agency. The total amount
of rainfall during the testing was 200 mm. This value was
selected because domestic landslides frequently occur when
the amount of continuous rainfall exceeds 200 mm (Kim
and Chae, 2009), and the accumulated rainfall amount was
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280 mm during the landsliding of August 1998 in the area
of Hwaseo-myeon, Sangju, which is where the samples were
collected (Table 2). To reproduce the effects of drainage fol-
lowed by basal discharge of water from the slope, the artifi-
cial rainfall was made to drain through the artificial outlet at
the bottom of the column by injecting artificial rainfall into
the column (Fig. 4a).

The rainfall infiltration velocity as a function of soil con-
ditions and rainfall intensity was calculated as follows:

V= i (11)
Tiwd

Here, Vis the artificial rainfall velocity (cms—1), fiwg is the

infiltration water detection time (sec), and L is the depth from

the upper column to each TDR sensor for the water content

measurements (cm).

The rainfall infiltration velocity per unit length was calcu-
lated by setting 5cm in the case of TDR-1 and 10 cm in the
cases of the remaining sensors. The rainfall infiltration veloc-
ity was calculated using Eq. (11) by measuring the infiltration
detection time based on the water content measurement ob-
tained from the TDR sensors at the various depths to average
the rainfall infiltration velocity at each sensor on this basis.

The column test was performed until the drainage stopped
or until 20h had elapsed after stopping the rainfall in the
event that drainage did not occur. The residual volumetric
water content was measured after the test by subtracting the
volumetric water content measured at the start of the test
from the volumetric water content measured at the end of
the test.

Although the artificial rainfall intensity and rainfall
amount could be controlled and calculated using the con-
trolled peristaltic pump, the total amount of water injected
into the soil was calculated by summing the residual volu-
metric water content in the soil and the amount of drained
water to verify the total amount of rainfall actually injected
into the soil column. The amount of drained water corre-
sponds to the water flows down the slope along the base of
the soil layer, as explained above. The amount of drained wa-
ter and the amount of water introduced into the top of the
column were converted to the rainfall amount using Egs. (9)
and (10) after measuring the weights. As a result of the verifi-
cation, each error margin occurred as shown in Table 3 based
on the target rainfall amount of 200 mm. The error margin
during the tests was a maximum of 2mmh~1, which is low
compared to the total rainfall, and the effect on the test re-
sult is thought to be minor. This error margin is believed to
have originated in the slight error margins associated with the
testing device where the rainfall intensity was not being pre-
cisely controlled. Because errors associated with the molding
may be included in the rainfall intensity control and target
unit weight, the testing was performed three times to ensure
the reliability of the test result.
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Table 2. Test conditions of the weathered soil.

Test Unit weight  Rainfall Rainfall ~ Porosity
conditions of soil intensity  duration (%)
@m=3)  (mmh~h (b
GrC1 1.10 20 10 57.3
GrC2 1.21 20 10 53.0
GrC3 1.35 20 10 47.6
GrC4 1.10 50 4 57.3
GrC5 1.21 50 4 53.0
GrCé 1.35 50 4 47.6

3.3 Analysis of the test results

In this study, we analyzed rainfall infiltration characteris-
tics and changes in infiltration velocity by way of continu-
ous rainfall simulation through an unsaturated soil column
(Figs. 5 and 6). The maximum volumetric water content in
each test condition was indicated by the average of three
replicate tests, and the maximum volumetric water content
is the maximum value measured due to the increase in the
maximum volumetric water content as the artificial rainfall
was injected into the soil layer. The volumetric water content
maintains a maximum value once the soil reaches saturation
(Green and Ampt, 1911; Kim et al., 2012), and the rainfall
infiltration velocity and soil saturation velocity can be de-
termined if the time required for the soil to reach the max-
imum volumetric water content is measured. Through this
process, the change in the saturation depth ratio of the soil
layer with time can be determined. As shown in Figs. 5 and 6,
the maximum volumetric water content was 28.7-40.8 and
32.7-39.4 % in samples GrC1 and GrC4, respectively, which
had unit weights of 1.10gm—3. Samples GrC2 and GrC5,
which had unit weights of 1.21 gm~2, had a maximum volu-
metric water content of 30.3-40.1 and 34.4-38.5 %, respec-
tively. Samples GrC3 and GrC5, which had unit weights
of 1.35gm—2, had a maximum volumetric water content of
35.5-38.7 and 37.2-40.0 %, respectively. The maximum vol-
umetric water content increases with greater unit weights of
the soil. In this study, the bottom of the soil column was
opened to drain infiltrated rainfall into the soil. Therefore,
the infiltrated rainfall can be drained more in soil with lower
unit weight because it has more voids and faster infiltration
or flow velocity of rainwater in the column. In the case of
a soil condition of higher unit weight, rainwater is drained
less than in soil with lower unit weight because of fewer
voids and slower flow velocity of rainwater. Therefore, soil
with higher unit weight contains more water in the column
and the maximum volumetric water content is higher than in
soil with lower unit weight (Table 3). In addition, the maxi-
mum volumetric water content was 28.7-40.8, 30.3-40.1 and
35.5-38.7 % in samples GrC1, GrC2 and GrC3, respectively,
under conditions of a rainfall intensity of 20mmh~—1. The
maximum volumetric water content was 32.7-39.4, 34.4-
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Table 3. Amount of the injected water into the soil column.

Test Amountof  Amountof  Amount of  Total amount
conditions residual drained overflowed of water
water (mm)  water (mm)  water (mm) (mm)
GrCl 144.0 69.0 0.0 213.0
GrC2 164.0 63.0 0.0 227.0
GrC3 175.0 35.0 0.0 210.0
GrC4 153.2 66.4 0.0 219.6
GrC5 169.6 14.8 0.0 184.4
Grce 178.8 22.4 0.0 201.2

38.5 and 37.2-40.0% in samples GrC4, GrC5 and GrC6,
respectively, under conditions of a rainfall intensity condi-
tion of 50mmh~1. Notably, the volumetric water content
was high when the rainfall intensity was high. This trend is
thought to occur because a great deal of injected rainfall ac-
cumulates without flowing to the bottom of the soil layer by
gravity when rainfall exceeds the draining ability of rainfall
in the soil layer, and a considerable amount of rainfall is in-
jected into the soil layer as the rainfall intensity increases.

The volumetric water content tends to increase with in-
creasing soil depth. The maximum volumetric water content
was 28.7-38.9 % at TDR-1, which was at a 5cm depth, and
38.5-40.7 % at TDR-5, which was at a 45cm depth. This
pattern is related to the rainfall infiltration velocity, which
tends to decrease with increasing soil depth. The amount of
accumulated rainfall increases with increases in the rainfall
duration (Park et al., 2011).

The residual volumetric water contents measured at the
end of the test and the corresponding rainfall intensity con-
ditions and soil unit weights are shown in Fig. 7. With soil
unit weights of 1.10, 1.21 and 1.35gcm—3, the residual vol-
umetric water contents were 23.9-30.5, 26.4-32.7 and 30.1-
35.2 %, respectively, under a rainfall intensity of 20mmh—1.
The corresponding values were higher, i.e., 23.4-30.6, 23.6—
35.7 and 30.3-35.7 %, respectively, under a rainfall intensity
of 50 mm h~1; the residual volumetric water contents clearly
increase with increasing soil unit weights (Fig. 7). The expla-
nation for this correlation between residual volumetric water
content and soil unit weight at a constant rainfall intensity is
the rapid discharge from the column with a greater effective
porosity, which is associated with a lower soil unit weight
(Kim et al., 1996). The residual volumetric water contents
at a rainfall intensity of 20 mmh~1 and a soil unit weight of
1.10gcm—2 was 23.9-30.5 %, which is similar to the value
of 23.4-30.6 % at a 50 mm h~! rainfall intensity. In addition,
similar residual volumetric water contents were observed at
different rainfall intensities regardless of whether the unit
weight of soil was 1.21 or 1.35gcm~2. These findings il-
lustrate that the residual volumetric water content varies de-
pending on the unit weight of soil.

The average rainfall infiltration velocity under each test
condition was also calculated based on the change in the
measured volumetric water content (Fig. 8). As shown in
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Figure 5. Volumetric water contents of the weathered granite soil in each test condition. (a) GrC1, (b) GrC2, (c) GrC3, (d) GrC4, (e) GrC5
and (f) GrCeé.
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Figure 7. Residual volumetric water content of weathered granite
soil.

Fig. 8a, the rainfall infiltration velocity was 2.143 x 1073,
2.060 x 1072 and 1.691 x 102 cm s~ when the unit weight
of soil was 1.10, 1.21 and 1.35 g cm~3, respectively, whereas
the corresponding values were 4.077 x 1073, 3.922 x 103
and 3.431 x 10~3 cms™1, respectively, at a rainfall intensity
of 50mmh~1. In other words, the rainfall infiltration veloc-
ity due to the increase in rainfall per unit of time in the soil
layer was faster when the rainfall intensity was greater.
Based on the column test result, the velocity of the wet-
ting front (i.e., the rainfall infiltration velocity) was observed
to increase with increasing rainfall intensity. In addition,
when the unit weight of soil was 1.10, 1.21 and 1.35gcm~3,
the rainfall infiltration velocity was 2.143 x 10~ and
4.077 x 103 cms~1 with rainfall intensities of 20 and
50mmh~1, respectively, and a unit weight of 1.10gcm=3.
These velocities were 2.06 x 1073 and 3.92 x 10~3cms~1
at a unit weight of 1.21gcm=23 and 1.69 x 10~2 and
3.43 x 103 cms~! at a unit weight of 1.35gcm=2. Thus,
the rainfall infiltration velocity tends to decrease with in-
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Figure 8. Rainfall infiltration velocity of the weathered granite soil
under various conditions. (a) Rainfall infiltration velocity under
each rainfall and unit weight soil condition and (b) rainfall infil-
tration velocity at each depth.

creasing soil unit weights (Fig. 8a, Table 4). This trend is
thought to be caused by decreases in the coefficient of per-
meability in accordance with Darcy’s law, in which ground-
water flow is affected by the effective pores in the form of
decreases in the rainfall infiltration velocity with increases
in the unit weight (Ng and Shi, 1998). According to the re-
sults of permeability tests using 27 soil samples which were
collected in the study area, the values of the saturated hy-
draulic conductivity are distributed between 1.38 x 102 and
7.16 x 10~3 cms~L. Distribution range of the saturated hy-
draulic conductivity is similar to the range of rainfall in-
filtration velocity which is measured by the column tests.
The rainfall infiltration velocity decreases with increasing
soil depth (Fig. 8b), likely due to clogging: a portion of the
effective pores become blocked as many fine grains move
downward with the infiltrating rainwater (Kwon et al., 2004).
In addition, denser soil with increasing depth following the
elapse of time may partially affect the results. The rainfall
infiltration velocity slows as pore sizes are reduced, and the
coefficient of permeability decreases as the soil becomes
denser.

However, under all test conditions, TDR-1 yielded
a rainfall infiltration velocity of 6.329 x 1073-
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Table 4. Rainfall infiltration velocity in each test conditions.

Test conditions

Rainfall Porosity
infiltration (%)
velocity
(cms™1)

Grc1 (20mmh~1 1.10gecm—3)
Grc2 (20mmh~1 1.21gecm—3)
Grc3 (20mmh=1, 1.35gecm=3)
Grc4 (50mmh~1 1.10gcm—3)
Grcs (50mmh~1 1.21gecm—3)
Grc6 (50mmh~1, 1.35gcm=3)

Weathered
granite soils

2.143x 1073 57.3
2.060 x 1073 53.0
1.691x 1073 476
4.077 x 103 57.3
3.922x1073 530
3431x1073 476

1.670 x 10 2cms~!, which was fast compared to the
velocity at the remaining sensors of 1.582 x 103
5.468 x 10~3 cms~1. This result contrasts sharply from the
velocity values in the overall test results. Therefore, the
results of TDR-1 were excluded from the calculation of
average rainfall infiltration velocity because the test results
were determined to be unreliable. The inconsistency in
rainfall infiltration velocity was induced by the column
sample molding process. This error was associated with
the level of precision in achieving the target unit weight
because the consolidation was performed only by vibration
and not by pouring the sample outside of the column in the
uppermost layer.

4 Application of the proposed model to the regional
study area

The proposed model was applied to assess the feasibility of
the model and to develop a regional landslide susceptibility
map. For that purpose, we acquired information regarding
the landslide inventory, digital topographic data and strength
parameters of the slope materials based on field investiga-
tion and laboratory tests. We then analyzed the study area,
and the results of the susceptibility analysis were compared
with the landslide inventory for validation. The process was
performed in a geographic information system (GIS) envi-
ronment because GIS is an effective spatial data-processing
tool over broad areas. The study area was divided into pixels
measuring 10m x 10m, and then, the input data were con-
verted to a grid with cells measuring 10 m x 10 m using GIS.

4.1 Spatial database construction and landslide
location detection

The proposed model required several input parameters,
which could be obtained from digital topographic data in
the GIS environment, geotechnical field work and laboratory
tests. To obtain the geomorphologic attributes of the study
area, a digital elevation model (DEM) with a 10 m resolution
was constructed using 1 : 5000-scale topographic maps, and
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Figure 9. Map showing the distribution of topographic parameters.
(a) Slope angle and (b) soil thickness.

the slope gradient was calculated using the DEM (Fig. 9a).
The soil thickness in the study area was evaluated using the
Z model proposed by Saulnier et al. (1997). It has been
known that the performance of this topography-based model
is less satisfactory compared with other empirical models.
However, in this study, any field measurements of soil thick-
ness were not available, and only limited information, such
as topography data and ranges of soil thickness value for
each soil type, was provided in the study area. Therefore, the
Z model, which is one of the topography-based models, was
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adopted since this model could evaluate the soil thickness
in the broad study area with the limited information. In the
Z model, the soil thickness was estimated using a linear rela-
tionship between soil thickness and elevation and therefore,
the minimum and maximum values for soil thickness and ele-
vation were required. The ranges and mean values of the soil
thickness for each soil type in the study area were acquired
from 1:25000-scale digital soil maps produced by the Na-
tional Institute of Agricultural Science (http://soil.rda.go.kr).
Then the soil thickness was evaluated using the Z model and
the elevation value and used as the soil depth in the proposed
model in Eq. (8) (Fig. 9b). In addition, a geological map was
used to model the contributing lithology (Fig. 10).

In this study, the geotechnical soil parameters were ob-
tained from laboratory tests on samples from the study area.
Soil samples were collected from the landslide locations in
the granite area because the landslides have occurred pri-
marily in this area. From 16 different sampling locations,
undisturbed soil samples were collected using a columnar
ring sampler at a depth of 50cm from the surface, and at
each sampling location, three soil samples were obtained for
the laboratory tests. A total of 30 direct shear tests were per-
formed to obtain the shear strength parameters, namely, the
cohesion and internal friction angle. However, because the
number of samples for shear strength testing was limited,
Kriging was used to construct the thematic map of the co-
hesion and friction angle in the study area (Fig. 11a and b).
The coefficient of hydraulic conductivity (Fig. 11c) and the
unit weights (Fig. 11d) of the soils were also obtained from
the laboratory tests.

As noted above, in the proposed model, the factor of safety
was calculated using the saturation depth ratio of the soil,
based on quasi-dynamic wetness index theory, to evaluate the
effect of rainfall infiltration into unsaturated soil. The satura-
tion depth ratio can be determined based on the rainfall in-
filtration velocity, which can be obtained from the results of
the soil column tests. The soil column tests were performed
under various test conditions of rainfall intensity, rainfall du-
ration and soil unit weight. The study area experienced heavy
rainfall during the period of 10-12 August 1998; the aver-
age rainfall intensity in the study area was 20mmh~1 and
the total amount of accumulated rainfall was approximately
280 mm. Therefore, based on the soil column tests, the rain-
fall infiltration velocity was evaluated based on the test con-
ditions of a 20mmh~! rainfall intensity and a 14 h rainfall
duration. As shown in Fig. 12, the rainfall infiltration veloc-
ities corresponding to three unit weights of soil (1.10, 1.21,
1.35gcm~3) at a 20 mm h~1 rainfall intensity were obtained
from the soil column tests, and a linear regression of the rain-
fall infiltration velocity was obtained. The infiltration veloc-
ities in each soil were determined based on the linear regres-
sion model and were used to calculate the factor of safety.

In addition, the landslide locations were obtained from
aerial photographic analysis and a complementary field sur-
vey. Aerial photographs with a ground resolution of 50 cm,
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Figure 10. Geological map and location of landslides.

obtained from Samah Aerial Survey Co. Ltd, were used. A
total of 418 landslides were mapped (Fig. 10).

4.2 Evaluation of the model performance

In landslide susceptibility analysis, model validation is a fun-
damental step in determining the model performance. An
ideal landslide susceptibility map simultaneously maximizes
the agreement between known and predicted landslide loca-
tions and minimizes the area outside the known landslide lo-
cations that is predicted to be unstable (Godt et al., 2008).
Therefore, in this study, a receiver operating characteris-
tics (ROC) graph was used to assess the performance of the
models because the ROC graph provides a diagnostic test
that may be used to distinguish between two classes (true
class and modeled class) of events (Swets, 1988; Fawcett,
2006). In ROC analysis, true class instances (observation or
landslide occurrence) are compared with modeled class in-
stances (landslide prediction) using a confusion matrix. The
observations are classified as positive or negative depend-
ing on whether they indicate occurrence or nonoccurrence
of a landslide. Therefore, the grid-based prediction results
of landslide susceptibility obtained from the proposed anal-
ysis could be compared with the landslide inventory. Pre-
dictions are classified as yes or no depending on whether
they predicted “unstable” or “stable” conditions (Cepeda et
al., 2010). Therefore, the grid-based prediction results of
landslide susceptibility obtained from the proposed analysis
could be compared with the landslide inventory, and one of
four outcomes was assigned to each grid cell. If the cell was
predicted to be unstable and coincided with a landslide in
the inventory, it was counted as a true positive (TP). In con-
trast, if the cell was predicted to be unstable and did not coin-
cide with a landslide location, it was counted as a false posi-
tive (FP). If the cell was predicted to be stable and was out-
side a known landslide location, it was counted as a true neg-
ative (TN), and if it coincided with a landslide occurrence, it
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was counted as a false negative (FN) (Fawcett, 2006; Godt et
al., 2008; Cepeda et al., 2010).

Two important measures of model performance (rates of
TPs and FPs) are commonly used for model validation.
The true—positive rate (TPR) is the ratio of the number of
TPs to the total number of positives, and the false—positive
rate (FPR) is the ratio of the number of FPs to the to-
tal number of negatives. These two metrics were used to
plot the ROC graph, which is a two-dimensional graph in
which the TPR is plotted on the y-axis and the FPR is plot-
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ted on the x axis. Model results that plot toward the up-
per left corner of the graph are generally considered supe-
rior (Godt et al., 2008). An acceptance prediction requires
that TPR/FPR > 1.0, and larger values of the TPR/FPR ra-
tio indicate better predictive performance of the model. An-
other statistical parameter of model performance is its accu-
racy (ACC). ACC is assessed by analyzing the agreement be-
tween the model results and observed data. Therefore, ACC
is the ratio of TPs plus TNs to the total positives and nega-
tives.

4.3 Results of regional analysis

Figure 13 shows a map of the spatial distribution of the fac-
tor of safety using the proposed approach. In the concept of
factor of safety, a value of FS= 1.0 is considered to be the
critical value for evaluating the stability of the slope; i.e., a
factor of safety of less than 1.0 implies an unstable slope.

In the results of the model analysis, 85856 of the
437691 cells were assigned a factor of safety of less than 1.0.
In other words, 19.6 % of the study area was classified as un-
stable. In addition, 267 of the 418 cells where actual land-
slides occurred had a factor of safety less than 1.0. Thus,
63.9 % of actual landslides (or the mapped landslides in the
inventory map) were classified as unstable, meaning that the
TPR, which is the ratio of the number of correctly predicted
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Figure 13. Map showing the factor of safety predicted using the
proposed model.

landslide cells (TPs) to the total number of landslide occur-
rence cells (positives), was 0.639. In addition, 19.6 % of non-
landslide cells were classified as unstable, which means that
the FPR was 0.196. The TPR/FPR ratio was 3.26, and the
ACC was 80.4 %.

Comparison of the proposed approach and previous
analyses

To compare the results of the proposed approach and previ-
ous analyses, an analysis using the steady-state model ap-
plied by several authors previously (Dietrich et al., 2001;
Borga et al., 2002; Huang et al., 2006, 2007) was also con-
ducted. In the steady-state model, the porewater pressure can
be calculated assuming a hydrogeologic steady state, with the
depth of saturated soil being sufficient to sustain a lateral dis-
charge proportional to the specific contributing area (upslope
area per unit contour length) (Pack et al., 2001). Therefore,
the infinite slope model, which assumed steady-state shallow
subsurface flow, was used to evaluate the factor of safety us-
ing the following equation:

ES c’—i—[y~Z—m-yw-z]coszatan¢>/
B y -z -sinacosa
+ly-z—min(&. -2 1.0) yw-z|cos2atang’
_ [ (T Slno-z ) ] ’ (12)
y -z-sinacosa

where m is the ratio of the groundwater level to the soil depth
(= hTW), R is the rainfall intensity, 7 is the soil transmissiv-
ity, which is the soil hydraulic conductivity times the soil
thickness and « is the specific contributing area (Beven and
Kirkby, 1979; O’Loughlin, 1986; Montgomery and Dietrich,
1994; Hsu, 1998; Dietrich et al., 2001; Borga et al., 2002;
Huang et al., 2006, 2007; Reid et al., 2007).

Figure 14 shows a map of the factor of safety using the
coupled infinite slope model and steady-state hydrological
model. In the results, 44.9 % of the study area was classified
as unstable, which means that a large portion of the study
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Figure 14. Map showing the factor of safety predicted using the
steady-state hydrological model.

area was predicted as being unstable. In addition, 398 of
the 418 actual landslide cells were classified as unstable
(i.e., factor of safety less than 1.0); thus, the TPR was 0.952,
and the FPR was 0.448. The TPR/FPR ratio and ACC were
2.12 and 55.2 %, respectively. Consequently, the steady-state
approach resulted in a larger portion of study area being clas-
sified as unstable, which yielded a low TPR/FPR ratio and
ACC. Therefore, the proposed approach produced better per-
formance than the steady-state approach model.

5 Conclusions

Since landslides in Korea are typically shallow landslides,
which are related to rainfall infiltration, we have proposed a
modified equation of infinite slope analysis by applying the
concept of the saturation depth ratio to analyze the slope sta-
bility as a function of rainfall falling on a slope. In this study,
a rainfall infiltration test in unsaturated soil was performed
using a column to understand the effects of the saturation
depth ratio variation following rainfall infiltration from the
ground surface into the unsaturated zone. Based on the test
results, it was possible to acquire rainfall infiltration veloc-
ity dependent on rainfall conditions and unit weight condi-
tions of the soil. The results indicate that the rainfall infiltra-
tion velocity, due to the increase in rainfall per unit of time
in the soil layer, increased with increasing rainfall intensity.
In addition, based on the change in rainfall infiltration ve-
locity with increases in the unit weight of soil, the rainfall
infiltration tended to decrease with an increasing soil unit
weight. The proposed model was applied to assess its feasi-
bility and to develop a regional landslide susceptibility map
using GIS over broad areas. The results of the analysis indi-
cate that 19.6 % of the study area had a factor of safety less
than 1.0, meaning that these areas are unstable. In addition,
the TPR and FPR were 0.639 and 0.196, respectively. The
TPR/FPR ratio was 3.26, and the ACC was 80.4%. A com-
parison of the results of the proposed approach with the re-
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sults of the previous steady-state model was also performed.
In the results, 44.9 % of the study area was classified as un-
stable and the TPR was 0.952 and the FPR was 0.448. The
TPR/FPR ratio and ACC were 2.12 and 55.2 %, respectively.
Consequently, the steady-state approach model resulted in a
low TPR/FPR ratio and ACC and therefore, the proposed ap-
proach presented in this study displayed better performance
than the steady-state approach.
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