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Abstract: To build a comprehensive understanding of long-term hydro-mechanical processes that
lead to shallow landslide hazards, this study explicitly monitored the volumetric water content
(VWC) and rainfall amount for a weathered granite soil slope over a four year period. From the
12 operational landslide monitoring stations installed across South Korea, the Songnisan station was
selected as the study site. VWC sensors were placed in the subsurface with a grid-like arrangement
at depths of 0.5 and 1.0 m. Shallow landslide hazards were evaluated by applying an infinite slope
stability model that adopted a previously proposed unified effective stress concept. By analyzing the
variations in the monitored VWC values, the derived matric suctions and suction stresses, and the
calculated factor of safety values, we were able to obtain numerous valuable insights. In particular,
the seasonal effects of drainage and evapotranspiration on the slope moisture conditions and slope
stability were addressed. Preliminary test results indicated that continuous rainfall successfully
represented the derived matric suction conditions at a depth of 1.0 m in the lower slope, although this
was not the case for the upper and middle slopes. The significance of a future study on cumulative
field monitoring data from various sites in different geological conditions is highlighted.

Keywords: shallow landslides; landslide monitoring; infinite slope stability; rainfall; volumetric
water content; matric suction

1. Introduction

The threats posed by geological disasters to populations and societies worldwide have
increased substantially over the past several decades [1]. Additionally, extreme weather
events, which often intensify the severity of natural disasters, are occurring more frequently
due to the global impact of climate change [2]. Landslides are one of the most common
geological hazards in South Korea [3]. They are mainly caused by heavy rainfall [4],
and exhibit different types of movements. In general, landslides are gravitational mass
movements involving rocks, debris, and earth materials along a steep or gentle slope.
A robust landslide monitoring system considering field performance and efficiency is
required because of the diverse landslide types that include slides, falls, flows, spreads,
and toppling rocks [5]. The design and implementation of a landslide monitoring system is
dependent on the cause and type of the landslides. To avoid or mitigate landslide disasters
related to economic and environmental impacts, an appropriate early warning system
based on in-situ landslide monitoring at a local scale should be designed. Such a system
can be robust and can help to plan hazard mitigation strategies regarding emergency plans,
and evacuation scenarios, for landslides [6,7].

Detecting the timing and location of landslides is crucial for estimating landslide
risks. These factors can be evaluated using various landslide measurements and evaluation
techniques. Typical systems and techniques for landslide monitoring include: (a) remote
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sensing or satellite techniques, (b) ground-based geodetic techniques, (c) satellite-based
geodetic techniques, and (d) geotechnical techniques. The first three techniques may be
more suitable for active landslides, such as slow-moving landslides. Nonetheless, the
last approach is used extensively and covers a wide range of landslide types [7-10]. In
addition, fiber optic sensors are applicable to rockslides, and seismic noise and shear-wave
velocity can be used as indicators of clay-rich mass movements [11,12]. An impending
catastrophic landslide can also be estimated by predicting the velocity and acceleration
of landslide displacement and the volume of landslide materials in the source area. This
may be very useful for reactivated slopes. It is also possible to predict the landslide
occurrence time and size in response to the velocity of mass movements using a large-scale
laboratory flume [13]. This approach can be applied to reactivated slopes, such as clay-rich
creep mass movement along pre-existing slip surfaces [14,15]. In reality, however, the
approach is very complicated for weathered soil slopes. Slope failure often occurs when
high intensity and prolonged precipitation overwhelm soil resistance. In geotechnical and
hydrological techniques, the monitoring of deformation and meteorological parameters is
crucial for landslide prediction. The monitoring sensors and parameters should be applied
differently depending on the slope conditions. Typical geotechnical and hydro-mechanical
sensors include crack meters, extensometers, inclinometers, geophones, piezometers, matric
suction, strain gauges, tiltmeters, and volumetric water content. Matric suction and
volumetric water content monitoring in unsaturated soils subjected to rainfall infiltration
are essential for slope stability analyses [16-21].

A combination of rain gauges and volumetric water content sensors is an efficient and
effective means of examining the slope stability of a weathered soil slope. This is because
the change in water content is a sensitive response owing to the infiltration of water into the
soil deposits on a natural slope. This combination can also influence the variations in matric
suction in slopes. As a result, the safety factor can be calculated based on monitoring data. A
similar concept to the LAndslide MOnitoring System (LAMOS) was designed by the Korea
Institute of Geosciences and Mineral Resources (KIGAM). The KIGAM-LAMOS network
is in operation at 12 different landslide monitoring stations across eight national parks in
South Korea [4]. A comprehensive understanding of the relationship between rainfall and
water content is vital for slope stability, especially for landslide monitoring systems at local
scales. Thus, in this study, detailed monitoring analyses of long-term hydrological behavior
on a slope were conducted. A study site was selected in the Mt. Songnisan National Park,
where a KIGAM-LAMOS landslide monitoring station is located. Among the 12 KIGAM-
LAMOS landslide monitoring stations, this study only analyzed the Songnisan station.
This is due to the study focusing on the initial testing of a landslide monitoring framework
and the initial stages of a long-term analysis of hydrological trends in slopes. In the
Songnisan station, a total of 14 volumetric water content sensors were arranged in multiple
subsurface locations in the longitudinal, transverse, and vertical directions to recognize
locally different hydrological processes within a single slope. Rainfall and volumetric water
content data collected from the Songnisan station during the four years from 2017 to 2020
were used in the analyses to evaluate shallow landslide hazards.

In this paper, first, the typical characteristics of landslides in South Korea and the
Songnisan monitoring station are presented. Second, the theoretical background is de-
scribed. An infinite slope stability model applying a unified effective stress concept that is
pertinent to both unsaturated and saturated soils [22] is introduced. Third, the unsaturated
and geotechnical properties of soil are clarified based on field surveys and laboratory test
studies. Fourth, the monitored source data regarding rainfall and volumetric water content
are delineated. The matric suction and suction stress in unsaturated soil were derived from
the monitored volumetric water content and laboratory-derived soil-water characteristic
curves and suction stress characteristic curves. Finally, the calculated safety factor in the
slope and possible scenarios with more hazardous slope conditions are discussed. Pre-
liminary test results on the effectiveness of a rainfall parameter denoted by continuous
rainfall are included. In the present study, the estimated matric suction data and monitored
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continuous rainfall amounts at the study site were utilized to validate the continuous
rainfall to represent slope moisture conditions that may lead to the initiation of shallow
landslide hazards.

2. Landslides, Monitoring Station, and Sensors
2.1. Physical Setting

The Songnisan landslide monitoring station is located in an area with a wide distribu-
tion of alkali feldspar granites from the Cretaceous Period, the last period of the Mesozoic
Era. This type of rock is reddish in color, and as a coarse material, the main component
minerals are quartz and microcline with trace amounts of biotite. In Korea, landslide-
prone areas contain a wide distribution of typical granite-weathered residual soils, most
of which are residuum: soil and subsoils resulting from long periods of weathering. The
soil order, suborder, great soil group, and World Reference Base (WRB) can be classified
as Inceptisols, Udepts, Dystrudepts, and Cambisols, respectively. Additional information
can be found through the portal site Rural Development Administration in Korea [23].
The annual mean temperatures of the study area ranged from —3 to 16 °C from 1971 to
2000; the average temperature at the Songnisan station is 12.2 °C. The annual rainfall is
approximately 1300 mm.

2.2. Landslides in Mt. Songnisan National Park, South Korea

Landslides in South Korea are often initiated at shallow soil depths during the summer
monsoon period from June to October. In general, the soil depth typically ranges from 1 to
2 m in thickness. The sliding thickness in the source area usually ranges from 0.5 to 1.0 m.
For this reason, landslides that occur in South Korea are categorized as rainfall-induced
shallow landslides. Most such landslides easily turn into debris avalanches or debris flows.
These can include boulder-sized rocks and earth materials capable of sweeping away a
house and infrastructure in mountainous areas. The study area in the Mt. Songnisan
National Park has a history of landslides and debris flows. Figure 1 shows the landslide
occurrences in 1977 and 1984. Traces of landslides and debris flows are shown at the center
of the figure. In the first event, the landslide zone was 600 m long, and the damaged area
was approximately 35,000 m?. In the second event, the travel distance of the debris flow
was approximately 2 km. Even though a small stream in the study area does not show
evidence of a high frequency of debris flow, it could create severe potential risks to life and
infrastructure. Large amounts of debris are supplied to the flow channel after erosion and
previous slope failures. Figure 2 shows the presence of debris and sediments deposited
along the main channel. Two check dams constructed in 1986 and located at the bottom of
the basin are fully filled with debris and soil. From the source area to a check dam, the soil
thickness in the main channel varies from 0.5 to 2 m. The depth in the source area is very
shallow and increases as the debris flow progresses. Landslide materials are weathered
granite soil. Landslide materials are mainly composed of sand and gravel with little fine
content (i.e., clay and silt). A long-term monitoring study of a shallow landslide, which
turns into a high mobile debris flow and is potentially destructive, must be designed and
maintained as appropriate.

2.3. Monitoring Station and Sensors

A landslide monitoring station of KIGAM-LAMOS was installed and operated at a lo-
cal scale near the previous landslide source area and check dam on Mt. Songnisan. Figure 3
shows the locations of the monitoring station, installation, and sensors used. According
to Michoud et al. [24], a robust monitoring network may be characterized by simplicity,
life expectancy, a combination of multiple sensors, power supply, and communication line
backups. The Mt. Songnisan station included a model WDR-205 tipping bucket type rain
gauge (Wedaen) and model 5TM volumetric water content (VWC) sensors (Decagon ICT
International) [4]. The sensor conditions were 0.5 mm and 0%-100% for rain and VWC,
respectively. The values obtained from the sensors were within a suitable range to calculate
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the safety factor. The measurement equipment minimizes the difficulty of obtaining data
through a constant power supply, producing a relatively cost-effective station system.
Globally, 87% of the slopes are destabilized because of the water in landslides [24]. Among
the various monitoring parameters to be checked, rainfall information is one of the most
important. Rainfall and water infiltration can weaken the hydro-mechanical properties of
soils, resulting in slope failure.
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Figure 1. Landslides occurred in the study area in 1977 (a) and debris flow slides in 1984 (b).

Figure 2. Site survey and regional characteristics in the study area: (a) main channel, (b) erosion,
(c) check dam (with a man denoted by a dashed circle to provide scale), and (d) deposition of
sediments at the bottom of the basin.
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Figure 3. The Songnisan landside monitoring station: (a) areal overview, (b) power supply, and (c) sensors used.

3. Methods and Data
3.1. Theoretical Scheme of Shallow Landslide Hazard Monitoring

This study aimed to explicitly monitor long-term hydrological processes in a single
slope in natural terrain. Therefore, VWCs were measured in multiple subsurface locations,
and rainfall amounts were recorded hourly over a four-year period. The collected VWC
data were analyzed to clarify the transient unsaturated soil stresses and slope stabilities.

Among the 12 landslide monitoring stations of KIGAM-LAMOS installed across eight
national parks in South Korea [4], only the Songnisan station was covered in this study to
initially test the aforementioned approach. As illustrated in Figure 4, the VWC sensors
were arranged in 18 different subsurface locations to comprehensively investigate the
temporal variations of geo-hydrological conditions in the slope at Songnisan station. In
more detail, at soil depths of 0.5 m and 1.0 m a 3 x 3 matrix with 15 m longitudinal and
transverse intervals was constituted using nine different sensor locations. The slope can
be separated into three sections (upper, middle, and lower) according to elevation. For
each section of the slope, transient VWCs were monitored from both soil depths, where
slip surfaces would most likely exist considering the shallow landslide characteristics of
Korea [25]. To reduce sensing instabilities and uncertainties, VWCs were measured at three
different locations along the transverse direction for each of the two soil depths. In the
lower slope, the data obtained from sensors on both sides for all depths were excluded
from this study because of the data anomalies and irregularities possibly caused by sensor
malfunctions and instabilities of installation environments. The slope of the Songnisan
station was inclined at 25°.

For each sensor location, infinite slope stability analyses were conducted by applying
a unified effective stress model under both saturated and unsaturated soil conditions [22].
The unified effective stress model allows temporal variations in suction stress resulting
from changes in soil moisture conditions. Applying the infinite slope method [26] in this
study was reasonable, as the assumption of a method in which the slope extent is much
longer than the depth of the potential slip surface corresponds well to the characteristics of
translational or shallow landslides.
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Figure 4. Diagram of VWC sensor points layout in the Songnisan landslide monitoring station.

The factor of safety (FOS) equation, which is based on the Mohr—Coulomb failure
criterion and the limit equilibrium approach in the infinite slope method, is illustrated in
Figure 5 and can be written as shown in Equation (1) by applying the unified model of
effective stress (Equation (2)):

/ I s /

FOS — tan ¢ c cT tan ¢ (1)
tana  zy (7 - sina - cosa)
o =(c—u,) -0’ (2)

where ¢’ is the effective internal friction angle, ¢’ is the effective cohesion (kPa), ¢® is the
suction stress (kPa), « is the slope angle, z, is the vertical soil depth of a potential slip
surface (fixed to a monitoring soil depth, 0.5 m or 1.0 m, in this study), ¢’ is the effective
stress, o is total stress, and u, is the pore air pressure. 7; is the water-content-dependent
unit weight of soil (as kN/m?) and is calculated by the equation <y; = 7,4 + 6-p,, Where 6
is the monitored VWC, and py, is the density of water. An infinite slope stability analysis
method that applies the conceptualized suction stress term, as in the case of Equation (1),
was previously proposed by Lu and Godt [27] and has been widely used in various
studies [28,29].

rainfall

AAA2ARR2202222%)

W=nz,
o, = W cosa cosa
T, = W sina cosa

u,=0

Figure 5. Diagram of infinite slope stability analysis applying a unified effective stress model [22].
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The monitored source data in the slope (i.e., VWC) can be expressed as the effective
degree of saturation using Equation (3):
6 —6,

Se = 95 — 97’ (3)

where S, is the effective degree of saturation, 0 is the measured VWC, 0; is the saturated
VWC, and 6, is the residual VWC.

Then, given the soil-water characteristic curve (SWCC) in the field, the matric suction
can be interpreted as a function of the effective degree of saturation by applying the van
Genuchten [30] model, as shown in Equation (4):

1 m 1/n
Se = Sug—up=a (S VM1 4
¢ 1+ {a(u, — uy)}" ta = tw =4 ( ¢ ) )

where a is the inverse of the air entry pressure, n indicates the pore size distribution
parameter (m =1 — 1/n), (4, — uy) is the matric suction, and u,, is the pore water pressure.
Consequently, by applying a closed-form equation for the suction stress characteristic
curve (SSCC) proposed by Lu and Likos [22] and Lu et al. [31], the suction stress term ¢® in
Equation (1) can also be expressed in terms of the effective degree of saturation as shown
in Equation (5):
1/n
0° = =S, (g — tty) = —S;<Sell/m—1> (5)
Finally, substituting Equation (5) for ¢® in Equation (1), the FOS at a fixed location in a
slope becomes a function of the time-variable effective degree of saturation. When the FOS
of a slope is reduced to less than unity by the increase in the effective degree of saturation
and the resultant loss of suction stress, the slope is regarded to have lost equilibrium and
enters an unstable state in which the initiation of a shallow landslide is imminent.

3.2. Geotechnical and Unsaturated Properties of Soil

Disturbed and undisturbed samples were collected from the Songnisan landslide
monitoring station study site, where thin weathered granite residual soil layers overlie
the bedrock. A variety of laboratory tests were conducted in compliance with the Korean
Industrial Standards (KS) to understand the engineering properties of the soil. More
specifically, physical and mechanical properties were obtained from the disturbed and
undisturbed soil samples. The undisturbed soil samples were taken using a stainless
cylindrical ring sampler that was 10 cm in diameter and 5 cm in height. In general, the
samples were collected at depths of about 40-60 cm after removing the topsoil. A total
of 20 soil samples were tested, and average values were obtained for each property. The
physical properties include Atterberg limits (i.e., liquid limit and plastic limit), grain size
distribution, permeability, dry unit weight, optimum moisture content, specific gravity,
and water content. In particular, the test results for permeability (ks = 1.89 x 107> m/s),
effective grain size (D19 = 0.11 mm), and specific gravity (Gs = 2.68) indicated that the soils
in the study site could be represented as sands or fine sands. For the mechanical properties,
effective cohesion and the internal friction angle were measured from direct shear tests.
The test results of the geotechnical parameters that were used to calculate Equation (1) are
summarized in Table 1.

Table 1. Geotechnical properties of the soil at the Songnisan landslide monitoring station.

Parameter Symbol and Unit Value
Dry Unit Weight Y4 (g/cm?) 1.34
Effective Cohesion c (t/m?) 0.94

Effective Internal Friction Angle ¢ (°) 28
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An automated SWCC test apparatus [32,33] was used to estimate the unsaturated
soil properties of the study site. The tests consisted of two conditions: the drying process
in which pore water was progressively drained from a fully saturated soil sample by
the air pressure loading, and the wetting process in which dry pores were progressively
saturated by the air pressure unloading. The test results provided raw data of sequentially
measured matric suctions and their respective inflow or outflow masses of water. Nonlinear
least-squares regression analyses fit the previously introduced van Genuchten [30] model
(Equation (4)) to the raw data points.

The values of the curve-fit parameters («, 7, and m) were determined, as shown in
Table 2, and the SWCC was plotted using these parameters. Figure 6a shows the SWCCs
for the drying and wetting processes derived using the van Genuchten [30] model. As the
unsaturated soils exhibited hysteresis, the soil was less saturated during the wetting process
than during the drying process at the same matric suction. The SSCCs for the drying and
wetting processes were also plotted in Figure 6b using the previously introduced closed-
form Equation (5). The magnitude of the suction stress gradually decreased as the soil
became saturated, and rapidly proceeded toward zero as it neared full saturation. The soil
abruptly lost the suction stresses over the effective degree of saturations of approximately
0.96 and 0.88 for the drying and wetting processes, respectively. Notably, the magnitudes
of suction stress were less than 10 kPa at all degrees of saturation except in the near-dry
range. This magnitude range corresponds to those of sand or silt according to the SSCCs
of typical soils proposed by Lu et al. [31]. In contrast, the suction stress of the tested soil
followed the pattern of clayey soils in that the magnitude increased monotonically as the
degree of saturation approached zero. The range of values of the « and n parameters for
different soil types suggested in the literature [31] indicates that the tested soil in this study
can be classified as clayey sand. This indicates that, although sand was the dominant
material in the tested soil, moderate amounts of clay minerals contributed to increasing
tensile inter-particle stresses, even under dry conditions.

Table 2. Curve-fit parameters of the SWCC model (van Genuchten [30]).

Test Condition o n m
Drying Process 0.145 1.99 0.497
Wetting Process 0.245 1.712 0.416
1000 100
------ Drying (van Genuchten model) ++++++Drying (van Genuchten model)
—Wetting (van Genuchten model) — —Wetting (van Genuchten model)
_. 100 &
@ X
& < 10
~— 4
c <)
2 ")
- 7]
% 10 ,.d'-_,.
o 7]
= c
= S 1
2} -
= 1 S
n
0.1 0.1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Effective degree of saturation, S, Effective degree of saturation, S,
(a) (b)

Figure 6. Unsaturated soil properties at the Songnisan landslide monitoring station: (a) soil-water characteristic curve and
(b) suction stress characteristic curve.
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As the wetting process test condition better represents the phenomena of soil slope
saturations induced by rainfall infiltration that directly led to the reduction of slope stability
in reality, the curve-fit parameters derived from the wetting process SWCC were applied to
the analyses in this study.

3.3. Monitored Source Data: Rainfall and VIWC

Rainfall and VWC in the slope were monitored for four years between 2017 and
2020 using the KIGAM-LAMOS operational system. Figure 7 shows hourly recorded
rainfall distributions with respect to time elapsed during the four years and cumulative
rainfall from June to October for each year. The majority of the precipitation was recorded
from June to October. Nearly all landslides were reported during this season in South
Korea. Accordingly, the period from June to October was designated as the rainy season or
landslide-prone season. While the two highest rainfall intensities were observed in 2017,
the maximum total cumulative rainfall amount during the rainy season was measured in
2020. This was because, over the entire rainy season, rainfall was more persistent with
moderately high intensities in 2020 than in 2017. The total cumulative rainfall during the
rainy seasons were 1178.5 mm in 2017, 893.5 mm in 2018, 736 mm in 2019, and 1368.5 mm
in 2020. During these four years, multiple landslides were reported in the neighboring
regions of Songnisan station during the rainy seasons of 2017 and 2020. Coincidentally, the
cumulative rainfalls during the rainy season exceeded 1100 mm in these two years.

1500
Hourly rainfall - -
. . ~
— — — Cumulative rainfall from June to October ( g
L - I g
_ ] ~
! - - 1000 =
I I L.E
] - | o=
!
- II |/ , | S
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) | r ! >
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[ I | ) 4500 =
, E
/ | | E
14
/ L 1 ' [} j=}
| / / ” @)
PR AR /I 1ML YR AT T A LB FIAR II MRS [T R R f AR TP R TR TR ERL Y R B O
o~ o~ o~ ~ o0 o0 e} e} (=)} (o)) N N S S S S —
— — — — — — — — — — — — o o [\ (] (a\]
(=] S S S (=} S S (=] S S (=] S S S S S S
o N N N o o N o N N o o o o N o o
a 84 4 4 9 9 g9 4 949 494 94 94 9 94 a4 a QqQ
- £ £ £ Z £ £ £ £ £ Z £ = Z == £ =
— < = S — < = = — < ~= S — < = S —

Figure 7. Precipitation recorded during the four years (2017-2020) at the Songnisan landslide monitoring station.

Figure 8 shows the variations in the effective degree of saturation in the slope with
respect to the time elapsed during the four years. The measured raw data (i.e., VWC) were
converted to the effective degree of saturation by applying Equation (3). From 25 July to 5
September 2017, the data collection was suspended because of malfunction problems and
repair work.

From a global perspective, the slope tended to maintain an approximately 0.2 effective
degree of saturation (mean = 0.216; median = 0.203), as a preset value during non-rainy
seasons (from November to the next May). The value seemed to be the soil’s unique
minimum moisture level that is retained and not drained any further. However, during
the rainy (or landslide-prone) seasons that occur in summer, the preset value started to
decrease more if the non-rain period lasted longer. Therefore, it is reasonable to interpret
that such a decrease in the soil moisture level was due to the increased evapotranspiration
effects in high-temperature conditions, instead of the drainage effects. It can be deduced
that the drainage effects dominantly govern the instant and sharply increased degree of
saturation caused by rainfall infiltration, with a reduction to the preset conditions in a
relatively short time.
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Figure 8. Effective degrees of saturation measured at the soil depth of (a) 0.5 m, and (b) 1.0 m, during 4 y (2017-2020) at the
Songnisan landslide monitoring station.

In addition, different tendencies in hydrological responses of the slope to rainfall
between 0.5 m (Figure 8a) and 1.0 m (Figure 8b) soil depths could be readily recognized.
First, the deeper the soil depth of a slope, the lower the sensitivity to rainfall. This is
because most spikes of saturations in the 1.0 m depth were formed in response to only
relatively large rainfall events during the rainy seasons, in contrast with the 0.5 m depth,
where the effective degree of saturations spiked in response to even some tenuous rainfall
during non-rainy seasons. Second, the deeper the soil depth of a slope, the lesser the
dispersion of soil moisture levels. The dispersions at 0.5 m were larger than those at
1.0 m. The soil moisture levels at 0.5 m were more dispersed than at 1.0 m within each
section of the slope and between the three sections of the slope. Generally, the sections
that exhibited high soil moisture levels at 0.5 m were in the order of the lower, middle, and
upper slopes. Thus, the soil moisture levels tend to increase along the downslope direction,
and this tendency becomes clearer as the depth decreases. This is because infiltrated
rainwater flows downslope so that water tends to concentrate and accumulate from the
lower sections of slopes. This assertion was previously corroborated by observations from
laboratory experiments and numerical analyses of rainfall infiltration on a miniaturized
model slope [34].

4. Results and Discussion
4.1. Estimations of Matric Suction and Suction Stress

As a result of rainfall infiltration, the degree of saturation increases, while matric suc-
tion decreases in soils according to a unique relationship represented by the SWCC. These
subsurface hydrologic processes conclusively determine the variations in the suction stress
and net interparticle stress generated within unsaturated soils, according to the unique
relationship represented by the SSCC [22]. Rainfall-induced landslides can be interpreted
as a result of the considerable reductions in these suction stresses on potential failure
interfaces in slopes. In the case of shallow landslides in natural slopes of mountainous
terrains in South Korea, the slip surfaces typically form at depths of about 1 m in shallow
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soil layers overlying bedrock [25]. From a pedogenic perspective, we propose that the
sliding mostly occurs in soil horizon transitions from C to R or within the C horizons, based
on our accrued experience in conducting investigations on shallow landslide source areas
in Korea. More specifically, unconsolidated parent earth materials and partly weathered
rock fragments are readily observed in the source areas, whereas bedrock surfaces are often
exposed on the slip surfaces. Therefore, it is important to estimate the matric suction and
suction stress based on the results of VWC measurements at shallow soil depths where slip
surfaces are typically created.

Figure 9 shows temporal variations in matric suction in the Songnisan station slope
plotted against the distributions of hourly rainfalls during the four years of the study.
The matric suction values were estimated based on the measurements of water content
(Figure 8) and the SWCC relationship as formerly shown in Figure 6a. Although matric
suction was not a primary source variable for the analyses in this study, but rather a derived
variable from VWC, trends of the derived matric suction values were analyzed. This is
because the matric suction is considered the most familiar and widely used concept to
interpret shear strength properties and consequent sliding phenomena in unsaturated
soils [35].
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Figure 9. Four-year variations in matric suctions estimated in (a) 0.5 m and (b) 1.0 m soil depths at each of the three sections

in the Songnisan landslide monitoring station.

At the 0.5 m depth, the calculated values of matric suction varied from approximately
3 to 120 kPa. At the 1.0 m depth, the calculated values varied from approximately 1.4
to 105 kPa. During the non-rainy seasons, the slope tended to retain a calculated matric
suction of approximately 30 kPa on average. However, entering rainy (or landslide-prone)
seasons in the summer, the matric suction started to increase as much as the rainfall
stoppage term persisted. As mentioned in Section 3.3, it is reasonable to interpret that the
progressive increases in matric suction over relatively prolonged rainfall stoppage periods
in rainy seasons mainly results from the evapotranspiration effects, whereas the recovery
of downward spikes of matric suctions that are instantly induced by rainfall are primarily
governed by drainage effects over relatively short periods of time.



Water 2021, 13, 2330

12 of 21

In addition, consistent with the results of the degree of saturation measurements, the
1.0 m depth (Figure 9b) exhibited lower sensitivities to rainfall and less dispersion in the
calculated matric suction than the 0.5 m depth (Figure 9a). More specifically, the calculated
matric suction values dropped upon strong (as well as some tenuous) rainfall at the 0.5 m
depth. As a whole, the calculated matric suction tended to be greater in the order of upper,
middle, and lower slopes in the 0.5 m depth, while there were no clear trends in the 1.0 m
depth between the three sections of the slope. All the calculated matric suctions at a specific
time were within the deviation range of approximately & 10 kPa in the 1.0 m depth.

Figure 10 depicts the temporal variations in the calculated suction stress in the Song-
nisan station slope against the distributions of hourly rainfalls during the four years of the
study. The suction stress was calculated by multiplying the effective degree of saturation
in Figure 8 and the matric suction in Figure 9. This calculation involved Equation (5) and
the SSCC in Figure 6b. Comparing Figures 9 and 10 revealed that the calculated suction
stress exhibited analogous variations compared to those in the calculated matric suction
with more reduced magnitude trends in the higher range of the matric suction. This is
because of the concurrent trends of the matric suction and suction stress with respect to an
increase or decrease in the effective degree of saturation over its entire range (Figure 6). At
the 0.5 m depth, the calculated suction stress varied from approximately 2.5 to 11 kPa. At
the 1.0 m depth, it varied from approximately 1.3 to 10.5 kPa.
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Figure 10. Four-year variations in suction stresses estimated in (a) 0.5 m and (b) 1.0 m soil depths at each of the three

sections in the Songnisan landslide monitoring station.

During the non-rainy seasons, the slope tended to retain a calculated suction stress
of approximately 7.5 kPa on average. However, upon entering rainy (or landslide-prone)
seasons in summet, the calculated suction stress started to increase as much as the rainfall
suspended term was prolonged. As formerly discussed, the progressive increases in suction
stress over relatively prolonged rainfall stoppage periods in rainy seasons mainly resulted
from evapotranspiration effects, with the instantly induced downward spikes of suction
stress during rainfall governed by drainage effects over relatively short times.
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In addition, consistent with the results of the matric suction estimations, at 1.0 m
(Figure 10b) sensitivity to rainfall was lower and dispersion among different sections under
suction stress was less compared to the 0.5 m depth (Figure 10a). As mentioned above,
the decreased suction stress values involved both intense and tenuous rainfall events at
0.5 m. Suction stress tended to be greater in the order of upper, middle, and lower slopes at
0.5 m, with no clear trends at the 1.0 m depth between the three sections of the slope. The
calculated suction stresses at a specific time deviated by approximately £1 kPa at 1.0 m.

Both the calculated matric suction and suction stress were more dispersed at 0.5 m
than at 1.0 m within each section of the slope and between the three sections of the slope.
In general, the sections that exhibited small suction stresses at 0.5 m were in the order
of the lower, middle, and upper slopes. On the contrary, at 1.0 m the slope exhibited
almost homogeneous hydro-mechanical behaviors (i.e., variations in moisture levels and
suction stress) regardless of the measurement location. The findings indicate that the
magnitude of net interparticle tensile stresses (i.e., suction stress) in unsaturated soils tends
to decrease along the downslope direction, and this tendency fades as the depth increases.
As mentioned above, this phenomenon is due to the tendency of infiltrated water flows to
converge and accumulate from lower sections of slopes. Such hydro-mechanical processes
may be one of the main reasons that translational slides are often observed in retrogressive
slope failure types.

4.2. Evaluation of Shallow Landslide Hazards of Unsaturated Soil Slope

Figure 11 shows the calculation results of variations in the FOS in the Songnisan
station slope during the four years of the study (2017-2020). The infinite slope stability was
evaluated using Equation (1) and the previously estimated suction stress in unsaturated soil.
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Figure 11. Four-year variations in the factor of safeties calculated at soil depths of 0.5 and 1.0 m at each of the three sections

in the Songnisan landslide monitoring station.
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The FOS was maintained at approximately 5.1 and 3.1 in the 0.5 m and 1.0 m depths,
respectively, in the non-rainy seasons, except for its sudden drops and rapid recoveries
caused by some instant and mild rainfalls. However, during the rainy seasons (June to
October) that occur in summer, the fluctuations became larger because of the increased
temperature and number of moderate or intense rainfall events. During the rainy seasons,
the FOS increased to 5.5 at maximum as rainfall stopped, and decreased to 4.3 at minimum
as rainfall continued at 0.5 m; however, it increased to 3.3 at maximum as rainfall stopped
and decreased to 2.6 at minimum as rainfall continued at 1.0 m. For example, an interim
dry period occurred from 4 July to 22 August (Figure 11). Mainly due to evapotranspiration
effects, the FOS at the 1.0 m soil depth increased by approximately 0.25 during this interim
dry period. As shown in Figures 8-10, the effective degree of saturation decreased by
approximately 0.1 during the same period, whereas the matric suction and suction stress
increased by approximately 60 kPa and 2.5 kPa, respectively.

Second, the slope exhibited larger dispersions in the FOS among different measure-
ment locations at the 0.5 m depth compared to the 1.0 m depth. In particular, at the
shallower depth, the slope exhibited a clearer tendency for a higher FOS in more ups-
lope locations.

Third, the slope responded more sensitively to external factors, such as rainfall and
temperature, at 0.5 m than at 1.0 m. In particular, in some cases of mild rainfall infiltration,
wetting fronts were created and managed to penetrate 0.5 m into the soil. However, more
intense and persistent rainfall conditions were necessary for the wetting fronts to penetrate
to 1.0 m. This explains why in some mild rainfall events, the FOS sharply decreased at
0.5 m but remained constant at 1.0 m.

To better illustrate the typical temporal variations in rainfall and slope responses,
shorter time windows during major rainfall event periods in each of the four years are
illustrated in Figure 12. Only the FOS values at a 1.0 m depth were included in the figure
to focus on the behaviors of a more typical sliding surface depth in shallow landslides in
South Korea.

In Figure 12, six main moderate- or high-intensity rainfall events triggered drastic
drops in the FOS. In 2017 and 2018, due to rainfall infiltrations, the FOS at 1.0 m (a lower
slope section) during major rainfall events decreased to a minimum of 2.619 and 2.606,
respectively. The two major rainfall events that triggered the minimum FOS values in
2017 and 2018 exhibited different rainfall characteristics to each other. More specifically,
the rainfall event in 2018 gathered a larger rainfall amount with moderate intensities over
longer durations, resulting in a slightly lower minimum FOS value than the rainfall event
in 2017, which involved rainfalls with high intensities over shorter periods of time. The
major rainfall event in 2020 consisted of two instances of rainfall separated by about a
13-h period without rainfall. The reason that the calculated FOS did not further decrease
in response to the second instance of rainfall is connected to the limitations of this study,
which will be discussed in Section 4.3.

On the other hand, it should be noted that the field conditions in mountainous terrain
are not always effectively represented by idealized model conditions. Therefore, consid-
ering field uncertainties, two probable scenarios that induce more hazardous conditions
were considered as follows.

First, the study site consists of weathered sandy soils that have relatively little cohesion
effects. Moreover, some soils in the slope may have been disturbed by human activities and
lost their cohesion. As shown in Figure 12, the infinite slope stability calculations under
cohesionless conditions led to a decrease in the FOS by 1.37, resulting in minimum FOS
values of 1.245 and 1.233 in 2017 and 2018, respectively.
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Figure 12. Hourly rainfalls and temporal variations in the factor of safety (FOS) values at 1.0 m under different slope

conditions during annually representative rainfall events in the four-year study period.

In the second scenario, in addition to the cohesionless condition, the slopes adjacent
to the Songnisan station with steeper terrain may have almost identical unsaturated soil
properties. Thus, they would experience similar hydro-mechanical processes in the sub-
surface. As shown in Figure 12, if such a steep slope had an inclination over 30° with a
negligible cohesion condition, the FOS would eventually decrease past 1.0, which is the
limit of slope stability.

These results emphasize the necessity of considering the field uncertainties in landslide
hazard assessments. Although high FOSs indicating stable states can be derived from an
immediate measurement location in a slope of interest, the slope, in reality, may become
unstable and even fail because of slightly different field conditions.

4.3. Future Study: Validating Continuous Rainfall as an Index of Slope Moisture Conditions

Long-term hydrological monitoring of slopes also provides valuable data that can
help find an optimal definition of a rainfall parameter as an indicator of slope moisture
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conditions. In this section, the preliminary test results of analyzing monitored data in
the Songnisan station to validate the definition of a rainfall parameter are discussed.
Park et al. [36] proposed the concept of continuous rainfall as an index of slope moisture
conditions in natural terrain that may lead to the initiation of shallow landslides. Continu-
ous rainfall was defined as cumulative rainfall that includes a series of rainfall events with
intervening rainfall-free times shorter than 24 h. Therefore, a continuous rainfall event was
terminated when the period of no rainfall exceeded 24 h.

Figure 13 shows temporal variations in the continuous rainfall amounts and the matric
suctions at 1.0 m in the slope of the Songnisan station during major rainfall event periods
in each of the four years. A comparison of the black dotted line and the blue straight line
in Figure 13 revealed that the amount of continuous rainfall may successfully represent the
matric suction (or moisture level) condition at 1.0 m in the lower slope.
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Figure 13. Comparison of continuous rainfall and matric suctions at 1.0 m in the slope of the Songnisan monitoring station

during annually representative rainfall events in the four-year study period.
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In Figure 13, approximately 30 kPa seemed to be the initial matric suction at 1.0 m
in wet soil conditions corresponding to a continuous rainfall amount of 0 mm. However,
as shown in Figure 9, the matric suctions were much higher than 30 kPa at 1.0 m in the
dry periods immediately before the first major rainfall events, and in the interim dry
periods that lasted as long as one to two months during a rainy season. During all the
rainy seasons in the four years of the study, the initial conditions of such higher matric
suctions formed five times at 1.0 m. Except for these five cases, the continuous rainfall
effectively represented sudden drops of matric suction from the 30 kPa initial condition
and its recovery to the initial condition at 1.0 m.

The 24-h non-rainfall time in Figure 13, as a criterion to terminate a continuous rainfall
event, seemed appropriate to represent the recovery time of the slope to its initial matric
suction (or moisture level) condition through drainage processes.

In addition, in Figure 13, comparing the second continuous rainfall event in 2018 and
the continuous rainfall event in 2019 revealed that the matric suction in the slope did not
drastically decrease to near zero unless the continuous rainfall exceeded 100 mm.

In the case of the terraced continuous rainfall event in 2020 shown in Figure 13, we
believe that in response to the second drastic increase in the continuous rainfall amount,
the slope would have lost matric suction and further proceeded to exhibit positive pore
water pressures. However, the estimated matric suction remained near zero, despite the
second drastic increase in the continuous rainfall amount, because it was not possible to
calculate the positive pore water pressure from the VWC. This highlights one of the main
constraints in evaluating slope stability just by monitoring VWC.

In contrast to the lower slope, the level of matric suction in the upper and middle slopes
did not correspond well with the continuous rainfall amount. Possible causes include:
(1) downslope drainage processes being more rapid than vertical flows of subsurface water,
(2) disturbances of natural conditions resulting from installation works, and (3) defective
sensors. Clarifying the true causes of the disagreements between different sections of
the slopes will require the cumulation of monitored matric suction data from a sufficient
number of various sites over longer periods of time. Therefore, a conclusive definition and
determination of continuous rainfall in South Korea requires more evidence from other
monitoring sites. In this context, the KIGAM-LAMOS, which has been collecting monitored
data every hour from the 12 landslide monitoring stations in eight national parks in South
Korea since 2017, will be fundamentally important in future studies.

Once the optimal definition of continuous rainfall that effectively represents slope
moisture conditions in South Korea is established through comprehensive long-term moni-
toring studies from various sites, well-qualified numerical analyses may provide valuable
outputs. For example, each continuous rainfall amount can be linked to the corresponding
degree of saturation on slopes. Furthermore, a critical amount of continuous rainfall, which
is the minimum requirement for entering a phase of slope instability, can be found for
each slope.

4.4. Cross-Sectional Conceptual Framework and Discussion of Limitations

A cross-sectional scheme of the conceptual framework derived from the four-year
monitoring study results is illustrated in Figure 14. Soil profiles in natural weathered
granite slopes in Korea are typically layered with O-A-B-C-R horizons from top to bottom.
As previously mentioned, the formation of sliding surfaces is most often observed in
soil horizon transitions from C to R, or within the C horizon. Slope moisture conditions
are mainly determined by three different hydrological phenomena: rainfall infiltration,
drainage, and evapotranspiration. Rainfall infiltration and drainage govern relatively
short-term and instant variations in slope moisture conditions, whereas evapotranspiration
is involved in relatively long-term and progressive variations during the summer seasons.
The degree of saturation, which represents the slope moisture conditions, was taken as a
primary source variable and monitored in this study. Based on the degree of saturation
measurements at the typical soil depths of sliding surfaces, we estimated the corresponding
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matric suctions and suction stresses in unsaturated soils. As a result, the factor of safety
values could be derived as the ratios between the resisting shear strengths and the driving
shear stresses. Finally, warnings of shallow landslide hazards can be issued if the factor of
safety drops below the unity.

However, it should be stressed that the proposed monitoring-based framework has
several limitations. First, the framework is not applicable for extended regional areas; it is
limited to single slope scales or locations that have been immediately monitored. Second,
it can be costly and labor-intensive to execute the framework in practice as it requires
various equipment as well as installation and maintenance. Third, the applicability of the
framework for early warnings is limited to nowcasting as it is based on real-time monitored
data instead of forecasted data. Lastly and most importantly, the framework of evaluating
slope stability based on VWC (or the degree of saturation) monitoring possesses a loophole
as it is not capable of deriving positive pore-water pressures in slopes, which are among
the fundamental scenarios that trigger shallow landslides.

» Step 3
Evaluation
& Warning

Shallow Iandslide hazards

- Sy = Matric suction
Derivation = Suction stress
= Factor of safety

» Step 1
Monitoring Degree of saturation

Figure 14. Cross-sectional scheme of the conceptual framework derived from the four-year monitoring study.

To complement such limitations of the monitoring-based framework, the combined
application of physically based or probabilistic modeling approaches could be potential
subjects to be addressed in future studies. Physically based modeling approaches ana-
lytically or numerically solve pore-water pressures in slopes using governing equations
to analyze slope stability [27,28,37,38]. On the other hand, the probabilistic modeling
approach derives landslide occurrence probabilities based on various statistical analyses
and correlations of historical data [39].

5. Conclusions

A comprehensive understanding and valuable insights with respect to hydro-mechanical
processes in slopes and the resultant shallow landslide hazards were obtained based on the
detailed four-year monitoring results of rainfall and VWC. In particular, 14 VWC sensors
were systematically arranged at two different depths and multiple locations on a single
slope. The slope located in a landslide monitoring station in Mt. Songnisan National Park,
where large-scale shallow landslides have occurred in the past, was selected as the study
site. Temporal variations in matric suction and suction stress in the slope were derived
using the SWCC and SSCC of the unsaturated soil, respectively. Consequently, variations
in the FOS in the slope were calculated by applying an infinite slope stability model that
adopted a unified effective stress concept proposed by Lu and Likos [22]. The conclusions
are summarized as follows.
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1.  The monitoring results of VWC: it seemed that the slope had its own unique minimum
moisture level that was retained and no longer drained during non-rainfall periods.
Such a unique minimum moisture level of the slope corresponded to an effective
degree of saturation of 0.2. The estimated matric suction and suction stress at the
unique minimum moisture level were 30 kPa and 7.5 kPa, respectively. However,
entering the rainy season in summer, further decreases in the moisture level less
than the unique minimum were evident due to evapotranspiration effects. On the
other hand, the drainage effects dominantly governed relatively instant and sharp
reductions back to the unique minimum moisture level in the increased degrees of
saturation in the slope induced by rainfall infiltration.

2. Different tendencies in the hydrological responses of the slope to rainfall existed
between the 0.5 m and 1.0 m soil depths. The deeper location was less sensitive to
rainfall and displayed less dispersion of the soil moisture level.

3. The soil moisture levels tended to increase along the downslope direction. This
tendency faded as the depth increased. Accordingly, the magnitude of suction stress
in unsaturated soils tended to decrease along the downslope direction. This is because
infiltrated rainwater flows downslope and tends to converge and accumulate in the
lower sections of the slopes. Such hydro-mechanical processes may be one of the main
reasons that translational slides are often observed in retrogressive slope failure types.

4. The calculated FOS values in the slope ranged from 4.3 to 5.5 at 0.5 m, and from 2.6
to 3.3 at 1.0 m. At the shallower depth, larger dispersions in the FOS were observed
with higher FOSs in more upslope locations. The slope responded more sensitively to
external factors, such as rainfall and temperature, at shallower depths.

5. Considering field uncertainties, a probable scenario with more hazardous slope
conditions could be presumed, where cohesion effects were negligible and the slope
was inclined over 30°. In this scenario, the minimum FOS decreased from 2.6 to less
than 1.0, namely, the limit of slope stability.

6.  Continuous rainfall, which has been previously proposed as an indicator of slope
moisture conditions that could potentially lead to the initiation of shallow landslides,
successfully represented the matric suction (or moisture level) condition at the 1.0 m
depth in the lower slope, whereas this was not the case for the upper and middle
slopes. Presuming no installation-induced errors, this is perhaps due to the downslope
drainage processes being more rapid than the vertical flows of subsurface water.

7. Future analyses of monitoring data collected from various sites in other geological
conditions in Korea are expected to numerically deduce the critical amount of contin-
uous rainfall, which is a minimum requirement to enter a phase of slope instability for
each slope. In this presumption, it is desirable in the future to establish an integrated
shallow landslide hazard evaluation strategy that utilizes in parallel a monitoring-
based real-time evaluation method and the numerically determined critical quantity
of continuous rainfall to provide validated early warning information at a single slope
and at a regional scale.

8.  This study, which highlights a hydrological measurement-based shallow landslide
monitoring framework, possesses several limitations: the high cost, the fact that it is
not applicable for regional scales or forecasting, and the inability of the framework to
derive positive pore-water pressures.

This study presents results of great significance for the landslide monitoring and
risk assessment community. In particular, further insights into the hydrological processes
leading to the initiation of shallow landslides can be gained through explicit and detailed
monitoring analyses spanning several years. Furthermore, we may be able to develop an in-
tegrated advanced landslide early warning system through sustained efforts to combine the
proposed shallow landslide monitoring framework with physically based or probabilistic
modeling approaches.
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