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Forest soil sediment disasters, categorized as landslides, slow-moving landslides
(land creep), and debris flows, result in destruction of forests and properties, loss of
life, and damage to infrastructures. Therefore, it is imperative to evaluate factors
that cause slow-moving landslides and establish a national-level hazard
information system. In this study, we used geographic information system (GIS)
to investigate the difference between landslides and slow-moving landslides by
overlapping and analyzing landslide hazard map with slow-moving landslide sites.
Slow-moving landslide areas (SLAs) and non-SLAs were characterized to compare
the effects of altitude and slope in slow-moving landslide events. Finally, we
performed a hydrographical analysis of waterways to compare the SLAs and non-
SLAs. Grade 3 slow-moving landslide sites were found to be the most prevalent
among all landslide hazard grades (1-5), including those in regions outside the
specified grades. The altitude and slope of SLAs were 5 m higher and 1° steeper
than those of non-SLAs, respectively. The waterways in non-SLAs (205.4 m) were
longer than those in SLAs (85.2 m). Our study highlights the importance of altitude,
slope, and waterways as triggers for slow-moving landslides and provides an
empirical basis for establishing national hazard information systems for these
events.

KEYWORDS

land creep, landslide, slow-moving landslide, triggering factor, waterway

1 Introduction

Natural disasters are becoming increasingly prevalent worldwide (Senanayake et al.,
2022). In particular, large-scale forest soil sediment disasters induced by complex
topographical and climatic factors destroy forests and cause loss of life, property
destruction, and infrastructure damage (Stanley and Kirschbaum, 2017; Habumugisha
et al, 2022). According to a World Bank report, approximately 300 million people
reside in landslide-prone areas, with approximately 600 annual landslide-related
mortalities (Das and Lepcha, 2019). Numerous forest soil sediment disasters occurred in
South Korea in 2000 as a result of typhoons and torrential rain (Ham and Hwang, 2014), and
related damages were particularly severe in the summers of 2011 and 2020 owing to heavy
precipitation (Korea Forest Service, 2021).

Forest soil sediment disasters are categorized as landslides, slow-moving landslides (land
creep), and debris flows in South Korea. The United States Geological Survey (USGS) report,
sponsored by the International Consortium on Landslides, defines a landslide as the
downslope movement of soil, rock, and organic material under the influence of gravity
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and the resulting deformation of the landscape. The USGS explained
that the term landslide is a general term used to describe this type of
mass movement. Landslides are classified into various kinds,
including falls (rockfalls, topples), slides (rotational landslides,
translational landslides), spreads (lateral spreads), and flows
(debris flows, lahars (volcanic debris flows), debris avalanches,
earthflows, slow earthflows (creep), and flows in permafrost)
(Highland and Bobrowsky, 2008). Among these, South Korea’s
slow-moving landslide can be explained as slow earthflow
(creep). Here, creep is an informal name for slow earthflow and
refers to a phenomenon in which the soil or rocks forming a slope
move downward so slowly and steadily that they are imperceptible.
In other words, movement is caused by internal shear stress, which is
enough to deform the terrain but not strong enough to cause rapid
damage. Additionally, creep is widespread worldwide and is the
most common type of landslide, often preceding faster and more
destructive types of landslides (Highland et al., 2008).

The erosion of deep soils of formerly mountainous forest areas
and increased urbanization and forest land-use conversion have
increased the occurrence of slow-moving landslides recently
(National Institute of Forest Science, 2021). The stability of areas
at hazard of slow-moving landslides is indirectly influenced by
ground and effective pores, which determine rainfall infiltration
and groundwater levels. Groundwater levels and pore water pressure
rise with increased precipitation, which reduces the shearing force of
the soil (Agliardi et al., 2020; Tian et al., 2023; Yu et al., 2023; Zhang
et al,, 2023) and can lead to slow-moving landslides.

Several major slow-moving landslides during the early 1990s in
South Korea were initially classified as landslides (Woo et al., 1996).
Slow-moving landslides and landslides differ in their geological
features, soil quality, earth and rock movement velocities,
topography, activity and movement status, clod, occasional cause,
scale, outcomes, and slope (National Institute of Forest Science,
2021). Landslides entail an increase in groundwater level and the
eventual downward sliding of soil over bedrock (including the
sliding surface of the soil); they are characterized by the
instantaneous collapse of sediments because of the lubricating
action of water at the soil-bedrock interface. In contrast, slow-
moving landslides involve the slow movement of the entire soil layer
(approximately 0.01 mm/day) owing to the impact of the clay layer
in the soil stratum or groundwater pressure on the underlying rock
(National Institute of Forest Science, 2021).

The occurrence of slow-moving landslides is determined by a
combination of internal (e.g., geology, soil composition, topography,
hydrology, and forest floor structure) and external (e.g., rainfall,
earthquakes, and large-scale construction) factors. A national-level
slow-moving landslide vulnerability assessment and hazard
information system (slow-moving landslide hazard map) must be
established to effectively observe, analyze, and predict the hazard of
slow-moving landslide occurrence. South Korea currently provides
landslide hazard maps to identify vulnerable areas, but there are no
instruments to predict the occurrence of slow-moving landslides.
Furthermore, recent studies have analyzed the geology (Shin et al.,
2018; Kim et al.,, 20215 Park et al,, 2022), topography (Kim et al.,
2020; Lee et al., 2020; Park et al., 2021a; Choi et al., 2021), rainfall
(Jeon and Lee, 2019; Kang et al., 2022), groundwater (Preisig et al.,
2016; Kim et al,, 2017; Lee et al,, 2019), reservoir levels (Wang et al.,
2021), forest floor (Kim et al., 2016; Park and Park, 2018; Park and
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FIGURE 1

Geographic location of slow-moving landslide sites. Note: @ =

site no. 1: 1,082-1, Naesam-ri, Gimhae, Gyeongnam, @ = site no. 2:
58 Mt., Jakpal-ri, Sacheon, Gyeongnam, ® = site no. 3: 127-3 Mt,,
Hakdong-ri, Geoje, Gyeongnam, @ = site no. 4: 99 Mt,,
Hakdong-ri, Damyang, Jeonnam, ® = site no. 5: 217 Mt,,
Cheongnyong-ri, Hadong, Gyeongnam, ® = site no. 6: 26-5 Mt,,
Hoesin-ri, Hadong, Gyeongnam, @ = site no. 7: 12-1 Mt., Baegan-ri,
Yangpyeong, Gyeonggi, = site no. 8: 75-3, Un-ri, Sancheong,
Gyeongnam, @ = site no. 9: 27-1, Un-ri, Sancheong, Gyeongnam, and
= site no. 10: 35 Mt., Singok-ri, Goryeong, Gyeongbuk, South Korea.

Park, 2020), and slope (Choi et al., 2019; Park et al., 2019) of slow-
moving landslides. However, these studies failed to consider the
differences in characteristics depending on slow-moving landslide
triggering factors between slow-moving landslide areas (SLAs) and
surrounding non-SLAs, which are essential for predicting the overall
hazard and outcome of slow-moving landslides. Given their
altitude and
mountainous SLAs and non-SLAs should be considered when

importance, the slope differences between
creating slow-moving landslide hazard maps.

In contrast to landslides caused by strong earthquakes or heavy
rains, silent large-scale landslides in Zhaobishan, China, are said to
occur in large water confluence areas behind the main scarp in
mountainous areas (Tian et al., 2023). However, no study has yet
been conducted to compare and analyze the differences in
waterways within mountainous areas due to rainfall, which can
affect changes in groundwater levels, a significant factor in slow-
moving landslides. The principle of water flowing from high to low
altitudes and from steep to shallow slopes has been used to analyze
waterway behavior via a digital elevation model (DEM) and

geographic information system (GIS) modeling (Kim et al., 2012).
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Determination of slow-moving landslide sites, SLAs, and non-SLAs, including altitude maps. (A) = site no. 1, (B) = site no. 2, (C) = site no. 3, (D) = site
no. 4, (E) = site no. 5, (F) = site no. 6, (G) = site no. 7, (H) = site no. 8, (I) = site no. 9, and (J) = site no. 10.

In this study, we evaluated the applicability of a hazard
information system for slow-moving landslides in South Korea.
Accordingly, GIS modeling was utilized to overlap and analyze
landslide hazard map and slow-moving landslide sites. We were
interested in areas where slow-moving landslides had caused
casualties or property damage in mountainous areas near our
living areas. We also focused on why slow-moving landslides

Frontiers in Earth Science

03

occur on some of these mountain slopes. It is essential to
clearly identify the causes of slow-moving landslides, one of
the forest soil sediment disasters that is likely to be caused by a
complex mechanism due to numerous factors. Prior to this, in
this study, we used GIS to attempt to verify whether
topographical characteristics of mountainous areas, such as
altitude, slope, and the characteristics of waterways formed
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by rainfall and topographical features, act as characteristic
factors causing slow-moving landslides. To this end, we
identified SLAs and their adjacent non-SLAs to analyze the
altitude and slope differences. We then differentiated SLAs
and non-SLAs based on the created by
precipitation and determine the

waterways
torrential rains to
applicability of waterways as novel triggering factors for

slow-moving landslides.

2 Materials and methods
2.1 Selection of study sites

We selected 12 study sites across South Korea where recent
slow-moving landslides caused mortalities or property damage
(Park et al., 2021b). However, a digital topographic map was
unavailable for two sites prior to the estimated period of slow-
moving landslide occurrence; therefore, 10 sites were selected for the
final analysis (Figure 1).

2.2 Setting analysis area

To analyze the differences in altitude, slope, and waterway
between SLAs and non-SLAs, we first established the polygon
boundary of the slow-moving landslide site using a Pro-XRS GPS
device (Trimble, Westminster, Colorado, United States) with a
positioning accuracy of 50 cm or less (post-processed). The SLAs
were created using the shape creation function of GIS software to
form rectangular polygons around the boundaries of slow-moving
landslide sites. The adjacent non-SLA was positioned on the left
and right sides of half the corresponding SLA based on the
direction and length of the SLA; placement was determined by
the lowest end contour line of the SLA (See Figure 2). To
understand the characteristics of SLAs, we established SLAs
surrounding the boundaries of slow-moving landslide sites and
non-SLAs adjacent to the SLAs. In addition, the size and
placement of SLAs and non-SLAs were determined to ensure
fairness in statistical analysis by ensuring equality of samples
between comparison groups. Meanwhile, ArcMap 10.8 (ESRI,
Redlands, CA, United States) was used to set up the analysis
area, conduct overlap analyses, and analyze altitude, slope, and
waterway.

2.3 Overlap analysis of the landslide hazard
map and slow-moving landslide site

We overlapped the landslide hazard map (1:25,000; provided
byKorea Forest Service; compiled in 2019) and the slow-moving
landslide site boundary (n = 10) to analyze the differences. The
landslide hazard map was clipped using the slow-moving landslide
site boundary for the overlap analysis, and the area by each grade
was calculated. The landslide hazard map comprised grid data with a
10 m x 10 m spatial resolution. Therefore, each area was calculated
based on the number of graded cells clipped on the landslide
hazard map.
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2.4 SLA and Non-SLA altitude and slope
analysis

We used ArcMap 10.8 and a digital topographic map (1:5,000)
provided by the National Geographic Information Institute (Suwon,
South Korea) to perform GIS analysis for determining the causes of
slow-moving landslides. Altitude and slope differences between
SLAs and non-SLAs were analyzed by generating a 5m x 5m
DEM and slope map. The boundaries of each SLA and non-SLA in
each study site were used to extract the altitude and slope data.
Kolmogorov-Smirnov normality tests (Jeong, 2013) were performed
to determine the altitude and slope differences between SLAs and
non-SLAs. This test was followed by a non-parametric
Mann-Whitney U test (Kim et al., 2018). Owing to the statistical
reliability problems of the parametric test (f-test) of non-normally
distributed data, a non-parametric test was performed.

We analyzed and compared the slopes of SLAs and non-SLAs to
determine slope characteristics, which are expected to be one of the
critical factors affecting slow-moving landslides on a portion of a
mountain slope. The area data generated for SLA and non-SLA
slopes were grouped into 5° intervals to analyze the differences in
area. Kolmogorov-Smirnov and the non-parametric Kruskal-Wallis
tests (Kim et al,, 2018) were used to evaluate differences. The
differences between SLA and non-SLA groups were ranked and
assessed post hoc using Duncan’s multiple range test for non-
parametric testing. The post hoc test of non-normally distributed
data was performed after generating ranking data from the raw data
(Woo, 2010).

Meanwhile, this study focused on locations where slow-moving
landslides had caused human or material damage in mountainous
areas near human settlements or social infrastructure; we could not
secure many samples. In other words, we had to perform the analysis
using samples more minor than the general minimum sample size
required for the data to be statistically normally distributed (df > 30).
To address this limitation, we performed a normality test on the
sample data before each analysis to confirm that it was not normally
distributed. We then used non-parametric tests to verify the
statistical significance of the data, as these tests do not require
the data to be normally distributed. Statistical analyses were
performed using SPSS Ver. 21 (IBM SPSS, Armonk, NY,
United States), with a significance level of p < 0.05.

2.5 Waterway analysis

We analyzed the waterways using the Arc Hydro Tools in
ArcMap. Arc Hydro is a GIS tool that is used to analyze
topographic and hydrological factors (You et al, 2012). The Arc
Hydro Model offers network tools for establishing a spatial database
based on vector data. The network tools provide various functions,
such as generating the upstream-to-downstream streamflow
networks, nodes (river intersections), and reaches (linear
watersheds linked to nodes) (Kim et al., 2004). Based on the
principle that water naturally flows from high-to low-altitude
areas, the DEM can be used to determine the flow direction in a
watershed. Arc Hydro Tools can be used to calculate water flow,
mountain slope, and total rainfall in each region, and the numerical
data can be used to analyze the stream basin (Kim et al., 2012).
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TABLE 1 Overlap results of the landslide hazard map and slow-moving landslide sites.

Grade of slow-moving landslide site on the landslide hazard map (m?) Total (m?)

Grade 1 Grade 2 Grade 3 Grade 4 Grade 5 Excluded area
1 - 14,300 (17.0) 20,700 (24.6) 12,900 (15.4) 800 (1.0) 35,200 (42.0) 83,900 (100.0)
2 - 1,900 (5.8) 18,600 (56.7) 8,600 (26.2) 700 (2.1) 3,000 (9.2) 32,800 (100.0)
3 - 600 (3.3) 1,100 (6.0) 100 (0.6) 16,400 (90.1) 12,800 (100.0)
4 - - 5,000 (42.0) 5,500 (46.2) 1,000 (8.4) 400 (3.4) 11,900 (100.0)
5 15,300 (8.0) 62,600 (32.7) 45,700 (23.8) 33,000 (17.2) 35,100 (18.3) 191,700 (100.0)
6 2,000 (4.1) 7,400 (15.2) 16,700 (34.3) 15,500 (31.8) 7,100 (14.6) 48,700 (100.0)
7 - 12,800 (13.5) 48,500 (50.9) 27,200 (28.6) 3,800 (4.0) 2,900 (3.1) 95,200 (100.0)
8 - 1,400 (6.4) 9,200 (41.8) 4,600 (20.9) 6,800 (30.9) 22,000 (100.0)
9 300 (1.5) 5,300 (26.8) 9,400 (47.5) 4,200 (21.2) 600 (3.0) 19,800 (100.0)
10 4,700 (10.2) 14,000 (30.2) 21,400 (46.2) 5,300 (11.5) 700 (1.5) 200 (0.4) 46,300 (100.0)
Total (m?) 22,300 (3.9) 120,300 (21.1) 196,300 (34.4) 116,900 (20.5) 66,200 (11.6) 48,500 (8.5) 570,500 (100.0)

The values within parentheses represent the proportions of the area occupied by a slow-moving landslide site.

According to Jeon (2011), the cause of slow-moving landslides is
primarily affected by the groundwater level, as opposed to
landslides, which are considerably more affected by the type or
intensity of rainfall than by the groundwater level. Additionally,
indented mountain areas are susceptible to slow-moving landslides
because of the ease of groundwater inflow during rainfall (Seo et al.,
2008; Lee et al., 2019). Despite the importance of waterways created
in mountainous areas by rainfall to the occurrence of slow-moving
landslides, research has yet to be conducted on this topic. Therefore,
we verified the roles of waterways as slow-moving landslide-
triggering factors through a comparative analysis between SLAs
and non-SLAs.

After estimating the direction of the waterways and rainfall
catchments in SLAs and non-SLAs, we generated watersheds using
a DEM created from a digital topographic map. The generated
watersheds were used to delineate the waterways, and each
waterway was extracted (An Overview of the Hydrology
2023;
index.html#/An_overview_of_the_Hydrology_tools/
0092z0000004w000000). The differences in waterways between
SLAs and non-SLAs were determined using Shapiro-Wilk
normality test (for waterway length) followed by the non-

Toolset, https://resources.arcgis.com/en/help/main/10.2/

parametric Mann-Whitney U test. Shapiro-Wilk test was
developed to test the normality of a limited sample size (less
than 50 cases).

3 Results and discussion

3.1 Landslide hazard map and slow-moving
landslide site overlap

In Figure 2, the red polygons represent the boundaries of the

slow-moving landslide sites, and an overlap analysis with the
landslide hazard map was performed using these polygons. In
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addition, yellow and green polygons represent SLAs and non-
SLAs, respectively, which were to analyze differences in altitude,
slope, and waterway (Figure 2).

The landslide hazard map used in the overlap analysis is a
thematic map created using the past total landslide occurrence
information in South Korea (n = 2,000) and a logistic regression
analysis to assign weights to nine factors, namely, forest type, diameter
class, slope degree, slope aspect, slope length, slope curvature, parent
rock, soil depth, and topographical wetness index, and distinguish
landslide occurrence probabilities according to five grades: very high
(Grade 1), high (Grade 2), low (Grade 3), significantly low (Grade 4),
and very low (Grade 5) (Landslide Information System: About
Landslide Hazard Map, 2023; https://sansataiforest.gokr). The
landslide hazard map and slow-moving landslide site boundaries
were then overlapped to compare the differences between
landslides and slow-moving landslides.

The proportion of land area occupied by slow-moving landslide
sites (n = 10) on the landslide hazard map was 34% for Grade 3, 21%
for Grade 2, and 20% for Grade 4. Regions that did not fall within the
graded area accounted for 8.5% of the total area. Grade 3 accounted
for >50% of the slow-moving landslide sites in sites 2 and 7, whereas
Grade 5 accounted for >90% in site 3 (Table 1). In conclusion, we
found that slow-moving landslides occurred in regions with low-
hazard grades or regions that did not fall within the graded area
(non-hazard areas) on the landslide hazard map. While also
considering multiple regions that were outside the graded area,
Park et al. (2022) showed that a slow-moving landslide site
corresponding to Grades 3-5 was the largest on the landslide
hazard map, and this finding is consistent with our results.

Landslide hazard maps are helpful indicators of landslide hazard
areas, but they have limitations in predicting slow-moving landslide
hazards. Landslides and slow-moving landslides are both disasters
that cause ground collapse, but their causes are known to be different.
Landslides are often caused by natural factors such as heavy rain or
earthquakes, mainly on steep slopes (Lee et al., 2021). On the other
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TABLE 2 Comparison of the triggering factor characteristics and phenomena between slow-moving landslides and landslides in South Korea.

Classification Slow-moving landslide

Geological features

Occurs frequently in specific geological features or geological structures

Landslide

Low correlation with geological features

Soil Slip surface of cohesive soil

Topography Flat top with a gentle slope of 5°-20°

Surface soil of sandy soil or decomposed granite soil

The valley head or top of the slope with a steep slope of over 20°

Slope 10°-20°

Activity status Persistent, recurrent, and highly time-dependent

35°-60°

The suddenness and low time-dependent

Movement status Usually slow (mostly 0.01-10 mm/day)

Lump of earth Often moves while maintaining its original state

Very fast (more than 10 mm/day)

Disturbed

Cause Underground water

Occurrence scale Large scale from 1 to 100 ha

Rainfall (especially rainfall intensity)

On average, around 5 ha

Signal

Cracks, depressions, uplifts, and fluctuations of underground water level

Few signals and sudden

TABLE 3 Normality test results for altitude data of SLAs and non-SLAs.

Classification Mean (m) Skewness Kurtosis Kolmogorov-Smirnov

Statistic df
SLAs 213.94 0.551 0.426 -0.945 0.076 30,919 <0.001
Non-SLAs 209.03 8.9 11550 198.893 0.173 30,861 <0.001

hand, Slow-moving landslides are often caused by excessive soil
extraction (artificial forest development) (Choi et al, 2021) or
rising groundwater levels (Kim et al., 2017; Lee et al, 2019) and
occur in areas with relatively gentle slopes (National Institute of Forest
Science, 2021). Our research results show that many slow-moving
landslide sites are located on the landslide hazard map in low-hazard
or non-hazard areas. This result confirms that slow-moving landslides
are caused by factors different from those that cause landslides. The
differences between slow-moving landslides and landslides can also be
confirmed by comparing the characteristics and phenomena of their
causative factors, as reported by the National Institute of Forest
Science in South Korea (Lee et al., 2022; Table 2).

Slow-moving landslides in South Korea wereconsidered a type of
landslide; however, slow-moving landslides are characterized by a gradual
movement of the soil stratum, whereas landslides are a type of superficial
stratum collapse followed by rapid, often large-scale, mountain erosion
(Woo et al,, 1996; Jau et al., 2000). Given the damage caused by slow-
moving landslides, they should be regarded as distinct phenomena in
order to establish a national slow-moving landslide hazard map with
similar predictive capabilities as landslide hazard maps.

3.2 Differences in altitude

We generated altitude data for the SLAs and non-SLAs (See
Figure 2) to analyze the differences between areas. The average
altitude was 213.9 m in SLAs and 209.0 m in non-SLAs. The results
of Kolmogorov-Smirnov normality test showed that the altitude
data for the two regions were not normally distributed (Table 3).

Frontiers in Earth Science

TABLE 4 Non-parametric Mann-Whitney U test results for altitude differences
between SLAs and non-SLAs.

Classification Rank of mean P

No. of cell (no.)

SLAs 30,919 32,068.76 <0.001
Non-SLAs ‘ 30,861 29,710.03 ‘
Total ‘ 61,780 - ‘

The non-parametric Mann-Whitney U test showed that the
altitude of SLAs and non-SLAs differed significantly (p < 0.001;
Table 4). Therefore, slow-moving landslides occurred at relatively
higher altitudes than those in the surrounding mountains.

It was determined that mountain slopes with relatively low
altitudes collect a lot of surface water due to rainfall or heavy
rain, and this surface water infiltrates underground again, raising
the groundwater level on the slopes (Kim et al., 2017; Lee et al,
2019). Rising groundwater levels increase ground pressure (Agliardi
et al,, 2020; Tian et al,, 2023; Yu et al,, 2023; Zhang et al., 2023),
causing slow-moving landslides. These results suggest that the
altitude characteristics of mountain slopes should be considered
when predicting and preventing slow-moving landslides.

3.3 Differences in slope

Slope data were generated for the SLAs (yellow polygons) and
non-SLAs (green polygons) (Figure 3) and analyzed to determine
the differences between areas.
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Slope maps of SLAs and non-SLAs. The panel labels correspond to the site numbers provided in Figure 2.

The average SLA and non-SLA slopes were 22.1° and 21.1°,
respectively. The results of Kolmogorov-Smirnov test showed that
the slope data were not normally distributed (Table 5).

The non-parametric Mann-Whitney U test showed that the
slope differed significantly between SLAs and non-SLAs (p < 0.001;
Table 6). Therefore, slow-moving landslides occurred in areas with
steeper slopes than those in the surrounding mountains.

These results suggest that slope characteristics must be
considered when predicting slow-moving landslides in mountain
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areas. We must not overlook the fact that artificial factors such as
damage to mountain areas or groundwater development can affect
the slope of stable mountain areas, increasing the risk of slow-
moving landslides.

We analyzed the slope characteristics of SLAs and non-SLAs
based on area data. Kolmogorov-Smirnov normality test showed
that the slope area data were not normally distributed (Table 7).

The results of the non-parametric Kruskal-Wallis test
showed that the area for each slope differed significantly in
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TABLE 5 Normality test results for the slope data of SLAs and non-SLAs.

10.3389/feart.2023.1276768

Classification N GAES Kurtosis Kolmogorov-Smirnov

Statistics df
SLAs 221 7.9 -0.269 ~0.001 0.057 30,913 <0.001
Non-SLAs 211 8.9 ~0.066 -0.192 0.049 30,763 <0.001

TABLE 6 Non-parametric Mann-Whitney U test results for slope differences
between SLAs and non-SLAs.

Rank of mean P

No. of cell (no.)

Classification

SLAs 30,913 31,920.67 <0.001
Non-SLAs 30,763 29,751.06
Total 61,676 -

the SLAs (p < 0.001). An analysis of variance (ANOVA) was used
to assess the differences between slope groups based on the
ranking data of the area of each slope, and the results showed
that the groups differed significantly (p < 0.001). In the post hoc
analysis, the 45° group displayed a low rank, whereas the 25°
group presented a high rank (Table 8). Therefore, slow-moving
landslides occurred in vast areas with 21°-25° slopes.

TABLE 7 Normality test results for the slope area data of SLAs and non-SLAs.

Classification

Skewness

Jeon (2011) showed that slow-moving landslides typically
occurred on gentle slopes of 5°-20°, and Park et al. (2019)
claimed that the average slope of slow-moving landslide
occurrence areas was 23.8". In the present study, the largest area
of slow-moving landslide occurrence was found on 21°-25° slopes.
Research in Japan and South Korea has solely relied on a few events
to establish the range of the slope factor in the assessment of slopes
as triggering factors of previous slow-moving landslides. However,
because of the difference between the results of this study and those
of previous studies, the range of the slope factor should be re-
established.

The area for each slope differed significantly in the non-SLAs
(p < 0.001). The ANOVA based on the ranking data of slope area
showed that the slope groups differed significantly (p < 0.001). In
particular, the 50° group displayed a low rank, whereas the 25° group
presented a high rank (Table 9).

SLAs 9,378.1 15,071.0 2.993

Non-SLAs 8,866.1 13,359.2 2.710

Kurtosis Kolmogorov-Smirnov

Statistics df
10.029 0.267 82 <0.001
8.405 0.254 87 <0.001

TABLE 8 Differences in the area occupied by slope groups in SLAs.

Slope group ()

p (Kruskal-Wallis)

Rank of slope area

Mean?

5 19,550 <0.001 9 23.22% 16.16 5.222 <0.001
10 34,525 9 31.33% 18.96
15 102,575 10 41,55 21.85
20 145,350 10 53.20% 18.91
25 192,400 10 59.80° 15.82
30 165,900 10 51.25%¢ 20.32
35 83,525 9 38.395 26.63
40 21,950 6 32,674 1631
45 2,575 6 11.58* 7.39
Total 768,350 79 40.00 25.00

“Duncan’s multiple range test, p < 0.05.
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TABLE 9 Differences in the areas of slope groups in non-SLAs.

Area (m?)

Slope group ()

p (Kruskal-Wallis)

10.3389/feart.2023.1276768

Rank of slope area

5 38,750 <0.001
10 58,525
15 109,000
20 141,475
25 176,725
30 141,800
35 68,375
40 25,850
45 8,975
50 1,450
Total 770,925

“Duncan’s multiple range test, p < 0.05.

Analysis of the slope area difference between the SLAs and non-
SLAs revealed that the 25" group had the largest area. This finding
indicated that slow-moving landslides did not occur in non-SLAs,
despite a sufficiently high probability of their occurrence in the
future. Slow-moving landslides are not necessarily isolated events;
they can also be continuous and recurrent, which necessitates the
long-term analysis and management of slow-moving landslide sites
and their surroundings. Site 1 is a critical case in this study. This
region reportedly experienced a slow-moving landslide in August 2002.
However, four past instances of slow-moving landslides widened the
restoration area and caused considerable loss of life and property damage
(Park et al., 2003a; Park et al., 2003b; Park et al., 2004; Park, 2015).

3.4 Differences in waterway characteristics

Waterway data were generated for the SLAs (blue lines) and
non-SLAs (pink lines) (Figure 4), and the differences in waterway
length between areas were analyzed using the Arc Hydro Tools.
Shapiro-Wilk normality test showed that the waterway data were
not normally distributed (Table 10).

The non-parametric Mann-Whitney U test showed that the
average rank of SLA waterway length was 7.3 (average 85.2 m) and
that of non-SLA waterway length was 13.7 (average 205.4 m),
indicating that non-SLA waterways were longer (p < 0.05; Table 11).

Based on our findings, we determined that the hazard of slow-
moving landslides is high in the inner area where a long waterway is
formed around the slope of a mountainous area. In conclusion,
groundwater-related factors (Kim et al., 2017; Lee et al., 2019), as
well as novel slow-moving landslide-triggering factors, such as
waterway characteristics, are essential for national-level slow-
moving landslide vulnerability assessments. Meanwhile, this study
used GIS to focus on the length of waterways created within
mountainous areas. However, there is a need to further develop
the characteristics of waterway factors by comprehensively
analyzing not only the length of the created waterway but also

Frontiers in Earth Science

Mean*

9 25.06" 24.07 4.801 <0.001
10 34.65" 22.81
10 55.75% 22.06
10 57.50< 20.47
10 62.20¢ 19.23
10 55.10 2223
10 41.60"¢ 24.88
7 38.64" 16.66
7 20.64 14.14
3 10.83° 7.22
86 43.50 25.00

factors such as the width and depth of the waterway. In addition, the
results of this research methodology can be used to predict the
occurrence of gully erosion through local comparison.
Slow-moving landslides can be caused by various factors, including
the altitude, slope, and waterway characteristics in this research and the
geological features of mountain slopes, rainfall, groundwater, reservoir
water level, and the composition of forests, as confirmed by previous
studies. Before comprehensively analyzing the impact of these various
factors, we first analyzed the differences between SLAs and non-SLAs in
terms of topographic characteristics such as altitude and slope and
waterways generated by topographic features and rainfall. And we
confirmed that these differences were statistically significant. This
suggests that altitude, slope, and waterway characteristics are still
characteristic factors causing slow-moving landslides. However, it is
undeniable that comprehensive research that considers not only
altitude, slope, and waterways but also the geological characteristics
of mountain slopes, the composition of forests, land cover, as well as
meteorological factors such as drought, rainfall, and snowfall, is
necessary for predicting the hazard of slow-moving landslides. This
will allow us to quickly predict, preemptively manage, and prepare
preventive measures in areas in danger of slow-moving landslides.

4 Conclusion

Slow-moving landslides are caused by a combination of internal
and external factors. At times, slow-moving landslides can accelerate
rapidly and collapse catastrophically (Lacroix et al, 2020). In
contrast to landslides, slow-moving landslides, which were not
actively investigated until recently, require further research. The
development of an early warning system at the national level might
enable us to minimize damage to social infrastructure and local
communities caused by slow-moving landslides.

Slow-moving landslides can cause damage to a wide range of
infrastructure, including forests, agricultural fields, roads, and
buildings, and can also cause fatalities. Therefore, research on the
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Waterway maps of SLAs and non-SLAs. The panel labels correspond to the site numbers provided in Figure 2.

TABLE 10 Normality test results for waterway data of SLAs and non-SLAs.

Classification Skewness

Shapiro-Wilk

SLAs 85.2 154.3 2.812 8.334

Non-SLAs 205.4 221.2 2.334 5951

Statistics
0.584 10 <0.001
0.715 10 0.001
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TABLE 11 Non-parametric Mann-Whitney U test results for differences in
waterway length between SLAs and non-SLAs.

Rank of mean

Classification

SLAs 10 7.3 0.015
Non-SLAs 10 ‘ 13.7
Total 20 ‘ -

factors causing slow-moving landslides is essential for predicting the
hazard of slow-moving landslides and preparing preventive measures.
Accordingly, we scientifically verified the topographic triggers of slow-
moving landslides in this study and explored a new trigger factor
called waterway. This study is expected to help researchers narrow the
scope of verification for the many factors that cause natural disasters
in mountain areas, such as slow-moving landslides.

In this study, GIS was used to verify the differences between landslide
and slow-moving landslide occurrences by overlapping a landslide hazard
map and slow-moving landslide sites. SLAs and non-SLAs were
designated based on slow-moving landslide site boundaries to
compare their altitude, slope, and waterway characteristic differences.

Grade 3 slow-moving landslide sites accounted for the largest area on
the landslide hazard map, even when non-hazard areas were considered.
Slow-moving landslide occurrences clearly differed from landslides,
emphasizing the need for a distinct national slow-moving landslide
hazard information system. In a comparative analysis of the altitude
and slope of SLAs and non-SLAs, the SLAs were found to have higher
altitudes and steeper slopes than the non-SLAs. The 25° (21°-25") group
comprised the largest SLA and non-SLA areas. This result suggests that
slow-moving landslides are likely to occur in the surrounding non-SLAs.
We analyzed the differences in slope area for the SLAs and non-SLAs and
discovered that >35" slopes, which were associated with the highest
number of landslides, had the lowest occurrence rate in SLAs. Waterways
created by precipitation and torrential rains were longer in non-SLAs
than in SLAs. Therefore, waterways could be a novel triggering factor for
slow-moving landslides. The generated water could seep into the ground
and converge in a certain location, increasing the hazard of slow-moving
landslides. Additional research is needed to investigate the impact of
waterways on groundwater cycles and slow-moving landslide hazards.

By scientifically analyzing the characteristics of slow-moving
landslide-causing factors in this study, we can better understand
their causes and develop technology to predict them. In particular,
the factors in this study can be used to construct a slow-moving
landslide hazard prediction model to identify areas in danger of
slow-moving landslides. This is expected to lead to more accurate
predictions of slow-moving landslide hazards by establishing a
national slow-moving landslide hazard information system,
enabling effective damage prevention measures to be prepared.

The Korea Forest Service aims to develop a slow-moving landslide
hazard map by 2024. To promote the widespread management of
slow-moving landslides and reduce fatalities and property damage,
regions with topographies similar to South Korea, such as China and
Japan, would benefit from slow-moving landslide hazard maps and
information systems that incorporate various known and novel
factors, such as the geology and topography of mountainous areas
as well as altitude, slope, and waterway characteristics. Based on the
findings of this study, future studies should investigate the factors that
cause slow-moving landslides, such as maximum slope and area or
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volume of waterways. At this point, by assigning the shapes of SLAs
and non-SLAs to various forms, such as circles or squares, it is possible
to establish the reliability of trigger factors by comparing them. In
addition, a study on the geology or topographical characteristics
(factors used to create a landslide hazard map) of slow-moving
landslide sites should be conducted, which was not covered in this
study. For the findings of this study to be universally applicable,
further information on slow-moving landslide sites should be
obtained and analyzed in the future and compared with the results
of this study. In addition, weights derived from correlation or
regression analyses between factors should be applied to each
factor in order to develop a reliable national slow-moving landslide
hazard information system and map.
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