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In recent years, airborne laser scanning has been used
for terrain surveys of broad areas in Japan. This study
attempted to extract the landslide-prone slope based
on geomorphological and slope stability analyses us-
ing Digital Elevation Model obtained by airborne laser
scanning. The study site is located in the mountainous
region of the Shikoku Mountains, where landslides oc-
cur on the gentle slope deformed by mass rock creeps.
Implementing slope stability analysis to incorporate
“potential to increase pore water pressure” found that
landslides occur in areas with low factor of safety. In
the future, it is expected that the method developed in
this study could contribute to the planning of basin-
based disaster management.
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1. Introduction

About 75% of the land in Japan comprises mountain-
ous areas, and owing to its warm and wet climate, a land-
slide disaster caused by heavy rainfall occurs frequently.
Therefore, it is crucial to extract a slope where a landslide
disaster could occur and grasp its distribution while plan-
ning disaster management in the river basin scale.

In recent years, the airborne laser has been used for
terrain measurement of broad areas in Japan. Moreover,
a high-accuracy Digital Elevation Model (DEM) can be
procured relatively easily if it is intended to be used for
a study. This study attempted to develop a method to an-
alyze the topographical data using Geographic Informa-
tion System (GIS) with DEM and extract a slope with a

high possibility of a landslide. Concretely, the develop-
ment process of a landslide in the area to be surveyed
was grasped, the “potential to increase pore water pres-
sure” was estimated based on the geomorphological anal-
ysis, and a landslide-prone slope was identified using the
equation for slope stability analysis. The potential to in-
crease pore water pressure and the frequency of the dis-
tribution of landslide-prone slopes were evaluated in each
basin for ranking. The test field was set in the basin of the
Nahari River, located in the eastern part of the Shikoku
Mountains (Fig. 1). A landslide is classified into various
types [1]. The characteristics of the landslide surveyed
in this study are that it develops from a rockslide into a
debris avalanche. The movement distance is long, and al-
most all the landslide body is slipped out from the source
area; such landslides frequently occur [2, 3]. As a land-
slide body like this moves rapidly and behaves like debris
flow, a sediment disaster occurs along the river channel.
It is called a “rapid landslide” in this study. The type of
landslide which blocks neighboring areas and reactivates
the generating area is called “slow landslide.” It is widely
distributed in Japan [4, 5]; however, slow landslides are
not covered in this study.

2. Study Site

The study site is located in the mountainous area of
Muroto Peninsula in Kochi Prefecture, Shikoku Island
(Fig. 1A). The surrounding area has an altitude of 100–
1,000 m, and old and new coastal terraces have devel-
oped along the coast. The uplift rate of the Muroto
Cape located at the tip of the Muroto Peninsula is
1.4 mm/year [6], one of the distinguished uplifting loca-
tions in Japan [7]. In the 1946 Nankai Earthquake, the
ground uplifted by 1.3 m [7]. The geology is mainly com-
posed of sandstone and mudstone of the Muroto Peninsula
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Fig. 1. A: Study site. The base map is created based
on DEM using AW3D 30 m. B: Aerial photograph of
Koshima landslide. C: Aerial photograph of Hiranabe land-
slide. Aerial photographs of B and C were taken by the
Forestry Agency in 2012.

Group of the Paleogene Period and their alternations. It is
an accretionary wedge formed by the process wherein the
materials filled in the trench are added to the overriding
plate by its subduction [8]. The climate is characterized
by high rainfall. According to the AMeDAS weather data
of the Japan Meteorological Agency in Tano Town located
near the survey site, the mean annual precipitation dur-
ing the period from 2010 to 2019 is 2,422 mm, and the
mean monthly precipitation in September, a month with
the most rainfall in a year, is 369 mm.

In the Muroto Peninsula, the slopes of the mountainous
area have become more unstable due to the uplift caused
by earthquakes and the accompanying downward erosion.
The bedrock has also been deformed due to the geologi-
cal features of the accretionary wedge. Moreover, there is
substantial rain in the area. From the perspective of both
causative and contributing factors, the survey site is prone
to landslides. The topography of mass rock creeps [9, 10]
is prone to large-scale landslides, and its precursory phe-
nomenon is widely observed in the study site [2, 3, 11, 12].

The study site (Fig. 1A), where the extraction of the
landslide-prone slope was carried out in this study, is lo-
cated in the basin of Nahari River. Here, rapid landslides
occurred at two locations on July 19, 2011. Termed as
the Koshima (Fig. 1B) and Hiranabe landslide (Fig. 1C),
these landslides were caused by the heavy rainfall at the
time of the 2011 Typhoon Ma-on [10]. According to
the AMeDAS weather data in Tano Town, the 48 hours
precipitation during the period from 00:00 on July 18 to
00:00 on July 20, 2011, was 539.0 mm. The maximum
hourly precipitation was 55.5 mm from 14:00 to 15:00 on
July 19, 2011.

3. Understanding Landslide Development Us-
ing Topographical Interpretation

3.1. Topographical Interpretation of Survey Site
The topographical interpretation was conducted around

Koshima and Hiranabe landslides to understand the lo-
cation and process of rapid landslides in the study site
(Fig. 2A). For the topographical interpretation, slope
maps were used (Figs. 2B and C). These maps were cre-
ated by ArcGIS 10.8 manufactured by Esri, Inc. (GIS,
hereafter) based on DEM with 1 m accuracy of airborne
laser scanning carried out by the Forestry Agency in 2018.
In this study, the landslide topography is divided into three
types caused by a rapid landslide, slow landslide, and
mass rock creep. The scarp of a rapid landslide with clear
formation is shown with solid orange lines, and the scarp
with unclear formation resulting of dissection – with bro-
ken orange lines. The landslide body of rapid landslide
cannot be seen along the scarp because landslide materi-
als are thought to have flown down. The scarp and land-
slide body of slow landslide is shown with solid green
lines with hachures and solid green lines, respectively. As
for the topography formed by mass rock creep, up-hill
and down-hill facing scarps are shown with solid red lines
with hachures. The topography, which can be interpreted
as a moving block caused by mass rock creep, is shown
by solid pink lines.

3.2. Characteristics of Location and the Process of
Landslide

In the study site, the Nahari River flows from northeast
to southwest; the west side of the river comprises moun-
tainous areas with the main ridgeline stretching similarly
from northeast to southwest (Fig. 2). The highest loca-
tion in the survey site is Mt. Kouzenmori with an altitude
of 1,029 m, and the altitude at point R of the riverbed of
Nahari River is 110 m.

Koshima landslide (Ko in Fig. 2B) is located on the
right bank of a valley stretching in the direction from
north-northwest to the south-southeast, and the size is
125 m in width and 180 m in length. The slopes above
the scarp are gentle compared to the surroundings, and
the head of the scarp is located along the convex break
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Fig. 2. A: Study area. The base map is created based on DEM with 1 m accuracy of airborne laser scanning carried out by
the Ministry of Land, Infrastructure, Transport and Tourism in 2011. B: Results of topographical interpretation around Koshima
landslide. C: Results of topographical interpretation around Hiranabe landslide. Slope maps of B and C are created based on DEM
with 1 m accuracy of airborne laser measurement carried out by the Forestry Agency in 2018. The contour interval is 20 m.

line. Interpretation from the topography, three down-hill-
facing scarps can be seen on the slopes above the scarp.
Moreover, on the west-facing slope located on the west
side of the Koshima landslide, there is a deformed slope
where mass rock creep has been formed. Although the
Koshima landslide is not located within a deformed slope
caused by a mass rock creep, it is estimated from the ex-
istence of scarps in the surroundings that the mass rock
creeps formation would have proceeded. Furthermore,
on the opposite bank of the Koshima landslide, there is a
landslide body (S) moving slowly. The scarp correspond-
ing to this landslide body is steep, and its height difference
is also large. Therefore, it is assumed that these materi-
als would have originally moved as rapid landslides and
now exist as a landslide body (S). On the slopes behind
the scarp (Sh), many scarps are distributed, forming a de-
formed slope caused by a mass rock creep. In the future,
rapid landslides could happen within the area of this mass
rock creep.

Hiranabe landslide (Hi in Fig. 2C) is also located on
the right bank of a valley stretching from north-northwest
to south-southeast. The width of the scarp is 150 m,
and the distance from the scarp to the valley bottom is
200 m. A part of the sediment caused by the landslide
flowed down along the valley as debris flow. As shown in

Fig. 2C, multiple check dams have been constructed after
the landslide along the valley bottom. The scarp of the
Hiranabe landslide is located near the convex break line
within a mass rock creep area. The shape of the slopes
surrounding the scarp is convex in both the inclination and
lateral directions. The slopes are convex in the lateral di-
rection because the slopes neighboring the Hiranabe land-
slide on the north and south sides have been dissected by
the landslide on the north (Kn) and south side (Ks). It
is supposed that the slope of mass rock creep where the
Hiranabe landslide is located would be deformed to to-
pography similar to that of its neighboring landslides. It
may cause a landslide in the future.

As described above, the typical characteristics of to-
pography are recognized in the Koshima and Hiranabe
landslide and their surroundings. The rapid landslides
occur on the gentle slope existing from ridgeline to mid-
slope, influenced by the mass rock creep. Therefore, there
is a high possibility that a rapid landslide would occur on a
gentle slope distributed from ridgeline to mid-slope. Sasa-
hara [3], who surveyed Koshima and Hiranabe landslides,
has a similar opinion as well.
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4. Extraction of Landslide-Prone Slope

4.1. Construction of Analysis Method

How can the geomorphological data acquired from
DEM be analyzed to extract a landslide-prone slope?
Landslides do not dissect a gentle slope ranging from
ridgeline to mid-slope, and gully erosion is not signifi-
cantly generated compared to the surrounding area. That
is because, in such topography, the number of locations
for discharge of groundwater is limited, so large pore wa-
ter pressure would be generated within the bedrock during
heavy rainfall, and a rapid landslide would be triggered.
Therefore, this study attempted to estimate landslide-
prone locations by incorporating the concept of poten-
tial to increase pore water pressure (Fig. 3A). The con-
cept was proposed by the authors Mayumi and Yokoyama
among others. According to this concept, a valley head
is located on the boundary between a weak rock zone de-
formed by mass rock creep, weathering, and bedrock; and
the hydraulic head of the river channel is regarded as zero.
The surface created by connecting the valley head and the
river channel is considered as the surface of the zero hy-
draulic head. Furthermore, there is a potential to increase
groundwater level within a weak rock zone above the sur-
face of zero hydraulic heads at the time of heavy rain-
fall. The larger the differential value (H) between the sur-
face of zero hydraulic head and ground surface, the larger
the potential to increase hydraulic head, contributing to
the occurrence of a landslide. This differential value is
equivalent to the maximum water level (hydraulic head)
at the time of heavy rainfall. In this study, the differen-
tial value (H) between the surface of zero hydraulic head
and ground surface was calculated as follows. First, a
slope map was created using GIS-based on DEM with
1 m accuracy measured by the Ministry of Land, Infras-
tructure, Transport and Tourism in 2011 before the oc-
currence of Koshima and Hiranabe landslides (Fig. 3B).
Next, after the locations of valley heads and river chan-
nels were extracted by the topographical interpretation of
the slope map, Triangulated Irregular Network (TIN) was
created from the positional relation with each valley head
and river channel, and DEM of the surface of zero hy-
draulic head was generated. Lastly, the differential value
between the surface of zero hydraulic head and the ground
surface was measured in each 5 m grid. The results ex-
pressed two-dimensionally are shown in Fig. 4A. This is
regarded as the map of potential to increase pore water
pressure. While interpreting the valley head in this con-
text, the head hollow located at the uppermost part of the
dissected valley was extracted.

However, the evaluation cannot be made by simply re-
placing the risk of landslides with the potential to increase
pore water pressure. If there is a gentle slope where nei-
ther dissected valley nor gully have developed, the poten-
tial to increase pore water pressure is high. Accordingly,
in this study, slope stability analysis was conducted by in-
corporating the potential to increase pore water pressure
and the inclination of slip surface into the parameters. The

Fig. 3. A: Concept of potential to increase pore water pres-
sure. B: Example of distribution of valley heads and river
channels estimated from topographical interpretation. The
base map is created based on DEM with 1 m accuracy of
airborne laser scanning carried out by the Ministry of Land,
Infrastructure, Transport and Tourism in 2011. The contour
interval is 20 m.

geological structure influences a slip surface in the actual
slope, and the depth of a weak rock zone formed in the
slip surface cannot be grasped. The stability analysis was
conducted by assuming the differential value between the
ground surface and zero hydraulic head in each column
in a 5 m grid as the maximum potential of the hydraulic
head. Specifically, the factor of safety was calculated us-
ing the equation below.

Considering that the groundwater level at the time of
heavy rainfall would promote sliding the weak rock zone
above the zero hydraulic head, the factor of safety (Fs) for
slope failure assuming semi-infinite slope was calculated
with the following equation.

Fs =
c′ +(γt + γw)H cos2 θ tanφ ′

γtH sinθ cosθ
.

In this equation, γt indicates the wet unit weight of
soil (kN/m3); γw, unit weight of water (kN/m3); c′, effec-
tive cohesion (kN/m2); φ ′, effective internal friction an-
gle (◦); H, level of groundwater (m); and θ , inclination of
the slope. The adhesive force and internal friction angle
are based on effective stress. For γt , 22 kN/m3, the value
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Fig. 4. A: Map of potential to increase pore water pressure. B: Map of results of slope stability analysis. Base maps of A and B are
created based on DEM with 1 m accuracy of airborne laser scanning carried out by the Ministry of Land, Infrastructure, Transport
and Tourism in 2011. The contour interval is 20 m.

for rock indicated by the Ports and Harbors Bureau of the
Transport Ministry [13], was used and for γw, 9.81 kN/m3.
In the test site, the geotechnical research was carried out
by the Shikoku Regional Forest Office, and the values for
c′ and φ ′ of Hinanabe landslide were measured using the
one-plane sharing test device manufactured by Marui &
Co., Ltd. possessed by Japan Conservation Engineers &
Co., Ltd. The results were 29.3 kN/m2 for c′ and 15.2◦
for θ ′, and the same were used in this study. As for H, the
differential value between the surface of zero hydraulic
head and the ground surface calculated as potential to in-
crease pore water pressure was regarded as groundwater
level [m]. The angle of inclination of the surface of zero
hydraulic head at each grid is used as θ . It is calculated
based on the DEM of the surface of zero hydraulic head
used in creating the map of potential to increase pore wa-
ter pressure, using the maximum average method in each
5 m grid.

The factor of safety was calculated using these param-
eters in each 5 m grid, and the results expressed spatially
(Fig. 4B). The equation as mentioned above for stability
is used to find the factor of safety (Fs). It is usually recog-
nized that the slope concerned could trigger a landslide if
the factor of safety falls below 1. However, as this study
aims to evaluate landslide-prone slope relatively from the
viewpoint of hydrogeomorphology, the factor of safety is
used as an index expressing that the lower the calculated
value, the easier the landslide.

4.2. Results of Analysis and Spatial Distribution of
Landslide-Prone Slope

After observing the map of potential to increase pore
water pressure (Fig. 4A), it was recognized that the dif-
ferential value between the surface of zero hydraulic head
and ground surface is high along the ridgelines. Concern-
ing the differential value at the Koshima landslide, a high
value was expressed near the scarp, at about 50 m. Sim-
ilarly, for the Hiranabe landslide, the differential value
showed a high value near the scarp, at about 20 m. Af-
ter observing the map of results of slope stability analysis
(Fig. 4B), it was clear that the factor of safety (Fs) of the
slopes near the ridgelines shows low value, reflecting the
results that the differential value indicating the potential
to increase pore water pressure shows high value near the
ridgelines. As shown in the topographical interpretation
of Koshima and Hiranabe landslides and their surround-
ings, the rapid landslides occur on a gentle slope ranging
from ridgeline to mid-slope. In such gentle slopes, the
factor of safety shows low value. The factor of safety
of Koshima and Hiranabe landslides showed low value
near the scarps of each landslide, at about 0.3–0.5. Con-
versely, the factor of safety is high on the slopes where
the landslide occurred. Although more cases of landslides
should be examined in the future, it was concluded that
the method to evaluate landslide-prone slopes using this
method has a certain degree of appropriateness.
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Fig. 5. Cumulative relative frequency of factor of safety in
every 5 m grid of each basin.

Next, viewing the map of results of slope stability anal-
ysis (Fig. 4B), comparing the north and south side of
the main ridgeline stretching from northeast to southwest,
where Mt. Kouzenmori is located, it seems that more
slopes with low factor of safety are distributed on the
south side. While planning the measures for disaster man-
agement against sediment disasters in a unit basin, the
geomorphological and geological surveys should be con-
ducted preferentially in the basins with more slopes with
low factor of safety, and the interpretation of microtopog-
raphy and the field survey should be carried out with high
priority for these slopes.

Accordingly, in this study, the basins of the study site
are divided into eight areas as shown in Fig. 4, and the fac-
tor of safety in every 5 m grid of each basin is expressed
as cumulative relative frequency (Fig. 5). In Fig. 5, N1–
N3 and S1–S5 indicate the values of the basins on the
north and south of the main ridgeline, respectively. Re-
sults prove that compared to N1, N2, and N3 on the north
side, the slopes with the relatively low factor of safety are
more widely distributed in the S3 and S4 basins where Hi-
ranabe and Koshima landslides are located, respectively.

4.3. Limitations of Analysis Method
The evaluation method proposed in this study consists

of a simple model. The difference in elevation between
zero hydraulic head estimated from the topographical data
and ground surface is regarded as the maximum poten-
tial of hydraulic head, and the slope stability analysis was
conducted in each 5 m grid. This method is highly useful
because it can be applied to an area where geological and

geotechnical data are difficult to acquire. However, there
are some limitations. The result that the slopes with the
factor of safety less than 1.0 are widely distributed indi-
cates that the shear properties of soil used in the calcula-
tion for slope stability, c and φ , should be examined, and
the angle of inclination of the slip surface be set appropri-
ately. As for the inclination of the slip surface, if the sur-
face of zero hydraulic head is created based on the valley
heads distributed on either side of a ridge, the inclination
direction of slope and that of the surface of zero hydraulic
head could cross obliquely at the grids of the valley head
located at higher altitude. In this case, the method de-
scribed in this study is suitable to explain a large-scale
landslide that would cut a ridge line, but there is a problem
that the factor of safety is likely to be evaluated higher for
the sliding in the inclination direction of the slope. There-
fore, it is necessary to examine these points in future stud-
ies.

5. Conclusions

This study attempts to calculate the factor of safety of
slope based on the geomorphological and slope stability
analysis using DEM obtained by airborne laser scanning
and extract a landslide-prone slope. As a result, the fol-
lowing conclusions were found.

1) In recent years, Koshima and Hiranabe landslides oc-
curred on gentle slopes ranging from the ridgeline
and mid-slope, and on such gentle slopes, the land-
forms have been formed by mass rock creeps.

2) As a result of the slope stability analysis incorporat-
ing potential to increase pore water pressure, it was
found that both Koshima and Hiranabe landslides
occurred in areas with a low factor of safety. Al-
though a larger survey site and more training data
of the cases of landslides should be assessed, it is
concluded that the method proposed in this study is
appropriate to some extent.

3) The survey site was divided into basins, and the per-
centage of area with a low factor of safety was cal-
culated for each basin. Thus, the slopes with rela-
tively low factor of safety are widely distributed in
the basins where Koshima and Hiranabe landslides
are located.

4) If the inclination angle of the slip surface estimated
from the surface of zero hydraulic head is used for
stability analysis, it is supposed that there are some
areas where the inclination direction of the slip sur-
face would not coincide with that of the slope. In
future studies, this has to be examined.
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