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ABSTRACT: In this study, the spatial characteristics of the factors influencing the occurrence and scale of
multiple slope failures in areas with smaller grid sized than the unit size for the current emergency alert system
for sediment disasters in Japan were investigated by using high-resolution data for the spatial distribution of
topography and rainfall. The study areas were located in southern Hiroshima Prefecture and southeastern
Ehime Prefecture of Japan, where multiple slope failures occurred due to heavy rainfall in July 2018. With an
increase in slope gradient, the frequency of smaller-scale slope failures increases significantly in southeastern
Ehime Prefecture, whereas this tendency is not as noticeable in southern Hiroshima Prefecture. This indicates
that other indices (e.g., geological feature, large total precipitation) also influence the occurrence of slope
failure. A slope-facing direction is not seem to affect the occurrence of slope failure in both study areas. Total
precipitation (i.e., long-term rainfall index) influence the frequency of the occurrence of slope failure in
southern Hiroshima Prefecture. Whereas, maximum hourly precipitation (i.e., short-term rainfall index) relates
to the occurrence of slope failure in both study areas. These indicate that the occurrence of slope failures depend
on different rainfall indices in each study area. Combining the topographic indices (e.g., slope gradient) and
rainfall indices (e.g., hourly precipitation, total precipitation) may lead to a highly accurate estimation of the
occurrence of slope failure on a smaller grid size than the unit size for the current system.

Keywords: Multiple slope failures, Slope gradient, Maximum hourly precipitation, Total precipitation, GIS
data

1. INTRODUCTION necessary to establish an emergency alert system for
sediment disasters on a smaller scale than that of the
Recently, the multiple sediment disasters, such current system. Before a new system is
as the disaster caused by the heavy rainfall due to implemented, it is necessary to investigate the
the seasonal rain front and Typhoon Prapiroon in spatial characteristics of local land factors (e.g.,
July 2018, have increased in Japan. Since the heavy surface topography, geological features, land use
rainfall occurred intensely and widely, and led to conditions) and meteorological triggers (e.g., short-
total precipitation of over 400 mm, it caused the and long-term rainfall indices, wind direction),
serious sediment disasters in most part of Hiroshima which can influence the occurrence and scale of
and Ehime Prefectures of Japan [1, 2]. At 70% of slope failures on a smaller grid scale.
the areas in which human lives were lost by the It is widely accepted that high intensity and high
disaster, the emergency alert for sediment disasters duration rainfall events are the most important
was announced for local inhabitants before disaster trigger for slope failures worldwide [4, 5]. As such,
occurrence [3]. However, this alert was not utilized in recent decades, several researchers have
enough for inhabitants resulting in the loss of many attempted to establish a rainfall-based alert system
human lives at these areas. The possible reason for for sediment disasters [6]. In these systems,
this is that the unit size of the current emergency threshold for slope failures usually depends on the
alert system for sediment disasters in Japan is too intensity and duration of rainfall events, and this is
large (mainly a grid of 5 km) so that local defined as a minimum intensity of rainfall for a
inhabitants have difficulties in perceiving an specific duration which is needed for an occurrence
increased possibility of nearby slope failure and of a slope failure [7]. In Japan, a rainfall-based alert
sediment runoff by the emergency alert. In addition, system for sediment disasters uses the short-term
the unit size is also too large to consider the local rainfall index (e.g., hourly precipitation) and the
conditions of surface topography and precipitation long-term rainfall index (e.g., antecedent rainfall,
which may influence the occurrence of a slope several-day precipitation or soil water index) to
failure more strongly. determine the threshold for an occurrence of slope
Considering the above-mentioned facts, it is failure, that is the critical line (CL). This method is
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structured by considering that mass movements of
failures are driven by surface water generated by
short-term rainfall, and ground water risen by long-
term rainfall [8]. The Japanese alert system is
common to the overseas system in terms of
considering short-term and long-term rainfall
indices for an occurrence of slope failure. However,
the spatial resolution of these systems is low
because of using the rainfall data obtained at the
sparse observation points spatially. Therefore, it is
difficult to investigate the local relationships
between the rainfall indices and the occurrence
factors influencing slope failure for small
watersheds and districts. For example, the rainfall
data used by the Japanese alert system is 1 km-grid
analytical rainfall data by the radar automated
meteorological data acquisition system (radar
AMeDAS) produced by the Japan Meteorological
Agency (JMA), which combines the rainfall data
obtained by ground rain-gauges and microwave
radars. Therefore, the unit size of the rainfall data is
too large to consider the local precipitation in small
watersheds and districts. In addition, in the system,
the local factors such as a surface topography, a
geological feature and a land use condition are not
considered to determine the critical line (CL) for an
occurrence of a slope failure.

Several researchers have attempted to
investigate a relationship between several local
factors and a slope failure using Geographic
Information System (GIS) data and aerial
photographs. Yamagishi et al. [9] investigated the
spatial characteristics of the surface topography and
the geological feature at the slope failures in the
Izumozaki area in Niigata Prefecture of Japan by
using GIS data and aerial photographs. They
investigated these characteristics at the slope
failures caused by the heavy rainfalls in July 2004
and other past rainfalls. The results indicated that
the spatial density of slope failures increased more
as slope gradients increased, and the density in the
sandstone area was slightly higher than that in the
mudstone area. Iwahashi ef al. [10] and Tanouchi et
al. [11] investigated the spatial characteristics of the
long-term rainfall indices (e.g., total precipitation,
daily precipitation) and local land factors in the
areas with multiple slope failures in Japan by using
GIS data and aerial photographs. Their results
indicated that the occurrence of slope failure and a
slope gradient had a positive correlation as reported
by Yamagishi et al. However, the occurrences of
slope failures and slope facing direction was not
remarkable. Their results also indicated that the
occurrence of slope failure and long-term rainfall
indices had clearly positive correlations. Kuramoto
et al. [12] proposed the CL considering the high
potential area for the local factors with a positive
correlation to an occurrence of slope failure. In
addition, the wvalidity of their proposed CL was
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estimated by comparing the predictive rates by their
proposed CL and the conventional CL for the past
multiple slope failures. As a result, the predictive
rate by their proposed CL was over 10% higher than
that by the conventional CL. However, since this
study used the rainfall data obtained by only the
ground rain-gauges which were sparse spatially, the
space resolution of the rainfall data was low, and the
local precipitation were not considered in this study.
Therefore, it is necessary to use the rainfall data
with higher spatial resolution, in order to investigate
the relationship of rainfall indices and an
occurrence of slope failure.

Herein, in this study, the spatial characteristics
of the factors influencing the occurrence and scale
of multiple slope failures in areas with smaller grid
sized than the unit size for the topographic and
rainfall data used in the previous studies or the
current alert system were investigated. For this
study, the 10-m grid Digital Elevation Model
(DEM) data provided by the Geospatial Information
Authority of Japan and the 250-m grid rainfall data
from the extended radar information network
(XRAIN) in Japan were utilized. These data were
converted to the 15-m grid DEM data and the 350-
m grid rainfall data by averaging spatially these data.

2. STUDY AREA AND METHODS
2.1 Study Area Locations

Southern Hiroshima Prefecture and
southeastern Ehime Prefecture are selected as study
areas. These areas are characterized by multiple
slope failures that occurred by the heavy rainfall in
July 2018 and led to the serious sediment disasters
with many human damages. Fig. 1 shows the spatial
distribution of slope failures obtained by their
location from the Geospatial Information Authority
of Japan and slope gradients calculated by the 15-m
grid DEM data in both study areas. The slope
failures were classified using the methodology
described below.

2.2 Classification of Slope Failures

The slope failures surveyed by Sasahara et al.
[2] (a total of 73 failures) were classified into three
scale types: large-scale failure (Type 1), small-scale
failure (Type 2), and erosion of a mountain stream
bed (Type 3). Table 1 shows a comparison of the
field survey results with the estimated results
obtained using the aerial photographs by the
Geospatial Information Authority of Japan for each
scale type of slope failure. The slope failures
classification was based on the estimated failure
volume, that is, a failure with over 1,000 m?® of the
volume was classified as Type 1, a failure with
under 1,000 m? of the volume was classified as
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Fig.1 Spatial distribution of various slope failures caused by the heavy rainfall in July 2018 in two study areas.
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Table 1 An example of a comparison of the field survey results with the aerial photograph results for each slope
failure scale type in southeastern Ehime Prefecture, Japan.

Scale type of
slope failure

Field survey results by Sasahara ef al. [2]

Estimated results by the aerial photographs
after the disaster

-Failure depth; -Failure head area; ':
About 7.8 m About 2200 m?
Type 1 -Failure width; |
About 45 m
Large scale -Length of failure surface;
failure About 75.5 m
-Failure volume;
About 26500 m®
-Failure depth; -Failure head area;
About 1.5 m About 100 m?
Type 2 -Failure width;
About 5 m
Small scale -Length of failure surface; _
failure About 40 m ; g Estimated range
‘Failure volume; Abour I ?j : < of failure head
About 300 m® eik TR =
-Erosion depth; -Failure head area; Estimated range
Type 3 About 2.5 m About 80 m? of stream head
A
Erosion of
mountain
stream bed

Type 2, and a sediment runoff with a negligible
failure area at its upstream end was classified as
Type 3. By investigating the scale and area of slope
failure using the aerial photographs, it was
estimated that they were positively correlated. On
basis of the investigating results, the areas of slope
failures of Types 1, 2 and 3 were defined as over
1,000 m?, 100-1,000 m?> and under 100 m?,
respectively. The other slope failures were
classified into three scale types with no field survey
on basis of their failure areas estimated by the aerial
photographs in both study areas.

Fig. 1 shows the spatial distribution of all slope
failure scale types in both study areas based on the
classification method described above. Fig. 2 shows
the number and percentage of slope failures for each
scale type and study area. The failures of Type 3
were almost absent in southeastern Ehime
Prefecture, whereas they were founded in
abundance in southern Hiroshima Prefecture. The
percentage of Type 1 failures to all other types of
failures was higher in southeastern Ehime
Prefecture than in southern Hiroshima Prefecture.
These results indicate that some scale type of slope
failures is predominant in some regions and almost
absent in other regions, despite being triggered by
the same heavy rainfall. One possible reason for this
is that their local land factors are different. As such,
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Fig.2 Number and percentage of slope failures
per each slope failure scale type.

comparing the spatial characteristics of topographic
and rainfall indices, which influence the occurrence
of these slope failures, between the study areas is
necessary. Herein, in this study, the topographic
indices are the slope gradient and slope-facing
direction. The rainfall indices are the total
precipitation and maximum hourly precipitation.
Geological features, land use conditions and wind
directions are not considered because it was
difficult to compare their influence on the
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occurrence of slope failures between two study
areas by great difference between the characteristics
of these factors in these areas.

In order to investigate the effect of these indices
on slope failure, considering their appearance
frequencies in the study areas, the spatial frequency
of slope failures for a factor (F) is defined by using
the following equation:

F=Y4,/>4 M

where, XAy is the total area of the target grids
including slope failures; A is the total area of the
target grids, including all of the municipalities
where the slope failures occurred in July 2018. Fj,,
Fa, Fyy and Fy, are the spatial frequencies of slope
failure for the slope gradient, slope-facing direction,
total  precipitation and maximum hourly
precipitation, respectively.

3. RESULTS AND DISCUSSION

3.1 Occurrence and Scale of Slope Failures VS.
Topographic Indices

Fig. 3 shows the spatial frequency of slope
failure for slope gradient Fg, for each slope failure
scale type based on the 15-m grid-sized area. As
slope gradient increases, the frequency of Type 2
and 3 increase significantly in southeastern Ehime
Prefecture, whereas this tendency is not remarkable
in southern Hiroshima Prefecture. This indicates
that other indices, such as the geological feature
(strongly weathered granite) and large total
precipitation, influence the occurrence of slope
failure in southern Hiroshima Prefecture. In both
study areas, the frequency of Type 1 on mild slope
gradients (< 30 degree) is almost equal as the
frequency on steep slope gradients (= 30 degree).
The reason for this is that the wide ranges of Type
1 expand to mild slopes closer to the mountain
ridges. Accordingly, a slope gradient to an
occurrence of slope failure is not necessarily to
positively correlate because this relationship is
likely influenced by other factors (e.g., geological
features, total precipitation). Therefore, it is
necessarily to investigate on the spatial
characteristics of the combined indices of local land
factors and meteorological triggers, which
influence the occurrence and scale of slope failures.
This investigation results are reported in the section
3.3.

Fig. 4 shows the spatial frequency of slope
failure for slope-facing direction Fy; for each slope
failure scale type based on the 15-m grid-sized area.
F 4 for all slope failure scale types are almost equal
and the remarkable difference of F; for each scale
type is not seen in each study area. This indicates
that the occurrence of slope failure is unrelated to a
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3.2 Occurrence and Scale of Slope Failures VS.
Rainfall Indices

Fig. 5 shows the spatial frequency of slope
failures for total precipitation Fj, for each slope
failure scale type based on the 350-m grid-sized
area. In southern Hiroshima Prefecture, as total
precipitation increases, the frequency of slope
failure increases significantly. Incidentally, the
frequency of slope failure for total precipitation
range of 200-250 mm is relatively high because of
the occurrence of slope failure in the limited small
area. The special local land factor in the area may
influence their occurrence and this should be
investigated in future works. The frequency of slope
failure is high (> 10%) when total precipitation
exceeds 450 mm, except the range of 200-250 mm.
This is confirmed by overlapping of the high-
density area of slope failure with the high total
precipitation area in southern Hiroshima Prefecture
(Fig. 6). However, in southeastern Ehime Prefecture,
total precipitation and the frequency of slope failure
are not correlated relatively.

Fig. 7 shows the spatial frequency of slope
failure for maximum hourly precipitation Fj, for
each slope failure scale type based on the 350-m
grid-sized area. As maximum hourly precipitation
increases, the frequency of slope failures increases
in both study areas. Especially in southeastern
Ehime Prefecture, the frequency of slope failures is
high (> 20%) when maximum hourly precipitation
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Fig. 5 Spatial frequency of slope failures for total
precipitation (F,) for each slope failure scale type
based on the 350-m grid-sized area.

exceeds 80 mm. This is confirmed by overlapping
of the high-density area of slope failure with the
high maximum hourly precipitation area in
southeastern Ehime Prefecture (Fig. 8).
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These results indicate that the occurrence and
scale of typical slope failures depend on the rainfall
indices with a different manner in each study area.
Total precipitation (i.e., long-term rainfall index) is
predominantly responsible for slope failure in
southern Hiroshima Prefecture, whereas maximum
hourly precipitation (i.e., short-term rainfall index)
affects slope failure in both study areas. The study
results also show that the 350-m grid-sized XRAIN
data for the rainfall indices lead to a high possibility
of estimating the occurrence of slope failure in the
grid-sized area.

3.3 Occurrence of Slope Failures and Combined
Indices of Local Land Factors and
Meteorological Triggers

Table 2 shows the spatial frequency matrix of
slope failures for all slope failure scale types and the
combined indices of local land factors and
meteorological triggers based on the 15-m grid-
sized area. Using all 15-m grid DEM data without
narrowing by any rainfall indices, the maximum
spatial frequencies of slope failures for each slope
gradients (Fg) in both study areas equal only
0.046% and 0.017%, respectively. However, as the
lower limit of the maximum hourly and the total
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Table 2 Spatial frequency matrix of slope failures for all slope failure scale types for a slope gradient and
rainfall indices. The purple, red, orange, yellow and cream cell colors equal > 0.3%, > 0.2%, > 0.1%, > 0.05%

and > 0.01%.

Slope gradient Southern Hiroshima Prefecture Southeastern Ehime Prefecture
Rainfall index 0°-10° | 10°-20°|20°- 30°| 30°- 40° [ 40°- 50°| 50°- 60°| 0°- 10° | 10°- 20°|20°- 30°|30°- 40° | 40°- 50°| 50°- 60°
=]
% (oﬁeliga:jm) 0.0026% | 0.0179% | 0.0459% | 0.0382% | 0.0131% | 0.0186% | 0.0007% | 0.0045% | 0.0096% | 0.0163% | 0.0167% | 0.0034%
Z
B Over 300 mm | 0.0026% | 0.0180% | 0.0465% | 0.0386% | 0.0132% | 0.0189% | 0.0011% | 0.0082% | 0.0182% | 0.0297% | 0.0297% | 0.0071%
-
T‘: Over 400 mm | 0.0037% | 0.0404% | 0.1027% | 0.1002% | 0.0512% | 0.0565% | 0.0014% | 0.0032% | 0.0075% | 0.0102% | 0.0133% | 0.0000%
S Over 450 mm | 0.0043% | 0.0732% | 0.1888% 0.1928% | 0.0000% | 0.0000% | 0.0000% | 0.0010% | 0.0000% | 0.0000% | 0.0000%
>
5 £ ( OveArli)dr?:ril/hr) 0.0026% | 0.0179% | 0.0459% | 0.0382% | 0.0131% | 0.0186% | 0.0007% | 0.0045% | 0.0096% | 0.0163% | 0.0167% | 0.0034%
o .=
= s
gé Over 30 mm/hr | 0.0029% | 0.0214% | 0.0561% | 0.0489% | 0.0181% | 0.0203% | 0.0031% | 0.0184% | 0.0389% | 0.0629% | 0.0602% | 0.0127%
g 8 Over 60 mm/hr | 0.0032% | 0.0369% | 0.0859% | 0.1203% | 0.0824% | 0.1057% | 0.0050% | 0.0426% | 0.1122% | 0.1969% | 0.1961% | 0.0473%
< &
= Over 90 mm/hr No rainfall data 0.0186% | 0.1392% 0.3060% | 0.1517% | 0.0000%

precipitation increase, Fg- for all slope gradients
increases more in both study areas. In addition, the
rainfall indices that influence Fg. remarkably are
different in each study area. In southern Hiroshima
Prefecture, when a slope gradient ranges between
30° and 40° and total precipitation is over 450 mm,
Fg equals 0.249%, which is approximately 6.5
times higher than that without narrowing by any
rainfall indices. In southeastern area Ehime
Prefecture, when the slope gradient ranges between
30° and 40° and maximum hourly precipitation is
over 90 mm/hr, Fg equals 0.306%, which is
approximately 18 times higher than that without
narrowing by any rainfall indices. As a result,
combining the topographic and rainfall indices may
lead to a highly accurate estimation of the
occurrence of slope failure on a smaller grid size
than the unit size for the current system.

4. CONCLUSION

In this study, by using high-resolution data
obtained from two areas in Japan, the spatial
characteristics of the topographic and rainfall
indices influencing the occurrence and scale of
multiple slope failures in areas with smaller grid
sized than the unit size for the current emergency
alert system for sediment disasters in Japan are
investigated.

The occurrence and scale of typical slope
failures depend on a slope gradient and total
precipitation (i.e., long-term rainfall index) with
different relationship in each study area. Therefore,
slope failures can be influenced by other factors,
such as geological features. Whereas maximum
hourly precipitation (i.e., short-term rainfall index)
affects slope failure in both study areas.

The relationship between the spatial frequency
of slope failure for all slope failure scale types and
combining the topographic and rainfall indices,
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which influence the occurrence and scale of slope
failure, were investigated. The results indicate that
there is a high possibility to estimate the occurrence
of slope failure by combining these indices using a
smaller grid size than the unit size for the current
system.

Geological features and land use conditions
were not considered herein. Therefore, it is
necessary to evaluate the spatial frequency of slope
failure based on these indices in both study areas in
a future project. It is also essential to investigate the
influence of the topographic and rainfall indices on
the run-out distance of slope failure and the time
interval from starting rainfall to an occurrence of
slope failure (i.e., saturation time). It is also
essential to estimate the influence of temporal
changes in the short-term and long-term rainfall
indices on the occurrence of slope failure.
Furthermore, the proposed methodology has to be
verified by applying it to other multiple slope
failures.
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