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ABSTRACT: Landslides or slope failures are often caused by earthquakes. The 2018 Hokkaido Eastern
Iburi Earthquake and the 2016 Kumamoto Earthquakes in Japan caused many slope failures that were
distributed both widely and densely. This study proposes an earthquake-induced slope failure hazard
mapping method that uses the analytic hierarchy process (AHP) and a geographic information system (GIS)
for specific districts, the Atsuma district in Hokkaido and Minamiaso district in Kumamoto. The earthquake-
induced slope failure hazard assessment system used here is based on the landslide distribution (NIED
catalog, Japan), which includes tens of thousands of locations in the Atsuma and Minamiaso districts. We
considered the relationships between landslide distribution and landslide hazard factors (elevation, slope
angle, slope type, catchment degree, geology, and vegetation). These relations were introduced to pairwise
comparisons of factors in the AHP method. The AHP method was applied to evaluate the slope failure hazard
rank. An earthquake-induced slope failure hazard map was created based on slope failure hazard ranks of I-V.
As a result, slope angle, slope type, and catchment degree were found to exert maximum effects on slope
failure distribution due to earthquakes in both the Atsuma district in Hokkaido and the Minamiaso district in
Kumamoto. The two earthquake-induced slope failure distributions are almost consistent with the slope
failure hazard rank. These results provide a practical method for evaluating earthquake-induced slope failure
hazards.
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1. INTRODUCTION conducting  wide-area  topographic  surveys.
However, there are still some high hurdles to clear,

Alteration by volcanic hydrothermal systems such as Aviation Law, Radio Law, and ordinances.
and the formation of crushing and weathering Therefore, as another approach, if the slope failure
zones have occurred widely throughout the Pacific risk area during an earthquake can be objectively
region over geologic time. As a result of these and easily extracted from data that is easily
geologic processes, fragile geological features and available and highly versatile, this will be very
steep topography can be found on the Earth’s useful. Previous studies have attempted to map
surface. Landslides or slope failures are often slope failure hazards using various techniques.
caused by earthquakes. In Japan, the 2018 More recently, many researchers and engineers
Hokkaido Eastern Iburi Earthquake [1, 2] and 2016 have performed landslide hazard assessment using
Kumamoto Earthquakes [3, 4] caused many slope geographic information systems (GIS) [13-19].
failures that occurred over a wide area and were Furthermore, some researchers reported a method
also densely clustered. (Fig. 1 shows plots of slope of evaluating slope failure hazard using the
failure and landslide distributions that are based on analytic hierarchy process (AHP) method [16, 19—
GSI [5] and NIED [6, 7]). Predicting the risk of 28]. This method does not require the subjective
slope failure and establishing appropriate and empirical judgment of researchers or engineers.
preventative measures is extremely important. However, since the methods that use the AHP
However, implementing preventive measures in all model are limited to evaluation within the
locations that are at risk of slope failure is landslide topography, the method used in this
financially challenging. Therefore, it is necessary study mainly considers re-active-type landslides.
to identify slopes with a high risk of collapse and This method was developed by several skilled
implement investigative countermeasures based on engineers who have conducted landslide surveys
the level of priority. In such cases, one of the first over many years. However, it largely depends on
items to pay attention to is topography. In recent the subjective and empirical judgments of the
years, aerial video surveys using drones (UAV) evaluators, which requires time and a high level of
[8-12] have attracted attention and demonstrated skill because the evaluation factors are subdivided.

their advantages in terms of time and cost when
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map of the landslides in the Atsuma and Minamiaso districts.

This study proposes an earthquake-induced
slope failure hazard mapping method using the
AHP method and GIS for two specific areas: the
Atsuma district in Hokkaido and Minamiaso
district in Kumamoto. The Atsuma and Minamiaso
districts are within the inner Kamuikotan
metamorphic belt and Ryoke belt [29],
respectively. Hence, the AHP and GIS analytical
ranges in this study are limited to these geological
belt districts (Fig. 1).

2. METHODOLOGY

The AHP, which is a decision-making method
developed by Saaty [30], is an analytical method
that determines the importance weight of
evaluation factors based on paired comparison.
When setting the analysis target area by GIS,
geological or administrative division can be
considered. However, in this study, the areas
examined are the Kamuikotan metamorphic belt
and the Ryoke belt (Fig. 1), based on the
geotectonic subdivision [29] of Japan. Each area
includes the slope failure distribution area due to
the 2018 Hokkaido Eastern Iburi Earthquake or the
2016 Kumamoto Earthquakes. First, the
relationship between the landslide topography area
and the evaluation factors/elements area (i.e., the
area ratio of the two) was statistically clarified
based on the landslide distribution map [7] (Fig. 1)
of the Kamuikotan metamorphic belt and the
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Fig.2  Basic classification of slope type (Based

on Suzuki [34]).

Ryoke belt. In this study, there are six evaluation
factors related to the level of risk of landslides
based on the AHP as follows: elevation, slope
angle, slope type, catchment degree, geology, and
vegetation. The topographic, geological, and
vegetation data used in this study are the Digital
Elevation Model (DEMI10B) by GSI [31],
Seamless Digital Geological Map of Japan
(1:200,000) by the Geological Survey of Japan
[32], and the Natural Environmental Information
GIS by the Biodiversity Center of Japan [33]. The
slope type can be divided into 9 specific types (Fig.
2), based on those described by Suzuki [34]. To
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Raster data

Conversion of landslide topography to
raster data (20 m x 20 m cell).

calculate the catchment degree, Terrain Analysis
Using Digital Elevation Models [35] is
incorporated into GIS. Hierarchy level 2 is
classified as follows. Kamuikotan metamorphic
belt: the elevation is divided into 9 divisions
ranging from 0 to 1800 m at 200 m intervals, the
slope angle is divided into 8 divisions ranging
from 0 to 80° at 10° intervals, the slope type is
divided into 9 divisions based on Fig. 2, the
catchment degree includes 5 divisions from 20 to
7271.58, and geology and vegetation are divided
into 14 and 9 divisions based on the data legend
[32, 33], respectively; Ryoke belt: the elevation is
divided into 9 divisions ranging from 0 to 1800 m
in 200 m intervals, the slope angle is divided into 9
divisions ranging from 0 to 80° in 10° intervals,
the slope type is divide into 9 divisions based on
Fig. 2, the catchment degree includes 5 divisions
from 20 to 3728.43, and geology and vegetation
are divided into 15 and 7 divisions based on the
data legend [32, 33], respectively. As shown in Fig.
3, this study used raster data from the landslide
body.

A hierarchical system for landslide risk
assessment was constructed based on these sets of
evaluation factors. Using this hierarchical structure,
the importance weight of each element is first
calculated, and then the importance weight
between the higher evaluation factors is calculated.
Saaty [30] gave a nine-point scale. Equal
importance is 1; moderate importance is 3; strong
importance is 5; very strong importance is 7; and
absolute importance is 9. 2, 4, 6, and 8 are
assigned to elements with intermediate importance
weights. Therefore, the subjective and empirical
judgment of the engineer is indispensable when
using the AHP standard nine-point scale.
Therefore, in this study, the importance weights
are calculated by introducing the statistical survey
results of the relationship between the landslide
topography distribution and the factors in the
paired comparison. Landslide hazard mapping is
conducted by ranking the landslide risk for each
evaluation factor based on the estimated
importance weight of each hierarchy and totaling
the landslide risk scores applicable to each
evaluation factor on each slope using GIS. Finally,
evaluation factors with maximum impact were
identified and their suitability was examined by
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landslide distribution and evaluation
factors (e.g., slope type). Abbreviations in
this figure correspond to Fig. 2.

Level2 | Xr | Rt | Vr [ Xs | Rs [ Vs | Xv | Rv | Vv [ weight
Xr 1 17.36( 1.02 | 24.30|22.09| 16.20| 1.09 |20.25| 1.04 24.29
Rr 0.06 1 0.06 | 1.40 | 1.27 | 0.93 | 0.06 | 1.17 | 0.06 1.43
Vr 0.98 |17.00] 1 |[23.80(21.64|15.87| 1.07 | 19.83| 1.02 23.85
Xs 0.04 | 0.71 | 0.04 1 091 | 0.67 | 0.04 | 0.83 | 0.04 1.02
Rs 0.051]0.79 | 0.05 | 1.10 1 0.73 | 0.05 | 0.92 | 0.05 1.10
Vs 0.06 | 1.07 | 0.06 | 1.50 | 1.36 1 0.07 | 1.25 | 0.06 1.46
Xv 0.92 | 15.93] 0.94 22.30(20.27| 14.87| 1 18.58| 0.95 22.29
Rv 0.05 | 0.86 | 0.05 | 1.20 | 1.09 | 0.80 | 0.05 1 0.05 1.19
Vv 0.96 | 16.71] 0.98 |23.40(21.27|15.60| 1.05 | 19.50| 1 23.37

Fig.5 One example of pairwise comparisons of
evaluation factors (e.g., slope type,
Kamuikotan =~ metamorphic  belt) in
hierarchy level 2. Abbreviations in this
figure correspond to Fig. 2.

Hierarchy level 1 A B © D 12 weight

A Elevation 1 0.67 | 0.60 | 1.80 [ 0.71 | 0.83 13.64

B Slope angle 150 1 |089]270] 1.07| 1.25| 2043

C Slope type 1.68 | 1.12 1 3.02 | 1.20 | 1.39 22.87

D | Catchmentdegree | 0.55 | 037 | 033 | 1 | 040|046 | 7.57

E Geology 1.40 |1 0.93 | 0.83 | 2.52 1 1.16 19.09

m 1.20 | 0.80 [ 0.72 | 2.17 | 0.86 1 16.40

One example of pairwise comparisons of
evaluation factors in hierarchy level 1
(e.g., Kamuikotan metamorphic belt).

Fig.6

comparing the composed landslide hazard map
with the slope failure distribution due to
earthquakes.

3. EARTHQUAKE-INDUCED SLOPE
FAILURE HAZARD MAPPING

3.1 Pairwise Comparisons of Factors in
Hierarchy Levels 1 and 2

As an example, the relationship between
landslide distribution and factor (slope type) and
the pairwise comparisons of factor (slope type) in
hierarchy level 2 are shown in Figs. 4 and 5. Slope
failures are densely distributed in convex-ridge,
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data.

concave-ridge, convex-valley, and concave-valley
slope type areas. According to these results, it is
thought that earthquake-linked slope failure is
closely related to slope type. As mentioned above,
the ratio of the slope failure area and factors in
hierarchy level 2 from the relationship obtained in
Fig. 4 were used as the numerical value of the
pairwise comparisons. Taking the slope type of the
Kamuikotan metamorphic belt district as an
example, the value of the pairwise comparison
between Xr (Fig. 4: 24.3%) and Rr (Fig. 4: 1.4%)
in Fig. 5 is 243 / 1.4 = 17.36, and the pairwise
comparison between Rr and Xr is the reciprocal
(0.06). It can be seen that the order of importance
weights (Fig. 5) corresponds to Fig. 4. The weight
of hierarchy level 1 (Fig. 6) is calculated based on
Kohno et al. [28]. The landslide hazard score p is
calculated using the AHP hierarchy weight and is
given by Eq. (1) [28].

2MAX

)

where W, is the weight of hierarchy level 1, W is
the weight of hierarchy level 2, and Womax is the
highest weight of hierarchy level 2. Landslide
hazard mapping was performed on the basis of the
hazard rank classified from I to V, with the total
landslide risk score corresponding to each
evaluation factor (overlaid using GIS; Fig. 7) for a
certain slope (raster data: 20 m x 20 m cell) set as
the total landslide risk score P. If the total score P
is large, the risk of landslide is high, and if the
score is small, the risk is low.

3.2 Landslide Hazard Mapping based on 6
Factors

An example of a landslide hazard map in the
Kamuikotan metamorphic belt and Ryoke belt
districts is shown in Fig. 8. In these examples, it
can be seen that the hazard rank III and IV
distribution areas occupy most of the slope failure
distribution area. The relationship between
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landslide hazard map shown in Fig. 8.

landslide hazard rank and slope failure area based
on these maps is shown in Fig. 9. The slope failure
area peaked at hazard rank III and decreased in the
hazard rank IV and V distribution areas. The
composed landslide hazard map clearly shows that
landslides did not necessarily occur in areas with
high landslide risk. Therefore, the landslide hazard
map created using this method does not necessarily
represent the slope failure distribution caused by
earthquakes.
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3.3 Landslide Hazard Mapping based on
Topographical Factors

Thus, we investigated the evaluation factors
that had the maximum effect on slope failure. This
method calculates the landslide risk score by
positioning the importance of evaluation factors in
hierarchy level 1 as 99.9, and the importance of
other evaluation factors as 0.02, and performs
landslide hazard mapping accordingly. As a result,
the relationship between landslide hazard rank and
cumulative relative frequency is shown in Fig. 10.
As shown in this figure, in terms of elevation and
geology, slope failures of 80% or more have
already occurred in the distribution area where the
landslide hazard rank is considered to be relatively
low for I and II. Therefore, the involvement of
elevation and geology in slope failure distribution
is not very large. In general, it is well known that
there is a close relationship between slope failure
and geology. However, the degree of influence did
not appear in the slope failure distribution that
occurred in the same geological environment. For
the other factors, the cumulative relative frequency
of the slope failure area tends to increase as the
hazard rank increases. All three factors (inclination
slope angle, slope type, and catchment degree)
other than vegetation are topographical
predisposing items. Therefore, slope angle, slope
type, and catchment degree were found to exert
maximum effects on slope failure distribution due
to earthquakes in both districts. Therefore, we
performed landslide hazard mapping by employing
only slope angle, slope type, and catchment degree
as evaluation factors and investigated the
relationship between the composed hazard map
and the slope failure distribution. The relationship
between landslide hazard rank and slope failure
distributions in the landslide hazard map based on
slope angle, slope type, and catchment degree is
shown in Fig. 11. With increasing landslide hazard
rank, the slope failure area also demonstrate an
increasing trend. There was  significant
correspondence between all case hazard ranks and
slope failure distribution. Needless to say, this is
because landslide hazard mapping was performed
by collecting and setting only those factors closely
related to the slope failure distribution. Therefore,
assessing the slope failure hazard using the three
factors of inclination slope angle, slope type, and
catchment degree allows areas with a high risk of
slope failure due to a sudden phenomenon such as
an earthquake to be identified in advance, and this
can be an effective method to achieve that goal.

4. CONCLUSION

This study proposed an earthquake-induced
slope failure hazard mapping method using the
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AHP and a GIS for two specific districts: the
Kamuikotan metamorphic belt and the Ryoke belt.

In this study, the importance weights were
calculated by introducing the statistical survey
results for the relationship between the landslide
topography distribution and the factors in the
paired comparison in AHP. The AHP method was
applied to evaluate the slope failure hazard rank.
An earthquake-induced slope failure hazard map
was created based on slope failure hazard ranks of
I-V. As a result, slope angle, slope type, and
catchment degree were found to exert maximum
effects on slope failure distribution due to
earthquakes in both the Atsuma district in
Hokkaido and the Minamiaso district in
Kumamoto. There was significant correspondence
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between all hazard ranks and the two earthquake-
induced slope failure distributions.

This study identified the factors that are related
to landslides, determined the relationship between
the factors and landslides, and provided a method
to predict future landslide hazards based on this
relationship. Our methods provide a practical
method for evaluating earthquake-induced slope
failure hazards. In order to further develop this
method of evaluating landslide hazards in the
future, we will apply our method to various
districts.
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