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Abstract: At 3:08 on 6 September 2018 (UTC +9), massive landslides were triggered by an earthquake
of Mw 6.6 that occurred in Hokkaido, Japan. In this paper, a coseismic landslide inventory that covers
388 km2 of the earthquake-impacted area and includes 5828 coseismic landslides with a total landslide
area of 23.66 km2 was compiled by using visual interpretations of various high-resolution satellite
images. To analyze the spatial distribution and characteristics of coseismic landslides, five factors
were considered: the peak ground acceleration (PGA), elevation, slope gradient, slope aspect, and
lithology. Results show more than 87% of the landslides occurred at 100 to 200 m elevations. Slopes in
the range of 10~20◦are the most susceptible to failure. The landslide density of the places with peak
ground acceleration (PGA) greater than 0.16 g is obviously larger than those with PGA less than 0.02 g.
Compared with the number and scale of coseismic landslides caused by other strong earthquakes
and the mobility of the coseismic landslides caused by the Haiyan and Wenchuan earthquakes, it was
found that the distribution of coseismic landslides was extremely dense and that the mobility of the
Hokkaido earthquake was greater than that of the Wenchuan earthquake and weaker than that of the
Haiyuan earthquake, and is described by the following relationship: L = 18.454 ∗ H0.612. Comparative
analysis of coseismic landslides with similar magnitude has important guiding significance for
disaster prevention and reduction and reconstruction planning of landslides in affected areas.

Keywords: Hokkaido earthquake; coseismic landslide; spatial distribution; liquefaction; superposition
effect; mobility

1. Introduction

Hundreds, or even tens of thousands, of landslides can be triggered when a large
earthquake occurs. Coseismic landslide is a common geological disaster, which causes
various degrees of catastrophic damage worldwide by burying buildings, destroying
roads and blocking rivers [1–9]. The Haiyuan Ms 8.6 earthquake (1920), Wenchuan Ms
8.0 earthquake (2008), Lushan Ms 7.0 earthquake (2013) and Jiuzhaigou Ms 7.0 earthquake
(2017) in China triggered more than 3700 landslides, 60,000 landslides, 4000 landslides
and 1800 landslides, respectively [6,7,10–14]. These earthquakes destroyed human life
and property.

The Hokkaido earthquake occurred in southwest Hokkaido, Japan at 3:08 a.m. on
September 6, 2018 (UTC +9). The epicenter of the main shock (Mw 6.6) was located at
42.671◦N, 141.933◦E and the focal depth was 33.4 km (United States Geological Survey,
2018). This earthquake resulted in thousands of landslides [15]. yphoon Jebi, the strongest
typhoon in Japan in 25 years, struck the earthquake-affected area one day before the
2018 Hokkaido earthquake. The heavy rainfalls from the typhoon Jebi weakened geomate-
rials and the later earthquake-induced strong shaking further disturbed the slope stability,
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which made the Hokkaido earthquake induce more landslides than other earthquakes with
comparable magnitudes. The combination of the Hokkaido earthquake and Typhoon Jebi
caused total economic losses of 2 billion USD. Slope stability is affected by multiple external
factors, such as earthquakes, heavy rainfalls associated with typhoons, water fluctuation,
snow melt, and human activities [16–23]. The 2018 Hokkaido earthquake provides an ex-
ceptional example to study how the pre-earthquake saturation induced by heavy rainfalls
of a typhoon affects the coseismic landslide occurrence and mobility.

Detailed inventories of coseismic landslides play an important role in regional land-
slide hazard assessment. Only 13 inventories of coseismic landslides were completed
before 2008. However, after the Wenchuan earthquake, the number of coseismic landslide
inventories for strong earthquakes has increased to 42 [24]. After the Hokkaido earth-
quake, scholars have conducted several studies on the secondary disasters triggered by
the Hokkaido earthquake, including focal mechanisms and seismic site responses [25–30],
and the spatial distribution characteristics and susceptibility analysis of coseismic land-
slides [9,31–35]. For the 2018 Hokkaido earthquake, Yamagishi et al. (2018) reported that
the shallow landslides induced by the 2018 Hokkaido earthquake concentrated in a geolog-
ical layer mainly consisted of air-fall pumice originated from the eruption of the Tarumai
Volcano 9000 years ago [15]. Wang et al., 2019 studied the spatial distribution of coseismic
landslides triggered by the earthquake within an area of 700 km2 and found that the rainfall
and the influence of typhoon Jebi were of secondary importance, but Zhao et al., 2020 con-
cluded that the coseismic landslide was most affected by rainfall factors [9,36]. Shao et al.
(2019) interpreted 9295 landslides after the event and analyzed the spatial distribution
law of landslides by considering the 10 factors of elevation, slope angle, aspect, curvature,
fault, distances to the epicenter, PGA, rivers, road and lithology. Then, they analyzed the
coseismic landslide susceptibility based on the LR and SVM method and argued that the
performance of the SVM is slightly better than the LR mode [37]. The number of coseismic
landslides triggered by the 2018 Hokkaido earthquake is significantly larger than that
triggered by other earthquakes of a strong magnitude. It remains important to study the
distribution of coseismic landslides triggered by the 2018 Hokkaido earthquake.

Mobility is another important element of landslide hazard and risk assessments yet has
been seldom studied for the coseismic landslide. Landslide mobility is often characterized
by the ratio of landslide-fall height (H) to travel length (L), H/L [38], where low values of
H/L indicate high mobility and high H/L values indicate low mobility. Landslide mobility
has been of widespread concern for scientists and practitioners for a long time because of
its potential direct impact on the people and infrustracture downslope [38–40].

In this paper, we analyzed the spatial distribution and mobility characteristics of
the coseismic landslides triggered by the 2018 Hokkaido Earthquake based on a newly-
compiled landslide inventory surrounding the earthquake epicenter. The data and methods
used to compile the coseismic landslide inventory are described in the next section. The
spatial landslide density is correlated with PGA, elevation, slope gradient, slope aspect,
and lithology. The landslide area and mobility statistics are compared with the coseismic
landslide inventories for other earthquakes.

2. Materials and Methods
2.1. Study Area
2.1.1. The 2018 Hokkaido Earthquake and Regional Tectonics

The Hokkaido earthquake occurred in the North-Kyuryo seismic belt, which is sub-
ducted under Japan and the Kuril-Kamchatka Trench, where the Pacific plate moves north-
west relative to the North American Plate at a rate of approximately 87 mm/year (United
States Geological Survey 2019). Focal mechanism solutions indicate that the Hokkaido
earthquake occurred on a reverse fault with an NW-SE strike (Figure 1). The 2018 Hokkaido
Earthquake caused intense shaking in the central region of Hokkaido(Figure 2). The study
area is about 400 km2 in extent and is located in the eastern Iburi region of Hokkaido,
50 km southeast of Sapporo and 30 km northeast of Tomakomai; it includes the towns of
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Abira, Atsuma, and Mukawa, where landslides were densely distributed. The maximum
measured peak ground acceleration (PGA) during the 2018 Hokkaido earthquake was
0.84 g, which was recorded 8 km away from the epicenter. Approximately 70% of the study
area experienced PGAs above 0.5 g. The 2018 Hokkaido earthquake induced extensive land-
slides, some of which caused casualties and severe damage to transportation, power, and
communication facilities. Seven aftershocks above Mw 4.3 were located by the USGS within
14 h after the major shock, two of which were larger than Mw 5 (the largest was Mw 5.4).
The study area is a seismically active area. Central Hokkaido has several active seismic
zones, including the Fuliangye and Shishou fault zones. According to USGS statistics
of historical earthquakes, two earthquakes with magnitudes greater than Mw 6.0 have
occurred in the study area; one Mw 6.0 earthquake occurred on 8 November 1974, and one
Mw 6.3 earthquake occurred on 23 January 1981.

Figure 1. Geological structure map of the Hokkaido earthquake area (red points represent after-
shocks and blue point represents rivers. Red lines represent seismogenic faults, pink lines represent
active faults, and black lines represent general faults. Hsr: Late Pleistocene to Holocene marine and
nonmarine sediments, Q3tl: Late Pleistocene lower stage, Q2th: Middle Pleistocene high terrace,
N3sn: Late Miocene to Pliocene nonmarine sediments, N2sn: Middle to Late Miocene nonmarine
sediments, N1sr: Early Miocene to Middle Miocene marine and nonmarine sediments, K2sm: Late
Cretaceous marine muddy turbidite, and PG3sr: Late Eocene to Early Oligocene marine and nonma-
rine sediments).
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Figure 2. Coverage of post-earthquake satellite images and coseismic landslides triggered by the
2018 Hokkaido earthquake.

2.1.2. Geological Setting

The geological map of the earthquake-impacted area of the 2018 Hokkaido earthquake
is collected from the Geological Survey of Japan (GSJ). The study area mainly includes eight
types of lithology (Figure 1): Hsr, Q3tl, Q2th, N3sn, N2sn, N1sr, K2sm and PG3sr. There
are many active and dormant volcanoes in the study area where porous volcanic materials
absorb water easily and become very slippery.The study area had been hit by heavy rains
from the Typhoon Jebi on 4 September, which may adversely affected the strength of the
porous volcanic materials before the earthquake occurrence.

2.2. Data and Methodology

Landslide inventories play an important role in the spatial distribution analysis and
risk management of coseismic geological disasters. This work conducted visual interpreta-
tions of satellite images to build the coseismic landslide inventory for the 2018 Hokkaido
earthquake. A wide variety of pre- and post-earthquake satellite images were used to
cover the broad earthquake-impacted area. Pre-earthquake remote sensing images were
mainly from Google Earth, Planet, and Sentinel-2 images. These pre-earthquake images
were obtained one year before the earthquake and covered the entire earthquake-affected
area. There were five sources of remote sensing images after the earthquake: (a) Google
Earth platform, (b) SuperView-1, (c) Planet, images from http://www.planet.com/explore
(last accessed on 20 June 2022), (d) Sentinel-2, and (e) WorldView-3, images from https:
//google.org/crisismap (accessed on 16 September 2018). The details and coverage of
these images are shown in Table 1 and Figure 2. Landslide boundaries were accurately
delineated through visual interpretation of pre- and post-earthquake images on the ArcGIS
platform. If a landslide existed before the earthquake and its shape did not change after
the earthquake, the landslide was judged as a pre-existing landslide. If a landslide did not
exist before the earthquake or its shape changed after the earthquake, the landslide was
judged as a coseismic landslide.

http://www.planet.com/explore
https://google.org/crisismap
https://google.org/crisismap
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Table 1. Remote sensing images and other geographical information data.

Data Type Date Source Resolution/m

Pre-earthquake image
17 Aprial 2018 Planet 3.0

5 September 2017 Sentinel-2 10.0

Post-earthquake image

11 September 2018 Planet 3.0

11 September 2018 SuperView-1 0.5

13 September 2018 WolrdView-3 0.3

DEM Pre-earthquake https://dwtkns.com/srtm30m
SRTMGL1.003 (accessed on 20 June 2022). 30.0

Earthquake parameters September 2018 United States Geological Survey —

Geological map Pre-earthquake Geological Survey of Japan —

The spatial distributions of coseismic landslides are strongly related to seismic, geologic,
and topographic factors [3,8]. Five parameters, including PGA, elevation, slope gradient,
slope aspect, and lithology, were selected to analyze the controlling factors of the coseismic
landslides triggered by the Hokkaido earthquake. First, factors such as terrain, geology, and
seismology were categorized into various discrete classes on the GIS platform according to
the classification rules shown in Table 2. The eight lithologic classes are displayed in Figure 1.
A PGA map provided by the USGS was used to present the seismic shaking intensity. Three
terrain factors, namely elevation, slope angle, and slope aspect, were considered in this work
and were derived using a 30-m resolution pre-earthquake digital elevation model (DEM).
Then, the spatial distributions of coseismic landslides for each class of each factor were
quantified through three different indexes: landslide area (LA), landslide number density
(LND), and landslide areal percentage (LAP). Statistical analysis was applied to investigate
the correlation of each factor with the landslide occurrence. As the study area was subjected
to a severe typhoon and a strong earthquake within a few days, most landslides exhibited
strong mobility. Therefore, this paper provides a preliminary analysis of the mobility of
shallow landslides of the 2018 Hokkaido earthquake. The equivalent friction coefficient,
which is the ratio between the maximum height H and maximum horizontal movement
distance L of a landslide, is applied to evaluate landslide mobility.

Table 2. Classification of seismic, terrain, and geologic controlling factors used in the spatial distribu-
tion analysis.

No. Type Factor Classification

1 Seismic data PGA (1) <0.2; (2) 0.2~0.3; (3) 0.3~0.4; (4) 0.4~0.5; (5) 0.5~0.6; (6) >0.6.

2

Terrain Data

Elevation (m) (1) <50; (2) 50~100; (3) 100~150; (4) 150~200; (5) 200~250;
(6) 250~300; (7) 300~350; (8) >350.

3 Slope gradient (◦) (1) 0~10; (2) 10~15; (3) 15~20; (4) 20~25; (5) 25~30; (6) >30.

4 Slope aspect (1) Flat; (2) North; (3) NorthEast; (4) East; (5) SouthEast;
(6) South; (7) SouthWest; (8) West; (9) NorthWest

5 Geologic data Lithology

(1) Hsr: Late Pleistocene to Holocene marine and non-marine sediments
(2) Q3tl: Late Pleistocene lower stage

(3) Q2th: Middle Pleistocene high terrace
(4) N3sn: Late Miocene to Pliocene non-marine sediments
(5) N2sn: Middle to Late Miocene non-marine sediments

(6) N1sr: Early Miocene to Middle Miocene marine and non-marine sediments
(7) K2sm: Late Cretaceous marine muddy turbidite

(8) PG3sr: Late Eocene to Early Oligocene marine and non-marine sediments

https://dwtkns.com/srtm30m
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3. Result
3.1. Coseismic Landslide Inventory

The inventory of the coseismic landslides induced by the 2018 Hokkaido earthquake
is shown in Figure 2. In total, 5828 coseismic landslides were documented in our landslide
inventory. The total area of these landslides is 23.66 km2, and the areas of individual
landslides range from 87 m2 to 530,000 m2. The 2018 Hokkaido earthquake triggered a large
number of landslides that took place on small hillsides. Most landslides triggered by the
2018 Hokkaido earthquake were small- and medium-sized shallow landslides developed
in the Late Pleistocene to Holocene sediments. Landslides triggered by the 2018 Hokkaido
earthquake are characterized by a very high spatial density of landslides in the earthquake-
impacted area (Figure 3). Some landslides also showed long-runout characteristics and
damaged the road and houses (Figure 3b,d). The 2018 Hokkaido earthquake only induced
one rock landslide (Figure 3e), which was located in an area with a PGA of 0.5–0.6 g. The
rock landslide has an area of ~0.53 km2 and a sliding distance of ~350 m. This landslide
area is mainly composed of N2sn rock mass.

Figure 3. Characteristics of coseismic landslides triggered by the Hokkaido earthquake. (a) The
overall distribution of coseismic landslides, (b) Panorama of earthquake landslides, (c) Characteristics
of earthquake landslides, (d) Houses and farmlands destroyed by earthquake landslides, (e) The only
rock landslide in this earthquake. Images in (a) is from Google Earth, (b,c) are from WorldView-3,
and (d,e) are from SuperView-1.
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3.2. Spatial Distribution of Coseismic Landslides

This section describes the statistical correlations between the three landslide distribu-
tion parameters (landslide area, landslide number density, and landslide area percentage)
and the five factors (PGA, elevation, slope gradient, slope aspect, and lithology).

3.2.1. Seismic Factors

PGA is an important parameter to reflect ground motion intensity during earthquakes.
About 87.6% of coseismic landslides of the 2018 Hokkaido earthquake occurred in areas
with estimated PGA greater than 0.4 g and most of these landslides concentrated in an area
with PGA of 0.5~0.6 g (Figures 4a and 5a). Both landslide number density and landslide
areal density increase steadily with increases in PGA (Figure 5a), which is in accordance
with the general statistical law for spatial distributions of coseismic landslides.

Figure 4. Cont.
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Figure 4. Relationships between influencing factors and landslides ((a) PGA, (b) elevation, (c) slope,
(d) lithology, and (e) aspect).

Figure 5. Possible controlling factors for the coseismic landslides triggered by the Hokkaido
earthquake: (a) PGA, (b) elevation, (c) slope, (d) lithology, (e) aspect, and (f) typical landslide
aspect distribution.
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3.2.2. Terrain Factors

This study investigated the correlation between landslide occurrence with three
terrain factors, such as altitude, slope and aspect. Landslide area, landslide number
density, and landslide area percentage showed consistent relationships with elevation.
Figures 4b and 5b show that most coseismic landslides of the 2018 Hokkaido earthquake
were distributed at elevations from 100 m to 200 m. Relatively few landslides were located
on slopes with elevations less than 100 m or greater than 200 m. Loose materials, vegetation
types, and human activity intensities at different elevations may be the causes of different
landslide intensities.

Slope gradients can affect slope stability by changing the slope stress distributions and
presiding accumulations of loose surface materials. Approximately 53.5% of the coseismic
landslides were distributed over a slope range from 10◦ to 20◦ (Figures 4c and 5c). 90.7%
of coseismic landslides occurred on slopes less than 25◦. The coseismic landslides of the
2018 Hokkaido earthquake were relatively small, which may be due to the different types
of landslides. However, over a larger slope range, the number density and areal density of
coseismic landslides were smaller, which may have resulted from soil moisture saturation
before the earthquake and the occurrence of low-angle soil liquefaction and landslides
in strong earthquakes. Compared with the loess landslides triggered by the Haiyuan
earthquake and the rock landslides triggered by the Wenchuan, Lushan and Jiuzhaigou
earthquakes, shallow soil landslides were the main type of disaster that was triggered by
the Hokkaido earthquake and the statistical results of the spatial distributions for coseismic
landslides were similar to those of the Haiyuan earthquake (Figure 6). The landslide areal
percentage usually increases with increasing slope angle for coseismic landslide inventories
mainly consisted of rockslides, such as those for the 2008 Wenchuan, 2013 Lushan, and
2017 Jiuzhaigou earthquakes (Figure 6).The potential reason is that steep slopes generally
tend to have higher shear stress and lower stability than gentle slopes before the earth-
quake disturbance. The landslide areal density shows a parabola relationship with slope
(i.e., first increase and then decrease with the rise of slope) for the coseismic landslides
of the 2018 Hokkaido earthquake and the 1920 Haiyuan earthquake (Figure 6). We hy-
pothesize that the slope gradients can affect the hydrological properties and processes (i.e.,
groundwater flow and depth) and then affect the slope’s dynamic stability.

Figure 6. Relationships between landslide areal percentage and slope in different earthquakes.
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The slope aspect has a certain influence on the failure of rock and soil slopes.First,
the slope aspect influences slope stability through inconsistent rainfall distribution on the
slopes. Second, the slope aspect can affect seismic wave propagation, which will also lead to
uneven distributions of coseismic landslides on slopes. Based on the statistical results, the
coseismic landslides triggered by the 2018 Hokkaido earthquake had significantly uneven
densities for different slope aspects. Most landslides occurred on southeast slopes, which is
consistent with the strike of the seismogenic fault (Figures 4e and 5e).

3.2.3. Geological Factor

Lithology is an intrinsic factor that controls slope stability. The parent rock controls
rocky slope stability by affecting rock structures, weathering degrees, and the physical and
mechanical characteristics. Soil slope stability is impacted by material type, consolidation
degree, deposition age, and water contents. Since most of the landslides triggered by the
Hokkaido earthquake were shallow debris slides and flows, the type of sediments that
covered the slope surfaces was more important than the underlying bedrock (Figure 7).
Based on our statistics, nonmarine sediments from the Middle to Late Miocene non-marine
sediments (N2sn) are the most developed lithologic zone for coseismic landslides and
93.1% of seismic landslides were distributed in this zone. According to Fan et al. (2019),
this zone is covered by thick, volcanic pumice deposits (Figure 7), which may be subject
to liquefaction failures when they are fully or partially saturated [11]. The Hokkaido area
experienced a strong typhoon (Jebi) one day before the earthquake. The heavy rainfalls
caused by Typhoon Jebi contributed to the saturation of slope materials and massive slope
failures in the Hokkaido earthquake. Considering the extremely high susceptibility to
landslides for this type of slope (see Figure 6), we suggest that more effort should be made
on studies of the dynamic behaviors of volcanic ash (especially pumice) and the dynamic
failure mechanisms of this type of slope.

Figure 7. Synseismic geological profile of a typical landslide induced by the 2018 Hokkaido earth-
quake modified from https://www.gsj.jp/hazards/earthquake/hokkaido2018/hokkaido2018-03.html
(accessed on 20 June 2022).

4. Discussion
4.1. Comparisons of the Number and Scale of Coseismic Landslides with Other Strong Earthquakes

The scale and number of coseismic landslides are closely related to earthquake mag-
nitudes, geological and geomorphological settings [41]. This section first compares total
landslide areas, landslide-affected areas, and landslide numbers for the Hokkaido earth-
quake with other earthquakes of varying magnitudes (Figure 8a–c, respectively). The
2018 Hokkaido earthquake seems to have a moderate landslide effects as its landslide
area, landslide-affected area, landslide number are close to the general trend lines. Both
the total landslide area and landslide-affected area of the Hokkaido earthquake is on the

https://www.gsj.jp/hazards/earthquake/hokkaido2018/hokkaido2018-03.html
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general trend lines which implies that this earthquake had moderate impacts at coseismic
landslide scales. The landslide number for the Hokkaido earthquake was greater than the
trend value for earthquakes with Mw 6.6 magnitude. Generally, the scale and number
of coseismic landslides in the Hokkaido earthquake (Mw 6.6) were closest to those of
the Lushan earthquake (Mw 6.6) as the total landslide areas and landslide numbers for
these two earthquakes were the most consistent. A clear difference between these two
earthquakes is that the landslide-affected area of the Lushan earthquake was almost two
times larger than that of the Hokkaido earthquake. The most frequent landslide type in
the Lushan earthquake was rockslides [12], while debris slides dominated the Hokkaido
earthquake. Although the landslide-affected area of an earthquake is easily determined
by researchers, the great difference in this value between these two earthquakes implies
that earthquakes can affect larger areas when the slope stability in an area is dominated by
rocks rather than by soils. The largest landslide area density shown in Table 3 may also
support this conclusion.

Figure 8. The comparison of the coseismic landslide inventories of the 2018 Hokkaido earthquake
and other earthquakes. (a) Landslide-affected area and the earthquake magnitude for earthquakes
occurring before 1980 (modified from [1]. (b) Total landslide area and the earthquake magnitude
for earthquakes occurring between 1980 and 2013 (modified from [42]. (c) Landslide number and
earthquake magnitudes for earthquakes occurring between 1980 and 2013 (from [11,42]. (d) Land-
slide area frequency relationships for the 2018 Hokkaido, 2014 Lushan, 2017 Jiuzhaigou, and 2017
Nyingchi earthquakes.
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Table 3. Comparison of coseismic landslide inventories of the 2018 Hokkaido earthquake and other
strong earthquakes.

Location Data Magnitude
(Mw)

Landslide Area
(km2)

Area Affect by
Landslides (km2)

Landslide Area
Percentage (%)

Reference
Study

Lushan, Sichuan
Provence, China 20 April 2013 6.6 18.9 5400 0. 35 [12]

Kumamoto, Japan 15 April 2016 7 6.9 6000 0. 115 [43]

Jiuzhaigou, Sichuan
Provence, China 8 August 2017 6.5 8.11 840 0. 965 [11]

Nyingchi, Tibet, China 18 September 2017 6.6 33.61 2050 1.639 [44]

Hokkaido, Japan 6 September 2018 6.6 23.66 388 6.098 This paper

Figure 8d compared distributions of individual area densities of coseismic landslides
in the four selected earthquakeswith similar magnitudes: the 2013 Lushan earthquake
(Mw 6.6), 2017 Jiuzhaigou earthquake (Mw 6.5), and 2017 Nyingchi earthquake (Mw 6.4),
and 2018 Hokkaido earthquake(Mw 6.6). Coseismic landslides of the four selected earth-
quakes generally followed an inverse gamma distribution in which a turning point (peak
value point correspondings to the landslide area with the highest frequency) separates
large-scale landslides (right side of the distribution) and small-scale landslides (left side of
the distribution). The most common landslide area in the Hokkaido earthquake was ap-
proximately 1000 m2, which is consistent with the Nyingchi earthquake in which landslides
mainly occurred in the Grand Canyon region and consisted of rock falls, rock avalanches,
and deposit failures [8]. The most common landslide areas in both the Lushan and Ji-
uzhaigou earthquakes were approximately 100 m2, while landslides occurred mainly in the
Aipline area.

4.2. Comparisons of the Mobility of Coseismic Landslides with Other Strong Earthquakes

Landslide mobility is influenced by slope materials, landslide type and size, hydro-
logical conditions, landslide triggers, and local topography. Hydromechanical principles
fully explain why most landslides occur in wet weather and produce high groundwater
pressures [40,45,46]. The most common types of landslides triggered by the Hokkaido
earthquake were shallow debris slides and flows. These landslides were small- or medium-
sized but characterized as high mobility. Spatial analysis based on the landslide inventory
and DEM was conducted to derive maximum horizontal travel distances (L) and height
differences (H) for coseismic landslides in the Hokkaido earthquake. The H/L ratio (called
the reach angle or apparent coefficient of friction) is a well-known index for expressing
landslide mobility [47]. The density curves of H/L ratios of selected unblocked landslides
triggered by the 1920 Haiyuan, 2008 Wenchuan, and 2018 Hokkaido earthquakes are shown
in Figure 9. The apparent coefficient of friction of the selected 50 unblocked landslides
triggered by the 2018 Hokkaido earthquake ranged from 0.04 to 0.44 with a mean value
of 0.25 (equivalent to a friction angle of 14◦). The H/L ratios of 57 loess landslides that
were triggered by the 1920 Haiyuan earthquake [13] were 0.01–0.52, with an average value
of 0.17 (equivalent to a friction angle of 10◦). The 31 rock landslides triggered by the
2018 Wenchuan earthquake [13] had H/L ratios from 0.1–0.75 and an average value of
0.42 (equivalent to a friction angle of 23◦). It was determined that the mobility of typi-
cal soil slides/flows in the Hokkaido earthquake was stronger than typical rockslides in
the Wenchuan earthquake but was weaker than typical loess slides in the Haiyuan earth-
quake by comparing the mean values of apparent friction ratios (Figure 9). The soil slopes
which were composed of mostly volcanic ash in the Hokkaido earthquake and loess in the
Haiyuan earthquake exhibited higher mobility and lower variation than the rockslides in
the Wenchuan earthquake.
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Figure 9. Probability densities of equivalent coefficients of fraction (revised from [13]).

Figure 10 shows the exponential relationship between landslide height differences and
the maximum horizontal travel distance of coseismic landslides for the 2008 Wenchuan,
1920 Haiyuan, and 2018 Hokkaido earthquake. The maximum horizontal travel distance
increases exponentially with the increase of landslide height difference. The best-fit re-
gression models for L-H relationships are L = 8.308 ∗ H0.935, L = 4.117 ∗ H0.919 and
L = 18.415 ∗ H0.612, for the 2008 Wenchuan, 1920 Haiyuan, and 2018 Hokkaido earth-
quakes, respectively. Figure 10 also shows that the mobility of soil landslides/flows trig-
gered by the Hokkaido earthquake is greater than that of rock landslides triggered by the
2008 Wenchuan earthquake, but lower than that of the loess landslides induced by the 1920
Haiyuan earthquake.

Figure 10. The empirical relationship between landslide height difference and the maximum horizon-
tal travel distance (revised from [13]).
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This phenomenon is likely associated with a combination of many factors. The study
area is a gently rolling hills area, at an altitude of 200 to 400 m [9,48]. Landslides induced by
the Hokkaido earthquake are mainly shallow landslides and relevant studies also revealed
that the study area was covered with pyroclastic deposits. In addition to intermittent
rainfall in the weeks before the earthquake, Typhoon Jebi caused heavy rainfall in the area
on 4 September, which may have soaked and weakened the volcanic soil [15,25,49–51].
The subsequent seismic ground motion may trigger the sudden failure of the entire slope.
Landslides in volcanic deposits generally have higher mobility than those in non-volcanic
deposits due to differences in material properties such as particle size, collapsibility, and
water content. Special lithology and heavy rainfall before the earthquake are the main
reasons for the severity of landslides compared with other events of similar magnitudes.

5. Conclusions

The Hokkaido earthquake (Mw 6.6) struck Iburi subprefecture in southern Hokkaido,
Japan on 6 September 2018, and triggered massive coseismic landslides. This paper first
builds an inventory of coseismic landslides in the Hokkaido earthquake through visual
interpretations of many high-resolution, pre- and post-earthquake satellite images. Based
on this landslide inventory and other supplementary information, the relationships between
the spatial distribution of coseismic landslides and five influencing factors, including PGA,
elevation, slope, aspect, and lithology, were analyzed using a GIS platform. The mobility
characteristics of these coseismic landslides were studied and compared with those from
other earthquakes. The major conclusions are as follows:

(1) The basic statistics of the Hokkaido landslide inventory show that the total number, to-
tal landslide area, and landslide-affected area of coseismic landslides in the Hokkaido
earthquake are 5828, 23.66 km2 and 388 km2, respectively. The average landslide area
density (e.g., the ratio between total landslide area and landslide-affected area) was
6.1%, which indicates that these coseismic landslides were concentrated in a certain
region near the epicenter. Additionally, the most common landslide types were small-
and medium-sized shallow soil slides/flows which consisted of volcanic ash.

(2) A spatial distribution analysis of these landslides shows that the landslides mainly
occurred on slopes at elevations from 100 to 200 m a.s.l. with a southeast aspect and
slope of 20–25◦. There is a rollover point on the slope angle versus landslide areal
density plot (Figure 6), which is quite unique when compared with other coseismic
landslide inventories of recent major earthquakes. This phenomenon suggests that in
addition to earthquake loading, the hydrological slope process may have had crucial
importance for slope failures, especially on slopes that were mostly composed of soil
or debris.

(3) The landslide number, landslide area and landslide-affected area of coseismic land-
slides triggered by the Hokkaido earthquake are consistent with trend of coseismic
landslides for other strong earthquakes. The most frequent landslide area in the
Hokkaido earthquake was approximately 1000 m2.

(4) The apparent coefficient of friction for coseismic landslides in the Hokkaido earth-
quake ranged from 0.04 to 0.44 with a mean value of 0.25, which was higher than
that for the rockslides in the Wenchuan earthquake (Mw 7.9) and lower than that for
the loess landslides in the Haiyuan earthquake (M 8.0). The mobility of typical soil
slides/flows in the Hokkaido earthquake was greater than that for typical rockslides
in the Wenchuan earthquake but weaker than for typical loess slides in the Haiyuan
earthquake, as was determined through a comparison of the mean values of apparent
friction ratios.

For the analysis of coseismic landslide mobility, this paper is limited to the macro
analysis on the ArcGIS platform. In the next step, the physical and mechanical parameters
of rock and soil bodies can be analyzed by field sampling and numerical simulation to
further accurately analyze the coseismic landslide fluidity triggered by the same earthquake
magnitude in different regions.
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