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ABSTRACT: This paper deals with landslides that occurred during the 2016 Kumamoto
Earthquake, Japan in a moderately inclined slope (inclination: 10 to 15 °), which is composed
of volcanic deposits. The objective of this research is to elucidate the mechanism of the landslides in the gentle slope from the perspectives of geology and geotechnics of volcanic soils. To
that end, an integrated approach was adopted: collections of basic data through field survey,
obtain borehole data of the failed and intact parts of the slope, conducting resistivity survey at
the crown of the slope and cyclic testing of collected soil samples (disturbed and undisturbed)
in the laboratory. Liquefaction of pumice layer situated above a non-permeable tephra layer
was found to be the primary cause of such extensive landslides in the gentle slope.

1 INTRODUCTION
The 2016 Kumamoto earthquakes are a series of earthquakes including a main shock of magnitude 7.0, which struck at 01:25 JST on April 16, 2016 beneath Kumamoto City, Kumamoto
Prefecture, Japan, at an epicentral depth of about 10 kilometers. The main shock was preceded
by a foreshock of magnitude 6.5 that struck at 21:26 JST on April 14, 2016, at an epicentral
depth of about 11 kilometers. The chain events of foreshock and main shock that occurred
within 28 hours, called The 2016 Kumamoto Earthquake, resulted in huge loss of lives and
properties in many areas of Kumamoto prefecture. In Aso caldera area, numerous landslides,
slope failures and debris flows (Figure 1) killed many people, and paralyzed the transportation
network in that area. The prominent amongst them were two huge landslides: one is a landslide
covering a length of about 700 m and width of about 200 m that caused not only complete
blockade of route 57, but also resulted in complete collapse of the Aso bridge, and the other is
the wide spread surficial and fluidized landslides in a gentle slope in Takanoobane area. The
landslides in Takanoobane swept away several houses killing four people (Figure 2a). Hazarika
et al. (2017) conducted a detailed field investigation and found that the landslide occurred on a
moderately inclined slope (inclination: 10 to 15 °). Also, orange-colored pumice soils (referred
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Figure 1. Distribution of landslides, slope failures and debris ﬂows in and around Aso caldera (Modiﬁed based on data from Geospatial Information Authority of Japan).

Figure 2. Landslides in gentle slopes in Takanoobane lava dome of Aso caldera: (a) ﬂuidized ﬂow and
damage to houses (b) scattered pumice soils in the area.

hereafter as Orange soil) were found to be scattered here and there around the failed slope
(Figure 2b). In addition, relatively consolidated tephra layers with low permeability were found
to exist beneath the orange-colored pumice layers in the slope, and they were found to be intact.
Furthermore, seepage flow emanating from the pumice layer on the scarp was observed during
rainfall. These led the authors to believe that, the deformation and failure of pumice layer
(Orange soil) in the slope may have caused the landslides during the earthquake.
Volcanic ash soils are distributed all over Japan, and they continue to pose challenges to
geotechnical engineers. The physical and mechanical characteristics of volcanic soils change,
depending on the location of the volcanoes and the era in which the eruption occurred. Therefore, it is necessary to evaluate the characteristics of volcanic soils for designing geotechnical
structures, and prepare hazard maps against potential disasters in those areas. In Japan, several researchers in the past investigated the characteristics of such soils including the damage
to structures during earthquakes (Sassa 2005, Miyagi et al. 2011, Kazama et al. 2012, Dang
et al. 2016, Song et al. 2017). Also, the deformation and failure characteristics of volcanic soils
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through triaxial testing were reported by several researchers (Hatanaka et al. 1985, Suzuki &
Yamamoto 2004, Ishikawa & Miura 2011, Sumartini et al. 2018a).
This study was aimed at investigating the mechanism of landslides in the gentle slopes of
Takanoobane area based on the detailed geological investigations, and the volcanic soil’s
cyclic loading characteristics through laboratory tests. First, the geological profile of the slope
was examined by using resistivity imaging test. The results of the resistivity imaging were then
validated through borehole test data of the slope. The soil behavior was evaluated by performing a series of the undrained triaxial test under cyclic loading on disturbed and undisturbed
samples collected from the site. In addition, microscopic examinations of the soil specimens
were also carried out.

2 LANDSLIDES MECHANISM FROM GEOLOGICAL PERSPECTIVES
2.1 Geological characteristics
For Takanoobane area, the types of volcanic deposits and their origin according to ages are
shown in Table 1 (Miyabuchi et al. 2004). The schematic profile of the slope is shown in
Figure 3. The figure also shows the dominant chemical and mineral content of each layer based
on the XRD and XRF tests conducted by Sumartini et al. (2018b). The profile reveals that
numerous deposits of volcanic soil with different colors and characteristics form the slope.
Table 1. Origin and age of soils in different layers
Types of deposits

Origin

Age (Cal ka)

Black soil
Brown soil
Dark brown soil
Light brown and grayish soil with sand
Light brown soil
Orange soil
Blackish soil

Organic (OL)
Aso Central Cone Pumice (AC)
Kikai Akahoya Ash (K-Ah)
Otogase Lava Pumice (Otp)
Aira Tn (Atn)
Kusasenrigahama Pumice (Kpfa)
Takanoobane Lava Pumice (Tp)

10-present
7.3-10
7.3
29-7.3
29
31
51±5

Figure 3.

Details of the geology of the slope in Takanoobane (modiﬁed from Sumartini et al., 2018b).
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Figure 3 reveals that for all the deposits, alumina oxide concentrations are relatively high,
suggesting that the deposits underwent weathering for a long period of time. Although the
orange soil (Kpfa) and the blackish soil (Tp) are located beneath the other deposits, their alumina oxide concentrations are higher than the other soils. It is possible, because they are
located on the ground water bed, which transports Al and removes alkalis during the weathering process (Patterson, 1971). Therefore, it can be concluded that the Orange soil (Kpfa) had
been undergoing weathering, and they could be one of the main causes of the landslides.
Figure 3 also reveals that all the soils, except the black soil layer on the top (OL), contain
feldspar, which is a relatively brittle mineral. The orange soil has the highest percentage of
feldspar (97%) amongst the soils, and thus, is easily crushable under cyclic loading.
2.2 Microstructural characteristics
SEM (Scanning Electron Microscope) tests were conducted on all the six different soils shown
and listed in Figure 3. Figure 4 shows the results of the SEM tests, from which it can be seen
that all the soils have vesicular structures. The Orange soil (Kpfa), however, visibly has the
largest pores (Figure 4e) and the least grain bonding as compared to the other five soils. This
indicates that the Orange soil is vulnerable to crushing during the cyclic loading. Especially,
during the 2016 Kumamoto Earthquake, when the slope was subjected to two large magnitude
earthquakes in the form of fore shock and main shock within 48 hours, the soils particles
might have crushed under such repeated loading condition.
2.3 Resistivity test
Since the early 20th century, classical electrical prospecting technology, has been in use for
prospecting oil and mineral resources. In the 1980s, the advancement of computers enabled
high-speed and accurate switching between electrodes using multiple electrodes. Also, the
increase in data processing speed enabled the prospecting and analysis in a relatively short
time. At the same time, the accuracy of prospecting for resistivity profiling drastically
improved with the development of technology based on inversion analysis of the measured
data (Loke, 1996). For grasping the structure of soils at shallow depths within the ground,
arrangement of the electrodes in the dipole-dipole method was considered to be very effective
(Takeuchi, 1985) and this method was adopted here.
Trimble R4 GNSS GPS type resistivity measurement device was used in our investigations
for resistivity analysis of the site. Accuracy of measurement is basically considered to be low,
when the thickness of the layers is smaller than the spacing between electrodes. In the survey,

Figure 4. SEM test results for different deposits in the slope: (a) black soils (b) brown soils (c) light
brown soils (d) sandy light brown and grayish soil (e) orange soils (f) blackish soil.

824

Figure 5.

Arrangement for resistivity imaging tests and bore hole locations.

electrodes were placed at a spacing of 2.0 m. The errors in the accuracy of measureements in
this case, were mainly the kinematic errors: 10 mm horizontally and 20 mm vertically. As
shown in Figure 5, two traverse lines were arranged: one in the north-south (AB line) direction. and the other in the east-west (C line) directions. The locations of the borhole investigations (A1 to A8) are also shown in the same figure. These borhole data were used to calibrate
the data obtained from the reisistivity imaging method (RIM).
2.4 RIM test results
Figure 6 shows the resistivity profiles along the A-B (north-south) and C (east-west) lines. An
outline of the resistivity distributions and the geological interpretations are given below.
1. From the black soil until light brown soil, the resistivity varies from 160 Ωm to 320 Ωm.
They are assumed to be a new tephra layer.
2. Thin layers with resistivity ranging from 500 Ωm to 600 Ωm are continuously distributed
nearly within a depth of 1.0 m.
3. Areas with resistivity 100 Ωm or lower are distributed in layers along both the A-B and C
lines. The proﬁles show the layer thickness of 1 m or larger. This resistivity value indicates
that those are clay layers or saturated sand or gravel layers. They are considered to be the
Kusasenrigahama pumice fall deposit (Kpfa) based on the geological conditions of the
slope. Kpfa layer is distributed unevenly along the AB-line: at an extremely small depth of
approximately 3 m (from the starting point to 100 m), and at maximum depth of 10 m
(starting at 100 m to the end point). In the direction of slope (along the C line), the layer is
distributed at an extremely low depth of 3 m (from 75 m to the end point), to a relatively
high depth of 7 m (from 30 m to 65 m).
4. Areas with resistivity of 160 Ωm to 640 Ωm are observed above the area of high-resistivity
zone, which is the Takanoobane lava. This layer can be considered to be relatively consolidated pumice fall deposit, which acted as a potential slip surface of the landslides.

825

Figure 6.

Resistivity proﬁles of the slope.

Figure 7. Borehole information showing the thickness of Kpfa layer: (a) at A5 (b) at A6 (c) at A7
(d) at A2.

2.5 Calibration of RIM test results from bore hole data
The boring core samples at locations A5, A6 and A7 (located in the part of the slope that did
not fail) and A2 (failed part of the slope) are shown in Figure 7. It can be seen that the thicknesses of the Kpfa layer at those locations are small (20 cm in A5, 32 cm in A6 and 10 cm in
A7) in contrast to A2, where the thickness of the layer is about 60 cm at the depth of 7 m from
the ground surface. Since A5, A6 and A7 are located in the part of the slope where no failure
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occurred, and A2 is located in the failed part of the slope, this suggests that the thickness of the
Kpfa layer (Orange soil deposit) played a major role in the landslide triggering mechanism.

3 LANDSLIDES MECHANISM FROM GEOTECHNICAL PERSPECTIVES
Undisturbed samples from the Orange soil deposit were collected at a depth of 8 m from the
scarp at the landslides site (Figure 8) of Takanoobane. Various physical properties of the
Orange soil were measured in the laboratory, which are listed in Table 2. The soil has a low
specific gravity, which varies from 2.24 to 2.38. The water content of the soil varies from
54.62% to 58.36%, with plasticity index of 25.15, which can be considered to be high. The
grain size distribution curve of the Orange soil is shown in Figure 9. The figure reveals that it
contains more than 60 % fines. As per Japanese Geotechnical Society classification standard
(JGS 005-2009), the soil can be classified as volcanic soil type II.
3.1 Test procedures
The deformation characteristics of the Orange soil are evaluated using cyclic triaxial tests in
undrained condition using both undisturbed and disturbed samples. To maintain the same density, the tested samples from the undisturbed ones were reconstituted and reused in preparing the
disturbed samples. The samples tested were of 50 mm in diameter and 100 mm in height. Double
negative pressure and appropriate back pressure were applied to the samples, and they were

Figure 8.

Collection of samples at site.

Figure 9.

Grain size distribution of the Orange Soil.
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Table 2. Physical properties of the Orange soil
Physical Properties

Values

Speciﬁc Gravity
Dry Density, g/cm3
Wet Density, g/cm3
Water Content, %
Liquid Limit, %
Plastic Limit, %
Plasticity Index

2.24-2.38
0.51-0.58
1.23-1.30
54.62-58.36
113.40
88.25
25.15

isotropically consolidated at the target effective confining pressure commensurate to the field
condition. B-values > 0.95 was maintained to ensure complete saturation of the samples before
shearing. The frequency of the cyclic axial load was 0.1 Hz for the undrained triaxial cyclic tests.
The tests were performed for different values (low to high) of cyclic stress ratio (CSR).
3.2 Test results and discussion
Figures 10 and 11 show the responses of the undisturbed samples under undrained condition.
Figures 12 and 13 show the same responses for the disturbed samples. The figures show that
regardless of its cyclic stress ratio (CSR), all the samples exhibit cyclic mobility behavior.
Also, the stress paths of both the undisturbed and disturbed samples exhibit similar trends.
However, the disturbed samples undergo liquefaction even at lower CSR. The effective stress
path of both the samples indicates that the effective stress in the undisturbed samples tends to
decrease at a lower rate than in the disturbed samples. Accordingly, the undisturbed samples
appear to be more resistant to liquefaction.

Figure 10. Response of the undisturbed sample (CSR = 0.274, σc' = 60 kPa): (a) effective stress path (b)
shear stress versus shear strain (c) shear strain versus number of cycles (d) pore water pressure ratio
versus number of cycles.

Figure 11. Response of the undisturbed sample (CSR = 0.502, σc' = 60 kPa): (a) effective stress path (b)
shear stress versus shear strain (c) shear strain versus number of cycles (d) pore water pressure ratio
versus number of cycles.
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Figure 12. Response of the disturbed sample (CSR = 0.268, σc' = 60 kPa): (a) effective stress path (b)
shear stress versus shear strain (c) shear strain versus number of cycles (d) pore water pressure ratio
versus number of cycles.

Figure 13. Response of the disturbed sample (CSR = 0.402, σc' = 60 kPa): (a) effective stress path (b)
shear stress versus shear strain (c) shear strain versus number of cycles (d) pore water pressure ratio
versus number of cycles.

The generation of excess pore water pressure in each CSR is much faster for the disturbed
samples as compared to the undisturbed samples. This indicates that the deformation of the
soil structure due to the reconstituting process has a significant effect on the excess pore water
pressure development. Such behavior also indicates that while the foreshock (when the soil
was in undisturbed state) could not liquefy the soil, during the main shock (when the soil was
in disturbed state due to foreshock) the soil liquefied leading to flow type failure in the slope.
Under low CSR, the undisturbed sample does not liquefy at lower number of cycles and
starts liquefying only at cycles as high as 172.5. On the other hand, at the same CSR, the disturbed sample starts liquefying at 18 cycles. Under high CSR, the undisturbed samples can
sustain higher number of cycles until the liquefaction. On the other hand, the disturbed samples start liquefying at number of cycles as low as 4.1, and flow type failure takes place.
All these figures also indicate that the strain development in the disturbed samples is faster
than the undisturbed sample. Therefore, it can be concluded that once the soil was disturbed
during the foreshock, it became more vulnerable to liquefaction during the main shock. These
results indicate as to why the slope did not fail during the foreshock on April 14, and it failed
only during the main shock on April 16.
Figure 14 shows the liquefaction susceptibility of the undisturbed samples as compared to
the disturbed samples at the effective stress of 60 kPa. If we compare the results at 20 cycles,
they indicate that 7.5% double amplitude axial strain in the undisturbed samples occurs only
at very high CSR value of 0.5. However, in the case of the disturbed sample, for the same
double amplitude strain at 20 cycles, the CSR value is 0.310. Accordingly, it can be deduced
that the liquefaction resistance of the disturbed samples is quite low. For comparison, the
results from torsional shear tests on similar samples (orange soil from Aso) conducted by
Umar et al. (2016) are also plotted in the same figure. Considering the fact that the CSR of
triaxial test is double that of the torsional shear test, it can be concluded that both the tests
show similar trends regarding the liquefaction resistance of the samples.
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Figure 14. Liquefaction susceptibility of Orange soil.

Figure 15. States of soil sample: (a) before cyclic loading (b) after cyclic loading.

Figure 15 shows the SEM analysis results (Sumartini et al. 2018b) of the soil structure, before
and after the cyclic tests. Figure 15a shows that, before the test, the soil skeleton is formed by
crystal flakes with high porosity. In comparison, a look at the soil skeleton after the test
(Figure 15b) reveals that the crystal flake size has been reduced, which resulted in an increase in
the amount of fine particles. This figure once again confirmed the crushability of the Orange
soil under cyclic loading. As discussed in sub-sections 2.1 and 2.2, higher percentage of feldspar
contents (97%) and vesicular structure are responsible for such brittle behavior of this soil.

4 CONCLUSIONS
The following are some of the important conclusions, which could be derived, based on this
research.
1. The orange colored pumice deposit (Kpfa), which was found to be scattered here and there
in the landslides site after the 2016 Kumamoto earthquake, has low resistivity, and it is
very likely to be in a groundwater aquifer.
2. Through the resistivity imaging results and their calibration using the borehole data, the
thickness and location of the Kpfa layer as well as the Tp lava layer (water rich impermeable blackish soils) could be conﬁrmed.
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3. Microstructural characteristics of the soil deposits and their alkali concentration suggest
that, the orange colored pumice soils and the blackish soil are the most susceptible to failure during earthquake, as compared to the other four deposits.
4. Calibration of boring data and resistivity imaging also shows that, no landslides occurred in
the west side of the slope due to the geological structure and formation on that side of the
slope.
5. The pumice soil layer (named as Orange soil in this paper) liqueﬁed during the main shock
of the earthquake, which is the main trigger mechanism of the landslides in such gentle
slopes.
6. It was also found that the foreshock was not large enough to trigger the landslides, rather
it was the main shock, which caused liquefaction and triggered the landslides.
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