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ABSTRACT: Many grabens formed in the caldera of the Aso Volcano during the 2016 Kuma-
moto Earthquake. About 100 houses were severely damaged due to the grabens. The authors con-
ducted detailed site investigations to determine the mechanism of the grabens. The measurement
of the displacement by SAR from satellites showed horizontal displacements of about 2 to 3 m
occurred. A surface wave survey clarified that the grabens were formed by the horizontal extension
force from local large displacements. Deep borings and micro-tremor measurements showed that
soft clay is deposited from GL-17 m to GL-51 m and the bottom of this soft clayey layer is
inclined. Therefore, it was estimated that the earthquake caused the shear modulus of the soft clay
to decline quickly and large displacements occurred because the bottom of the clay layer is
inclined.

1 INTRODUCTION

The Kumamoto earthquake, which occurred in 2016, caused a special and strange belt-like
subsidence, called “graben,” which has not occurred in past earthquakes, formed in various
parts of the Aso Valley in the Aso caldera as shown in Figure 1. These grabens caused severe
damage to approximately 100 houses, roads, water and sewage pipes, rice fields, and river
dikes. After the earthquake, several ideas on the underlying mechanisms of the grabens have
been proposed. However, no unified view of these mechanisms has been reported yet. Further-
more, owing to the damage to houses, lifelines, roads, river revetments, agricultural lands,
etc., elucidating the aforementioned mechanisms were required for their restoration. Thus, the
authors conducted detailed site investigations, etc. to determine the mechanism of the grabens
and to propose an appropriate method to restore the affected ground to a usable state. Then,
with the support of JSPS KAKEN, in May 2017 the authors scheduled a three-year plan. The
followings are study items:
<Research on the mechanism of the graben and restoration method>
1) Estimation of surface deformation, 2) Investigation on damage, 3) Grasp of soil condition

in Aso Valley, 4) Survey of shallow soil condition, 5) Survey of deep soil condition, 6) Analysis
of seismic wave, 7) Detailed soil investigation, 8) Investigation of the depth of cracks, 9) Obser-
vation of soil samples, 10) Test on the physical and mechanical properties soil samples,
11) Model tests, 12) Analyses for the mechanism of the graben, and 13) Propose on the restor-
ation method.
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<Possibility of the occurrence of the graben in other area in Japan>
14) Study on the possibility of the occurrence of the graben in other area in Japan, and 15)

Propose appropriate countermeasures.
Presently, the authors have completed stages 1) through 10) of this plan.

2 INVESTIGATION ON SURFACE DEFORMATION AND DAMAGE

2.1 Measurement of the surface deformation by Synthetic Aperture Radar (SAR)

The Japan Aerospace Exploration Agency (JAXA) conducted three directional observations of
ALOS-2/PALSAR-2 for detecting the deformation caused by the Kumamoto Earthquake. The
authors employed the resulting data to investigate the occurrence of earthquake-induced surface
deformation in the northern part of the Aso caldera. By the interferometry of the images
observed before and after the Kumamoto Earthquake, the amount of deformation of the
ground surface that occurred during this time was measured (Shimada et al., 2018, Yasuda
et al., 2018). Measured result showed that the ground has displaced to the north side by several
tens of centimeters in the whole Aso Valley, in the north side. However, there are districts where
the amount of change seems to be particularly large, such as Kario and Unichinomaki districts.
The Geospatial Information Authority of Japan (GSI) has created a distribution map of

cracks that were generated during the Kumamoto Earthquake. This map has been made avail-
able online (GSI, 2016). The authors tried to identify whether the crack that occurred in the
Aso Valley was caused by the graben. By adding in situ survey, we were able to conclude that
grabens occurred in the zones indicated by the ellipses in Figure 1. Grabens occurred from
northeast to southwest direction in the area from Ozato to Matoishi, and from northwest to
southeast direction in the area of Yakuinbaru. The damage situation in Kario, Uchinomaki
and Matoishi districts is depicted in Figure 2.

2.2 Hearing of inhabitants on the damage during the Kumamoto Earthquake

Regarding the thorough survey on the disaster situation in the local area, we interviewed
inhabitants at Kario, Uchinomaki, and Ozato districts, where houses and lifelines underwent
significant damage. Two people from the graben appeared at Kario district, testified that their
houses settled without much feeling of shaking.

Figure 1. Estimated zones where graben occurred in Aso Valley.
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2.3 Analysis of the ground deformation along five lines

Based on the distribution of displacement measured by SAR, horizontal displacement, vertical
displacement, and horizontal strain of the ground along typical lines in the five districts were
analyzed. Figure 3 depicts the results along the ① to ①’ line at Kario district. Positive hori-
zontal displacements in the figure shows the displacement to the northwest direction. The

Figure 3. Distribution of displacement and strain along a line in Kario district.

Figure 2. Damage due to the grabens at three districts.
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horizontal and vertical displacements and the strain in the horizontal direction were compared
with the location of the graben:

(1)Approximately 50 cm of horizontal displacement occurred in the whole area from ①’ to
approximately 1800 m.

(2)Horizontal displacement and settlement sharply increased from 1800 m to 1700 m, and
large tensile strain was generated. After the horizontal displacement reached a peak value
of approximately 2.5 m (a value obtained by subtracting the displacement amount of the
entire district), and the tensile strain reached a negative peak value of approximately 2.5%,
the horizontal displacement decreased to approximately 1450 m.

(3)From 1400 m to 1050 m, the horizontal displacement gradually decreased, and the vertical
displacement increased.

The same tendency was also observed in the Uchinomaki, Ozato and Matoishi districts.

2.4 Analysis of seismic waves

In the area where grabens occurred, acceleration waveforms were recorded at two earthquake
observation points, Uchinokaki and Ogaishi as shown in Figure 1. Then displacement waves
were estimated by integrating the acceleration time history. Figure 4 shows the measured
acceleration waveform and estimated displacement waveform in north-south direction at
Uchinomaki and Ogaishi, respectively. In the acceleration waveform at Uchinomaki, a spike-
shaped peculiar behavior appeared about 20 seconds from the start of the record, then a large
displacement of about 350 cm at the maximum occurred in the north direction and a residual
displacement of about 250 cm was induced. At Ogaishi, an acceleration waveform similar to
that at Uchinomaki was recorded, the acceleration shifted from about 23 seconds to the
north, and a spike-shaped peculiar behavior appeared about 24 seconds. In the displacement
waveform, the movement started from about 23 seconds to the north, displacement of about
230 cm at the maximum was found around 28 seconds, and finally the residual displacement
was about 130 cm. These estimated displacements coincide fairly well with the displacements
measured by SAR described before.

3 SURVEY OF SOIL CONDITION

3.1 Collection of existing boring data in the Aso Valley

In order to understand the soil layers in the Aso Valley, the authors collected the existing
boring data taken by Aso City, Kumamoto Prefecture, etc. Based on these data, when

Figure 4. Measured acceleration waveform and estimated displacement waveform in north-south direc-

tion at Uchinomaki and Ogaishi.
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estimating the cross section of soil layers along the Kuro River at Uchinomaki district, we
found, starting from the ground, a filled soil layer, a loose sand or soft clay layer, a relatively
dense sand layer, and a thick clayey layer deposited. Literature survey showed that a lake was
formed approximately 9000 years ago in the Aso Valley within the range shown in Figure 1
(Hase et al., 2010). We assume that the thick clayey layer sedimented in this lake.

3.2 Thorough investigation on the ground condition under the grabens

Among the places where grabens occurred, the areas of Kario, Uchinomaki and Ozato dis-
tricts needed further investigation on the soil condition of the surface layer for restoring the
houses. To this end, surface wave exploration was carried out. Figure 5 depicts the exploration
results of the Kario district. S-wave velocity slowed somewhat in the subsided section com-
pared with both sides. In particular, they clearly differed from the south side. The same ten-
dency was also observed in the Uchinomaki and Ozato districts. As shown in Figure 3, the
ground moved at Kario district to the northwest side by approximately 2.5 m at the subsided
section. It is considered that a large tensile strain of approximately 2.5% occurred. Therefore,
as shown in Figure 6, it seemed that the horizontal earth pressure decreased due to horizontal
tensile stress resulting from the occurrence of the graben.
In the next stage, borings, SPT, sampling, and PS logging were conducted at four sites in

order to thoroughly investigate the condition of deep soil layers at Kario district. Figure 7 is

Figure 5. Distribution of S-wave velocity at Kario district.

Figure 6. Process of the

graben occurrence.

Figure 7. Soil cross section at Kario district.
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an estimated soil cross section under and around the graben. A sandy or clayey layer with a
thickness of approximately 17 m deposited from an altitude of 478 m to 461 m. In the north
zone from the graben, clayey and sandy layers deposited alternately. The SPT N values of the
clayey and sandy layers are approximately 5 or less, and 10 to 30, respectively. In the south
zone, a dense sandy layer with SPT N values of 15 to 40 was deposited. On the other hand, the
soil sediment in the old lake ranges from clayey silt to silty clay with SPT N values of 1 to 3.
Moreover, it was found that a sandy layer interposed in the lake deposit at approximately 430
m to 440 m altitude. The upper surface of the lake deposit is almost flat. On the contrary, the
bottom of the lake deposit is inclined with a gradient of approximately 3% toward north. The
interposed sandy layer is also inclined with almost the same gradient.

3.3 PS logging

Figure 8 shows the S-wave velocity in depth measured by PS logging at the No. 2 site in the
Kario district. The S-wave velocity is slightly faster than 200 m/s from the ground surface to
G.L. -17 m. In the lake deposit clay layers, although the value of SPT N is only 1 to 3, the
S-wave velocity is fairly fast, from 140 m/s to 150 m/s. The S-wave velocity in the bottom layer
of the lake deposit is 420 m/s, which is very high, indicating that it is a hard layer.

3.4 Microtremor array observation to study the deep soil layers

Microtremor array observation was carried out at about 50 sites in the area where grabens
were induced to estimate the depth and the hardness of deep soil layers (Ohbo et al., 2018). In
the observation at a site, three-directional geophones were placed at 6 points on the ground
surface, and microtremors were measured. Figure 9 shows a series of the estimated S-wave
velocities in depth at 5 sites along the same line shown in Figure 7. If it is assumed that the
S-wave velocity of the soil layer at the bottom of the old lake is greater than 200 m/s, the
bottom of the old lake is estimated to be V-shaped, as shown in Figure 9.

3.5 Reflection survey to study the depth of the bottom of the old lake

As the depth of the bottom of the old lake shown in Figures 7 and 9 is estimated at only several
sites, the depth was measured continuously by a reflection survey along 600 m of the ①- ①’line
in Figure 3. Geophones were placed at an interval of 5 m and the ground surface was shaken by

Figure 8. S-wave velocity in depth at

the No.2 site measured by PS logging.

Figure 9. S-wave velocities in depth measured by microtre-

mor observation.
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an oscillator at an interval of 2.5 m. According the result shown in Figure 10, the estimated
bottom of the lake deposit is inclined.

4 CYCLIC TORSIONAL TEST TO OBTAIN SOIL PARAMETERS FOR RESIDUAL
DEFORMATION ANALYSIS

Based on the studies mentioned above, the authors confirmed that the bottom of the old lake is
V-shaped and assumed that the lake deposited soil flowed due to the earthquake, causing the
horizontal displacement of the surface soil layer and the graben at the ground surface, as sche-
matically shown in Figure 11. The authors also believe that the flow of the lake soil may be
simulated by the “ALID,” residual deformation analysis (Yasuda et al., 2017), same as the simu-
lation conducted before (Yasuda et al., 1992) for liquefaction-induced flow. Thus, the authors
are conducting cyclic torsional shear tests to obtain soil parameters for the ALID analysis using
undisturbed samples taken at the No.2 site in the Kario district. Figure 12 shows stress strain
curves after cyclic loading for the lake deposited clay at the depth of about 25 m. FL value in the

Figure 10. Results of reflection tests conducted in the Kario district.

Figure 11. Diagram of current understanding of the mechanism of graben formation.

Figure 12. Stress strain curves after cyclic loading in different FL.

5744



figure is the ratio of shear stress amplitude to the shear stress amplitude just failure. Namely, if
FL<1.0 the sample failed. If the stiffness of the soil is defined as the ratio of shear stress by shear
strain at 1%, the stiffness of the sample FL=0.7 is about 1/100 of the stiffness of the samples at
FL>1. Therefore, the authors estimate that the shear stiffness of the lake deposit soil decreased
due to the shaking of the Kumamoto Earthquake, resulting in large deformation and the gra-
bens. The authors will conduct analysis by ALID after finishing all soil tests.

5 CONCLUSIONS

Many grabens, approximately 50 m wide, formed in the caldera of the Aso Volcano during
the 2016 Kumamoto Earthquake. The authors have conducted comprehensive on-site investi-
gations to determine the underlying mechanisms of the grabens. The main conclusions drawn
to date are listed below:

(1)Horizontal displacements of approximately 2 m to 3 m occurred, causing horizontal tensile
strain at, and around, the grabens.

(2)Horizontal earth pressure decreased due to the horizontal tensile strain resulting in the
occurrence of grabens.

(3)A thick clayey layer sediment deposited in an old lake under a graben. The bottom of the
soil layer is inclined.

(4)It was estimated that the earthquake caused the shear modulus of the soft clay to decline
quickly and large displacements occurred because the bottom of the clay layer is inclined.
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