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Gravity survey has been carried out around cen-
tral part of Mashiki, Kumamoto, Japan, where was
severely damaged by 2016 Kumamoto earthquake.
Dense observations were performed at more than
450 sites around the central part of Mashiki. The ob-
servation sites satisfy enough density to discuss density
structure shallower than 500-meter depth around the
target area. After applying some corrections to the ob-
served data, Bouguer anomaly is obtained and three
dimensional model of gravity basement is estimated.
As a result, a graben runs parallel to the Akitsukawa
River and some isolated small basins are found inside
of the graben. The central part of Mashiki is located
immediately above of the one of such the small basins.
We also analyze focusing and defocusing effects of ray
of seismic wave under very simple assumptions and it
is found that the central part of Mashiki locates close
to a focusing area.

Keywords: gravity survey, 2016 Kumamoto earthquake,
gravity basement, ray tracing, focusing and defocusing

1. Introduction

The 2016 Kumamoto earthquake of April, 2016
brought serious damage to Kumamoto area, Japan. Espe-
cially, JMA intensity of 7 were observed twice by Mw6.2
large earthquake of April 14, in which we call this fore-
shock hereafter, and Mw7.0 main shock of April 16.
These sequential two earthquakes caused serious damage
of wooden structures in Mashiki, Kumamoto (e.g., Ya-
mada et al. [1], and Bai et al. [2]).

To discuss the structural damage, many researchers
carried out various surveys to identify the ground struc-
tures for estimation of ground motions. For example,
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Hata et al. [3,4] performed dense microtremor survey
around central part of Mashiki. Target frequency range
for many of microtremor survey is higher than 1 Hz, thus
it is suitable to estimate very shallow velocity structure
of ground. Many borehole information is available for
shallow ground around Mashiki area. These information
plays very important roles to discuss the local site effects
of ground motions at a specific site.

On the other hand, there are few information on seis-
mic bedrock, which corresponds to layer of hard rock and
is called bedrock or basement for simplicity hereafter, not
to engineering basement. Many of hamlets of Mashiki
area locate on plain field around Akitsukawa and Kiya-
makawa River and are surrounded by hilly or mountain-
ous areas. Information on bedrock configuration under
such the hamlets are still not enough to discuss ground
motions over a regional scale.

Generally speaking, there are significant contrast of
density at the boundary between sediments and bedrock.
Thus, gravity survey is a useful technique to estimate
bedrock configuration and various applications are avail-
able (e.g., Akamatsu et al. [5], Komazawa et al. [6], and
Goto et al. [7]).

We carried out gravity survey around central part of
Mashiki, Kumamoto, Japan to model a three dimensional
configuration of bedrock and preliminary discussion on
the earthquake ground motions.

2. Observations and Results

2.1. Gravity Survey and Bouguer Anomaly

We carried out gravity survey around central part of
Mashiki, Kumamoto, Japan, where is severely damaged
by 2016 Kumamoto earthquake. The observations were
performed from November 28 to December 2, 2016.
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Fig. 1. Observation sites and terrain map around central part
of Mashiki, Kumamoto, Japan. Blue dots are observation
sites for gravity, blue solid lines are rivers, thick gray line is
expressway, and thin gray lines are roads. Contour interval
is 10 m for elevation. Italic letters are names of hamlets and
sans-serif letters are names for typical sites.

We applied three G-type gravimeters (G911, G1034, and
G1047) manufactured by LaCoste & Romberg and one
CG-3M gravimeter (S/N 258) by Schintrex. For the obser-
vations, we set a gravity reference at a parking lot for the
park by Akitsukawa River, where we call this site AKC
hereafter, and AKC is shown as a closed triangle in Fig. 1.

To minimize the error attributed to the drift nonlinear-
ity, we measured gravity values at the AKC station three
times a day: as beginning and end of the observation, and
around noon.

We set observation sites more than 300 sites around
the central part of Mashiki with about 50-meter intervals,
where is most severely damaged area. And, more than
150 sites surround the central part with 250- to 500-meter
intervals. The observation sites are shown as small dots
in Fig. 1. The total number of sites are 463 and sites are
distributed enough to discuss density structure shallower
than 500-meter depth around central part of Mashiki.

The positions of sites are determined through rapid
static survey, which use network RTK (real time kine-
matic) of a technique for GPS (global positioning sys-
tem) survey, and differential survey for post processing,
which refers to data of GEONET (GNSS earth observa-
tion network) system [8] provided from GSI (Geospatial
Information Authority of Japan). For the latter analysis,
we refer two sites of GEONET as references, that is, Ku-
mamoto (ID: 950465, called KSG hereafter) and Jyonan
(ID: 021071, called JYN), where these sites are shown in
Fig. 2. The accuracies of the site position determination
are sub-centimeter in vertical and enough for the analysis
of gravity data.

The absolute value of gravity at AKC is determined
from the value at KSG. The gravity values were changed
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Fig. 2. Epicenters for rupture starting points of each asperity
proposed by Nozu [14, 15]. Closed circles show asperities
(AS1, AS2, and AS3) for main shock and open circles (AS4
and ASS) for the largest foreshock. AS4 and ASS are almost
overlapped. Blue rectangulars for GEONET stations (KSG
and JYN) and reference sites for absolute gravity (TKI and
KSG). The gray rectangular corresponds with the area shown
in Fig. 1.

Fig. 3.
2400 kg/m?3. Contour interval is 0.2 mGal.

Bouguer anomaly map with assumed density

after the 2016 Kumamoto earthquake because of dias-
trophism, though they updated the gravity value at a
reference site, where is close to Kumamoto airport and
called TKI hereafter. The value at KSG was determined
through the closed observations between KSG and TKI
as 979553.3896 mGal. We performed closed observa-
tions between AKC and KSG on November 28 using CG-
3M, and obtained the difference of gravity values between
these two sites as 6.283 mGal, thus the value at AKC is
determined as 979547.107 mGal.

For the analysis of the observed gravity values, some
corrections are applied, that is, instrument height, drift
of gravimeter, earth tide, elevation (known as freeair cor-
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Fig. 4. Birds-eye view of gravity-basement model from
south-west side. 500 kg/m> is applied for density contrast
between basement and sediment.

rections), and terrain [9]. The assumed density is set to
2400 kg/m?® and Bouguer anomaly is obtained as shown
in Fig. 3. To determine the assumed density, we calculate
many Bouguer anomaly maps with various values of as-
sumed densities and choose a value which provides low-
est correlation between the Bouguer anomaly and topog-
raphy. The assumed density corresponds to the density
of basement. For the calculation of Bouguer anomaly,
we merge existent gravity data at 114 sites in the target
area [10] and analyze data at 577 sites together.

2.2. Three Dimensional Model of Gravity Basement

Gravity basement is modeled to satisfy the obtained
Bouguer anomaly. First, upward continuation filter [11]
with band-path of 50 to 3000 meters is applied to remove
gravity anomaly of regional component with a large wave-
length, which corresponds to effects from very deep den-
sity structure. This means that the filtered anomaly corre-
sponds to the density structure shallower than about 1 km
depth [9]. In this depth range, the largest contrast of den-
sity must be found on a boundary between sediments and
the bedrock. Thus, this suggests that the filtered anomaly
reflects the bedrock configurations.

It is known from many borehole data that the sediments
consist of sands and/or sand gravels and bedrock is an-
desite around the target area. Then, the density contrast
is set 500 kg/m3 between sediments and bedrock, whose
density can be assumed as 2400 kg/m>. The constraints of
the depth to bedrock are given from borehole data at two
sites: KMMH16 and NKO in Fig. 1. KMMH16 is an ob-
servation site for strong motion of KiK-net [12], where
the borehole reaches to bedrock with 2700 m/s of shear
wave velocity at 235 meters from the ground surface. A
borehole at NKO also reaches to bedrock at 8.5 meters.

3D gravity basement model is shown in Fig. 4 for birds-
eye view and Figs. § and 6 for contour lines with 20-meter
interval. Fig. 4 shows the view from south-west corner of
the target area.

The configuration of bedrock seems to reflect the sur-
face topography, generally. however, a graben runs par-
allel to the Akitsukawa River and some isolated small
basins are found inside of the graben. The central part of
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Fig. 5. Focusing and defocusing effects by bedrock con-
figuration. Warmer color stands for much focusing effects
and cooler color for defocusing. The contour lines show the
altitude of boundary between sediments and bedrock with
20-meter interval.
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(b) Incident azimuth: 90 degree.

Fig. 6. Focusing and defocusing effects by the bedrock con-
figuration with different incident azimuths.
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Table 1. Parameters of asperities for fore- and main shocks of the 2016 Kumamoto earthquake [14, 15].

ID Rupter Starting Point Epicentral Incident

of Longitude | Latitude | Depth | Distance | Azimuth angle

Asperity [deg.] [deg.] [km] [km] [deg.] [deg.]
Main AS1 E130.802 | N32.784 | 15.0 1.678 2349 6.6
shock AS2 E130.823 | N32.797 | 15.0 0.839 44.9 33
AS3 E130.898 | N32.841 11.0 9.383 54.2 41.8

Fore- AS4 E130.808 | N32.742 | 11.0 5.588 188.3 28.0
shock ASS E130.809 | N32.742 7.0 5.575 187.4 40.6

Mashiki is located immediately above of the one of such
the small basins (see Fig. 5). The small basins are also
located the north-east and south-west corner of the target
area: the former is located just north of Jicchu hamlet and
the latter is under the Kyushu expressway between Akit-
sukawa and Kiyamakawa Rivers.

3. Anomaly of Ground Motions by Seismic
Wave Focusing/Defocusing Effect

The ray tracing analysis is conducted to discuss the
properties of ground motion fields using the gravity base-
ment model. Detailed numerical techniques such as the
finite difference method are more suitable for the detailed
discussion for ground motions than the ray tracing. The
gravity basement, however, is very simple model with
only two media of sediments and bedrock and properties
of media are not clear, thus the simple analysis by the ray
tracing will be sufficient for preliminary discussion of the
ground motions.

Snell’s law in 3D [13] is applied to analyze the rays of
elastic waves which propagate the media obtained in the
previous section. A footprint for an unit of wave pack-
ets will be expanded or condensed on the ground surface
by means of the refraction at the boundary between sedi-
ments and bedrock. We introduce a parameter, ¢, which
is a scale of seismic wave focusing and defocusing. o
is defined through the ratio of the footprint area between
incident wave and output wave on the surface. The fo-
cusing and defocusing arise in casesof & > 1 and o < 1,
respectively.

For the analysis, the shear wave velocities of sediment
and bedrcok are set to 760 m/s and 2700 m/s, respec-
tively, in which these values refer the PS logging data at
KMMHI16 and the value for sediment is averaged value
for the sediment. The waves are input parallelly to bottom
of bedrock and are refracted at the boundary between sed-
iments and bedrock. The incident direction of the wave,
that is, incident angle and azimuthal angle from the north,
is determined from the relative position vectors between
KMMHI16 and the rupture starting points for asperities
of fore- and main shocks. We refer asperity models pro-
posed by Nozu [14, 15]. Parameters of each asperity are
listed in Table 1, and their epicenters are shown in Fig. 2
as open circles for foreshock and closed circles for main
shock.
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The structural damage seems to be affected mainly by
the largest asperity (AS3), and we will shows results for
the distribution of focusing and defocusing effects caused
by AS3 with contour lines of the gravity basement model
in Fig. 5. In this figure, warmer and cooler color show the
larger focusing and defocusing effects, respectively.

Someone may point out that the focusing area depends
on the azimuth of incident waves under assumptions of
parallel incident-wave packets, because the asperity lo-
cates very close to the target area. To confirm the effects
of incident azimuth, we calculate focusing and defocusing
effects for cases of azimuthal angle of 0 and 90 degrees.
Fig. 6 shows the results and it is observed that the com-
prehensive properties for distribution of forcusing areas
is similar around the hamlets of Masiki area, where lo-
cate above the graven, for all the cases including Fig. 5.
Thus, Fig. 5 can be accepted for preliminary discussion
on properties of ground motions.

4. Discussion

Three significant focused areas are found and some de-
focusing areas surround them as shown in Fig. 5. The
central part of Mashiki corresponds to a one of signifi-
cant focused area and there were many severely damaged
structures in this area. There are very few structures and
artifacts around another significant focused area of north-
east part in Fig. 5, thus, it is difficult to find any signatures
of ground motions. The Kyushu expressway runs across
third focused area, where locates south-west part of the
target area, and the elevated bridge of the expressway be-
tween Akitsukawa and Kiyama Rivers was severely dam-
aged as shown in Fig. 7(a).

On the other hand, many of inhabitants of Mashiki
area depose that there were very few damaged structures
around Jicchu hamlet, where corresponds to defocused
area of north-east part. Fig. 7(b) shows structures in
Jicchu, where less damages are found. The contrast of
the structural damages suggest that the differences of the
ground motions and the differences seem to reflect the
properties of wave fields as shown in Fig. 5.

However, it is difficult to show quantitatively the dif-
ferences of damage distributions. An example is intro-
duced to demonstrate difference of damages for two sim-
ilar structures located at different sites. They are Kiyama
Jingu and Tsumori Jingu shrine: the former locates in the
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(d) Tsumori Jingu shrine

Fig. 7. Examples of structural damages at typical focused and defocused areas. Photos (a) and (c) are structures in focused areas
and (b) and (d) are in defocused areas. Photo (a) shows an example of damaged bearings, and very few damages are found in Photo
(b). Kiyama Jingu shrine was completely collapsed as shown in Photo (c), though Tsumori Jingu shrine was inclined and supported

by a prop, but not collapsed as Photo (d).

focused area of central part of Mashiki, and the latter in
the defocused area close to Jicchu. Their locations are
shown in Fig. 5. Although Kiyama Jingu shrine was com-
pletely collapsed as shown in Fig. 7(c), Tsumori Jingu
shrine was severely damaged, but not collapsed as shown
in Fig. 7(d). Fig. 7(d) shows main structure of Tsumori
Jingu shrine. Both two structures are traditional shrine
structures, which have heavy roofs and less walls. The
epicentral distance from AS3 to Tsumori Jingu shrine is
shorter than Kiyama jingu shrine, though Tsumori Jingu
shrine has survived. This suggests that the ground mo-
tions at these two sites were very different and less effec-
tive to Tsumori Jingu shrine than to Kiyama Jingu shrine.

Yamada et al. [1] investigated the damage distributions
in the central part of Mashiki. The distributions are well
explained by nonlinear site response and age of the build-
ings, because the damage is locally concentrated in ap-
proximately 250m width for north-to-south direction. Al-
though focusing areas are not well correlated to distri-
butions of damaged wooden buildings, the 3-D bedrock
structure potentially increased the ground motion levels in
the central part of Mashiki. In order to discuss the factors
quantitatively, ground motion simulations based on com-
piling both the bedrock structure and local site response
should be performed in future study.
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5. Conclusions

We have carried out dense gravity survey around the
central part of Mashiki, Kumamoto, Japan, where was
severely damaged by the 2016 Kumamoto earthquake.
A model of gravity basement is obtained to satisfy the
Bouguer anomaly under the assumption of two layered
medium: sediments and bedrock. It is found that a graben
runs parallel to the Akitsukawa River and there are some
isolated small basins inside of the graben. From the sim-
ple analysis by ray tracing technique, there are three fo-
cused areas in the target area and defocused areas sur-
round them. In a large sense, the focused areas seem to
correspond to the damaged area and defocused areas to
less damaged area. However, it is very difficult to discuss
the damages of individual structures from the proposed
simple model.

For the future works, we have to merge any other fac-
tors relating to the ground motions such as nonlinear site
response with the proposed model to discuss precisely
damages of individual structures.
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