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Abstract

To understand the cause of heavy structural damage during the mainshock (on April 16, 2016) of the 2016 Kuma-
moto earthquake sequence, we carried out a field survey from April 29 through May 1, 2016, in Mashiki where heavy
damage concentration was observed. The heavy damage concentration in downtown Mashiki could be understood
based on the observed strong motions with the Japan Meteorological Agency instrumental seismic intensity of VII
and information collected by the field investigation. First, the fundamental features of the structural damage in down-
town Mashiki were summarized. Then, a distribution map of peak frequencies was derived from horizontal-to-vertical
spectral ratios of microtremors. We could not see any systematic correlation between the peak frequencies and spatial
distribution of damage ratios. We also analyzed observed strong motion data at two sites to obtain fling-step-like
motions in the displacement time histories through the double integration of unfiltered accelerograms. It turned out
that at both strong motion observation sites in Mashiki, only the east-west (EW) components had very strong veloc-
ity pulses westward before the emergence of the fling-step-like motion eastward, which would be the primary cause

of heavy structural damage in downtown Mashiki, not site effects nor the fling-step-like motion itself.
Keywords: Structural damage, HVR, Site effects, Fling-step, Directivity

Background

The 2016 Kumamoto earthquake sequence, which
included a foreshock with My, of 6.4 on April 14, 2016,
and a mainshock with My, of 7.3 on April 16, 2016,
created heavy structural damage in several areas in
Kumamoto Prefecture, Japan. The major rupture of the
foreshock was considered to have emerged on the north-
ernmost segment of the Hinagu fault, while that of the
mainshock was primarily associated with the predefined
Futagawa fault with some extension to the east, into the
Aso caldera (GSI 2016). The heavily damaged areas of
wooden houses spread in a narrow belt (~50 km long)
alongside these two faults, from the southeast of Kuma-
moto City to the northwest of Minami-Aso Village. The
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and indicate if changes were made.

notable exception was the damage concentrated area
(DCA) in downtown Mashiki, where more than 80%
of heavy damage ratios on wooden houses had been
reported in several 100-m survey grids (JANDR 2016),
even though the area is located about 3 km north of the
main Futagawa fault.

It is quite fortunate for researchers that there are two per-
manent stations for strong motion observations in Mashiki.
One is the KiK-net station KMMH16 (Okada et al. 2004)
on the northeastern boundary of the DCA, and the other
is the Kumamoto Prefecture’s Instrumental Intensity Seis-
mometer (hereafter IIS) on the first floor of the Mashiki
Town Hall building (a reinforced concrete building with
three floors), which is located at the edge of the DCA.
They observed both the foreshock and mainshock motions,
whose JMA instrumental intensities (Karim and Yamazaki
2002) were reported to be VII, the highest intensity cor-
responding to the Modified Mercalli Intensity (MMI) of X
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to XII. Please note that there is no simple way to translate
JMA instrumental intensities into MMI because MMI is
the actual phenomenological index while JMA intensities
do not directly correlate with phenomena associated with
the ground shaking. The acceleration response spectra at
the Kumamoto Prefecture’s IIS were quite large, larger than
the observed ground motions at JR Takatori during the
1995 Kobe earthquake (e.g., Sakai 2016).

Thus, it is clear that the heavy damage in downtown
Mashiki was caused by the strong ground motions in the
area. However, which part of the strong motions contrib-
uted most to the heavy damage concentration during the
mainshock, and how strong motion characteristics were
generated, would be indispensable questions to answer
for future mitigation of structural damage from similar
crustal earthquakes.

To that end we carried out a field survey from April 29
through May 1, 2016, on structural damage in Mashiki
and performed single-station microtremor observations
with about 100-m grid points. In this paper, first, we
report the important features of structural damage in the
DCA and the spatial distribution of fundamental peak fre-
quencies of the horizontal-to-vertical spectral ratios of the
microtremors (MHVRs). We then report on the damage
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potential of the observed records at two sites by using the
theoretical model for prediction of damage to wooden
houses based on statistics from the Hyogo-ken Nanbu
earthquake of 1995 (Nagato and Kawase 2000; Yoshida
et al. 2005). Finally, we look for the emergence of the fling-
step-like motions in the displacement seismograms and
extract their contributions from the velocity seismograms
to assess their effects on the damage potential.

Damage survey

First, the fundamental features of the structural damage
in the DCA in downtown Mashiki were extracted and
summarized. Figure 1 shows the schematic view of the
DCA in downtown Mashiki. The damage concentration
starts from the west of the national road route 443, run-
ning in the north—south (NS) direction, and extends until
east of the prefectural road route 235, about 1.5-2 km
in the east-west (EW) direction. In the NS direction,
the width of the DCA is smaller, about 300 m on aver-
age, spreading over the both sides of the prefectural road
route 28, but the width increases as we move to the east
and suddenly disappears from the national road route
443 even further east. The main features necessary to
report the damage inside the DCA are as follows.
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Fig. 1 A schematic view of the damage concentrated area (DCA) in downtown Mashiki; Stars indicate the location of the two strong motion obser-
vation sites and circles represent the approximate locations of damaged buildings in the Figures
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1. Inside the DCA, not only old and weak wooden
houses but also new and reinforced houses were
damaged, although the percentage of the latter is
smaller (Fig. 2).

2. The damaged houses look aligned to some lateral
extent (about 50 to 100 m) in the EW direction.

3. Many old houses successfully survived outside of the
heavy damage lines in the EW direction, even inside
the DCA (Fig. 3).

4. The deformed direction of the collapsed or heavily
inclined houses was mostly in the EW direction. The
overturning direction of tombstones and retaining
walls for artificially filled soil were also mostly in the
EW direction (Figs. 4, 5, 6).

5. Significant ground deformation, failure, and cracks
can almost always be seen on the paved roads cross-
ing the above damage lines.

From these observations, one can see the possibil-
ity of the strong contribution of fling-step-like motions
associated with the slip on the seismogenic fault. As was
observed in Kobe during the 1995 Hyogo-ken Nanbu

Fig.2 Anexample of a damaged apartment in the northern part of
the DCA, which was constructed after the code modification in 1981
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Fig. 3 An example of an old house that scarcely survived in the
eastern part of the DCA

earthquake, the asperity pulse generated by the direc-
tivity in the fault-normal component (Matsushima and
Kawase 1999) was not a primary cause of the DCA in
downtown Mashiki, since the strike of the Futagawa
fault is about N60°E, closer to the EW direction. We also
needed to obtain a predominant frequency distribution
of the ground in order to evaluate the possibility of strong
site effects as the cause of the DCA, such as the basin-
edge effect that was the case of the damage belt in Kobe
during the 1995 Hyogo-ken Nanbu earthquake (Kawase
1996; Matsushima and Kawase 1999).

Microtremor observations

To explain the shape of the DCA, we needed to inves-
tigate the effects of the local basin structure from the
surface down to the bedrock. We are currently work-
ing on the S-wave velocity inversion (Nagashima et al.
2014) based on the horizontal-to-vertical spectral ratios
of earthquake (EHVRs) motions in and around the DCA
through the theory of diffuse fields (Kawase et al. 2011),
which will be reported separately. Here we would like
to report our preliminary result on the predominant
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Fig. 5 Overturning direction of tombstones was also in the EW direction
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Fig. 6 Direction of retaining wall failures for reclaimed land was also in the EW direction

frequency distribution obtained from MHVRs with every
50- to 100-m grid covering most of the DCA. Measure-
ments were taken for 15 to 20 min at one location. Before
calculating the Fourier spectra of observed three com-
ponent accelerograms, we selected stable parts without
strong yet transient noise contributions. The data pro-
cessing was performed following the standardized pro-
cedure (e.g., Mori et al,, 2016), in which 40.96-s record
sections were extracted with 50% overlapping, and Fou-
rier spectra were then obtained with the 0.1 Hz Parzen
window for smoothing, and finally, all available spectral
ratios of the MHVRs from Fourier spectra were stacked
and averaged.

In Fig. 7, we plot the locations of the measured micro-
tremor sites, in total 71 locations, together with the loca-
tions of two strong motion sites. The site numbers are
shown at representative sites. Figure 8 shows the distri-
bution of the fundamental peak frequency of MHVRs at
every location observed. A larger size balloon indicates a
higher peak frequency, the value of which is shown in the
center of each balloon. We cannot see much correlation
of heavy damage to the predominant frequency. Since the
predominant frequency ranges from 1 to 4 Hz, the thick-
ness of the sediments in the DCA should vary from one
to four times (or the average velocity should vary from

one to four times). Such a large difference in the soil
properties should be reflected in the soil amplification
and therefore in the damage distribution. Because there
is no apparent correlation of the predominant frequency
distribution with the damage distribution, we may con-
clude that the damage concentration is not primarily
controlled by spatial differences in the local site effects,
specifically featured in the DCA. Note that the peak fre-
quency in MHVRs at two strong motion stations were
quite close to the peak frequency in EHVRs there, as is
the case at 100 sites in Japan (Mori et al. 2016). For the
cause of a 3-Hz peak frequency at KMMH16, by either
MHVR or EHVR, we can refer to the velocity structure
obtained there by PS logging in a 200-m borehole (NIED
2016).

There are a couple of preliminary reports that suggest
the strong contribution of the local site amplification in
the DCA. For example, Nagao (2016) found a strong cor-
relation of damage distribution with site amplification
characteristics. The reason for his statement is primar-
ily that the damaged wooden houses were found to be
concentrated in the region south of the prefectural road
route 28. Actually, this is not the case, since we have also
found numbers of heavily damaged or collapsed houses
to the north of the route 28, as shown in Fig. 1. In the
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and the same DCA boundary from Fig. 1 is also shown
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Fig. 7 Locations of the measured microtremor sites and two strong motion observation sites; the site numbers are shown at representative sites,

northern part of the DCA, we cannot see any significant
spatial differences in the predominant frequencies in
MHVRSs, as shown in Fig. 8.

Damage evaluation by the prediction model

Since there were so many heavily damaged or toppled
wooden houses in the DCA, we needed to first use the
constructed theoretical model to reproduce the heavy
damage distribution in Kobe during the 1995 Hyogo-ken
Nanbu earthquake (Nagato and Kawase 2000; Yoshida
et al. 2005). The merit of using this theoretical model,
together with the observed strong accelerograms, is that
the effects of ground motion characteristics to the struc-
tural damage could be investigated through the predicted
damage ratios from the model.

In Fig. 9, we plot accelerograms of the mainshock at
two strong motion sites, namely KiK-net KMMH16 and
IIS Mashiki Town Hall. The timing of the initial arrivals
was aligned by sight. We can see that the waveforms at

both sites share quite common features, since the separa-
tion between them is about 700 m, but that waveforms at
KMMH16 have more high-frequency power than those
at IIS Mashiki Town Hall. In Table 1, we summarize the
predicted damage ratios based on the theoretical models
for wooden structures with different average capacities
based on their construction ages (Yoshida et al. 2005).
For houses built after 1982, the predicted damage ratios
are only 10-15%, while for those built before 1982 they
are 30—70%, increasing with construction age. We should
note that the EW components at both sites show stronger
power of damage potential than the NS components,
which may come from the clear 1-s pulse at 20 to 21 s in
Fig. 9. We also need to mention that records at KMMH16
have stronger power for younger houses (with high nat-
ural frequencies) while those at IIS Mashiki Town Hall
have stronger power for older houses (with lower natu-
ral frequencies). This is because the records at KMMH16
are richer in high-frequency components than those at
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peak frequency; the same DCA boundary from Fig. 1 is also shown

Fig. 8 Fundamental peak frequency of MHVRs at 71 locations observed in downtown Mashiki; the size of the circle at each site corresponds to its

IIS Mashiki Town Hall, while the latter is richer in low-
frequency components.

Fling-step extraction
Because of the clear surface displacement inferred from
Interferometric Synthetic Aperture Rader (InSAR) along
the Futagawa—Hinagu fault system (GSI 2016; JANDR
2016), there is no doubt that the observed ground
motions in downtown Mashiki were contributed by the
fling-step motion caused by the surface emergence of
the fault rupture. At first we thought that the fling-step
would be a primary source of the DCA in Mashiki. There-
fore, we integrated the observed accelerograms twice to
get displacement seismograms at two stations in Mashiki
and tried to extract the fling-step-like motions from the
velocity seismograms to see the effects in terms of the
damage potential.

Figure 10 shows the displacement seismograms at
KMMH16 and IIS Mashiki Town Hall. We can see quite
similar permanent offsets at these two sites in all three

components, which is quite natural considering the dis-
tance between them. The permanent offsets in three
directions are quite consistent with those inferred from
InSAR at downtown Mashiki (GSI 2016; JANDR 2016).

To simulate fling-step-like motions in these seismo-
grams, we used a simple sine ramp function (one sine
pulse in acceleration) and determined three appropriate
parameters: the starting time, rise time, and final offset.
The final functions are shown by black broken lines in
Fig. 10.

As is evident, such a simple function can explain quite
well the fling-step-like motions in these seismograms.
We should note, however, that the starting time in the
EW component was about 1 s delayed in comparison
with those in the NS and up—down (UD) components.
Because of this delay, the velocity pulse prominent in the
EW component at 20-21 s would not be affected at all
by the fling-step-like contribution, as shown in Fig. 11.
Conversely, the velocity pulse in the NS component was
reduced by 1/3 if we extract the fling-step contribution.
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Fig. 9 Accelerograms of the mainshock at two strong motion sites, Kik-net KMMH16 and IS Mashiki Town Hall

Table 1 Damage ratios calculated from the Yoshida et al's model for wooden houses in Japan and the observed strong
ground motions at two stations in Mashiki

Event Site Component Maximum Acc Damage ratio for
(cm/s?) construction age category
-1950 1950-1970 1970-1981 1982-
4/1601:25 IS Mashiki NS 776 0.555 0481 0.330 0.105
Mainshock
EW 825 0.711 0481 0423 0.154
KMMH16 NS 651 0473 0.386 0332 0.11

EW 1156 0.637 0423 0.555 0.144
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Fig. 10 Displacement seismograms at KMMH16 and IIS Mashiki Town Hall as calculated by double integrations from accelerograms without any
filtering; black broken lines indicate the estimated ramp functions to extract the fling-step like motions, while the gray dotted lines on the two hori-
zontal component graphs are the values in the perpendicular direction, for comparison

We should note that the time shift of the fling-step-like
motions can be observed in Fig. 10. It may not be totally
appropriate to call the determined smoothed rump func-
tions as fling-step functions, but what we determined
here was the best matching smooth function for the
observed displacement time history of each component.
Because the observed displacement time history in the
EW direction at both IIS Mashiki and KiK-net KMMH16
have about 1-s delayed start-up and stopping timings
in comparison with the NS and UD components (with
almost the same rise time), the timing in the velocity
functions in Fig. 11 is also delayed. The time delay would
not be affected by the functional form used to represent
the fling-step-like motions.

As a matter of course, we can obtain the same start-up
and stopping timing for all three components, if we opti-
mize the matching to observed components with a single
function. However, if we do so, the degree of matching
to that common function would be less, since the start-
up and stopping timings in the EW component were
delayed about 1 s, as we see in the differences between

the black broken lines and gray dotted lines in Fig. 10.
The purpose of the investigation here into the functional
characteristics of fling-step-like motions was to see their
contributions to the velocity seismograms in Fig. 11 and
hence identify the cause of the DCA in Mashiki. We do
not intend to extract the real functional form of the fling-
step motions generated as the direct consequence of the
rupture on the fault.

The geophysical interpretation of the observed fling-
step-like motions should be investigated further, but it is
not the subject of this paper. We would like to refer to
the study of Bouchon et al. (2002) for the Izumit, Tur-
key, earthquake of 1999 on the velocity ground motions
observed at the site near the rupture initiation point, IZT.
We can see the initial pulse to the opposite direction of
the fault motion as seen here in Mashiki, although the
amplitude of that pulse was much less.

Discussion
The presented materials showed that the primary source
of the DCA in Mashiki would be a strong velocity pulse in
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Fig. 11 Velocity seismograms at KMMH16 and IIS Mashiki Town Hall calculated by one time integration from accelerograms without any filtering;
black broken lines indicate velocity contributions of the estimated ramp functions shown in Fig. 10

the EW component, reaching the level of 150-160 cm/s.
The source of such a strong velocity pulse, however, is not
yet clear at this stage of investigation. From delineated
predominant frequencies in the area, it is not likely to be
caused by strong local site effects as was the case in Kobe,
although a certain amount of amplification may contrib-
ute to increases in the peak ground velocity. When we
look at the evidence of the fling-step contribution, we
successfully reproduced observed fling-step-like motions
by using a simple smoothed ramp function. However, the
contribution did not reduce the peak ground velocity in
the EW component at all, because the peak-out timing of
the fling-step-like motions was not coincident with that
of the maximum velocity pulse in the EW component.
This means that we need to have a significant contri-
bution of energy from the source before the arrival of
the major fling-step-like motion at Mashiki. What could
be a possible source of the observed velocity pulse pre-
dominantly in the fault-parallel component? Promising
evidence is provided from the strong motion simulation
study by Bouchon et al. (2002) for the 1999 Izumit, Tur-
key, earthquake, as mentioned above. Since the amplitude
of the initial pulse in the opposite direction to the fault
motion is much less than the observed one in Mashiki,

we need to investigate the possible configuration of the
source near the hypocenter.

On the other hand, Miyatake (2000) has suggested
one rupture scenario of a vertical strike-slip fault with a
strong directivity effect in the fault-parallel component,
that is, vertical rupture propagation on a source located
immediately below the observation site. If we can have
some marginal amount of slip on the segment below
downtown Mashiki near the rupture initiation point,
we may see a velocity pulse due to the directivity in the
fault-parallel component as seen in Miyatake (2000). The
problem with this hypothesis is that the produced fault-
parallel motion from such a scenario would be moving
in the positive direction of the fault motion, opposite to
the observed pulse. This means that downtown Mashiki
should be located to the south of the asperity that gener-
ates this directivity pulse. We are now looking for arrival
of the same pulse at stations around downtown Mashiki.

Conclusions

Through a damage survey in downtown Mashiki and sub-
sequent simulation using the theoretical damage prediction
model, dense microtremor array measurements for a pre-
dominant frequency distribution map, and the extraction
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of the fling-step components from the velocity seismo-
grams, we found that the observed damage dominated in
the EW direction could be due to a velocity pulse close to
the fault-parallel component and that the fling-step contri-
bution could not be a primary source of that strong veloc-
ity pulse. Since there was no strong correlation of peak
frequency distribution with the damage concentration in
Mashiki, we believe that the strong velocity pulse was gen-
erated primarily by a simple source process adjacent to the
rupture initiation point. We need to invert a detailed rup-
ture process, specifically focused on the fault-parallel com-
ponent in Mashiki and other adjacent areas, where we can
see similar velocity pulses in the observed seismograms.
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