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Abstract

An earthquake of JMA magnitude 6.5 (foreshock) hit Kumamoto Prefecture, Japan, at 21:26 JST on April 14, 2016. Sub-
sequently, an earthquake of JMA magnitude 7.3 (main shock) hit Kumamoto and Qita Prefectures at 1:25 JST on April
16, 2016. The two epicenters were located adjacent to central Mashiki Town, and both events caused significantly
strong motions. The heavy damage including collapse of residential houses was concentrated in “Sandwich Area”
between Prefectural Route 28 and Akitsu River. During the main shock, we have successfully observed strong motions
at TMPO3 in Sandwich Area. Simultaneously with installation of the seismograph at TMP03 on April 15, 2016, between
the foreshock and the main shock, a microtremor measurement was taken. After the main shock, intermittent meas-
urements of microtremor at TMPO3 were also taken within December 6, 2016. As the result, recovery process of shear
wave velocities of volcanic soil at TMPO3 before/after the main shock was revealed by time history of peak frequencies
of the microtremor H/V spectra. Using results of original PS logging tests at proximity site of TMPO3 on July 28, 2016,
the applicability for the shear wave velocities to TMPO3 was then confirmed based on similarity between the theoreti-

cal and monitored H/V spectra.
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Background

The 2016 Kumamoto earthquake as named by the Japan
Meteorological Agency (JMA) is a series of earthquakes
that started with the earthquake of JMA magnitude 6.5 at
a shallow depth in northwest region of Kumamoto Pre-
fecture, Kyushu Island, Japan, at 21:26 JST on April 14,
2016. Subsequently, a larger earthquake of JMA magni-
tude 7.3 occurred at 1:25 JST on April 16, 2016, 28.0 h
after the first event. Hereafter, we call the first event on
April 14 the “foreshock” and the second event on April 16
the “main shock” Central Mashiki Town, which is located
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close to the two epicenters of the foreshock and the main
shock, was exposed to significantly strong motions and
suffered significant damage (see Fig. 1). In the heavily
damaged zone in central Mashiki Town including Sand-
wich Area (Hata et al. 2016a), the ratio of totally col-
lapsed wooden houses due either to the foreshock or to
the main shock exceeded 50% (e.g., Sugino et al. 2016),
resulting in a significant loss of lives.

During the main shock, Hata et al. (2016b) were given
an unexpected opportunity to observe strong motions
at TMPO1, TMPO02 and TMPO3 as shown in Fig. 1. The
observed strong motions at TMPO03 exceeded the larg-
est observed ground motions during the 1995 Kobe
earthquake in terms of spectral acceleration and JMA
seismic intensity (Nishimae 2004) and have a significant
importance to the engineering as well as seismological
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Fig. 1 The locations of KiK-net Mashiki, Mashiki Town Office and the temporary earthquake observation stations (TMPO1, TMP02 and TMP03) in
central Mashiki Town, Kumamoto Prefecture in Kyushu Island, southwest Japan. The locations of the observation stations and the boring site are
plotted on a topographical map by the Geospatial Information Authority of Japan. The photograph indicates an example condition of the micro-
tremor measurements at TMPO3 filmed on April 15, 2016, between the foreshock and the main shock. Blue circle indicates the created boring site
nearby TMPO3, namely GS-MSK-1 by Yoshimi et al. (2016, 2017); yellow and green stars indicate the epicenters of the foreshock and the main shock,
respectively. The list of the observed ground motion indices during the foreshock and the main shock can be found in Table 1

communities (Hata et al. 2016a). With installation of the
seismograph at TMPO03 on April 15, 2016, between the
foreshock and the main shock, Hata et al. (2016c) have
previously conducted microtremor measurement in
order to confirm the validity as a candidate site for the
temporary earthquake observation (see photograph in
Fig. 1). After the main shock, intermittent measurements
of microtremor at TMPO03 were also carried out within
December 6, 2016, in order to evaluate recovery process
of properties of subsurface soil for this study.

Previous studies have reported a phenomenon in which
shear modulus of soil is decreased during a large earth-
quake and then gradually recovers over a time interval of
several months (e.g., Arai 2006; Houlsby and Wroth 1991;
Nagao et al. 2016; Nishimura et al. 2005; Sugito et al. 2000;
Rubinstein et al. 2007; Tokimatsu and Hosaka 1986; Vlas-
tos et al. 2006). It is important to fully understand such a

phenomenon, because it could be related to the dissipa-
tion of excess pore water pressure and hence to a poten-
tial long-term deformation of soil after a large earthquake.
However, in spite of its importance, there have been rela-
tively few field data with respect to the recovery process
of shear modulus of soil after a large earthquake.

Since we confirmed the similar phenomenon at TMP03
based on the intermittent measurements of microtremor,
the obtained results were reported in this express letter.
In particular, the recovery process based on the time his-
tory of peak frequencies of the microtremor H/V spec-
tra at TMPO3 after the main shock was confirmed. We
also confirmed the similarity between the monitored
H/V spectrum at TMPO03 and the theoretical ones based
on original PS logging tests at proximity site of TMP03
(Yoshimi et al. 2016, 2017), indicating applicability for the
observed shear wave velocities to TMP03.
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Methods

The microtremor measurement was intermittently con-
ducted at TMPO3 (see Fig. 1) after the foreshock includ-
ing just after the main shock. At GS-MSK-1 nearby
TMPO3 (see Fig. 1), a PS logging test was performed on
July 28, 2016, by Yoshimi et al. (2016, 2017) and revealed
depth distribution for the P-wave and S-wave velocities
with 50-cm interval to engineering bedrock as shown in
center and right panels of Fig. 2. In left panel of Fig. 2,
we also obtained the subsurface consisting mainly of
volcanic soil. Figure 1 shows the observed JMA seismic
intensities during the foreshock and the main shock at
the earthquake observation stations including TMPO03.
In Fig. 1, the largest JMA seismic intensity (6.9) in cen-
tral Mashiki Town during the main shock was observed
at TMPO3 (Hata et al. 20164, b). The initial measurement
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of microtremor at TMP03 was conducted 15.2 h after the
foreshock, that is, 12.8 h before the main shock (Hata
et al. 2016c¢). After the main shock, the earliest measure-
ment was taken 32.0 h after the foreshock, that is, 4.0 h
after the main shock. Then, the measurement was taken
intermittently 5657 h after the foreshock (i.e., 5629 h
after the main shock).

In particular, the measurements were taken 15.2, 32.0,
43.6, 67.5, 206, 449, 494, 710, 831, 902, 1219, 2513, 3062,
3640, 4280, 4933 and 5657 h after the foreshock. The
measurement was also taken for three components (NS,
EW and UD). The arithmetic mean of the two horizontal
components was adopted in the calculation of the H/V
spectral ratio. The measurement was taken for one hour
(=163.84 s x 22 sections), and the sampling frequency
was 100 Hz. The specifications of the instrument for
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Fig. 2 Soil profile from engineering bedrock to ground surface at TMP03 based on results of the boring investigation by Yoshimi et al. (2016, 2017).
Blue lines indicate the P-wave and S-wave velocities based on the PS logging test at GS-MSK-1 nearby TMPO3 on July 28, 2016
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the microtremor measurement were the same as those
reported in Senna et al. (2006).

The comparison of the microtremor H/V spectra at
TMPO3 is shown in Fig. 3. The procedure to calculate
the H/V spectra can be summarized as follows: First, a
high-pass filter of 0.1 Hz was adopted, and seven time
sections of 163.84 s each were extracted from the original
data considering recorded noise. Next, Fourier amplitude
spectra for these seven time sections were calculated
with a Parzen window of a band width of 0.05 Hz. Then,
a microtremor H/V spectral ratio was calculated for
each of the seven time sections, where the mean of the
horizontal two components was adopted as the numera-
tor. Finally, the spectral ratio was averaged for the seven
time sections. Here, the frequency range to evaluate the
microtremor H/V spectral ratio was from 0.2 to 10 Hz
considering the performance of the instrument for the
microtremor measurements (Senna et al. 2006). More
details about the procedure to calculate the H/V spectra
can be found in Hata et al. (2014b).

Monitored microtremor H/V spectra

Figure 3 clearly shows the time dependence of the peak
frequencies of the calculated microtremor H/V spectra.
In Fig. 3a, features of the H/V spectra such as the peak
frequency and the spectral shape between 15.2 and
5657 h after the foreshock (i.e., between 12.8 h before
the main shock and 5629 h after the main shock) have
a good agreement. This agreement suggests that the
ground motion due to the foreshock did not cause obvi-
ous changes of the microtremor H/V spectrum. As a
current stage, we imagine following two explanations
for the obscure changes. The estimated ground motions
at TMPO3 during the foreshock were smaller than the
observed ones during the main shock based on the dif-
ferences of the observation records at KiK-net Mashiki
and Mashiki Town Office between the foreshock and the
main shock (see Table 1). Moreover, although the signifi-
cant changes just after the foreshock had occurred, the
rough changes were recovered 15.2 h after the foreshock
which we measured microtremor at TMPO03. As a future
study, we will perform a numerical analysis simulation in
order to explain our two imaginations.

On the other hand, the peak frequency just after the
main shock (see Fig. 3b) was significantly lower than
the final peak frequency 5657 h after the foreshock (i.e.,
5629 h after the main shock), indicating the reduction
of the shear wave velocities of the volcanic soil. Note,
at KiK-net Mashiki (see Fig. 1), we have already con-
firmed that the same significant change of H/V spectral
ratio featuring spectral shape and peak frequency has
not occurred just before/after the main shock. Then the
peak frequency gradually increased and approached to
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the final value (nearly equal to the initial value), indicat-
ing the recovery process of the shear wave velocities. The
H/V spectrum about 2500 h after the foreshock and the
main shock was almost identical to that before the main
shock (see Fig. 31). Thus, the recovery process of the shear
wave velocities of the volcanic soil at TMP03 was clearly
documented in the monitored microtremor H/V spectra.

Recovery process of shear wave velocities

Figure 4 plots the time dependence of the peak fre-
quencies of the monitored microtremor H/V spectra at
TMPO03 15.2, 32.0, 43.6, 67.5, 206, 449, 494, 710, 831, 902,
1219, 2513, 3062, 3640, 4280 and 4933 h after the fore-
shock divided by that 5657 h after the foreshock. Here,
although the averaged H/V spectral ratios for different
measured time are calculated from seven time sections
of 163.84 s extracted from the observed microtremor
data, we have confirmed that same value of the peak fre-
quencies is shown in the all seven time sections. In Fig. 4,
the ratios gradually increased after the main shock and
reached almost 1.0 in about 1000 h after the foreshock
(nearly equal to after the main shock). The final peak fre-
quency 5657 h after the foreshock (i.e., 5629 h after the
main shock) has recovered to that 15.2 h after the fore-
shock (i.e., 12.8 h before the main shock). Thus, we can
find the recovery process of shear wave velocities of vol-
canic soil in central Mashiki Town after the main shock
of the 2016 Kumamoto earthquake, the end time for the
process, and can conjecture that the end time for the pro-
cess is almost 5629 h after the main shock. On the other
hand, the beginning time for the process was not esti-
mated due to the effects of much large-scale aftershocks
just after the main shock.

Figure 3l also shows the comparison of the theoreti-
cal with monitored H/V spectral ratios at TMPO03. In
Fig. 31, the monitored H/V spectral ratio was based on
the measurement results of microtremor at TMPO03 dur-
ing the PS logging test at GS-MSK-1 on July 28, 2016. On
the other hand, the theoretical H/V spectral ratio (e.g.,
Haskell 1953) based on the fundamental mode Rayleigh
wave was calculated from the soil profiles at GS-MSK-1
nearby TMPO3 (see Fig. 2) with the conventional soil
densities (Goto et al. 2017). We can find a good agree-
ment between the monitored and theoretical H/V spec-
tral ratios as shown in Fig. 3], indicating applicability for
detection of the shear wave velocities of the volcanic soil
at TMPO03 with good accuracy by the monitoring results.

Summary and conclusions

In this study, the recovery process of shear wave velocities
of subsurface soil after the 2016 Kumamoto earthquake
sequence at a heavily damage site in central Mashiki
Town, Japan, was revealed by intermittent measurements
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Fig. 3 Comparison of the monitored microtremor H/V spectral ratios after the foreshock at TMPO3. Black lines (see a~k and m—-p) indicate the H/V
spectral ratios measured on December 6, 2016; red lines (see a~k and m—-p) indicate the spectra measured on April 15, April 16, April 17, April 23,
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the spectrum measured on July 28, 2016, during the PS logging tests by Yoshimi et al. (2016; 2017); light blue line (see I) indicates the theoretical H/V
spectral ratio based on the results of the PS logging tests at GS-MSK-1 nearby TMPO3 (see center and right panels in Fig. 2)
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Table 1 List of the observed ground motion indices at permanent and temporary stations in central Mashiki Town dur-
ing the 2016 Kumamoto earthquake sequence (e.g., Hata et al. 2016b)

KiK-net Mashiki Mashiki Town Office TMPO1 TMPO02 TMPO3
Foreshock
PGAs (m/s?) [N-S] 7.59 6.32 - - -
PGAs (m/s?) [E-W] 9.23 732 - - -
PGAs (m/s?) [U-D] 140 338 - - -
PGVs (m/s) [N-S] 0.77 1.18 - - -
PGVs (m/s) [E-W] 0.91 1.36 - - -
PGVs (m/s) [U-D] 0.55 0.15 - - -
JMA seismic intensities 6.4 6.6 - - -
Main shock
PGAs (m/s?) [N=S] 6.53 7.72 9.02 737 9.18
PGAs (m/s?) [E-W] 11.6 8.26 14.9 1.5 11.6
PGAs (m/s%) [U-D] 8.73 6.68 10.0 9.76 7.02
PGVs (m/s) [N-S] 0.85 097 1.06 1.05 133
PGVs (m/s) [E-W] 132 1.77 1.59 1.64 1.79
PGVs (m/s) [U-D] 047 0.51 1.06 0.63 0.72
JMA seismic intensities 6.5 6.7 6.6 6.7 6.9
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Fig. 4 Time dependence of the peak frequency of the monitored microtremor H/V spectra normalized to the peak frequency at 14:15, December
6, 2016 (see black circle). Red circles indicate the results for the microtremor H/V spectra measured on April 15, April 16, April 17, April 23, May 3, May
5,May 14, May 19, May 22, June 4, August 20, September 13, October 9 and November 6, 2016, respectively; blue circle indicates the result measured
on July 28,2016, during the PS logging test by Yoshimi et al. (2016; 2017)

of microtremor for about 5600 h before/after the main duced good accurately in the theoretical H/V spec-

shock. The results of the study can be summarized as trum based on the fundamental mode Rayleigh wave,

follows: which indicates that the P-wave and S-wave veloci-

ties distribution after the main shock was detectable

1. The recovery process of shear wave velocities of the with good accuracy by the monitoring results.

volcanic soil was clearly documented in the time-

dependent peak frequency of the measured micro- As a future study, we would like to simulate the

tremor H/V spectra. obtained recovery process of the shear wave velocities

2. The measured microtremor H/V spectrum at the based on dynamic FEM analyses considering pore water
site of interest during the PS logging test after the pressure with observed strong motions for the main
main shock nearby the site of interest was repro-  shock and major large aftershocks.
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