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ABSTRACT
The 2016 Kumamoto Earthquake has caused vast building damages and human losses, although Japan 
is one of the world’s well-prepared countries against earthquake disaster. The accelerometers set in 
Mashiki town area of Kumamoto prefecture rolled to the full scale measuring the seismic intensity as 
7 in JMA scale of 7. In addition to such large shaking, there are opinions about the existence of three 
parallel fault lines beneath the town and the area lying on very soft volcanic soils regarding the vast 
damage of this particular area. In order to investigate the soil behaviour of this area, microtremor array 
studies were conducted starting from April 2016 to September 2016. Phase velocity obtained by spatial 
autocorrelation method was cross-checked with the borehole data available and was also found to be 
correlating well. Besides, the shear wave velocity distribution in the field was also consistent with the 
extent of damage observed after the earthquake.
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1 INTRODUCTION
On April 16, 2016, Kumamoto Prefecture in west Japan was hit by a big earthquake of M7.3 
and, as per Japan Meteorological Agency, JMA, Mashiki town and surrounding areas in 
central Kumamoto were shaken by intensity 7 in JMA seismic intensity scale. The same 
level of shaking was generated in Mashiki town by the foreshock 2 days before. The Mashiki 
town area was worst hit with large building damages and human losses. The Ministry of 
Land, Infrastructure and Transport (MLIT) Japan report [1] shows that three parallel fault 
rupture lines run in parallel beneath this small town. The right strike slip fault movement of 
Hinagu-Futagawa fault system that triggered the tremor, also lies in a very close 
proximity.

Earthquakes over magnitude 4.5 within the year 2016 from April 14th are plotted in 
Fig. 1. The NE-SW trend of epicentres extending from Kumamoto City to Oita City area 
could be visualized. Besides, the geology of the area shows that it is covered by very 
soft volcanic soils. In other words, large shakings, underlying fault lines and very soft 
layer of underlying volcanic soil have invited such vast disaster in the area. Photograph 
shown in Fig. 1 was taken in the field where almost 2m lateral displacement was 
observed.

2 MICROTREMOR FIELD SURVEY
In order to study the underground behaviour, microtremor study was done in the field [2]. 
Total of four visits were done in the Mashiki town area from April to September 2016 in order to 
assess the damage situation and conduct field measurements. The devices used in measurement 
had a very sensitive accelerometer of natural period 1 s.

In this research, measurements taken in July (prefix JA, JS) and September (prefix SS) 
2016 (Fig. 2) are discussed. The July array measurements were done in a detailed way, with 
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three devices set in a radial direction and one, at the centre (Fig. 3). The radial distance was 
varied from 4 to 32 m in general. The recording time was 6, 8, 11 and 11 min respectively. In 
addition, some recordings continued up to 20 min. Measuring devices were synchronized on 
each day by using GPS signal before performing the field measurement.

The recorded binary files consisted of the data in east-west (EW), north-south (NS) and 
UD (up-down) directions written at 100 Hz sampling frequency. The H/V spectra of the wave 
records were calculated in order to get an information of the in situ natural frequency [3]. 
Smoothing of both horizontal and vertical component of the recorded microtremor traces was 
done by using a Parzen window with a bandwidth of 0.2 Hz. By considering an influence of 
long period components negligible, only 40.96 s interval of the observed data at three minimum 
disturbed sections were selected and averaged to obtain the average H/V spectra. The horizontal 

Figure 1: a) Earthquake shakings over magnitude 5.0 within the year 2016 starting April 14th, 
and b) Photo shows a ground shift of about 2 m along the fault.

Figure 2: Microtremor measurements taken in July (JS, JA) and September (SS), in Mashiki 
Town, Kumamoto (A: Array, S: Single Device, measurement).
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component was obtained from the square root of the mean of the square of two orthogonal 
components. Figure 4 shows typical H/V plots prepared for JA7, JA9 and JA20 stations that 
are not so far from the locations E, B and A, in Fig. 2. The natural period of around 0.8 s could 
be noticed for JA9 station, where the housing damage was also found heavier during site 
visits.

The peak frequency (PF) distribution map (Fig. 5) was prepared by getting the peak position 
of H/V plots and plotting them by using inverse distance weighting method. Considering the 
possible non-linearity of underlying soil that might alter the natural period of the site along 
with an elapse period after the earthquake, only the data taken in July and September were 
plotted. The general trend is higher PF values (shorter natural period) in N-E region and 
lower PF values (longer natural period) in S-W region. Specifically, very long natural period 
along the Prefectural highway running EW at the centre of the map and southward could be 
noticed.

The phase velocity profile was obtained by considering spatial autocorrelation method [4] 
at all stations where array measurements were done (ref JA prefix in Fig. 5). The analysis was 
done by including UD component data and applying two different combinations of points in 
the analysis; i) between the stations at the centre and those set at the specified radial distance 
along the circumference, and ii) between the stations along the circumference. The average 
phase velocity plot was then obtained by combining all the plots for various distances together 
and the average trend was noted manually on this line (plotted as ‘Observed in Fig. 6). Haskell 

Figure 4: H/V plots for array stations; a) JA7, b) JA9, and c) JA20.

Figure 3: Array measurements done in the field with four devices, one at the centre and three 
other devices in radial direction.
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[5] method was applied to obtain the velocity profile [6] at each station. While doing this, 
underground soil conditions and depths were varied by observing the nearby boreholes, if 
exist, and phase velocity curve (plotted as ‘Calculated’ in Fig. 6) was obtained. For example, 
the JA7 point, which is very close to KMMH16, a KiK-net station [7] and borehole data is 
also available [8], was a very good reference to start the calculation. The phase velocity 
curves for three stations, JA7, JA9 and JA20 are shown in Fig. 6. Based on the velocity profile 
obtained in this way, an average velocity for the top 10 m, 15 m, 20 m, 25 m and 30 m was 
calculated. While such data are available only at array measurement stations, the distribution plot 
of whole area (Fig. 7) was prepared by using inverse distance weighting method, similar to 
that used in preparing Fig. 5. This plot will be referred again later in the following 

Figure 6: Calculated and observed phase velocity plotted together with spectral plots for 
various distances at locations; a) JA7, b) JA9, and c) JA20, respectively.

Figure 7: Calculated shear wave velocity from the borehole soil profiles drawn over the 
average shear wave velocity distribution map obtained by for the top; (a) 10 m, (b) 
15 m, (c) 20 m and (d) 25 m.

Figure 5: Peak frequency distribution map of Mashiki town area observed from H/V spectra 
of the data recorded in July and September 2016.
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paragraphs with additional data. There is an obvious and clear trend of increase in velocity 
with depth and localized variation of underground soil could be noticed.

3 INTERPRETATION OF BOREHOLE DATA
Boring data from Kumamoto Earthquake Reconstruction Support [9] borehole map was used 
to obtain the soil profile data at various borehole locations. Calculation of shear wave velocity 
was done from the given SPT data at various depths by using the relation proposed by Imai 
[10] for Quaternary and Pleistocene deposits of clayey soils (Equations 1 and 2) and Silty/
Sandy soils (Equations 3 and 4), respectively. The data also include the borehole made after 
earthquake (MSK1, MSK2 and MSK3) [11].

 Vs N=102 0 292. . (1)

 Vs N=114 0 294. . (2)

 Vs N= 80 6 0 331. ..  (3)

 Vs N= 97 2 0 323. ..  (4)

In order to evaluate the consistency of shear wave velocity (Vs) data obtained from a few of 
the in-situ microtremor tests, average Vs for the top 5 m, 10 m, 15 m, 20 m, 25 m and 30 m 
soil layer was calculated at each borehole points by using Equation (5) shown below. Some 

[5] method was applied to obtain the velocity profile [6] at each station. While doing this, 
underground soil conditions and depths were varied by observing the nearby boreholes, if 
exist, and phase velocity curve (plotted as ‘Calculated’ in Fig. 6) was obtained. For example, 
the JA7 point, which is very close to KMMH16, a KiK-net station [7] and borehole data is 
also available [8], was a very good reference to start the calculation. The phase velocity 
curves for three stations, JA7, JA9 and JA20 are shown in Fig. 6. Based on the velocity profile 
obtained in this way, an average velocity for the top 10 m, 15 m, 20 m, 25 m and 30 m was 
calculated. While such data are available only at array measurement stations, the distribution plot 
of whole area (Fig. 7) was prepared by using inverse distance weighting method, similar to 
that used in preparing Fig. 5. This plot will be referred again later in the following 

Figure 6: Calculated and observed phase velocity plotted together with spectral plots for 
various distances at locations; a) JA7, b) JA9, and c) JA20, respectively.

Figure 7: Calculated shear wave velocity from the borehole soil profiles drawn over the 
average shear wave velocity distribution map obtained by for the top; (a) 10 m, (b) 
15 m, (c) 20 m and (d) 25 m.
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assumptions were needed at some locations where the SPT value for the surface layer was 
missing. The calculated average velocity data are shown in Table 1. These data points are 
shown as circles in Fig. 7.
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To make an easier comparison, the colour schemes of Vs calculated from boreholes and from 
phase velocity are made similar. There is a sufficient match between the two and therefore, it 
assures the reliability of the velocity distribution map prepared.

4 DISCUSSIONS
Figure 8 shows the extracts of SPT N value and Vs values obtained from references. 
Except somewhat higher Vs at location D, the top 10-m soil layer of all other stations, 
which primarily affects the bearing and shaking behaviour of the widely distributed one- 
or two-storied buildings of the area, has very low SPT N value or Vs magnitude. Similar 
trend could be observed from the calculated profiles, such as in Fig. 7a therefore, the 
consistency in Vs calculation and the interpolation methods applied in this research can 
be assured.

The scale of building damage in Mashiki area was quite high [12] and are found to be 
consistent to some extent with the weaker Vs locations for the top 10-m soil layer (see Fig. 7a 
and 9). Peak frequency associated with the natural period of soil of such weak areas can be 

Table 1: Average shear wave velocity from the ground surface to various depths.

BH Name

Borehole

Depth, m

Average Velocity, from ground to

10 m 15 m 20 m 25 m

BED148709 10.5 186
BED148710 10.5 176
BED155740 10.0 172
BED155739 10.0 227
BED155557 10.0 125
BED155736 29.0 216 227 233 238
BED151857 25.0 153 156 165 178
BED155714 31.0 150 160 163 170
BED155738 35.0 155 165 188 203
BED155737 37.0 210 198 203 197
BED155716 39.0 168 186 188 196
BED155713 39.0 143 151 146 154
BED155715 40.0 142 143 151 159
MSK1 51.5 109 134 159 179
MSK2 71.0 92 115 137 156
MSK3 51.5 121 147 172 190
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read from Fig. 5 as less than 1.0 second therefore, resulted one- or two-storied wooden struc-
tures of the area more vulnerable. In the vicinity of JA9 station, which is located in between 
B and C points (Fig. 2), the damage was the most and could be inferred from the very long 
natural period from in Fig. 4. However, although having lower Vs and longer natural period, 
the damage along the westward site of Mashiki Town along Akitsu river seems to be rela-
tively small and the reason for such anomaly is not so clear. As the area had both newer and 
older buildings, the smaller scale of damage may not just be linked with the construction 
code followed or the year of construction. Thus, these sites need more detailed studies of 
underlying soil layers and building types to understand the reason of such anomaly. The gen-
eral trend of higher damage at the sites where calculated velocity was small and had longer 
natural period to get the insight.

Figure 8: Borehole logs showing SPT values at locations A, B, C [9], D [11]; and Shear wave 
velocity profile at location E in Fig. 2 [8].

Figure 9: Building collapse situation after Kumamoto earthquake in Mashiki area (reproduced 
from the map on MLIT report [12]).
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5 FINAL REMARKS
Shear wave velocity distribution of Mashiki Town area was obtained from this study. The Vs 
from spectral analysis was found to correlate well with the available borehole records. When 
compared with the extent of building damage, sites with calculated longer natural periods had 
felt more damage in the field. The accuracy of absolute Vs value and the distribution map, 
however, needs to be improved with more array measurements and also finding more 
borehole records in the field.
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