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Abstract 

This technical report explains details on the results of the investigation to build a subsurface structural model 
and a selection of earthquake data at the target site of the blind prediction exercise for “The 6th International Associa-
tion of Seismology and Physics of the Earth’s Interior/International Association of Earthquake Engineering Interna-
tional Symposium on the Effect of Surface Geology on Seismic Motion (ESG6).” The selection process of the target site 
in the Kumamoto Plain, Japan, in ESG6 was explained with a historical review of the blind prediction tests in the previ-
ous ESG conferences. We have collected existing subsurface structural and earthquake data and conducted geophysi-
cal and geotechnical surveys in and around the target site to generate important velocity structure and the earth-
quake data used in the blind test. Microtremor data were obtained in triangular arrays ranging in side lengths 
from 1 to 962 m, and active surface wave data were derived along a 36-m line at the site. These data were provided 
for the prediction of a subsurface structural model in the first step of the blind prediction exercise. We also con-
ducted a velocity logging in a borehole to a bottom depth of 39 m at the site and laboratory tests of soil samples 
from the borehole. We constructed a velocity profile of the shallow and deep sedimentary layers from a combination 
of the geophysical and geotechnical data at the site, and validated it by comparing the characteristics of the ground 
motion data from the moderate event. This “preferred velocity model” was provided as a standard model to the partic-
ipants in the second and third steps of the blind prediction test to predict the earthquake ground motions of a mod-
erate event and the mainshock of the 2016 Kumamoto earthquake.
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Graphical Abstract

Introduction
Introduction of JWG‑ESG
In 1985, the resolution for the General Assembly of the 
International Association of Seismology and Physics of 
the Earth’s Interior (IASPEI) included a proposal by Dr. 
Brain E. Tucker, then Acting State Geologist of Cali-
fornia, to “propose to the International Association of 
Earthquake Engineering (IAEE) the formulation of a joint 
working group to promote studies on the Effects of Sur-
face Geology on Seismic Motion (ESG).” The following 
year, Dr. Tucker contacted Prof. Kazuyoshi Kudo, then 
Assistant Professor at the Earthquake Research Insti-
tute, University of Tokyo (ERI), to approach IAEE. Prof. 
Kudo contacted Prof. Yutaka Osawa, Professor at ERI and 
then Secretary General of IAEE. Prof. Osawa contacted 
Prof. Wilfred D. Iwan, then a professor at the California 
Institute of Technology, to represent IAEE, and Prof. 
Iwan agreed. Thus the framework for the joint working 
group between IASPEI and IAEE was established. The 
establishment of the IASPEI/IAEE Joint Working Group 
on Effects of Surface Geology on Seismic Motion (JWG-
ESG) was proposed by the co-chairs, Dr. Tucker and Prof. 
Iwan. In response to the JWG-ESG in Japan, the Earth-
quake Engineering Sub-Committee was established as 
an advisory body to the Earthquake Engineering Liaison 
Committee of the Science Council of Japan (Kudo 2021).

The first ESG workshop by JWG-ESG was held during 
the General Assembly of IUGG in Vancouver, Canada in 
1987. During the first ESG workshop, a resolution was 
adopted that included the establishment of JWG-ESG, 
the establishment of the steering committee, the consid-
eration of Turkey Flat, California and Ashigara Valley, 
Japan, as test sites, and the holding of the second ESG 

workshop in Tokyo in 1988 as the 9th World Conference 
on Earthquake Engineering (9WCEE) was to be held in 
Tokyo (CDMG, 1998). During the second ESG workshop, 
the steering committee summarized the requirements 
for an international test site and officially assigned Tur-
key Flat as the first test site for ESG. Ashigara Valley was 
assigned by the steering committee during the IASPEI 
conference held in Istanbul, Turkey, in 1989.

In 2003, JWG-ESG had to be reconstituted due to the 
change of IASPEI commission. Prof. Hiroshi Kawase, 
then a professor at Kyushu University, became the co-
chairman for the IASPEI side and Prof. Jacobo Bielak, 
then a professor at Carnegie Mellon University, became 
the co-chairman for the IAEE side. The members of the 
steering committee was also reformed and approved dur-
ing the IASPEI meeting in 2003. As of September 2022, 
the co-chairs are Prof. Kawase and Prof. Jamison Steidl, 
Adjunct Professor at the University of California, Santa 
Barbara.

History of ESG symposia and past blind predictions
The first international symposium on ESG (hereafter 
ESG1) was held on March 25–27, 1992 at the City Hall of 
Odawara City, Japan, which is located near one of the two 
test sites, Ashigara Valley (JWG-ESG 1992). The main 
topic of ESG1 was to discuss the blind prediction results 
of weak motion observed at Turkey Flat and both weak 
and strong motions observed at Ashigara Valley. The 
blind prediction exercises were performed prior to ESG1 
and the results were reported at the symposium. The 
summary of the Ashigara Valley blind prediction exer-
cise can be found in Kudo (1992) and Kudo and Sawada 
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(1992) for the distributed and blind data and Midorikawa 
(1992) for the presented results. In essence, considering 
the inherent variations for multiple observations at the 
same site, which are now known to be less than half or 
twice the average, their overall agreement with obser-
vations was statistically satisfactory. We also found that 
the variability between predictions was reasonably small, 
since it is also less than the inherent variations for mul-
tiple observations. We should mention that there were 
a few participants whose results were exceptionally 
larger or smaller than the others. This fact strongly sug-
gests the need to screen the participants before the blind 
prediction.

The second international symposium on ESG (hereafter 
ESG2) was held at the Research and Development Center 
of the then Tokyo Electric Power Company in Yokohama, 
Japan from December 1 to 3, 1998. The main feature of 
ESG2, was the Simultaneous Simulation (hereafter SS) 
for Kobe earthquake that occurred on January 17, 1995. 
The SS was an open prediction competition, and its pur-
pose was threefold: (1) to compare the simulated syn-
thetics submitted by participants from around the world; 
(2) to understand the key parameters for quantitative 
prediction of strong ground motions; and (3) to explore 
future research directions related to the ESG study and 
strong motion prediction through the results of the SS. 
Iwata et  al. (1999) summarized the experimental set-
tings and data provided, while Kawase and Iwata (1999) 
summarized the results submitted. The results presented 
were more or less satisfactory, and the necessity of the 
3D basin structure for the quantitative prediction of the 
observed strong motions in Kobe was confirmed. The 
most interesting finding was the fact that that the varia-
tion between the simulations of different parties was con-
siderably smaller when the observed data were provided, 
but much larger when no observed data were provided. 
The general chairman for both ESG1 and ESG2 was Prof. 
Hiroshi Okada, then a professor at Hokkaido University.

The third international symposium on ESG (hereafter 
ESG3) was held in Grenoble, France from August 30 to 
September 1, 2006. It was chaired by Dr. Pierre-Yves Bard, 
then a senior researcher at LGIT. Two blind prediction 
exercises were performed for ESG3. The first was to esti-
mate the phase velocity from the provided microtremor 
data, which were simulated microtremors by synthetics 
and observed microtremors by array observations in the 
Grenoble basin (Cornou et al. 2009). Second, the simul-
taneous simulation of the 3-D basin response of the Gre-
noble basin was performed (Chaljub et al. 2009). As for 
the microtremor blind experiment, they reported quite 
convincing evidence for the effectiveness of the array 
microtremor method, with several caveats. Regarding the 
simultaneous simulation of the 3D basin response, they 

found that the matching between the synthetics of differ-
ent participants was not as good as expected. Later, they 
found that the discrepancy between participants was 
mainly caused by various human factors. This is a similar 
problem to the open prediction experiment during ESG1 
mentioned above.

The fourth international symposium on ESG (hereaf-
ter ESG4) was held at the University of California Santa 
Barbara (UCSB) from August 23 to 26, 2011. Prof. Ralf 
Archuleta, then a professor at UCSB was the General 
Chairman. The main topic of ESG4 was to discuss the 
validity of Vs30, the time-averaged S-wave velocity of the 
top 30 m of the subsurface.

The fifth international symposium on ESG (hereaf-
ter ESG5) was held in Taipei, Taiwan, from August 15 
to 17, 2016. The General Chairman was Prof. Kuo-Lian 
Weng, then professor at the National Central Univer-
sity. The main theme of the symposium was “Challenges 
of Applying Ground Motion Simulation to Earthquake 
Engineering.”

Introduction of ESG6
The sixth international symposium on ESG (hereafter 
ESG6) was originally planned to be held in Kyoto, Japan, 
in March 2021 to commemorate the quarter century 
since the 1995 Kobe earthquake and the decade since the 
2011 off the Pacific coast of Tohoku earthquake. Unfor-
tunately, due to the difficult conditions caused by the 
COVID-19 pandemic, ESG6 was postponed and was held 
from August 30 to September 1, 2021.

After the first two ESG symposia were held in Japan, 
three ESG symposia were held in France, USA and Tai-
wan over the period of 20  years. The Japanese working 
committee proposed and was approved to hold the ESG 
symposium in Japan at the JWG-ESG steering commit-
tee held during ESG5. The local organizing committee for 
ESG6 was formed within the Japan Association for Earth-
quake Engineering (hereafter JAEE). The main theme of 
ESG6 was decided as “Progress of ESG research during 
the last three decades—How accurately can we predict 
site amplification?”

There were two main features in ESG6. First is the blind 
prediction exercise to post-predict the ground motion 
and subsurface structure in Kumamoto, Japan. Second is 
the special session on the use of data from Kyoshin Net-
work (K-NET) and Kiban Kyoshin Network (KiK-net) 
operated by the National Research Institute for Earth 
Science and Disaster Resilience (hereafter NIED). The 
General Chairman was Prof. Kawase, Program-Specific 
Professor at the Disaster Prevention Research Institute, 
Kyoto University.

In order to investigate the subsurface structure of the 
target site of the blind prediction exercise, a thorough 
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investigation including several types of surveys was con-
ducted in and around the target site. This article describes 
the blind prediction exercise and the data obtained from 
the surveys.

Blind prediction exercise
Overview
The blind prediction exercise (hereafter BP) for ESG6 
was designed to post-predict a target recorded waveform, 
an undisclosed strong ground motion record during 
the 2016 Kumamoto earthquake at a site in Kumamoto 
City, Kumamoto, Japan (hereafter KUMA), using ground 
motion records from moderate-sized earthquakes, 
ground motion records at a reference rock site and infor-
mation about the subsurface velocity structure at the 
site. The prediction results submitted by the BP partici-
pants were to be complied and compared with the target 
strong ground motion record in order to discuss about 
the accuracy of ground motion prediction methods and 
their reliability, and to understand the current status of 

ground motion prediction technique as a community in 
order to reveal the direction of development of ground 
motion prediction methods. The BP of ESG6 consists of 
three steps, Step (1) Estimation of the subsurface veloc-
ity structure (hereafter BP1), Step (2) Post-prediction of 
weak ground motion (hereafter BP2), and Step (3) Post-
prediction of strong ground motion (hereafter BP3). The 
BPs are also intended to show how the accuracy of BP1 
and BP2 leads to the accuracy of BP3.

Selection of the test site
The location of the target test site for the BP of ESG6, 
KUMA is a strong motion observation site located in 
Kumamoto City, Kumamoto, Japan in the northern part 
of the Kumamoto Plain. Figure 1 shows the location of 
Kumamoto City and Fig. 2 shows the detailed location 
of KUMA in Kumamoto City. The characteristics of 
the strong ground motion during the 2016 Kumamoto 
earthquake near JR Kumamoto Station, which is about 
1 km north of KUMA, were investigated by Tsuno et al. 

Kumamoto City, 
Kumamoto 

KUMA

40°

30°

1130° 40°

Fig. 1 Location of the target test site, KUMA, for the blind prediction exercise of ESG6, Kumamoto City, Kumamoto, Japan. The lower left map 
is plotted on Google Map
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(2017), but the ground motion records at the target test 
site were not disclosed until ESG6 was held in August 
2021. A preliminary microtremor observation was con-
ducted at KUMA to check whether there was strong 
lateral heterogeneity in and around the site, and it was 
found that there was no strong lateral heterogeneity.

The condition of the strong observation site KUMA is 
shown in Additional file 1: Figure S1a in the electronic 
supplementary material. The accelerometer at KUMA 
was installed in a surface observation case right next 
to a three-story reinforced concrete building, as shown 
in Additional file 1: Figure S2. For the blind prediction 
exercises during the previous ESG symposia, ground 
motion records of nearby reference rock site were pro-
vided to estimate the ground motion on the sediment. 

For the BP of ESG6, the ground motion records were 
provided at a nearby rock site KU.KMP1 shown in 
Additional file  1: Figure S1b. KU.KMP1 is located on 
Mt. Kimbo north-west of KUMA as shown in Fig.  2a, 
which is operated by the Institute of Seismology and 
Volcanology, Kyushu University. Velocity meters are 
installed in the observation hut and the observed data 
were distributed to the participants of BP2 and BP3.

Three steps of the exercise
Step 1
The exercise of BP1 was to estimate a one-dimensional 
(1-D) subsurface S-wave velocity structure beneath 
KUMA, which will be used to evaluate the site amplifica-
tion characteristics of the subsurface structure. The site 
amplification factors are necessary to predict the ground 
motions at KUMA. The information and data distrib-
uted to the participants were collected at the site by the 
members of the ESG research committee of JAEE and 
the General Proposal Type Research of the Core-to-Core 
Collaborative Research between Earthquake Research 
Institute, The University of Tokyo and Disaster Preven-
tion Research Institute, Kyoto University (Chimoto et al 
2020). The distributed data include microtremor data 
from several equilateral triangular arrays of sides lengths 
ranging from 1 to 962  m and surface wave data from 
active source measurements, which will be presented in 
the “Data acquisition” section. Participants were asked 
to analyze the vertical component of the microtremor 
data from the arrays and/or the surface waves from the 
active source measurement for Multi-channel Analysis of 
Surface Waves (MASW) to obtain and submit a Rayleigh 
wave dispersion curve using any algorithm(s). A 1-D 
velocity model estimated from the Rayleigh wave disper-
sion curve was also requested. There was also an option 
to submit an additional dispersion curve and 1-D velocity 
model using the horizontal component(s) of microtrem-
ors. Upon submission, a description of the analysis pro-
cedure was requested along with the data of the results of 
the analysis.

The results of BP1 are reported by Chimoto et  al. 
(2023).

Steps 2 and 3
The exercise of BP2 and BP3 were simulations of weak 
motion and strong motion observed at the KUMA, which 
are the foreshock and mainshock of the 2016 Kumamoto 
earthquake, respectively. A dozen earthquake records 
observed at the test site and the reference site were 
made available to the participants, which are presented 
in the “Data acquisition” section. The earthquake records 
observed at KUMA for the target earthquakes (fore-
shock and mainshock) were blindfolded. The earthquake 

200m

KUM

a)

b) 

Fig. 2 a Map showing the location of the target test site KUMA 
and the reference rock site KU.KMP1 in Kumamoto City, Kumamoto, 
Japan, along with the locations of strong ground motion stations 
and epicenters of earthquakes provided in the blind predictions (BP2 
and BP3). Circles indicate the epicenters of aftershocks of the 2016 
Kumamoto earthquake sequence. A black star indicates the epicenter 
of another aftershock, which is the target earthquake in BP2. Source 
fault planes of the foreshock (straight line) and the mainshock (two 
rectangles) of the 2016 Kumamoto earthquake sequence by Asano 
and Iwata (2016) are projected, which are the target earthquakes 
in BP3. b Map of the detailed location of KUMA on the right bank 
of the Shirakawa River, plotted on Kuni-jiban (2022). Borehole survey 
data in Kuni-jiban for location indicated by the red circle are used 
as reference for the results of SPT at the borehole survey near KUMA
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ground motions for the target earthquake at KUMA 
were requested from the participants. The calculations 
should be based on any simulation technique such as 1-D 
method, Ground Motion Prediction Equations (GMPEs), 
empirical Green’s function method, or the two-dimen-
sional (2-D)/three-dimensional (3-D) simulations. For 
submission, the minimum requirement was acceleration 
motions for a horizontal component with a sampling fre-
quency of 100 Hz and the Fourier spectrum in the reliable 
frequency range, describing the start time of the record-
ing and the duration in the simulation. Submission of two 
or three component data was optional but preferred. Any 
other relevant information about the parameters used in 
the simulation was also required. For theoretical meth-
ods, a description of the subsurface velocity model used 
was requested. If submitted, a description of the analy-
sis procedure was requested along with the data of the 
results of the analysis.

The results of BP2 and BP3 are reported by Tsuno et al. 
(2023).

Site information
Overview
The borehole survey was conducted at the premises of 
an affiliate of Kyushu Railway Company (JR Kyushu) 
which is located south of JR Kumamoto station in Kuma-
moto City, Kumamoto, Japan, as shown in Figs.  1 and 
2. The borehole survey site was located approximately 
30  m north-west of KUMA. The borehole survey was 
conducted between November 1 and 23, 2019, and the 
laboratory tests were conducted by OYO Corporation 
between December 4 and 23, 2019. The information of 
the results presented in this paper is based on the report 
by OYO Corporation. The latitude and longitude of the 
borehole survey site is 32.7758 N and 130.6878 E, respec-
tively, based on the report.

The borehole survey site is located on the right bank of 
Shirakawa River, which flows north–south in Kumamoto 
City. It is located on the flood plain of the Shirakawa 
River and the elevation is 9  m. The surface geology of 
the site is alluvium that forms the flood plain of the Shi-
rakawa River and is covered with modern landfill. The 
Mt. Mannichiyama, which is located north-west of the 
site, is formed by the volcanic rock (tuff breccia) of Mt. 
Kimbo. The Takuma Plateau on the eastern side of Kum-
amoto Plain is formed by a layer of pumice derived from 
the pyroclastic flow deposits of Mt. Aso and covered by a 
few meters of gravelly sand.

The subsurface structure at the survey site consists of 
landfill at the surface, Holocene sand/silt to a depth of 
30  m, and then about 10  m of gravel sand layer. Below 
this layer is the pumice layer of Mt. Aso origin and the 

tuff breccia of Mt. Kimbo exists. The tuff breccia layer is 
considered to be the engineering bedrock at this site.

Borehole survey
A borehole survey was conducted at a point approxi-
mately 30  m north-west of KUMA. The depth of the 
borehole was 39  m. For the in  situ measurements, the 
Standard Penetration Test (SPT) was conducted for every 
1 m, for a total of 38 times. Undisturbed samples for lab-
oratory testing were obtained by thin-walled tube sam-
pling for three samples at the depths of 4 to 5  m (T-1), 
7.65 to 8.65  m (T-2), 23 to 23.72  m (T-5), and rotary 
triple-tube sampling for two samples at depths of 13 to 
14 m (Tr-3) and 20 to 21 m (Tr-4). The borehole log with 
N-values obtained from SPT and detailed depth locations 
of the samples are shown in Fig. 3.

Result of SPT at a location approximately 300 m south-
east of the borehole survey site, shown as a red circle in 
Fig.  2, that can be found in Kuni-jiban (2022) is shown 
in Fig.  4. It shows that the upper 23  m is mostly sandy 
layers with N-values of about 20 or less, except between 
the depth of 18 and 21 m where N-value exceeds 30. The 
N-value becomes small again at about 23 m depth, where 
there is a silt layer with a thickness of about 3  m. The 
sandy layer reappears up to the depth of 35.5  m where 
the gravel layer appears and the N-value reaches 50. 
These characteristics are similar to those shown in Fig. 3.

P‑S logging
P-S logging by suspension method was conducted for 
every 0.5  m in depth, for the entire 39  m. The result of 
P-S logging with boring log is shown in Fig.  5. The soil 
conditions and velocity profile obtained by the P-S log-
ging are shown in Tables  1 and 2, respectively. The 
P-wave and S-wave waveforms are shown in Additional 
file  1: Figures  S3 and S4, respectively, in the electronic 
supplement.

Laboratory tests
Laboratory tests were performed on the five samples 
obtained at the site. The laboratory tests were per-
formed based on the Japanese Industrial Standard (JIS) 
and the Japanese Geotechnical Society Standard as 
shown in Additional file  1: Table  S1 in the electronic 
supplementary material. The results of the laboratory 
tests for the five samples, T-1, T-2, Tr-3, Tr-4 and T-5, 
are summarized in Additional file 1: Table S2. The par-
ticle size distributions for each sample are shown in 
Additional file 1: Table S3. Specimen conditions and test 
results of the cyclic triaxial test to determine the defor-
mation properties of geomaterials are shown in Table 3. 
Additional file  1: Tables S4 to S8 show the Young’s 
modulus—strain (E-εa ), hysteric damping—strain 
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(h-εa ) relationships of samples, T-1 T-2, Tr-3, Tr-4 and 
T-5, respectively, and Additional file 1: Tables S9 to S13 
show the shear modulus—shear strain (G-γ), hysteric 
damping—shear strain (h-γ ) relationship of samples. 

Figures 6 and 7 show the figures of the E-εa , h-εa rela-
tionships and G-γ , h-γ relationships of specimens T-1, 
T-2, Tr-3, Tr-4 and T-5, respectively.

Fig. 3 Borehole log with N-values obtained from SPT. a Depth of 0 m to 16.3 m, b depth of 16 m to 39.44 m. The soil conditions shown in the far 
left of the figure are listed in Table 1. The upper 28 m is mostly sandy layers with N-values of about 20 or less, except between depths of 16 and 19 m 
where N-value becomes close to 30. The N-value becomes low again at about 22 m where there is a silt layer about 3 m thick. The sandy layer 
reappears down to 31 m where the gravel layer appears and the N-value reaches 50 at 33 m depth. The detailed depth locations of the samples 
T-1, T-2, Tr-3, Tr-4 and T-5 are shown on the far right of the figure and are presented in Table 3, Additional file 1: Tables S2 and S3. As for the sampling 
method, “T” stands for “thin-walled tube sampling” and “R” is for “rotary triple-tube sampling”
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Data acquisition
Microtremor data
The microtremor measurements were performed for 
arrays of five different sizes (KUM-SS1, S, SM, M, LL). 

Each array consists of two equilateral triangles and seven 
sensors were used to observe microtremors simultane-
ously. The combination of the side lengths of the two tri-
angles of each array are (1, 2), (10, 20), (39, 78), (122, 243), 

Fig. 3 continued
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Fig. 4 Borehole log with N-values from SPT at a point south-east of KUMA, point “Shirakawa 2 No.1 (2) levee crown of right bank” made 
from information in Kuni-jiban (2022) (in the red circle of Fig. 2b)



Page 10 of 22Matsushima et al. Earth, Planets and Space           (2024) 76:43 

and (481, 962) in meters for arrays KUM-SS1, S, SM, M, 
and LL, respectively. The sensors used for the observation 
were SE-321 manufactured by Tokyo Sokushin, consist-
ing of three components (UD, NS, and EW) with a natu-
ral period of 10 s and sensitivity of 5 V/(cm/s). The data 
logger used was an LS8800 manufactured by Hakusan 
Corporation. The sampling rate was 200  Hz with 24-bit 
accuracy. The dynamic range is 128 dB. Time correction 
was performed at every one hour during the measure-
ments. The duration of the distributed data is 45 min for 
KUM-SS1 and 60 min for the other four arrays. The maps 

of the microtremor triangular arrays KUM-SS1&S, SM, 
M, and LL are shown in Additional file 1: Figure S5 and 
the locations of the triangular arrays KUM-SM, KUM-M 
and KUM-LL are shown in Additional file 1: Table S14.

Active source data for MASW
The active source measurement was conducted along 
a 36 m survey line approximately 30 m to 50 m west of 
KUMA, as shown in Fig. 8. Vertical geophones were dis-
tributed at 1.5 m intervals along the survey line (Fig. 8a). 
Data for 10 shots are collected for each shot-receiver 

Fig. 5 PS logging results performed for every 0.5 m in depth, for the whole 39 m compared with layering obtained from the boring log in the left 
side of the figure. Data of P- and S- wave velocities are presented in Table 2



Page 11 of 22Matsushima et al. Earth, Planets and Space           (2024) 76:43  

gather. Shot points were located at either end of the 
survey line. A sledgehammer was used to create a verti-
cal impact as an artificial source. Data were sampled at 
1 kHz intervals. The north-east end of the survey line was 
approximately 10  m south-west of the borehole survey 
location as shown in Fig. 8b. The condition of the survey 
line is shown in Fig. 8c.

Earthquake ground motion data
Test site and reference site
The strong ground motions during the 2016 Kumamoto 
earthquake sequence, Japan, which occurred on April 
14, 2016, at 21:26 JST (Japan Meteorological Agency 
(JMA) Magnitude (MJMA) 6.5) and April 16, 2016, at 
1:25 JST (MJMA 7.3), and the weak ground motions dur-
ing the aftershocks of these earthquakes were recorded 
at the Kumamoto test site without any publication. Also, 
the strong ground motions during the 2016 Kumamoto 
earthquake sequence and the weak ground motions dur-
ing these aftershocks were recorded at the reference 
site (Tsuno et al. 2017). The test site KUMA, which was 
installed and maintained by JR Kyushu, is located on 
Quaternary layers in the northern part of the Kuma-
moto Plain, Japan. On the other hand, the reference site 
where the strong ground motion station (KU.KMP1) was 
installed and maintained by the Institute of Seismology 
and Volcanology, Faculty of Science, Kyushu University, 
is located on Mt. Kimbo, where tuff breccia is widely dis-
tributed (Hoshizumi et al. 2004). The locations of KUMA 
and KU.KMP1 are shown in Fig. 2 and Table 4.

Earthquake records
For the period of about two months after the 2016 Kuma-
moto earthquake sequence, earthquake records of two 
hundred earthquakes with MJMA greater than 3 were 

observed including strong motions and week motions 
at KUMA. As the target earthquake in BP2, the larg-
est aftershock of MJMA 5.9 occurred on April 16, 2016, 
at 3:03 JST with Peak Ground Acceleration (PGA) of 
less than 50  cm/s2 at KUMA was selected, and the tar-
get weak motion record (No.35 in Table 5) at KU.KMP1 
was released. The velocities at KU.KMP1 for the largest 
aftershock of MJMA 5.9 (the target earthquake) provided 
in BP2 are shown in Fig. 9a. As the target earthquakes in 
BP3, the foreshock of MJMA 6.5 that occurred on April 14, 
2016, at 21:26 JST and the mainshock of MJMA 7.3 that 
occurred on April 16, 2016, at 1:25 JST were selected 
and the target strong motion records at KU.KMP1 were 
released. The velocities at KU.KMP1 for the foreshock 
of MJMA 6.5 and the mainshock of MJMA 7.3 (the target 
earthquakes) provided in BP3 are shown in Fig. 9b.

In addition, 12 weak motion records with epicent-
ers widely distributed in the source fault planes of the 
foreshock and the mainshock of the 2016 Kumamoto 
earthquake sequence (Asano and Iwata 2016), were 
released for both KU.KMP1 and KUMA. The veloci-
ties at KU.KMP1 and accelerations at KUMA for the 12 
aftershocks provided in BP2 are shown in Figs.  10 and 
11, respectively. The PGA in the EW component dur-
ing an earthquake of No.80 is only above 50 cm/s2 with 
a sharp amplitude in the high frequency at the test site. 
The information and locations of the earthquakes pro-
vided in BP2 are shown in Table  5 and Fig.  2, respec-
tively. The ground motions at KU.KMP1 were recorded 
by a velocity-meter and the ground motions at KUMA 
were recorded by an accelerometer, as shown in Table 4. 
The raw data (velocity at the reference site of KU.KMP1 
and acceleration at the test site of KUMA), whose DC 

Table 1 Soil conditions of boring log, presented graphically in 
Fig. 3

Depth (m) Thickness (m) Soil type

1.80 1.80 Bank (gravel)

5.60 3.80 Sandy silt

7.65 2.05 Sand with silt

8.40 0.75 Clay with sand

9.55 1.15 Silt with sand

19.95 10.40 Sand

22.70 2.75 Sand with silt

24.90 2.20 Silt with sand

28.60 3.70 Sand with silt

30.90 2.30 Sand with gravel

38.00 7.10 Gravel

39.44 1.44 Tuff breccia

Table 2 Velocity profile obtained from P-S logging, presented 
graphically in Fig. 5

Depth (m) Thickness (m) P‑wave velocity 
(m/s)

S‑wave 
velocity 
(m/s)

1.7 1.7 280 95

5.5 3.8 490 100

7.7 2.2 1020 190

9.5 1.8 1160 120

20.0 10.5 1550 190

23.7 3.7 3470 200

25.0 1.3 2160 230

28.5 3.5 2160 210

31.0 2.5 1150 260

35.0 4.0 1440 290

38.0 3.0 2090 410

38.8 0.8 3370 420
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components were extracted by using the average over the 
whole duration of each recording were offered, without 
any other corrections.

Additional information
The results of in situ measurements and laboratory tests, 
the preferred 1-D velocity model by the ESG6 local 
organizing committee were provided, as follows in (1) 
and (2). The information on the Japan Integrated Velocity 
Structure Model (JIVSM) and the geological map around 
KUMA released by the National Institute of Advanced 

Industrial Science and Technology (AIST), were pro-
vided, as shown in (3) and (4):

(1) The results of in situ measurements and laboratory 
tests were reported as in the “Site information” sec-
tion.

(2) The preferred velocity model was constructed by 
the ESG local organizing committee as in the “Pre-
ferred velocity model” section.

(3) JIVSM was constructed by Koketsu et  al. (2009, 
2012), and descriptions in English were distributed.
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(4) The Seamless Digital Geological Map of Japan 
(1:200,000) by AIST was introduced as the refer-
ence geological map.

Preferred velocity model
Construction of a 1‑D profile
A preferred velocity model constructed at KUMA using 
available subsurface velocity data to provide to BP2 

and BP3 participants for the use in the blind prediction 
tests after the BP1 results were submitted. The preferred 
velocity model is a 1-D profile of velocities of P- and 
S-waves, densities for the shallow and deep sedimentary 
layers over the basement with an S-wave velocity greater 
than 3 km/s.

The shallow part of the preferred velocity model was 
derived from the result of the P-S logging at the strong 
motion site. The top 10 layers above the engineering bed-
rock with S-wave velocity greater than 400  m/s in the 
logging profile are also included in the preferred veloc-
ity model. The same physical parameters as in the logging 
were used for the 10 layers, including their thicknesses.

The deep part of the preferred velocity model was 
based on the structural data available in the previous 
surveys. Figure  12a shows three 1-D S-wave profiles 
obtained from the existing 3-D velocity models around 
the KUMA station. JIVSM is a 3-D velocity model con-
structed by compiling geological and geophysical data 
with earthquake records of moderate events (Koketsu 
et  al. 2012). This model has a top layer with an S-wave 
velocity of 350 m/s. The Japan Seismic Hazard Informa-
tion Station (J-SHIS, Ver 2) also provides a 3-D velocity 
model for most of Japan (NIED 2018). The 1-D veloc-
ity model of J-SHIS has an upper layer with an S-wave 
velocity of 650 m/s. The depth to the basement with an 
S-wave velocity of about 3  km/s in the J-SHIS model is 
deeper than that of JIVSM. Most of the S-wave velocities 
of the sediments in the J-SHIS model are also higher than 
those in JIVSM. These two models were constructed to 
simulate long-period ground motions on a regional scale. 
However, Senna et al (2018) conducted microtremor sur-
veys in Kumamoto Plain and Mt. Aso to construct a 3-D 
velocity model. A 1-D profile obtained at KUMA from 
the 3-D model by Senna et al. (2018) is shown in Fig. 12a. 
This model includes shallow and deep portions of sedi-
mentary layers with S-wave velocities ranging from 170 
to 3200 m/s. The S-wave distribution of the deep part of 
this model is similar to that of JIVSM.

The performance of the three models was examined by 
comparison with Rayleigh wave phase velocities derived 
from measurements at the KUMA station. The array 

a)

b) 

c)

Borehole 
survey site

KUMA

Fig. 8 a Active source measurement configuration. The star indicates 
the shot point and triangles indicate the location of the geophones. 
b Location of the survey line (yellow line) of the active source 
measurement along with the borehole site (red circle) and KUMA site 
(blue circle), plotted on Google Map, c photo taken from the south 
side of the survey line indicated by an orange arrow in b 

Table 4 Information of strong ground motion stations at the test site of KUMA and the reference site of KU.KMP1

Station code Longitude Latitude Height (m) Geological condition Seismometer

KUMA 130.6879 32.7756 10.0 Quaternary layer Accelerometer 
(STR-361, Takami-
sawa Cybernetics 
Co., Ltd.)

KU.KMP1 130.6227 32.8198 175.0 Andesite Velocity-meter 
(VSE-11F/12F, 
Tokyo Sokushin 
Co., Ltd.)
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records of vertical microtremors used in BP1 were used 
to obtain the Rayleigh wave phase velocity over a wide 
frequency range. The phase velocity was submitted to 
the blind test by some of the authors before the preferred 
velocity model was determined. The theoretical phase 
velocities of the fundamental Rayleigh waves in the three 
models are shown in Fig. 12b together with the observed 
ones. The models of JIVSM and Senna et al. (2018) show 
a high similarity with the observed phase velocity. In par-
ticular, the theoretical phase velocity for the model of 
Senna et al. (2018) agrees with the observation in a wide 
frequency range. Since the velocity model of Senna et al. 
(2018) was mainly built with Rayleigh wave phase veloc-
ity data from microtremor surveys in the area around the 
KUMA station, this high agreement of the phase veloci-
ties is quite understandable. Therefore, the 1-D velocity 
model of Senna et al. (2018) was used for the deep part of 
the preferred velocity model.

The layers below the layers with having an S-wave 
velocity of 400  m/s in the 1-D velocity model by Senna 
et al. (2018) are included at the bottom of the above shal-
low part for the preferred velocity model of shallow and 
deep sedimentary layers at KUMA station. The con-
structed preferred profile is shown in Fig. 12c and tabu-
lated in Table 6.

Validation of the 1‑D profile
We have validated the constructed preferred velocity 
model by comparing it to the earthquake records pro-
vided in the second and third steps of the blind test. 10 
weak motion records at the target and rock sites in the 
blind test were used in the validation. We calculated 
ratios of S-wave spectra from the records at KUMA to 
half of those at the rock site KU.KMP1 as an assumed 
incident wave to account for the free surface condi-
tion at KU.KMP1. The averaged ratios were compared 
with theoretical amplification factors of the vertical 1-D 
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Fig. 9 a Velocity waveforms at KU.KMP1 for the largest aftershock of MJMA 5.9 (the target earthquake) provided in BP2. In the figure, waveforms 
start on April 16, 2016, at 3:03:10 JST. b Velocity waveforms at KU.KMP1 for the foreshock of MJMA 6.5 and the mainshock of MJMA 7.3 (the target 
earthquakes) provided in BP3. In the figure of the foreshock, waveforms start on April 14, 2016, at 21:26:30 JST. In the figure of the mainshock, 
waveforms start on April 16, 2016, at 1:25:00 JST. At the time of the arrow, the power was shutdown at KU.KMP1 and no data were recorded 
after this time
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Fig. 10 Velocity waveforms at KU.KMP1 for the aftershocks provided in the blind predictions (BP2 and BP3)
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Fig. 11 Acceleration waveforms at KUMA for the aftershocks provided in the blind predictions (BP2 and BP3)
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S-wave in the preferred velocity model. Q-value of each 
layer was assumed to be equal to one-tenth of the S-wave 
velocity in m/s according to previous studies (e.g., Olsen 
et al 2003; Zhu et al. 2022). Figure 13 shows the observed 
spectral ratios with the calculated amplification for the 
preferred velocity model. Since the measured S-wave 

distribution at the rock site is not known, three amplifica-
tion factors were calculated for the layers above the layers 
with S-wave velocities of 3200, 2100, 1100 m/s for com-
parison. The observed ratio is very similar to the amplifi-
cation factor for the layers above the layer with an S-wave 
velocity of 1100 m/s in the 0.5 to 10 Hz frequency range, 

Fig. 12 a S-wave velocity profiles at KUMA in existing 3-D models of deep sedimentary layers. Black, blue and red lines indicate 1D S-wave 
velocity distributions extracted from J-SHIS (NIED, 2019), Koketsu et al. (2009) and Senna et al. (2018). b Comparison of observed Rayleigh-wave 
phase velocities (circles) and theoretical ones for S-wave models (lines) in a). Green, blue and red lines indicate 1D S-wave velocity distributions 
extracted from J-SHIS (NIED, 2019), Koketsu et al. (2009) and Senna et al. (2018). c 1-D S-wave velocity profile of shallow and deep sedimentary layers 
at KUMA as the “preferred velocity model” in the blind test in ESG6. The shallow part of the profile was constructed from results of S-wave velocity 
at borehole, while the deep part was imported from Senna et al. (2018)
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providing sufficient validation of the preferred velocity 
model for the use in the ground motion simulations. The 
other amplification factors are larger than the observed 
ratio throughout the entire frequency range. This indi-
cates that the subsurface structure at the rock site may 
contain the layer with an S-wave velocity of 1100  m/s, 

and the effects of layers deeper than this layer are com-
mon between KU.KMP1 and KUMA. Actual velocity 
data at KU.KMP1 are required for a quantitative interpre-
tation of the observed spectral ratio.

Conclusions
A brief introduction of the history of 35  years of JWG-
ESG and the history of five ESG symposia that were held 
in Odawara, Yokohama, Grenoble, Santa Barbara and 
Taipei, that since 1992 and the blind predictions and 
simultaneous simulations conducted for these sympo-
sia were summarized. The outline of ESG6 and the blind 
prediction exercise for ESG6 were introduced.

The location of the target test site for the BP of ESG6, 
KUMA is a strong motion observation site located in 
Kumamoto City, Kumamoto, Japan, in the northern part 
of the Kumamoto Plain. The characteristics of the strong 
ground motion during the 2016 Kumamoto earthquake 
near JR Kumamoto Station, which is about 1 km north of 
KUMA, has been studied, but the ground motion records 
at the target test site was undisclosed until ESG6. Pre-
liminary microtremor observations were made at KUMA 
and found that there is no strong lateral heterogeneity in 
and around the site. There is a nearby rock site KU.KMP1, 
operated by Kyushu University about 10 km north-west 
of KUMA, and its ground motion records were provided 
to the participants to be used as a reference.

In order to investigate the subsurface structure of the 
target site of the blind prediction exercise, a thorough 
investigation including several types of surveys was con-
ducted in and around the target site.

The information on the microtremor observations 
and active source measurements that were conducted 
near the target test site KUMA to collect data for the 
BPs was described in detail. The data obtained from 
these observations and additional information distrib-
uted to the BP1 participants were explained. The micro-
tremor observation was performed for longer duration 
compared to the duration often performed for practice. 
Also, the observations for large radius arrays were con-
ducted overnight. These measures made the data more 
stable and reliable, leading to stable results in BP1.

On the other hand, information about the ground 
motion data collected at KUMA and KU.KMP1 and 
information about the related seismic sources were 
compiled from existing literature and presented to the 
participants of BP2 and BP3.

In addition, the results of the borehole survey con-
ducted at a site near KUMA to obtain information to 
verify the results submitted by the participants of the 
BP of ESG6 were presented. This includes information 
such as the results of the in situ measurements includ-
ing P-S logging and laboratory tests of the five samples 

Table 6 Velocity profile of the constructed “preferred velocity 
model”, presented graphically in Fig. 12c

Layer no. Vp (m/s) Vs (m/s) Density  
(g/cm3)

Thickness (m)

1 280 95 1.50 1.70

2 490 100 1.50 3.80

3 1020 190 1.60 2.20

4 1160 120 1.50 1.80

5 1550 190 1.60 10.50

6 3470 200 1.70 3.70

7 2160 230 1.70 1.30

8 2160 210 1.70 3.50

9 1150 260 1.70 2.50

10 1440 290 1.70 4.00

11 1600 400 1.85 8.96

12 1600 450 1.85 11.84

13 1700 500 1.90 16.56

14 2100 600 1.90 51.07

15 2400 900 2.05 138.67

16 2600 1100 2.15 317.82

17 4000 2100 2.40 929.16

18 5500 3100 2.60 475.57

19 5500 3200 2.65 –

Fig. 13 Observed spectral ratios between KUMA and KU.KMP1 
(gray line) compared with calculated amplification from layers 
of Vs = 1100 m/s, Vs = 2100 m/s and Vs = 3200 m/s in red, blue 
and green lines, respectively, to the surface of the preferred velocity 
model
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collected at the borehole survey site. P-S logging was 
done for every 0.5 m, which is more detailed compared 
to the P-S logging done for practice, which is done for 
every 1 m or more. This allowed a detailed comparison 
with the phase velocity and velocity structure estimated 
by the BP participants.

Finally, the approach and procedure for constructing 
the “preferred velocity model” provided to the partici-
pants was explained in detail. We constructed a velocity 
profile of the shallow and deep sedimentary layers from 
a combination of the geophysical and geotechnical data 
at the site, and validated it by comparing the charac-
teristics of the ground motion data from the moder-
ate event. The amplification factor calculated from the 
“preferred velocity model” showed that the amplifica-
tion factor from the Vs = 1100 m/s layer was consistent 
with the observed amplification factor. This “preferred 
velocity model” was provided as a standard model to 
the participants of the second and third steps of the 
blind prediction test to predict the earthquake ground 
motions of a moderate event and the mainshock of the 
2016 Kumamoto earthquake.
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