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ABSTRACT: To estimate damage caused by strong ground motions from a large earth-
quake, it is important to accurately evaluate broadband ground-motion characteristics in wide
area. For realizing that, it is one of the important issues to model detailed subsurface structure
from top surface of seismic bedrock to ground surface. In this study, we first collected a lot of
records obtained by dense microtremor observations and earthquake ones in the whole area.
And then, using ground motion characteristics such as disperse curves and H/V(R/V) spectral
ratios obtained from these records, the initial geological subsurface structure models were
improved in terms of velocity structure from top surface of seismic bedrock to ground surface
in the area. We will report outlines on microtremor array observations, analysis methods and
improved subsurface structure models.

1 INTRODUCTION

To improve the accuracy of the estimation of strong ground motions, establishing a subsur-
face structure model is important for evaluating broadband motion characteristics in an
approximate range of 0.1 to 10 sec. Integrating the ground surface and seismic bedrock
models, which have been modeled separately so far, to construct an integrated model for
reproducing observed data is essential for that purpose. In this study, boring data from the
whole area of several prefectures were collected from local governments to construct an ini-
tial geological structure model from the ground surface to the engineering bedrock, which
was further integrated with the existing seismic bedrock model to obtain an initial subsur-
face structure model (geological model). Seismic records from the observation points of K-
NET, KiK-net, the Japan Meteorological Agency, and local governments, as well as records
from array surveys with a multitude of continuous microtremors were collected to obtain
the S-wave velocity structure of the ground, Q-values, and amplitude characteristics using
this initial subsurface structure model to improve it. We also assessed an areal interpolation
method, thereby constructing an integrated ground surface/seismic bedrock subsurface struc-
ture model with 250-m mesh grids. Additionally, the one-dimensional multi-reflection
method was used to compare seismic observation records and site amplification characteris-
tics for a period shorter than 2 sec, while the finite-difference method was used for compari-
son with a period longer than 2 sec to verify that the model is more accurate than existing
subsurface structure models. As the final achievement of this investigation, we constructed
period and amplitude characteristic maps calculated by the one-dimensional multi-reflection
method with the subsurface structure model having a 250-m mesh as the seismic response
characteristics of the entire Kanto region. In this paper, we report our approach to model-
ing the Kanto region.
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2 OVERVIEW OF THE CONSTRUCTION OF THE SUBSURFACE STRUCTURE
MODEL

We examined a method to construct a “ground surface/seismic bedrock integrated subsurface
structure model” with a mesh of approximately 250 m, which is also used for micro-scale land-
form classifications, to construct a “wide area” subsurface structure model for each prefecture
using the above-mentioned existing subsurface structure models; the Kanto/Tokai regions, Nii-
gata Prefecture, and part of the Kumamoto Prefecture (the Metropolis and 12 prefectures) had
already been examined. Our previous study that examined the method and construction of a
“local version” of the ground surface/seismic bedrock integrated subsurface structure model with
a mesh of approximately 50 m for each city, town, or village was also considered in this study.
An initial ground surface/seismic bedrock integrated model (initial subsurface structure model)

based on boring data should be constructed with an equivalent quality for all regions, which
should be used to create the full model. In this study, three-dimensional geological stratigraphy
data were imported to construct an initial ground surface model for the whole region considering
spatial continuity, but excluding mountainous areas. The layer structure for the subsurface struc-
ture modeling is illustrated in Figure 1, and the flow of the model construction process is shown in
Figure 2.

3 COLLECTION OF GROUND DATA FOR THE CONSTRUCTION OF THE
SUBSURFACE STRUCTURE MODEL

We collected boring data, seismic observation records, and observation data of continuous
microtremors that local governments and other bodies retain as basic information about the
ground in the entire Kanto region. Boring data obtained from local governments and private
sectors were digitized into an XML format, in addition to the data published from the “Geo-
Station” of the National Research Institute for Earth Science and Disaster Resilience, to
create the ground surface model. Regarding the seismic observations, data from the K-NET,
KiK-net, the Japan Meteorological Agency, and local (mainly prefecture) governments were
collected from April 1, 2001 to March 31, 2015. Miniature array observations of layers shal-
lower than the engineering bedrock (ground surface structure) and array observations of the
seismic bedrock were conducted as continuous microtremor observations. Miniature array
observations were implemented at approximately 13,000 public facility and road locations,
and array observations were conducted for 500 locations, including the seismic observation
locations of K-NET, KiK-net, and local governments. Integrated continuous microtremor
observation devices, which were JU410 and JU215 seismometers (Hakusan Corporation),
were used for the observations. Equilateral triangles with a radius of 60 cm and irregular tri-
angles with sides of 5 to 15 m and no specific central points (Figure 3) were arranged at 1 to 2

Figure 1. Layer structure for the subsurface

structure modeling.

Figure 2. Flow of the construction of the

ground surface/seismic bedrock integrated sub-

surface structure model.
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km intervals to observe microtremors with miniature arrays. The measurement duration for
the miniature arrays was 15 minutes. However, for the microtremor array observations, tri-
angles with radii of 400, 200, and 100 m (800 m for some) and the K-NET and KiK-net seis-
mometers as central points of most triangles, and L-shaped arrays with sides of 75, 50, and 25
m were deployed at 5 km interval. The measurement duration with these triangular arrays was
approximately 60 to 120 minutes, depending on their radius, while the duration of miniature
arrays, such as the L-shaped arrays, was approximately 30 minutes.

4 CONSTRUCTION OF THE INITIAL SUBSURFACE STRUCTURE MODEL
(GEOLOGICAL MODEL)

4.1 Ground surface model

The flow of the construction of the ground surface model adopted in this study was as follows.

i. Set the geological stratigraphy of the subject area to classify the geologic columnar section
with the geology.

ii. Determine the continuity from each geologic columnar section.
iii. Interpolate strata interfaces and assign them to mesh points to construct the geologic struc-

ture model.
iv. Construct the speed structure model by converting the N values of the standard penetration

test data of boring to the S-wave velocity.

The collected boring data were distributed as shown in Figure 4. Strata boundaries were
obtained for all geologic columnar sections to connect the corresponding boundaries as the
interpolation of the strata boundaries in the above (iii), thereby obtaining layer structure. The
strata boundary depth of the subsurface structure model at the center of the mesh with an
interval of approximately 250 m was then obtained. The properties of the soil constituting the
highest proportion of a stratum were regarded as the soil properties of that stratum. The typ-
ical N value(Standard Penetration Test) of each stratum was obtained from all the boring
data of the subject area by the least-squares method. The relationship between the N values
and S-wave velocities was obtained based on the PS well logging data to convert the N value
of each stratum to the S-wave velocity. The modeling method using the spatial interpolation
of the analyzed ground structure data is illustrated in Figure 5.

4.2 Seismic bedrock and ground surface/seismic bedrock integrated subsurface structure models
(initial model)

In this study, we employed the nationwide subsurface structure model (J-SHIS [Japan Seismic
Hazard Information Station] model), which has been uniformly investigated and created

Figure 3. Layout of microtremor array observations (microtremor miniature (upper figure) and micro-

tremor array observations (lower figure)).
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nationwide as we aim to construct and evaluate the initial modeling of the seismic bedrock sub-
surface structure model as a nationwide model for the future. We integrated this model with the
ground surface model to construct an initial ground surface/seismic bedrock integrated subsur-
face structure model described in Section 4.1, an example of which is shown in Figure 6.

5 MODIFICATION ANALYSIS OF THE SUBSURFACE STRUCTURE MODEL

Inverse analysis was conducted against the measured dispersion curve with the microtremor
survey (array) to obtain the velocity structure of the ground. Through the inverse analysis, the
R/V spectrum was first obtained using the S-coda wave of the seismic waveform observed at the
strong motion earthquake observation station nearby to implement simultaneous joint inver-
sion. The method of simultaneous joint inversion was developed referring to Arai and Toki-
matsu (2004), and Suzuki and Yamanaka (2011). The flow of the inverse analysis is shown in
Figure 7. The waveform of the S-wave was extracted after 20 sec from the initial movement to
obtain the R/V spectrum ratio of the seismic motion and obtain the Fourier spectrum of radial
and vertical motion components with smoothing by the Parzen Window with a bandwidth of
0.05 Hz. The residual of phase velocity with the joint inversion was defined as

EPV¼ð1=N
PV Þ

X

NPV

j¼1

wðfjÞ COðfjÞ � CCðfjÞ
� �

=COðfjÞ
� �2

ð1Þ

WðfjÞ ¼ 1:0ðfj41:0HZÞ

WðfjÞ ¼ fj � 0:5þ 0:5ðfj � 1:0HZÞ
ð2Þ

Figure 4. Distribution of the boring data of the

Kanto region (approximately 310,000 boring sites).
Figure 5. Method for the construction of the

ground surface model (spatial interpolation).

Figure 6. Soil property cross-section and S-wave velocity against a survey line along the east-west cross-

section.
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where Npv, Co(fj), and Cc(fj) are the number of phase velocity data, measured phase velocity
at the
frequency of fj, and theoretical phase velocity, respectively. W(f) is a weight function that

was set larger for higher frequencies. The residual of the R/V spectrum was defined as

ERV¼ð1=N
RV Þ

X

NPV

j¼1

RVOðfjÞ=RV
O � RVCðfjÞ=RV

C
max

� �� �2
ð3Þ

where NRV, RVo(fj), RVc(fj), RV° max, and RVc max are number of phase velocity data,
measured R/V spectrum at the frequency of fj, theoretical H/V spectrum, maximum value of
the observed R/V spectrum, and maximum value of the theoretical H/V spectrum, respect-
ively. Using these residuals, the residual of the whole measured dataset is defined as

E ¼ 0:5EPV þ 0:5ERV ð4Þ

An example of the joint inversion results is shown in Figure 8.

6 VERIFICATION OF THE ACCURACY OF THE CONSTRUCTED SUBSURFACE
STRUCTURE MODEL

The modified ground surface/seismic bedrock integrated subsurface structure model was used
to simulate seismic motion by three-dimensional finite difference method(FDM), and to evalu-
ate the model through the reproducibility of the long period component of seismic motion. As
the model had been verified for a period longer than 1 sec, the ground surface model was not
used, and Vs = 350 m/s was set to an open ground for the calculation. However, the observed
seismic waveform to be compared was sent back to the upper surface of the layer with Vs =
350 m/s using the one-dimensional multi-reflection method based on the ground surface struc-
ture model data. The physical properties used in the ground surface/seismic bedrock inte-
grated subsurface structure model here are shown in Table 1. Difference grids with an interval
of 70 (horizontal) × 35 m (vertical) were created for the difference calculation (Table 2). The
Q value was set to 1/5 of the S-wave velocity, and selected reference period was 3 sec. Five
epicenters of the subject earthquakes were those shown in Figure 9, and the waveforms of 197
K-NET and KiK-net observation locations in the Ibaraki, Chiba, Tochigi, Gunma, Saitama,
Tokyo, and Kanagawa Prefectures were produced. The observation records to be compared
were modified using the one-dimensional multi-reflection method based on the ground surface
model in the ground surface/seismic bedrock integrated subsurface structure model to evaluate

Figure 7. Flow of the joint inversion of the

microtremor array and seismic record analysis. Figure 8. Example of the modification results of

joint inversion (Asahi General Branch Office,

Chiba Prefecture).
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the open engineering bedrock. Regarding the evaluation of difference method calculation
results, the GOF (goodness-of-fit) and CGOF (combined GOF) (Dreger et al., 2015), which
are given by formula (5) below, were used as indices to demonstrate the reproducibility of the
calculation record (model) against the observed record (data).

GOF ¼ 1nðdata=modelÞ

CGOF ¼
1

2
j 1nðdata=modelÞh ij þ

1

2
j1nðdata= mod elÞjh i ð5Þ

data : Earthquake observation record
model : Earthquake motion simulation results by ground model

The first term on the right-hand side of the CGOF formula is the absolute value of the aver-
age of the GOF, and the second term is the average of the absolute value of the GOF (i.e.,
average and dispersion). A vector sum of two horizontal Fourier components was used for the
index calculations. The structure at the depth of the layer equivalent to seismic bedrock (Vs =
3200 m/s) varied little from the existing models. However, the layer equivalent to engineering

Figure 9. Earthquakes used in

the calculation.

Table 1. Physical properties

used for the subsurface struc-

ture model in this investigation.

Table 2. Overview of the cal-

culation.

Figure 10. CGOF of this evaluation model (The left is the result of the existing ground model (J-SHIS),

the right figure is the result by the ground model of this study).
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bedrock (Vs = 350 m/s), which is important for broadband investigation, was added for the
evaluation, thereby modifying each layer between Vs = 500 and 900 m/s significantly and
resulting in a good agreement of the periods and amplification characteristics for period
longer than 2 sec (Figure 10). The depth of the upper surface of each characteristic boundary
layer is shown in Figure 11. The AVS30 (m/s) of the ground surface/seismic bedrock inte-
grated subsurface structure model and amplification ratio for each period obtained by the
one-dimensional multi-reflection theory at a point shallower than the engineering bedrock
(Vs = 400 m/s) are shown in Figure 12.

7 SUMMARY

In this study, an initial geological model was constructed to create a ground surface/seismic
bedrock integrated subsurface structure model using the results of microtremor array surveys
and continuous microtremor measurements. Periods and amplification characteristics of the
ground were further examined using the created ground surface/seismic bedrock integrated
subsurface structure model. As a general trend, the periodicity characteristics across the wide

Figure 11. Depth of the upper surface of the

S-wave velocity layer of seismic bedrock in the

ground surface/seismic bedrock integrated sub-

surface structure model of this investigation

(upper figures fromleft to right - Vs = 350, 500

m/s; figures in the middle from left to right - Vs

= 700, 900 m/s; lower figures from left to right -

Vs = 1500, 3200 m/s); the legends of contour

and depth are shown in the lower left figure and

are applicable to all figures.

Figure 12. AVS30 of the ground surface

model and amplification ratio of each period

of 0.5, 1.0, and 2.0 sec by the one-dimen-

sional multi-reflection method from Vs =

400 m/s to the surface.
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bandwidth rage have been improved; the results for the period of approximately 1 sec or
longer are significant, which is important in terms of disaster prevention. These results are not
only due to the sophistication of the ground surface model by collecting boring geologic col-
umnar section data, but also to the improvement of the accuracy of the structure around the
engineering bedrock of Vs 300 to 700 m/s, which connects the ground surface and the seismic
bedrock. Additionally, it is expected that the speed structure model, especially around the
engineering bedrock, can be consistently improved for any area if the initial geological struc-
ture is constructed with this method, even for the areas where it is not possible to collect dense
boring data. Currently, we have constructed models for the Kanto, Tokai, and Kumamoto
Regions with this method, which cover one-fourth of the total area of Japan, and we are now
considering applying this method to the remaining areas of Japan.
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