Sixth International Conference on Urban Earthquake Engineering
March 3-4, 2009, Tokyo Institute of Technology, Tokyo, Japan

LONG-PERIOD SITE RESPONSE IN THE TOKYO METROPOLITAN AREA

Kenichi Tsuda, Takashi Hayakawa®, Kazuki Koketsu?, and Hiroe Miyake®

1) Researcher, Center for Atomic Energy Engineering, Institute of Technology, Shimizu Corporation, Tokyo, Japan
2) Professor, Earthquake Research Institute, University of Tokyo, Tokyo, Japan
3) Assistant Professor, Earthquake Research Institute, University of Tokyo, Tokyo, Japan
kenichi.tsuda@shimz.co.jp, takashi.hayakawa@shimz.co.jp, koketsu@eri.u-tokyo.ac.jp, hiroe@eri.u-tokyo.ac.jp

Abstract:

We have derived the spatial variation of site response for the greater Tokyo metropolitan area in the long

-period range of 2 to 4 s. The site responses have been obtained by the spectral inversion method developed by Tsuda et al.
(2006). The general features of spatial variation of site response roughly correlate with the surface geology classification
by Wakamatsu and Matsuoka (2006). The effect of focal mechanism on site response is included, because the site
responses estimated at three KiK-net stations with this effect is closer to the observed one than the site responses
estimated without this effects. In particular, site responses near nodes or lobes of the radiation pattern are much affected
by this effect. Our results indicate that the geometrical relation of a target site to the seismic source is important for the
site response estimation and the inclusion of focal mechanism effect can lead to more realistic ground motion predictions

for a specific scenario event.

1. INTRODUCTION

The observed ground motions are constituted by three
different factors: seismic source (source effects), wave
propagation through heterogeneous earth’s interior (path
effects), and local geological conditions (site effects). This
relationship can be represented by the following equation;

O(t) =S(0)*P(t) * G(t) @

where * is the convolution operator, O(t) is the observed
records, S(t) means the source effects of earthquake ruptures,
P(t) means the path effects of wave propagation through the
heterogeneous earth’s interior, and G(t) means the site
response close to the stations. This basic equation has been
used to estimate site response based on the observed records.

Among those three effects, site response plays an
important role for the ground motion prediction since Reid
(1910) pointed out that the level of ground motion correlates
with the type of surface geology. Previously, estimation of
site response for the period of 0.1-2 s was important, because
the number of low-profile buildings with 0.2-0.5 s resonant
period was much large compared to large scale structures
such as high-rise buildings, oil storage tanks, and
base-isolated building etc. with usually longer resonant
period (1 s or longer). However, increasing number of such
large scale structures  (e.g., Fukuwa and Tobita, 2008) leads
to the recognition of the importance of spatial variation of
site response for a long-period range.

In addition to the increasing of such large scale
structures, the Tokyo metropolitan area has a very high

possibility to have the large earthquakes that can produce
very damaging long-period ground motions in near future
(The Headquarters for Earthquake Research Promotion,
2007). Such large events can produce the near-source long
period ground motions (Koketsu and Miyake, 2008) as well.
This means that estimation of site response for longer period
in order to predict the long-period ground motions for future
earthquakes is an urgent task.

In this study, the site responses for a long-period range
(longer than 1 s) have been estimated by using the spectral
inversion method (Tsuda et al., 2006). Since this method is
reference-independent, site response from the seismological
basement to the surface might be estimated. Because some
previous studies showed the effects of focal mechanism on
the observed ground motions in a long-period range, we
have taken into account the effects of focal mechanism into
site response estimation. We have used the data recorded at
the Tokyo metropolitan area where there are more than 800
strong motion sites. After we obtain site response on all the
sites, we have investigated the spatial variation of site
response.

2. DATA

We have used the observed data collected by the
Seismic Kanto Strong motion-network (SK-net), K-NET
and KiK-net. The SK-net began operation after the 1995
Kobe earthquakes for the purpose of seismic hazard
mitigation around the Kanto area. This array consists of
three-component accelerometers for more than 800 surface
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stations and more than 70 borehole stations (Seismic Kanto
Research Project, 2001). For this study, we selected 19
events that occurred around the Kanto area. Each event was
recorded on almost all of the KiK-net borehole
accelerographs as well as most surface stations (Table 1).
The epicenters, shown as solid red circles, and the station
distribution are shown in Figure 2. The solid blue triangles
denote the stations used to determine source and path
parameters. The focal depths are greater than 50 km;
magnitudes range between 4.5-5.8. Average hypocentral
distances to the array vary from 50 to 130 km (Figure 1). In
Table 1, we give the source location, focal depth and
magnitude determined by the F-net/NIED for each event.
We also show the source parameters (seismic moment: Mo,
and corner frequency: fc) in the same table.

Table 1: List of earthquakes used in this study. Mo and fc
denote the estimated seismic moments and corner
frequencies by Tsuda et al. (2008): Mo (NIED) is those
determined by F-net/NIED (Fukuyama et al., 1998).

Event (Date) | Lat. (N) | Long.” ) |Depth’ km)[ Mw | Moment' [Nm] | MomentsNm] | fes[HZ]
1 3/13/03 36.09 139.87 50 49 2.34E+16 241E+16 1.95
2 4/812003 3607 139.91 24 48 2.11E+16 1.58E+16 1.69
3 5/10/2003 35.81 140.11 65 4.7 1.37E+16 2.00E+16 1.41
4 5/12/2003 35.87 140.09 50 52 7.07E+16 387E+16 1.28
5 5/17/03 35.74 140.7 53 53 1.13E+17 1.03E+17 0.71
6 8/18/03 358 140.11 L 48 1.92E+16 2.55E+16 1.55
7 9/20/03 35.22 1403 56 57 3.53E+17 2.22E+17 0.89
8 10/15/03 35.61 14005 68 51 5.15E+16 5.32E+16 1.60
9 7/10/04 36.08 139.89 50 47 1.21E+16 1.34E+16 2.10
10 7/17/04 34.83 140.36 59 56 2.39E+17 1.40E+17 1.34
11 8/6/04 3561 140.06 71 47 1.27E+16 1.92E+16 1.98
12 10/6/04 35.99 140.09 65 5.7 4.52E+17 2.80E+17 0.78
13 2/8/05 3614 140.09 65 4.9 2.20E+16 1.88E+16 2.11
14 2/16/05 36.04 139.9 53 54 1.33E+17 7.44E+16 1.52
15 4/10/05 35.73 140.62 50 58 4.95E+17 5.52E+17 0.42
16 6/20/05 35.73 140.69 51 55 1.94E+17 1.26E+17 0.81
17 7/23/05 35.58 140.14 73 47 4.74E+17 4.64E+17 0.84
18 7/28/05 36.13 139.85 51 A7 1.17E+16 9.58E+15 3.00
19 8/7/05 35.56 140.11 73 45 6.88E+15 1.30E+16 2.35
TThese parameters were determined by National Institute for Earth Science and Disaster Prevention (NIED), Tsukuba, Japan.
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Figure 1: Geography of the Kanto region. Epicenters of the
events listed in the Table 1 are plotted in map view by solid
circles. Solid triangles colored by blue denote the reference
station used to determined source and path parameters by
Tsuda et al. (2008). Open squares mean the surface stations
used in this study.

For our analysis, we used the two horizontal
components at each site. A 10 s time window beginning 1.0
sec before the first S-wave arrival was picked for all events.
We applied a cosine window taper of 0.5 sec to both ends of
the record. After the Fourier amplitude spectrum of each
component was calculated, we used vector summation of the
two horizontal components as the amplitude spectrum.
During checking the observed data, we eliminated the data
including noise in longer period range.

3. ESTIMATING SITE RESPONSE
3.1 Spectral Inversion Analysis

In order to estimate site response, we have to separate the
source and path effects from observed records. We have
applied the spectral inversion analysis developed by Tsuda et
al. (2006) to separate these three factors. Tsuda et al. (2008)
applied this method to estimate site response in the Tokyo
metropolitan area for a period range of 0.1-2 s. Then we
have derived the site response for a period range of 2-4 s.

Explaining the detail concept for the spectral inversion
analysis is found on many articles (Iwata and Irikura, 1988;
Bonilla et al., 1997; Yamanaka et al., 1998; Satoh et al.,
2001) and is beyond this study, we show the brief
introduction of this method.

The observed ground motion for linear response—can
be expressed as a convolution of the source, path, and site
(Eql). In a frequency domain, this equation can be rewritten
as a multiplication:

IAMI= 1S || Site(f) |[R e ™ 2P (2)

where f is frequency, |A(f)] is the acceleration amplitude
spectrum of the recorded ground motion, |S(f) | is the source
spectrum, Q (f) is the quality factor, which is assumed to be
frequency dependent, [Site (f)] is the site response amplitude,
R is the distance from source (Table 1) to site, and S is the
average shear wave velocity of the medium (3.7 kmis,
Yamanaka et al., 1998). To estimate the site response, it is
necessary to isolate these three factors from observed
records. In general, isolating each element requires
constraints to avoid tradeoffs among these three elements. A
standard constraint is to impose a condition on a rock station.
Another approach is to define a source spectrum for a
specific ‘reference’ event. Because some shallow borehole
records (reference station) may be contaminated the
borehole response itself, we used a method to separate the
source, path and site effect that is independent of a reference
station (Tsuda et al., 2006).

Equation 3 uses Boatwright’s (1978) representation of a
source spectrum (Brune, 1970), in which the amplitude of
the source spectrum has a nonlinear dependence on the
corner frequency:
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IS(f)| = C Mo(2nf )22/ (F 4 +£,%) ©° 3

where
C=(GoF ™)/ (4npVs’) @

C depends on the radiation parameter of the source: F ™ is
the effects of this radiation pattern coefficients on site
response estimation will be discussed, the material
parameters for source area (3000 [kg/m?3] for density: p and
4.5 [km/sec] for shear wave velocity: Vs) and the free surface
effect G, is included. We assumed that the radiation pattern
coefficient F™ is frequency-independent. The seismic
moment M, and corner frequency f. are determined from the
spectrum (Brune, 1970). We show the source parameters
estimated by Tsuda et al. (2008) in Table 1 and Figure 2. The
resultant seismic moments agree with the values determined
by F-net/NIED (Figure 2 (a)), and calculated stress drop
based on the resultant corner frequency (Figure 2 (b))
follows the previous studies (Brune, 1970). These indicate
that their estimates for source parameters are reasonable. \We
have used these parameters to estimate source spectrum
based on Eq (3).
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Figure 2: (a) Seismic moments from Tsuda et al. (2008) are
compared with those from F-net/NIED. Dashed lines show a
factor of two. (b) Seismic moment is plotted versus corner
frequency for the 19 events. Lines of constant stress drops
(Brune) are plotted. Within a factor of two the stress drops
are ~10 MPa.

Including the path effect introduces a nonlinear
dependence on frequency when the attenuation parameter
Q(f) is assumed to have a power law dependence on
frequency: Q(f)=Q, f'.  In this study, we have used the Q(f)
=107 f °2 derived by Tsuda et al. (2008). This model agrees
with the other models derived for this area.

3.2 Estimating Site Response

Importance of Radiation Pattern: After having the source
effects for each events and path effect, we have derived the
site response for 2-4 s. Compared to the site response for the
short period range, the source effects such as the focal
mechanism in a long-period (2-4 s) ground motions for site
response are getting pronounced (Kamae et al., 1990). We
have calculated the RMS of vector amplitude normalized by
the maximum values for S-wave for a 2-4 s period range at
each site. We show the spatial distribution of RMS peak
ground velocity vectors and radiation pattern coefficients as

the examples in Figure 3. The radiation pattern coefficient is
getting very small when the geometrical relation of the site
to the source is located on the nodes (blue-shaded area). On
the other hand, the coefficient is very large when its
geometrical relation is located on the lobes (red-shaded area).
As we show the figures, the difference of two cases (lobes
and nodes) can be the factor of 3. This suggests that we need
to the effects of focal mechanism on the estimation of site
response in a long-period range (2-4 s).

Site Response Estimation with Focal Mechanism: In this
study, we have incorporated the effects of focal mechanism
into estimating site response. We calculated the radiation
coefficients (Aki and Richards, 2002) for each record based
on the mechanism determined by F-net/NIED (Fukuyama et
al., 1998) and substitute it into Eq 4. After we calculate
source spectrum (Eq 3), the site response has been derived
by using Q(f). We averaged the site response calculated for
each event. We show the contour map of site response for 2-
4 s in Figure 4(a). The general feature of spatial variation of
site response looks similar to the site response map based on
the classification of surface geology (Wakamatsu and
Matsuoka, 2006), i.e. the region of very weak soil like
swanpy area, shown in the Figure 4(b) has large site
response.

In Figure 5, we have compared the predominant periods
of our resultant site response and those from H/V ratios of
microtremor measurements at K-NET sites (Tanaka et al.,
2005). We plotted the predominant periods from only sites
with apparent ones, because the apparent predominant
periods of H/V ratio clearly agree with the site response
estimates from other methods, such as spectral inversion
method, spectral amplitude ratio etc (Bonilla et al., 1997,
Satoh et al., 2001). Thus, we picked these sites based on the
criteria that the difference between peak and trough of site
response function is more than 50%. As shown in the figure,
the predominant periods from our resultant site responses
agree with H/V ratios, indicating that our estimates of site
response are reasonable.
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Figure 3: Distribution of normalized RMS observed peak
ground velocity vectors for the event 17 (2005/7/23). Each
value is the hypocentral distance corrected values at R =100
km (left). Spatial variation of radiation pattern coefficients of
the same event for all sites (right).The focal mechanism has
been determined by F-net/NIED.
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Figure 4: Spatial distribution of site response for a period
range of 2-4 s (a). The area with large site response values
(around red circle of left figure) correspond to the very weak
surface geology, such as swanpy area classified by
Wakamatsu and Matsuoka (2006) (b).
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Figure 5: Comparison of predominant period of site
response estimates. The solid line denotes the equal values
of predominant periods.
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4. DISCUSSION

The difference of site response between two cases for
different F "™ (theoretical radiation and isotropic radiation) is
discussed in this chapter. The derived site response in this
study includes the effects of focal mechanism. This means
that the theoretical radiation of seismic wave is assumed.
However, the isotropic radiation (F ™ in Eq 4 is set to be
0.63, Boore and Boatwright, 1984) of seismic wave is
usually assumed for the estimation of site response in short
period range and the necessity of incorporation of the effects
of focal mechanism into site response estimation is not clear
yet in long period range. We calculated the site response
with assuming isotropic radiation and show the spatial
variation in Figure 6 (right). As we compare the results of
theoretical radiation (Figure 6, left), the general features of
spatial variation of site response is very similar. However, if
we take the ratio of these two values, the hatched area in
Figure 7 has some differences between two site responses.
Because this area corresponds to the node of theoretical
radiation based on the geometrical relation for many events

(Figure 1), site responses tends to be large (radiation pattern
coefficients in Eq 4 becomes small) compared to the other
area.

In order to examine the effects of radiation pattern on
site response as well as to validate our results, we compared
our results with observed spectral amplitude ratio (surface /
borehole) on some KiK-net sites. We picked three sites
inside the Kanto basin (locations are also shown in Figure 7)
that their borehole depth is “close” to the seismological
basement i.e., the S-wave velocity of borehole depth is close
to 3.0 [km/sec]. Also their location is close to the area with
big difference of site response (radiation pattern coefficients).
However, because the definitions of our resultant site
response corresponds to the ratio from the seismological
basements (not borehole depth) to the surface, correction of
the observed spectral ratio: R, (f) (surface/borehole) is
necessary. The correction is based on the ratio of material
impedance as follows (Shearer, 1999)

Re(® = (piB1/ pB2)**Ro () (5)

where p;, B;, are the material properties (density and shear
wave velocity) of seismological basement (i=1) and
borehole depth (i=2).
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Figure 6: Comparison of spatial distribution of site response
between theoretical radiation (left) and isotropic radiation

(right) for a period range of 2-4 s.
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Figure 7: Spatial variation of site response ratio (theoretical
radiation / isotropic radiation) for a period range of 2-4 s.
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Site Response

We used the values of material property at the borehole
depth given by NIED and the generic values at the
seismological basement (p= 2.9, p = 3.7 [km/sec]) based on
previous studies (e.g. Tsuda et al., 2008; Ludwig et al., 1970)
are assumed. In Figure 8, we show the comparison of our
site response (red curve for theoretical radiation and green
curve for the isotropic radiation) and corrected site response
(blue curve). As shown for all sites, the site response based
on theoretical radiation (red line) is getting closer to the
corrected observed spectral ratio (blue line) for the
frequency range of 0.25 Hz (4 sec) - 0.5 Hz (2 sec). This
indicates that modeling site response including the effects of
radiation pattern might lead to the better estimation of site
response at site that their geometrical relation is node (or
lobe) of theoretical radiation.
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Figure 8: Comparison of site response for theoretical
radiation (red), isotropic radiation (green), and corrected
observed spectral ratio (blue) at three KiK-net sites.

5. SUMMARY

In this study, we have derived the long-period (2-4 s)
site response with the effects of focal mechanism. The
agreement of spatial variation of observed values of RMS of
vector amplitudes for 2-4 s S-wave with of radiation
coefficients suggest the necessity of incorporation of focal
mechanism into the estimation of site response. The general
features of spatial variation of site response agree with the
other studies based on the classification of surface geology.
Also the predominant periods of our site responses agree
well with those from H/V ratios of microtremor, indicating
that our estimates of site response are reasonable.

Our resultant site responses with considering the effects
of focal mechanism are closer to the observed spectral ratio
corrected based on the material impedance ratio. This
indicates that modeling site response including the effects of
radiation pattern might lead to the better estimation of site
response in a long-period range. Incorporating the effect of
complex velocity structure beneath the Kanto area on ray
paths into estimating site response and our results into
developing velocity model might be the next steps. The
development of wvelocity model leads to the better
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understandings of ground motion complexity and is useful
for the ground motion prediction for the future large
disastrous events (e.g., Sekiguchi et al., 2008).
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