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ABSTRACT

The Nuclear Safety Commission of Japan has been reviewing the current Guideline for Earthquake Resistant
Design of Nuclear Power Plants since July 2001. According to recent earthquake research, one of the main issues
in the review is the design earthquake motion due to close-by earthquakes caused by undefined faults. This paper
proposes a probabilistic method for covering variations of earthquake magnitude and location of undefined faults
by strong motion simulation technique based on fault models for scenario earthquakes, and describes probabilistic
response spectra due to close-by scenario earthquakes caused by undefined faults. Horizontal uniform hazard
spectra evaluated by a hybrid technique are compared with those evaluated by an empirical approach. The
response spectra with a damping factor of 5% at 0.02s simulated by the hybrid technique are about 160, 340, 570,
and 800 crm/s/s for annual exceedance probabilities of 107, 10, 10, and 10, respectively, which are in good
agreement with the response spectra evaluated by the empirical approach. It is also recognized that the response
spectrum proposed by Kato et a. (2004) as the upper level of the strong motion records of buried-rupture
earthquakes corresponded to the uniform hazard spectrabetween 10°° and 10 in the period range shorter than 0.4s.

Keywords: Buried-rupture fault earthquakes, Probabilistic evaluation of strong ground motions,
Uniform hazard spectra, Hybrid technique, Empirical approach.
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1. INTRODUCTION

The 1995 Hyogo-Ken Nambu, Japan, earthquake (Japan Meteorological Agency magnitude M =7.3) caused
the Hanshin-Awaji earthquake disaster, and intensive research on this earthquake and strong motion records
promoted the Nuclear Safety Commission of Japan to review the present guideline for earthquake resistant design
of nuclear power plants. This disaster aso promoted the Japanese Diet to make a new law to establish the
Headquarter for Earthquake Research Promotion in the Japanese Government.

According to recent earthquake research, the main issues of the review of the present guidline are strong
ground motions due to close-by earthquakes caused by undefined faults, intra-slab earthquakesthat generate larger
short-period seismic motions than inland earthquakes or subduction earthquakes, and probabilistic evaluation of
strong ground motions.  Thisis because the magnitude of close-by earthquakesis specified to be 6.5 in the present
guideline while larger-magnitude inland earthquakes caused by undefined faults have actually occurred in Japan,
intracslab earthquakes and their strong motions are not considered explicitly in the present guideline, and
determination of asafety goal is expected to become a socid requirement for management of nuclear power plants
also in Japan.

For the first issue, Kato et al. (2004) recently proposed a design motion based on an upper level of strong
motion records on an outcrop due to close-by inland earthquakes caused by undefined faults. Their approach is
very convincing because they used actual records, however, it has a limitation with regard to variation of
magnitude and location of undefined faults.

Hence, this paper proposed a probabilistic method for covering these variations using a strong motion
simulation technique based on fault models for scenario earthquakes, and cal culated probabilistic response spectra
due to close-by scenario earthquakes caused by undefined faults as seismic hazard uniform spectra.  Finaly, it
compared the probabilistic response spectrawith the upper level of the strong motion records proposed by Kato et
al. (2004).

2. FLOW OF PROCEDURE

We adopted the procedure proposed by Dan et a. (2001) for probabilistic evaluation of near-field ground
motions due to buried-rupture earthquakes caused by undefined faults. This procedure consists of four steps:
earthquake occurrence modeling, fault rupture scenario modeling, strong motion simulation, and hazard curve
calculation.

Figure 1 showsthe procedure, where the probability of annual exceedance of horizontal-accel eration response
spectrais evaluated for buried-fault rupture earthquakes caused by undefined faults from the relation between the
magnitude and the averaged occurrence frequency for inland earthquakes larger than IMA (Japan Meteorological
Agency) magnitude 5 in Japan and the relation between the magnitude and the probability of surface breaking
analytically estimated from static deformation on the surface (Kagawaet a., 2005). In the seismic-hazard curve
calculation, we assumed that the occurrence of buried-fault rupture earthquakes is a Poisson process.

As shown in the upper left of Figure 1, we considered that the distribution of undefined faults around the
evauation point is equivalent to the distribution of evaluation points around the undefined fault. The strong
ground motions were simulated at each evaluation point (on seismic bedrock). The evaluation method along the
procedure shown in Figure 1 is described in the next section.

3. METHODS
3.1 Annual Occurrence Frequency of Buried-Fault Rupture Earthguakes

We obtained the following Gutenberg-Richter model of the annual cumulative number of earthquakes per
314km? in terms of the magnitudes of inland earthquakes from the earthquake catal ogue:

log,, N(M > m) = 2.248—0.9189m Eq. 1

In order to obtain this Eq.1 model, we used 617 Japanese inland earthquakes in a source area of 571,000 km?
with magnitudes larger than 5 and hypocentral depths shallower than 25km in the IMA earthquake catalogue from
1926 t02002. The epicenters of the earthquake catalogue are shown in Figure 2, and the data and the model of the
annual cumulative number of earthquakes are shown in Figure 3.

Kagawa et al. (2005) proposed a probability of surface breaking, ps(M), in terms of magnitude based on the
eternal displacement criteria of 5 cm at the fault trace on the bedrock surface after theoretical study on the various
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strike-dlip faults by the analysis of static field changes associated with earthquakes (Okada, 1985). The
theoretical probability of surface breaking is shown in Figure 4. The upper part of Figure 4 compares the
percentage of surface faults based on the database of actual earthquakes identified by Takemura (1998) with the
theoretical probability of surface breaking on strike-slip faults. The open circles indicate that the total number of
the events is only one for the corresponding magnitude. The theoretical results confirm that earthquakes of
strike-dlip faults occur without surface rupture at magnitudes under 6.6 and with surface rupture at magnitudes
over 7.3. The lower part of Figure 4 compares the percentage of strike-slip surface faults evaluated from the
database of actual earthquakes compiled by Takemura (1998) with the same theoretical result in the upper part of
Figure4. Asshown, thereis good agreement between them for magnitudes smaller than 6.6 and larger than 6.9.

Consequently, the annual occurrence frequency of buried-fault rupture earthquakes with magnitude M=[m,
m+0.1] can be obtained from the annual occurrence frequency of earthquakes and the percentage of surface faults
asEq. 2.

v(M)=[N(M 2 m)-N(M = m+0.1)]x[1- p, (M) ]. (Uyear/314kn) Eq. 2

Figure 5 shows the annual occurrence frequency of buried-fault rupture earthquakes in the evaluation area
(dotted line) and that of inland earthquakes (solid line). It is shown that the annual occurrence frequency of
buried-fault rupture earthquakes decreased rapidly for magnitudes larger than 7.0.

3.2 Fault Rupture Scenarios and Fault Models

We assumed 40 earthquakes scenarios without surface rupture for strike-dlip faults with magnitudes of 5.5, 6.0,
6.5, 6.8, 7.1, and 7.3, considering variations of depth (shallow, intermediate, and deep) and stress drop (high,
middle, and low) of the asperities. Then, we established fault models for each scenario based on the recipe
proposed by Irikura and Miyake (2001) for strong motion prediction.

Figure 6 showsthe evaluation areaand the strike-slip fault position for magnitudes of 5.5, 6.0, 6.5, 6.8, and 7.3.
The earth model (velocity, density, and Q) isshown in Table 1. Figure 7 shows an example of the characterized
rupture models of the scenario faults with middle stress drop used in the calculation. The fault parameters of the
buried-fault rupture earthquakes of shallow faults are listed in Tables 2, 3, and 4.

3.3 Hybrid Technigue for Strong Motion Simulation

Strong ground motions on seismic bedrock were simulated for the fault models by a hybrid technique
combining atheoretical method and a semi-empirical method (e.g. Kamae et al., 1998; Kagawa, 2004).

This technique adopted the stochastic Green’s function method (Kamae et al., 1990) for the short period range
and the discrete wave-number method (Bouchon, 1981) for thelong period range.  Here, fq (cut-off frequency in
the high frequency range observed in records) wastaken to be 84" percentile (11.9Hz), 50" percentile (7.0Hz), and
16™ percentile (4.7Hz) from the spectrum fitting study on actual records totaling 120 cases. In addition, strong
ground motions other than sample magnitudes were determined by interpolation or extrapolation between the
magnitude range of 5.0 -7.3 by 0.1 step. Furthermore, in order to take account of the distribution of the asperities
in the direction of depth, we assumed that the depth of the asperities was distributed uniformly with depth in the
seismogenic layer (depth from -3km to -20km).

Finally, the relation between the annual exceedance probability and the uniform hazard spectra was obtained
by analyzing accel eration response spectra of about 1,100,000 in total.

3.4 Empirical Approach to Strong Motion Simulation

We adopted an earthquake ground motion evaluation method based on an empirical approach proposed by
Nishimuraet a. (2001) using the parameters of earthquake magnitude, equivalent hypocentral distance, and elastic
wave velocity on the ground at the evaluation point. They proposed an empirical approach to evaluate the
response spectra of design-basis earthquake ground motions on an outcrop mostly composed of Tertiary or older
strata for earthquake resistant design of nuclear power plants.

Noda et a. (2002) found that the response spectra by Nishimura et al. (2001) for shallow inland earthquakes
overestimated the observations, and proposed a correction factor. We took into account this correction factor in
this study. Strong ground motions on seismic bedrock were also simulated by this empirical approach based on
the 40 fault models described in the hybrid technique. Here, we took into account the near-fault rupture
directivity effect, too.
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Finally, the relation between the annual exceedance probability and the uniform hazard spectra was estimated
in the same way as the above hybrid technique by using the acceleration response spectra simulated by the
empirical approach. Here, adeviation of 0.53 for the natural-logarithmic normal distribution was adopted for the
empirically evaluated response spectrum, following to Noda et al. (2002).

4. RESULTS

4.1 Comparison of Seismic Ground Motions Simulated by Hybrid Technique and Empirical
Approach

We simulated strong ground motions from 40 fault models at the 231 (=11x21) positions shown in Figure 6,
totaling 9,240 cases.

We first compared the horizontal peak accelerations (values of the acceleration response spectrum with a
damping factor of 5% at 0.02s) on the seismic bedrock by the hybrid technique with those simulated by the
empirical approach, as shown in Figures 8, 9, and 10 for magnitudes of 6.5, 6.8, and 7.3, respectively, for fault
models with shallow faults and middle stress drop according to the fault models of Figure 7. In the hybrid
technique, fra Was assumed to be 7.0Hz.  Itisconfirmed that the horizontal peak accel erations simulated by both
methods are predominant at the position above the larger asperity. Moreover, the near-fault ground motions
simulated by the hybrid technique were remarkably larger than those simulated by the empirical approach. The
predominance of the near-fault ground motions simulated by the hybrid technique seemed to be affected by the
effective stresson the large asperity. However, the overall tendencies of the horizontal peak acceleration contours
obtained by the hybrid technique were similar to those obtained by the empirical approach.

We next compared the horizontal-response spectra with a damping factor of 5% simulated by the hybrid
technique with those simulated by the empirical approach. Figure 11(1)-(3) compares the average and the
average plusminus the standard deviation of the pseudo velocity response spectra simulated by the hybrid
technique in the evaluation area with those simulated by the empirical approach for magnitudes of 6.5, 6.8, and 7.3.
Figure 11(4) shows the maximum and the minimum of the pseudo velocity response spectra simulated by the
hybrid technique and the empirical approach in the same evaluation area. As shown in Figures 11(1), 11(2), and
11(3), the average and average plus/minus the standard deviation of the response spectra simulated by the hybrid
technique were consistent with those simulated by the empirical approach at the same magnitude in the period
range shorter than 0.5s. The maximum of the response spectra simulated by the hybrid technique was larger than
that simulated by the empirical approach at the same magnitude in the period range shorter than 0.5s, as shown in
Figure 11(4). Conversely, the minimum of the response spectra simulated by the hybrid technique was apparently
smaller than that simulated by the empirical approach. It was found that the relations between the response
spectra simulated by the hybrid technique and the empirical approach in the shorter period range corresponded to
the horizontal peak acceleration contoursin Figures 8, 9, and 10.

4.2 Seismic Hazard Curves and Uniform Hazard Spectra

Figure 12 compares the exceedance probabilities of the horizontal-acceleration response spectra at 0.02s
simulated by the hybrid technique for magnitudes of 5.5, 6.0, 6.5, 6.8, and 7.3 with those simulated by the
empirical approach. The horizontal response spectraat 0.02s simulated by the hybrid technique were about 30, 40,
60, 80, and 130cm/s/s at 50" percentile exceedance probabilities for magnitudes of 5.5, 6.0, 6.5, 6.8, and 7.3,
respectively. Those by the empirical approach were about 20, 40, 60, 80, and 140 cm/s/s, respectively. These
results are in good agreement, because the average of the response spectra simulated by the hybrid technique is
closeto that simulated by the empirical approach in the spectral period range shorter than 0.5s, as shown in Figures
11(1), 11(2), and 11(3). However, there was some discrepancy for the exceedance probability lower than the 50"
percentile. Thereason for this discrepancy seemsto be that the contour levels of the horizontal peak accelerations
of near-fault ground motions simulated by the hybrid technique were different from those by the empirical
approach, as shown in Figures 8, 9, and 10.

Figure 13 compares the seismic hazard curves for several spectral periods evaluated by the hybrid technique
with those evaluated by the empirical approach. As can be seen, the curves were close at annual exceedance
probabilities higher than 107,

The annual exceedance probabilities of the horizontal-response spectra at 0.02s simulated by the hybrid
technique and the empirical approach are summarized in Table 5. The horizontal-response spectra with a
damping factor of 5% at 0.02s simulated by the hybrid technique were about 160, 340, 570, and 800 cm/s/s at
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annual exceedance probabilities of 10 10, 10°, and 10°®, respectively. While those by the empirical response
spectrum were about 130, 280, 500, and 800 cnm/g/s, respectively.

For acertain annual exceedance probability, the ground motion spectrum (on the seismic bedrock) is extracted
from the hazard curves for various spectral periods. These spectra are then plotted at their respective spectral
periods to form the uniform hazard spectra.

Using this process, we compared the horizontal-uniform hazard spectra evaluated from the hybrid technique
with those evaluated from the empirical approach.

Figure 14 shows two horizontal-uniform hazard spectra at annual exceedance probabilities of 10°, 10, 107,
and 10°; the solid lines are the horizontal-uniform hazard spectra evaluated from the hybrid technique, and the
dash-dotted lines are those evaluated from the empirical approach. The uniform hazard spectra evaluated by the
hybrid technique show good agreement with those evaluated by the empirical approach, except that the uniform
hazard spectra for the annual exceedance probability of 10 in the period range longer than 0.5s are different.

4.3 Comparison of Uniform Hazard Spectra and Earthquake Ground Motions by Undefined Faults
in Upper Crust

As previoudy stated, Kato et al. (2004) recently proposed an upper level of strong motion records on an
outcrop due to inland earthquakes caused by undefined faults. Kato et al. (2004) investigated 41 earthquakes that
occurred in the upper crust with amoment magnitude from 5.6 to 7.5, and used 30 strong motion records observed
at 12 stations on rock sites from 9 earthquakes to determine the upper strong motion level for undefined faults.
The estimated upper level of peak ground acceleration is 450cm/s/s on seismic bedrock. On the other hand, Kato
et a. (2004) referred to a possibility of occurrence of strong ground motions exceeding their estimated upper
strong motion and the importance of probabilistic evaluation of strong motion caused by undefined faults.

Finally, the probabilistic response spectra by the hybrid technique and the empirical approach were compared
with the upper level of the response spectra proposed by Kato et al (2004) in Figure 15. As shown, the annual
probability of exceeding the upper level was evaluated to be between 10° and 10 in the period range shorter than
0.4s.

5. CONCLUSIONS

We have proposed a method for covering the variation of magnitude and location of undefined faults by a
strong motion simulation technique based on fault models for scenario earthquakes, and calculated probabilistic
response spectra due to close-by scenario earthquakes caused by undefined faults based on occurrence models.

The horizontal-uniform hazard spectra evaluated by this hybrid technique were compared with those
evauated by the empirical approach. As a result, the response spectra with a damping factor of 5% at 0.02s
simulated by the hybrid technique were about 160, 340, 570, and 800cm/s/s at annual exceedance probabilities of
103, 10*, 10°, and 10°®, respectively, which were in good agreement with the response spectra evaluated by the
empirical approach.

It was also recognized that the response spectrum proposed by Kato et a. (2004) as the upper level of the
strong motion records for earthquakes from undefined faults corresponded to the uniform hazard spectra between
10" and 10 in the short period range.
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Figure 2 Source area model and distribution of
epicenters of inland earthquakes
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Figure 6 Evaluation area and fault position.

Table 2 Fault parameters of earthquake of shallow fault and high stress drop.

Japan Meteorological Agency magnitude
Parameters 55 T 60 L 65 ol eg ]
Strike NO9OE W direction  J
Dip 90 wertica ]
Rake 0 left-lateral strike-slip j
Moment magnitude My 55 59 6.3 6.5 6.9
Seismic moment Mo 2?2 07N Hl 2.00E+24 7.94E+24 3.16E+25 7.24E+25 2.88E+26
Upper depth of the fault [km] 3 3 3 3 3
Lower depth of the fault [km] 8 11 16 20 20
Area of the entire fault S [km3l 29.3 73.6 185.0 3215 807.6
Mean depth of the larger asperity H [km] 4.0 45 55 6.0 13.0
Short-period level A 2 0[N B/ | 374E+25 | 5.93E+25 | 9.40E+25 | 1.24E+26 | 1.96E+26
Area of the asperities Sasp [km?] 4.7 11.8 29.6 514 129.2
Area of the larger asperity Sy [km7 33 8.2 20.7 36.0 90.4
Area of the smaller asperity S,  [kmA 14 35 8.9 15.4 38.8
Area of the background Sy, [kmA 24.6 61.9 155.4 270.1 678.3
Fault length L [km] 6 9 14 19 48
Fault width W [km] 5 8 13 17 17
Length of the larger asperity Ly [km] 2 3 4 6 9
Width of the larger asperity W; [km] 2 3 5 6 10
L ength of the smaller asperity L, [km] 1 2 3 4 6
Width of the smaller asperity W, [km] 1 2 3 4 6
Upper depth of the larger asperity [km] 3 3 3 4 8
Rupture initiation point Deeper point in the center of the fault
Rupture propagation velocity [km/s] 27
Rupture propagation mode Radial
Risetime f R g 026 [ 041 | o064 | 08 [ 134
Shear-wave velocity f A [km/s| 35
Rigidity fE 2 OUN/MA 3.31E+11
Averaged slip on the entire fault D [cm] 21 [ 33 \ 52 \ 68 [ 108
Sipratio fé 1.96
Slip on the larger asperity D, [cm] 45 71 113 149 236
Slip on the smaller asperity D, [cm] 29 47 74 97 154
Slip on the background D, [cm] 17 27 42 56 88
Seismic moment of the larger asperity Mo ? 0N Rl 4.89E+23 1.95E+24 7.74E+24 1.77E+25 7.06E+25
Seismic moment of the smaller asperity Mg 2 O'IN_ R 1.37E+23 | 5.46E+23 | 2.17E+24 | 4.98E+24 1.98E+25
Seismic moment of the background Mo ? O'IN_H 137E+24 | 545E+24 | 2.17E+25 | 4.97E+25 1.98E+26
Effective stress on the larger asperity f® 2 0 MPa 191 191 191 191 191
Effective stress on the smaller asperity f® 2 0MPal 191 191 191 191 191
Effective stress on the background fP. 2 oYMPd 24 24 24 24 24
Length of the calculation region [km] 80
Width of the calculation region [km] 40
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Table 3 Fault parameter s of earthquake of shallow fault and middle stress drop.

an Meteorological Agency magnitude
Parameters 55 ap g AdEmaie

Strike NO9OE W direction J

Dip 90 Wertical

Rake 0 feft-lateral strike-slip

Moment magnitude Mw 55 59 6.3 6.5 6.9
Seismic moment Mo 2 0N Rl 2.00E+24 | 7.94E+24 | 3.16E+25 | 7.24E+25 | 2.88E+26
Upper depth of the fault [km] 3 3 3 3 3
Lower depth of the fault [km] 8 11 16 20 20
Areaof the entire fault < [km?l 29.3 73.6 185.0 3215 807.6
Mean depth of the larger asperity H  [km] 4.0 5.0 6.0 8.5 14.5
Short-period level A 2 0'IN E/S1| 3.16E+25 | 5.01E+25 | 7.94E+25 | 1.05E+26 | 1.66E+26
Areaof the asperities Sasp [kmA 6.5 16.2 40.7 70.7 177.7
Areaof the larger asperity S: [kmA 4.5 11.3 285 49,5 124.4
Area of the smaller asperity S, [kmA 1.9 4.9 12.2 21.2 53.3
Areaof the background Sy [kmA 229 574 144.3 250.8 629.9
Fault length L [km] 6 9 14 19 48
Fault width W [km] 5 8 13 17 17
Length of the larger asperity Ly [km] 2 3 5 7 11
Width of the larger asperity W; [km] 2 4 6 7 11
Length of the smaller asperity L, [km] 1 2 3 4 7
Width of the smaller asperity W,  [km] 2 2 4 5 8
Upper depth of the larger asperity [km] 3 3 3 5 9
Rupture initiation point Deeper point in the center of the fault

Rupture propagation velocity [km/s] 27

Rupture propagation mode Radial

Risetime N[5 026 | 041 | o064 | 08 | 134
Shear-wave velocity f A [km/g 35

Rigidity fE 2 0N/ 3.31E+11

Averaged slip on the entire fault D [cm| 21 \ 33 [ 52 [ 68 [ 108
Slip ratio fé 1.96

Slip on the larger asperity D; [cm] 45 71 113 149 236
Slip on the smaller asperity D, [cm] 29 47 74 97 154
Slip on the background Dy, [cm] 15 24 38 50 79
Seismic moment of the larger asperity Mos 2 O'IN Rl 6.72E+23 | 2.67E+24 | 1.06E+25 | 2.44E+25 | 9.71E+25
Seismic moment of the smaller asperity Mg, 2 0'IN Rl 1.89E+23 7.50E+23 2.99E+24 6.84E+24 2.72E+25
Seismic moment of the background Mo 2 07N Rl 1.13E+24 | 4.52E+24 1.80E+25 4.12E+25 1.64E+26
Effective stress on the larger asperity f® 2 0'[MPa 139 139 139 139 139
Effective stress on the smaller asperity f® 2 0'[MPdl 139 139 139 139 139
Effective stress on the background fP. 2 oM Pal 18 18 18 18 18

Table 4 Fault parameters of earthquake of shallow fault and low stress drop.
an Meteorological Agency magnitude
Parameters 55 ] e S B A

Strike NO9OE EW direction J

Dip 90 vertical J

Rake 0 [Eft-laterd strike-slip _j
[ Moment magnitude Mw 55 5.9 6.3 6.5 6.7
Seismic moment Mo 2 0'[N_HI 2.00E+24 | 7.94E+24 | 3.16E+25 | 7.24E+25 | 1.66E+26
Upper depth of the fault [km] 3 3 3 3 3
Lower depth of the fault [km] 8 11 16 20 20
Areaof the entire fault < Tkm?l 29.3 73.6 185.0 3215 558.7
Mean depth of the larger asperity H  [km] 4.5 5.0 7.0 9.0 135
Short-period level A 2 0 IN R/SA| 277E+25 | 440E+25 | 6.97E+25 | 9.19E+25 | 1.21E+26
Area of the asperities Sasp [km?] 8.2 20.6 51.8 90.0 156.4
Area of the larger asperity . [kmA 5.7 14.4 36.3 63.0 109.5
Area of the smaller asperity S;  [kmA] 25 6.2 155 27.0 46.9
Area of the background Sp  [kmA 211 53.0 133.2 2315 402.3
Fault length L [km] 6 9 14 19 33
Fault width W [km] 5 8 13 17 17
Length of the larger asperity Ly [km] 2 4 6 8 10
Width of the larger asperity W; [km] 3 4 6 8 11
Length of the smaller asperity L, [km] 1 2 4 5 7
Width of the smaller asperity W, [km] 2 3 4 5 7
Upper depth of the larger asperity [km] 3 3 4 5 8
Rupture initiation point Deeper point in the center of the fault

Rupture propagation velocity [km/s] 2.7

Rupture propagation mode Radia

Risetime fN [g 0.26 [ 041 [ 064 [ 085 [ 112
Shear-wave velocity f A [km/g] 35

Rigidity fE 2 0OUNMA 3.31E+11

Averaged slip on the entire fault D [cm] 21 \ 33 \ 52 \ 68 \ 90
Slipratio fé 1.96

Slip on the larger asperity D; [cm] 45 71 113 149 196
Slip on the smaller asperity D, [cm] 29 47 74 97 128
Slip on the background Dy [cm] 13 20 32 43 56
Seismic moment of the larger asperity Mos 2 07N Rl 8.55E+23 | 3.40E+24 | 136E+25 | 3.10E+25 | 7.11E+25
Seismic moment of the smaller asperity Mg, 2 07N EI 2.40E+23 9.55E+23 3.80E+24 8.71E+24 2.00E+25
Seismic moment of the background Mg ? O'IN Rl 9.00E+23 3.58E+24 1.43E+25 3.27E+25 7.49E+25
Effective stress on the larger asperity f® 2 0'[MPa 109 109 109 109 109
Effective stress on the smaller asperity f® 2 0'[MPa 109 109 109 109 109
Effective stress on the background fP. 2 oYMPa 14 14 14 14 14
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Figure 7 Fault models for earthquakes of shallow fault and middle stress drop.
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meseN) -400 -360 -320 -280 -240 -200 -160 -120 -80 -40 00 40 80 120 160 200 240 280 320 360 40km)
200| 141 114] 190| 296 252| 554| 898 680| 993[1275( 1000| 977 873[ 760| 671| 547 379] 297]| 236| 210| 188
160 133 136| 161] 254 267| 536 625| 1053 896 | 1026 | 1532 1144 [ 1124 1035| 797 502 539[ 288 213]| 189[ 116
120 141] 150 196| 296| 438 422| 5/0| 668[ 1357|1937 | 1930 1419] 1466 1226 953| 5/4| 391[ 271] 222]| 158| 136
80[ 122 188[ 216| 267 344| 375 505[1237[ 14291 2105] 2776| 2280 [ 1569 | 1816 [ T103| 566[ 448]| 358[ 284| 179[ 165
40[ 156] 206| 191 232 369| 491 757[3430| 2304 [ 34181 411585721 4766 2353 872| 735| 577 368] 275] 210 158
00 134[ 174] 226| 306| 436]| 521[ 646] 1608]| 2725 | 6267 | 7100| 6327 [ 3051 | T111| 784 712| 396| 282]| 260| 154
-AD[ 145 189| 204| 246 319| 425[ 851 1087 | 2583 | 2400 | 2185[ 2950 [ 2795]| 2030[ 1666 739]| 438| 350[ 299]| 202[ 170
-80[ 135 176] 218] 242] 227| 442] 556 1242|1232 2134 1846| 1494 1641 1501 | 1165 542] 388[ 283[ 201] 142[ 191
-120[ 154 134[ 157 210[ 374 410[ 5365|1069 1152 1265 1262 1047 | 1417 T011| 863 651| 432[ 299| 211 174] 165
-160[ 113] 181| 212| 291 395| 508[ 678 844[1094| 945| 1243|1028 1205]| 962| 662 57/7| 309[ 294] 205]| 156| 181
-200[ 160| 194| 240| 259] 308| 384] 728] 921| 778] 675] 89| 796] 691 889| 812 547] 495[ 216] 212] 206| 171

(a) Fault normal
mMesEP) 400 -360 -320 -280 -240 -200 -160 -120 80 40 00 40 80 120 160 200 240 280 320 360 40(m)
200 235] 216] 321 338 453] 344 452] 521 404 534] 772] 564 556 464] 409] 422] 564| 425] 353] 298] 335

120 [ 230] 458 553| 5/8| 647] /45| 606 4006 855 i385 1524 [i250 | Ii58[1i327| 950] /86| 596] 487 406| 291] 315
80 322[ 396 545[ 384 642 777] 901[ 1277 2771] 2145| 2493 2527 | 2995 [ 1422 1247 740]| 786| 601 412] 344[ 363

00 342[ 446 410 418] 450 714 1173] 1252 1 52152929 2094 1017| 898 878| 606| 443]| 392| 327
-40| 289| 303| 349| 631]| 507 695| 886 1620| 1602 | 2792 | 2504 [ 8371 | 2/45| 2766 [ 1234 /29| 734| 603| 538| 319| 324
-80| 295[ 429] 405| 524 582 7/1[T153| 7/1| 1345|1505] 1692 2242 [ 1428 1755 1309 7/2] 827| 644[ 414 274] 244

-120[ 368 407] 442] 384 459 644] 856 669 643 931 | TM74| 1074 T128] 862| 672 620| 754 468] 306] 309[ 329
-160| 254| 246| 315| 349| 468 540| 567| S07[ 584| /55| 725| 863| 549| 471 511| 401]| 423[ 390| 348]| 284| 275
-200 [ 291| 429 327| 319| 358| 371| 387 444| 405] 559 709] 636[ 510| 349| 432 373| 352| 326| 413] 291| 227

(b) Fault parallel

(2) Hybrid technique (f,,=7.0HZ)
messh -400 -360 -320 -280 -240 -200 -160 -120 -80 -40 00 40 80 120 160 200 240 280 320 360 40(km)
200 272| 309| 353| 407| 458| 515| 5/8| 646| 711| 763| 793| 792 759| 703| 636| 567 504| 448| 396| 344| 301
160 287[ 329[ 381 439| 500[ 573 660 759| 862 951[1005[1004| 947 852 745| 645] 559 487 428| 370 320
120 300[ 347| 406| 466| 540[ 633 751| 898| 1064| 1223 | 1329 | 1332| 1221 | 1048]| 875| 729| 614| 524| 454| 393| 336
80 310[ 361 423| 489| 574| 687] 841 1053] 1328| 1607 | 1807 | 1831 | 1617 | 1296 | 1014| 809| 662| 555 474| 411| 349
40 315] 369| 433 503[ 595[ 723 909[ 1191 | 1614] 2093 | 2485 2608 [ 2108 | 1583 | 1125| 865| 694 574| 487| 420| 356
00 317[ 370 435| 505[ 600 731] 924[ 1228 T 2301 2774 8| 2296 [ 1594 1152 878[ 701 57/8] 489] 422]| 358
-40 [ 313[ 365 429] 497 586[ 708 830 [ 1129 1479|1839 2126 2182|1856 | 1427 1076| 841| 681 566| 481| 417[ 353
-80( 305[ 354| 416| 478| 558| 661]| 798| 974 [ 1188 1404 | 1548 | 1557 | 1407 | 1167 | 945 7/0| 639]| 540| 465| 403| 343
-120 [ 294[ 338| 394| 453 520[ 603]| 705| 825] 9565|1074 1149| 1149| 1070| 943| 808]| 687| 587 506| 441| 382 329
-160( 280[ 319[ 367 424| 479] 543] 618| 699 781] 849| 839| 883| 845 772] 688| 605] 531 468 414| 357[ 311
-200( 264| 298| 339| 387| 437| 487| 541| 597 650| 691| 714| 713| 688| 644| 589 532| 478]| 429 377| 330| 291

(2) Empirical approach

Figure 8 Contour of estimated peak accel erations on seismic bedrock for M;=6.5 with shallow fault and
middle stress drop.

meseN) 400 -360 -320 280 240 200 -160 -120 -80 -40 00 40 80 120 160 200 240 280 320 360 40km)
200 215] 267] 331 380| 354] 647 9791385 1093 1206| 1260 1117 1412 956] 929 845] 635] 594] 390] 293 192
160 226[ 243] 394 526] 607] 682 873 1104| 1384| 1265] 1207 | 1189 1708 | I725] 874| 828[ 618| 508[ 340| 273[ 265
120 308 332| 456[ 458] 607 827[1068] 1312 1562 | 1745| 1503 2024 [ 1366 | 1364 | 1128 957] 809| 663 493] 411[ 263
80| 333[ 463| 564[ 520| 857 949[ 1528| 1936 2458 | 1927 | 1947 | 1990 2343 | 1317| 1580 1416]| /99| 690| 672] 390| 356
40 317 475| 442| 546| 683 [ 1144| 1436 | 3214 13575 4119 | 2989 [ 3836 [ 4081 | 2425| 2249 [ 1497 ['1264| 806| 647| 457 426
00 323[ 495] 504| 690| 675]| 852 2434|3431 2980 | 2938 | 2883 | 5281 | 4163 [ 3717 | 2351 | 1598 1232 841[ 642]| 474] 354
-40 [ 296 430[ 521 530 600 [MO4B [ IAT6| 2027 | 2566 | 2925 | 2443 | 2205 | 2412 | I714 71932 1812 941| 916| 555| 533 | 446
-80[ 284 322| 442] 459] 556| /29[ 1130| 1736| 1233 | 1751 | 1741 | 1785] 1528 1584 | 1196 | 1554 790| 731 486]| 477[ 362
-120[ 200| 303| 402| 442]| 544 691| 9371211 1544 | 1232| 1698 | 1336 | 1479 1409 91| /57| 67/7] 488] 410] 299| 331
-160[ 262]| 320[ 319 506[ 442 651[1042] 1217|1381 | 1238 1047 1610| 1526 | 1473| 915 758| 453 641| 332 264| 313
-200[ 231 246 344| 453] 381| 627] 544[1240]| /03] 920[ 1058 98| 918]| 853[ 686 505] 612[ 592 324] 299[ 210

mesEPy 400 -360 -320 -280 -240 200 -160 -120 -80 -40 00 40 80 120 160 200 240 280 320 360 40¢m)
200 332] 354 471 548 429] 5/1] 559] 702 765] 735] 972] 895] 708] 702] 641] 603] 647] 688] 495] 393] 354
160 | 338| 436| 538| 712| /59| 747| 971 756 | IATA| 1127 | 1378|1454 | 1479 1220| 828| 909| 707| /99| 612| 418| 427
120| 364| 418| 546| 615| 611| 844 |1103| 1362 1330 1543 | 1832 | 4781 | 1777 | 1267 | 1253|1168 963| 803| 602| 497| 392
80| 501| 607 867 [11220| 888|009 981 | 2218 3145 2496 | 2800 | 2934 | 2068 | 1819 | 1759 1011| 832| 603| 729| 508| 477
40| 556| 565| 829| 646 | d146| 972 | 1877| 8230] 2430 | 3105 8160 4659 | 8713 2131 | 1397 | 1182 [ 1085| 850| 553| 504| 365
00| 535| 495 6/7| 662 1020 /1349 1338 2/64 | 4235 [ 3035 | 5033 | 3471 | 25/8| 1547 1148 | 1087 909| 622| 532| 366
-40[571| 481 863 |058] 969 | 1132 | 1477 | 2215 [[8127) 2995 2770 [ 8061| 2731 22190 1546 | 1188| 806 4068 715| 511| 513
80| 358| 472| 840| 804| 955| 802| 959 996| 2097 [ I7d6)| 2421 | 1756 2884 [ 1539)| 1672 | 1101 [ 4008| 865 713| 476| 483
-120 [ 360| 484 702| 595| 625| 892 715| 899 [[1473)| 1279 11209 1454 [[1507| 984| 907 | 1189| /83| 605| 599| 609| 337
-160 | 393 | 465| 4641029 736| 715| 685| 7/6| 665| /97| 1424| 855 | 4221|4298 5/6| 632| 635| 920| 580| 485| 464
-200 | 306| 433| 482| 607| 525| 441| 477| 542 711]| 640| /27| 944| 614| 751| 623| 426| 691| 531 506] H41] 386

(b) Fault parallel
(2) Hybrid technique (fna=7.0HZ)
0

messh -400 -360 -320 -280 -240 -200 -160 -120 -80 -40 0O 4
200| 383| 434| 483| 540| 606| 681 764| 849 929 993[ 1080|1030 992[ 925]| 841| 753[ 670 595| 530| 474
160 405 457 514] 582 665| 762 875| 999 | T127[ 1224|1286 | 1289 [ 1227 | 1117| 987 859]| 745| 649 569| 503[ 448
120 425] 477 542] 622 721| 847[1001| 1183 1374 | 1534 | 1630| 1640 | 1546 | 1368 | 1160 974| 822| 701 605| 528[ 466

80| 436| 493[ 564 654 770 925[ 1181|1397 1671|1909 2079 2111 [ 1944 | 1652 1347 1085] 889 744[ 634]| 548[ 481

00| 444] 504 S80[ 678 809 992[1258] 1641 | 2114 [ 2500 | 2805 | 2917 | 2581 | 1994 | 1528 | 1182 944 7/7] 655] 563 [ 491
-AD[ 440| 498] 572] 665] 789| 956 | 1188| 1502|1833 2127 | 2347 2402 [ 2180 | 1794|1432 | T130| 916| 760 644| 555[ 486
-80[ 431] 486 554] 639 747| 887 1067] 1287 | 1520 | 1710 1838| 1855[ 1731 1511 | 1254 1031 853| 724 620]| 539[ 474

-120[ 415] 468| 529| 603[ 694| 804| 937[1087| 1239 | 1371 | 1453 | 1459| 1378 1235[ 1070| 916| 784| 67/5| 588| 516] 457
-160[ 394 446]| 499| 561 635] 721[ 818 920[ 1019|1099 | 1147 | 1148 | T100| 1015| 910| 804| 707[ 622 549]| 488| 437
-200[ 371] 421 467] 519] 578| 644] 714] 786| 851] 902 931[ 930] 901]| 847[ 7/9] 705] 634[ 568] 510] 459| 411

(2) Empirical approach

Figure 9 Contour of estimated peak accel erations on seismic bedrock for M;=6.8 with shallow fault and
middle stress drop.
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Figure 10 Contour of estimated peak accelerations on seismic bedrock for My=7.3 with shallow fault
and middle stress drop.
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Figure 11 Horizontal pseudo velocity response spectra on seismic bedrock evaluated by hybrid
technique and empirical approach.
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Figure 11 Horizontal-pseudo velocity response spectra on seismic bedrock evaluated by hybrid
technique and empirical approach. (Continued).
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Figure 12 Probability of exceedance of horizontal-accel eration response spectra (T=0.02 s) on seismic
bedrock evaluated by hybrid technique and empirical approach.
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Figure 13 Hazard curves of horizontal -accel eration response spectra on seismic bedrock evaluated by
hybrid technique and empirical approach.
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Figure 14 Uniform hazard spectra of the horizontal strong motion
caused by buried-rupture earthquakesin evaluation area.
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Figure 15 Uniform hazard spectra of the horizontal strong motion caused by buried-rupture
earthquakes and the upper level of the strong motion records proposed by Kato et al. (2004).
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