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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 cm/s/s for annual exceedance probabilities of 10-3, 10-4, 10-5, and 10-6, 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 al. (2004) as the upper level of the strong motion records of buried-rupture 
earthquakes corresponded to the uniform hazard spectra between 10-5 and 10-4 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 MJ=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 also 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 earthquakes that generate larger 
short-period seismic motions than inland earthquakes or subduction earthquakes, and probabilistic evaluation of 
strong ground motions.  This is because the magnitude of close-by earthquakes is specified to be 6.5 in the present 
guideline while larger-magnitude inland earthquakes caused by undefined faults have actually occurred in Japan, 
intra-slab earthquakes and their strong motions are not considered explicitly in the present guideline, and 
determination of a safety goal is expected to become a social 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 calculated probabilistic response spectra 
due to close-by scenario earthquakes caused by undefined faults as seismic hazard uniform spectra.  Finally, it 
compared the probabilistic response spectra with 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 al. (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 shows the procedure, where the probability of annual exceedance of horizontal-acceleration response 
spectra is 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 JMA (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 (Kagawa et al., 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 
evaluation 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 Earthquakes 
We obtained the following Gutenberg-Richter model of the annual cumulative number of earthquakes per 

314km2 in terms of the magnitudes of inland earthquakes from the earthquake catalogue: 
 

10log ( ) 2.248 0.9189N M m m≥ = −     Eq. 1 
 
In order to obtain this Eq.1 model, we used 617 Japanese inland earthquakes in a source area of 571,000 km2 

with magnitudes larger than 5 and hypocentral depths shallower than 25km in the JMA earthquake catalogue from 
1926 to 2002.  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, psf(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-slip 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-slip 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 
Figure 4.  As shown, there is 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 
as Eq. 2. 

 
[ ]( ) ( ) ( 0.1) 1 ( ) .sfM N M m N M m p Mν  = ≥ − ≥ + × −  (1/year/314km2)  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-slip 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 shows the evaluation area and 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) is shown 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 Technique for Strong Motion Simulation 
Strong ground motions on seismic bedrock were simulated for the fault models by a hybrid technique 

combining a theoretical 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 the long period range.  Here, fmax (cut-off frequency in 
the high frequency range observed in records) was taken to be 84th percentile (11.9Hz), 50th percentile (7.0Hz), and 
16th 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 acceleration 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 

Nishimura et al. (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 al. (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, a deviation 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, fmax was assumed to be 7.0Hz.  It is confirmed that the horizontal peak accelerations 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 stress on 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 plus/minus 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 contours in 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 spectra at 0.02s simulated by the hybrid technique were about 30, 40, 
60, 80, and 130cm/s/s at 50th 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 
close to 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 50th 
percentile.  The reason for this discrepancy seems to 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 10-5. 

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 10-3, 10-4, 10-5, and 10-6, respectively.  While those by the empirical response 
spectrum were about 130, 280, 500, and 800 cm/s/s, respectively. 

For a certain 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 10-3, 10-4, 10-5, 
and 10-6; 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 10-6 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 previously 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 a moment 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 al. (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 10-5 and 10-4 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 
evaluated 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 
10-3, 10-4, 10-5, and 10-6, 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 al. (2004) as the upper level of the 
strong motion records for earthquakes from undefined faults corresponded to the uniform hazard spectra between 
10-5 and 10-4 in the short period range. 
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Figure 1 Flow chart of procedure.
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Table 2 Fault parameters of earthquake of shallow fault and high stress drop. 
 

Strike
Dip
Rake
Moment magnitude M W
Seismic moment M 0 ? 0-7[N� Em]
Upper depth of the fault [km]
Lower depth of the fault [km]
Area of the entire fault S [km2]
Mean depth of the larger asperity H [km]
Short-period level A ? 0-7[N� Em/s2]
Area of the asperities Sasp [km2]
Area of the larger asperity S 1 [km2]
Area of the smaller asperity S 2 [km2]
Area of the background S b [km2]
Fault length L [km]
Fault width W [km]
Length of the larger asperity L 1 [km]
Width of the larger asperity W 1 [km]
Length of the smaller asperity L 2 [km]
Width of the smaller asperity W 2 [km]
Upper depth of the larger asperity [km]
Rupture initiation point
Rupture propagation velocity [km/s]
Rupture propagation mode
Rise time ƒ Ñ [s]
Shear-wave velocity ƒ À [km/s]
Rigidity ƒ Ê ? 0-1[N/m2]
Averaged slip on the entire fault D [cm]
Slip ratio ƒ ¿
Slip on the larger asperity D 1 [cm]
Slip on the smaller asperity D 2 [cm]
Slip on the background D b [cm]
Seismic moment of the larger asperity M 01 ? 0-7[N� Em]
Seismic moment of the smaller asperity M 02 ? 0-7[N� Em]
Seismic moment of the background M 0b ? 0-7[N� Em]
Effective stress on the larger asperity ƒ Ð1 ? 0-1[MPa]
Effective stress on the smaller asperity ƒ Ð2 ? 0-1[MPa]
Effective stress on the background ƒ Ð‚ ‚ ? 0-1[MPa]
Length of the calculation region [km]
Width of the calculation region [km]

6
6

48
17
9
10

4
4

14
13

19
17
6
6

4
5

1
1

2
2

3
3

9
8
3
3

6
5
2
2

191
24

1.96

24

1.95E+24
5.46E+23
5.45E+24

191

1.37E+23
1.37E+24

33

71
47
27

191
191

61.9

3 3

0.26 0.41

Deeper point in the center of the fault
2.7

Radial

5.93E+25
11.8
8.2
3.5

3
11

73.6
4.5

5.5
2.00E+24

3
8

29.3
4.0

3.74E+25

3.5
3.31E+11

6.0
Japan Meteorological Agency magnitude

80
40

4.7
3.3
1.4
24.6

5.9
7.94E+24

52

2.88E+26

807.6

108

83

21

1.34

15.4

191 191 191
24 24 24

191 191 191

7.06E+25
1.98E+25
1.98E+26

2.17E+24
2.17E+25

1.77E+25
4.98E+24

154
42 56 88

4

0.850.64

7.3

38.8
270.1 678.3

3
20

6.8

6.5
7.24E+25

321.5

6.5Parameters

3
16

6.3
3.16E+25

N090E� iEW direction� j
90� ivertical� j

0� ileft-lateral strike-slip� j

5.5

6.9

4.97E+25

9.40E+25 1.24E+26 1.96E+26
29.6 51.4 129.2

36.0 90.4

236

20.7
8.9

155.4

5.5 13.0

3
20

6.0
185.0

7.74E+24

68

45
29
17

4.89E+23

113 149
74 97
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Table 3 Fault parameters of earthquake of shallow fault and middle stress drop. 

Strike
Dip
Rake
Moment magnitude M W
Seismic moment M 0 ? 0-7[N� Em]
Upper depth of the fault [km]
Lower depth of the fault [km]
Area of the entire fault S [km2]
Mean depth of the larger asperity H [km]
Short-period level A ? 0-7[N� Em/s2]
Area of the asperities Sasp [km2]
Area of the larger asperity S 1 [km2]
Area of the smaller asperity S 2 [km2]
Area of the background S b [km2]
Fault length L [km]
Fault width W [km]
Length of the larger asperity L 1 [km]
Width of the larger asperity W 1 [km]
Length of the smaller asperity L 2 [km]
Width of the smaller asperity W 2 [km]
Upper depth of the larger asperity [km]
Rupture initiation point
Rupture propagation velocity [km/s]
Rupture propagation mode
Rise time ƒ Ñ [s]
Shear-wave velocity ƒ À [km/s]
Rigidity ƒ Ê ? 0-1[N/m2]
Averaged slip on the entire fault D [cm]
Slip ratio ƒ ¿
Slip on the larger asperity D 1 [cm]
Slip on the smaller asperity D 2 [cm]
Slip on the background D b [cm]
Seismic moment of the larger asperity M 01 ? 0-7[N� Em]
Seismic moment of the smaller asperity M 02 ? 0-7[N� Em]
Seismic moment of the background M 0b ? 0-7[N� Em]
Effective stress on the larger asperity ƒ Ð1 ? 0-1[MPa]
Effective stress on the smaller asperity ƒ Ð2 ? 0-1[MPa]
Effective stress on the background ƒ Ð‚ ‚ ? 0-1[MPa]

1.06E+25

68

45
29
15

6.72E+23

113 149
74 97

28.5
12.2
144.3

6.0 14.5

3
20

8.5
185.0

4.12E+25

7.94E+25 1.05E+26 1.66E+26
40.7 70.7 177.7

49.5 124.4

236

Parameters

3
16

6.3
3.16E+25

N090E� iEW direction� j
90� ivertical� j

0� ileft-lateral strike-slip� j

5.5

6.96.5
7.24E+25

321.5

6.5

5

0.850.64

7.3

53.3
250.8 629.9

3
20

6.8

154
38 50 79

139 139 139

9.71E+25
2.72E+25
1.64E+26

2.99E+24
1.80E+25

2.44E+25
6.84E+24

139 139 139
18 18 18

52

2.88E+26

807.6

108

93

21

1.34

21.2

6.0
Japan Meteorological Agency magnitude

6.5
4.5
1.9
22.9

5.9
7.94E+24

5.5
2.00E+24

3
8

29.3
4.0

3.16E+25

3.5
3.31E+11

3
11

73.6
5.0

5.01E+25
16.2
11.3
4.9

139
139

57.4

3 3

0.26 0.41

Deeper point in the center of the fault
2.7

Radial

33

71
47
24

139
18

1.96

18

2.67E+24
7.50E+23
4.52E+24

139

1.89E+23
1.13E+24

6
5
2
2

3
4

9
8
3
4

1
2

2
2

4
5

14
13

19
17
7
7

5
6

7
8

48
17
11
11

 
 

Table 4 Fault parameters of earthquake of shallow fault and low stress drop. 

Strike
Dip
Rake
Moment magnitude M W
Seismic moment M 0 ? 0-7[N� Em]
Upper depth of the fault [km]
Lower depth of the fault [km]
Area of the entire fault S [km2]
Mean depth of the larger asperity H [km]
Short-period level A ? 0-7[N� Em/s2]
Area of the asperities Sasp [km2]
Area of the larger asperity S 1 [km2]
Area of the smaller asperity S 2 [km2]
Area of the background S b [km2]
Fault length L [km]
Fault width W [km]
Length of the larger asperity L 1 [km]
Width of the larger asperity W 1 [km]
Length of the smaller asperity L 2 [km]
Width of the smaller asperity W 2 [km]
Upper depth of the larger asperity [km]
Rupture initiation point
Rupture propagation velocity [km/s]
Rupture propagation mode
Rise time ƒ Ñ [s]
Shear-wave velocity ƒ À [km/s]
Rigidity ƒ Ê ? 0-1[N/m2]
Averaged slip on the entire fault D [cm]
Slip ratio ƒ ¿
Slip on the larger asperity D 1 [cm]
Slip on the smaller asperity D 2 [cm]
Slip on the background D b [cm]
Seismic moment of the larger asperity M 01 ? 0-7[N� Em]
Seismic moment of the smaller asperity M 02 ? 0-7[N� Em]
Seismic moment of the background M 0b ? 0-7[N� Em]
Effective stress on the larger asperity ƒ Ð1 ? 0-1[MPa]
Effective stress on the smaller asperity ƒ Ð2 ? 0-1[MPa]
Effective stress on the background ƒ Ð‚ ‚ ? 0-1[MPa]

109
14

1.96

14

3.40E+24
9.55E+23
3.58E+24

109

2.40E+23
9.00E+23

33

71
47
20

109
109

53.0

3 3

0.26 0.41

Deeper point in the center of the fault
2.7

Radial

4.40E+25
20.6
14.4
6.2

3
11

73.6
5.0

5.5
2.00E+24

3
8

29.3
4.5

2.77E+25

3.5
3.31E+11

6.0
Japan Meteorological Agency magnitude

8.2
5.7
2.5
21.1

5.9
7.94E+24

52

1.66E+26

558.7
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21

1.12

27.0
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8.71E+24
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5
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7.1

46.9
231.5 402.3
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20

6.8
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321.5

6.5Parameters
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16

6.3
3.16E+25

N090E� iEW direction� j
90� ivertical� j

0� ileft-lateral strike-slip� j

5.5

6.7

3.27E+25

6.97E+25 9.19E+25 1.21E+26
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36.3
15.5
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20

9.0
185.0

1.36E+25
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8.55E+23

113 149
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Figure 7 Fault models for earthquakes of shallow fault and middle stress drop. 
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M6.5(FN) -40.0 -36.0 -32.0 -28.0 -24.0 -20.0 -16.0 -12.0 -8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40(km)
20.0 14.1 11.4 19.0 29.6 25.2 55.4 89.8 68.0 99.3 127.5 100.0 97.7 87.3 76.0 67.1 54.7 37.9 29.7 23.6 21.0 18.8
16.0 13.3 13.6 16.1 25.4 26.7 53.6 62.5 105.3 89.6 102.6 153.2 114.4 112.4 103.5 79.7 50.2 53.9 28.8 21.3 18.9 11.6
12.0 14.1 15.0 19.6 29.6 43.8 42.2 57.0 66.8 135.7 193.7 193.0 141.9 146.6 122.6 95.3 57.4 39.1 27.1 22.2 15.8 13.6
8.0 12.2 18.8 21.6 26.7 34.4 37.5 50.5 123.7 142.9 210.5 277.6 228.0 156.9 181.6 110.3 56.6 44.8 35.8 28.4 17.9 16.5
4.0 15.6 20.6 19.1 23.2 36.9 49.1 75.7 143.0 230.4 341.8 411.5 357.2 476.6 235.3 87.2 73.5 57.7 36.8 27.5 21.0 15.8
0.0 13.4 17.4 22.6 30.6 43.6 52.1 64.6 160.8 272.5 375.1 626.7 710.0 632.7 305.1 111.1 78.4 71.2 39.6 28.2 26.0 15.4
-4.0 14.5 18.9 20.4 24.6 31.9 42.5 85.1 108.7 258.3 240.0 218.5 295.0 279.5 203.0 166.6 73.9 43.8 35.0 29.9 20.2 17.0
-8.0 13.5 17.6 21.8 24.2 22.7 44.2 55.6 124.2 123.2 213.4 184.6 149.4 164.1 150.1 116.5 54.2 38.8 28.3 20.1 14.2 19.1
-12.0 15.4 13.4 15.7 21.0 37.4 41.0 53.6 106.9 115.2 126.5 126.2 104.7 141.7 101.1 86.3 65.1 43.2 29.9 21.1 17.4 16.5
-16.0 11.3 18.1 21.2 29.1 39.5 50.8 67.8 84.4 109.4 94.5 124.3 102.8 120.5 96.2 66.2 57.7 30.9 29.4 20.5 15.6 18.1
-20.0 16.0 19.4 24.0 25.9 30.8 38.4 72.8 92.1 77.8 67.5 89.9 79.6 69.1 88.9 81.2 54.7 49.5 21.6 21.2 20.6 17.1  

(a) Fault normal 
M6.5(FP) -40.0 -36.0 -32.0 -28.0 -24.0 -20.0 -16.0 -12.0 -8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40(km)
20.0 23.5 21.6 32.1 33.8 45.3 34.4 45.2 52.1 49.4 53.4 77.2 56.4 55.6 46.4 40.9 42.2 56.4 42.5 35.3 29.8 33.5
16.0 34.4 32.7 38.0 49.1 41.7 48.8 89.3 62.3 61.0 84.3 104.0 75.5 79.4 66.1 55.1 57.4 49.8 48.8 43.7 32.5 28.3
12.0 23.0 45.8 55.3 57.8 64.7 74.5 69.6 100.6 85.8 133.5 152.1 125.0 115.8 132.7 95.0 78.6 59.6 48.7 40.6 29.1 31.5
8.0 32.2 39.6 54.5 38.4 64.2 77.7 90.1 127.7 277.1 214.5 249.3 252.7 299.5 142.2 124.7 74.0 78.6 60.1 41.2 34.4 36.3
4.0 34.9 43.5 37.3 46.1 60.3 62.5 100.0 118.7 251.6 415.6 390.2 656.0 470.3 218.6 106.3 91.7 73.2 57.5 48.1 39.7 32.2
0.0 34.2 44.6 41.0 41.8 45.0 71.4 117.3 125.2 169.6 248.5 340.5 521.5 292.9 209.4 101.7 89.8 87.8 60.6 44.3 39.2 32.7
-4.0 28.9 30.3 34.9 63.1 50.7 69.5 88.6 162.0 160.2 279.2 250.4 337.1 274.5 276.6 123.4 72.9 73.4 60.3 53.8 31.9 32.4
-8.0 29.5 42.9 40.5 52.4 58.2 77.1 115.3 77.1 134.5 150.5 169.2 224.2 142.8 175.5 130.9 77.2 82.7 64.4 41.4 27.4 24.4
-12.0 36.8 40.7 44.2 38.4 45.9 64.4 85.6 66.9 64.3 93.1 117.4 107.4 112.8 86.2 67.2 62.0 75.4 46.8 30.6 30.9 32.9
-16.0 25.4 24.6 31.5 34.9 46.8 54.0 56.7 50.7 58.4 75.5 72.5 86.3 54.9 47.1 51.1 40.1 42.3 39.0 34.8 28.4 27.5
-20.0 29.1 42.9 32.7 31.9 35.8 37.1 38.7 44.4 40.5 55.9 70.9 63.6 51.0 34.9 43.2 37.3 35.2 32.6 41.3 29.1 22.7  

(b) Fault parallel 
(1) Hybrid technique (fmax=7.0Hz) 

M6.5sh -40.0 -36.0 -32.0 -28.0 -24.0 -20.0 -16.0 -12.0 -8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40(km)
20.0 27.2 30.9 35.3 40.7 45.8 51.5 57.8 64.6 71.1 76.3 79.3 79.2 75.9 70.3 63.6 56.7 50.4 44.8 39.6 34.4 30.1
16.0 28.7 32.9 38.1 43.9 50.0 57.3 66.0 75.9 86.2 95.1 100.5 100.4 94.7 85.2 74.5 64.5 55.9 48.7 42.8 37.0 32.0
12.0 30.0 34.7 40.6 46.6 54.0 63.3 75.1 89.8 106.4 122.3 132.9 133.2 122.1 104.8 87.5 72.9 61.4 52.4 45.4 39.3 33.6
8.0 31.0 36.1 42.3 48.9 57.4 68.7 84.1 105.3 132.8 160.7 180.7 183.1 161.7 129.6 101.4 80.9 66.2 55.5 47.4 41.1 34.9
4.0 31.5 36.9 43.3 50.3 59.5 72.3 90.9 119.1 161.4 209.3 248.5 260.8 210.8 153.3 112.5 86.5 69.4 57.4 48.7 42.0 35.6
0.0 31.7 37.0 43.5 50.5 60.0 73.1 92.4 122.8 170.9 230.1 277.4 298.8 229.6 159.4 115.2 87.8 70.1 57.8 48.9 42.2 35.8
-4.0 31.3 36.5 42.9 49.7 58.6 70.8 88.0 112.9 147.9 183.9 212.6 218.2 185.6 142.7 107.6 84.1 68.1 56.6 48.1 41.7 35.3
-8.0 30.5 35.4 41.6 47.8 55.8 66.1 79.8 97.4 118.8 140.4 154.8 155.7 140.7 116.7 94.5 77.0 63.9 54.0 46.5 40.3 34.3
-12.0 29.4 33.8 39.4 45.3 52.0 60.3 70.5 82.5 95.6 107.4 114.9 114.9 107.0 94.3 80.8 68.7 58.7 50.6 44.1 38.2 32.9
-16.0 28.0 31.9 36.7 42.4 47.9 54.3 61.8 69.9 78.1 84.9 88.9 88.8 84.5 77.2 68.8 60.5 53.1 46.8 41.4 35.7 31.1
-20.0 26.4 29.8 33.9 38.7 43.7 48.7 54.1 59.7 65.0 69.1 71.4 71.3 68.8 64.4 58.9 53.2 47.8 42.9 37.7 33.0 29.1  

(2) Empirical approach 
 

Figure 8 Contour of estimated peak accelerations on seismic bedrock for MJ=6.5 with shallow fault and 
middle stress drop. 

 
M6.8(FN) -40.0 -36.0 -32.0 -28.0 -24.0 -20.0 -16.0 -12.0 -8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40(km)
20.0 21.5 26.7 33.1 38.0 35.4 64.7 97.9 138.5 109.3 120.6 126.0 111.7 141.2 95.6 92.9 84.5 63.5 59.4 39.0 29.3 19.2
16.0 22.6 24.3 39.4 52.6 60.7 68.2 87.3 110.4 138.4 126.5 120.7 118.9 170.8 172.5 87.4 82.8 61.8 50.8 34.0 27.3 26.5
12.0 30.8 33.2 45.6 45.8 60.7 82.7 106.8 131.2 156.2 174.5 150.3 202.4 136.6 136.4 112.8 95.7 80.9 66.3 49.3 41.1 26.3
8.0 33.3 46.3 56.4 52.0 85.7 94.9 152.8 193.6 245.8 192.7 194.7 199.0 234.3 131.7 153.0 141.6 79.9 69.0 67.2 39.0 35.6
4.0 31.7 47.5 44.2 54.6 68.3 114.4 143.6 321.4 357.5 411.9 298.9 383.6 408.1 242.5 224.9 149.7 126.4 80.6 64.7 45.7 42.6
0.0 32.3 49.5 50.4 69.0 67.5 85.2 243.4 343.1 298.0 293.8 288.3 528.1 416.3 371.7 235.1 159.8 123.2 84.1 64.2 47.4 35.4
-4.0 29.6 43.0 52.1 53.0 60.0 104.8 141.6 202.7 256.6 292.5 244.3 220.5 241.2 171.4 193.2 181.2 94.1 91.6 55.5 53.3 44.6
-8.0 28.4 32.2 44.2 45.9 55.6 72.9 113.0 173.6 123.3 175.1 174.1 178.5 152.8 158.4 119.6 155.4 79.0 73.1 48.6 47.7 36.2
-12.0 20.0 30.3 40.2 44.2 54.4 69.1 93.7 121.1 154.4 123.2 169.8 133.6 147.9 140.9 99.1 75.7 67.7 48.8 41.0 29.9 33.1
-16.0 26.2 32.0 31.9 50.6 44.2 65.1 104.2 121.7 138.1 123.8 104.7 161.0 152.6 147.3 91.5 75.8 45.3 64.1 33.2 26.4 31.3
-20.0 23.1 24.6 34.4 45.3 38.1 62.7 54.4 124.0 70.3 92.0 105.8 99.8 91.8 85.3 68.6 50.5 61.2 59.2 32.4 29.9 21.0  

(a) Fault normal 
M6.8(FP) -40.0 -36.0 -32.0 -28.0 -24.0 -20.0 -16.0 -12.0 -8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40(km)
20.0 33.2 35.4 47.1 54.8 42.9 57.1 55.9 70.2 76.5 73.5 97.2 89.5 70.8 70.2 64.1 60.3 64.7 68.8 49.5 39.3 35.4
16.0 33.8 43.6 53.8 71.2 75.9 74.7 97.1 75.6 147.4 112.7 137.8 145.4 147.9 122.1 82.8 90.9 70.7 79.9 61.2 41.8 42.7
12.0 36.4 41.8 54.6 61.5 81.1 84.4 110.3 136.2 133.0 154.3 183.2 178.1 177.7 126.7 125.3 116.8 96.3 80.3 60.2 49.7 39.2
8.0 50.1 60.7 86.7 122.0 88.8 100.9 98.1 221.8 314.5 249.6 280.0 293.4 206.8 181.9 175.9 101.1 83.2 60.3 72.9 50.8 47.7
4.0 55.6 55.5 82.9 64.6 114.6 97.2 137.7 323.0 243.0 310.5 316.0 465.9 371.3 213.1 139.7 118.2 108.5 85.0 55.3 50.4 36.5
0.0 53.5 49.5 67.7 66.2 102.0 114.9 133.8 276.4 423.5 363.8 303.5 503.3 347.1 257.8 154.7 114.8 103.7 90.9 62.2 53.2 36.6
-4.0 57.1 48.1 86.3 105.8 96.9 113.2 147.7 221.5 312.7 299.5 277.0 306.1 273.1 221.9 154.6 118.8 80.6 106.3 71.5 51.1 51.3
-8.0 35.8 47.2 84.0 80.4 95.5 80.2 95.9 99.6 209.7 171.6 242.1 175.6 288.4 153.9 167.2 110.1 100.8 86.5 71.3 47.6 48.3
-12.0 36.0 48.4 70.2 59.6 62.5 89.2 71.5 89.9 147.3 127.9 120.9 145.4 150.7 98.4 90.7 118.9 78.3 60.5 59.9 60.9 33.7
-16.0 39.3 46.5 46.4 102.9 73.6 71.5 68.5 77.6 66.5 79.7 142.7 85.5 122.1 129.8 57.6 63.2 63.5 92.0 58.9 48.5 46.4
-20.0 30.6 43.3 48.2 60.7 52.5 44.1 47.7 54.2 71.1 64.0 72.7 94.4 61.4 75.1 62.3 42.6 69.1 53.1 50.6 54.1 38.6  

(b) Fault parallel 
(1) Hybrid technique (fmax=7.0Hz) 

M6.8sh -40.0 -36.0 -32.0 -28.0 -24.0 -20.0 -16.0 -12.0 -8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40(km)
20.0 38.3 43.4 48.3 54.0 60.6 68.1 76.4 84.9 92.9 99.3 103.0 103.0 99.2 92.5 84.1 75.3 67.0 59.5 53.0 47.4 42.6
16.0 40.5 45.7 51.4 58.2 66.5 76.2 87.5 99.9 112.1 122.4 128.6 128.9 122.7 111.7 98.7 85.9 74.5 64.9 56.9 50.3 44.8
12.0 42.5 47.7 54.2 62.2 72.1 84.7 100.1 118.3 137.4 153.4 163.0 164.0 154.6 136.8 116.0 97.4 82.2 70.1 60.5 52.8 46.6
8.0 43.6 49.3 56.4 65.4 77.0 92.5 113.1 139.7 167.1 190.9 207.9 211.1 194.4 165.2 134.7 108.5 88.9 74.4 63.4 54.8 48.1
4.0 44.3 50.2 57.7 67.4 80.2 97.9 123.3 158.7 199.4 234.4 261.4 270.0 241.4 191.7 149.5 116.4 93.4 77.1 65.1 56.0 48.9
0.0 44.4 50.4 58.0 67.8 80.9 99.2 125.8 164.1 211.4 250.0 280.5 291.7 258.1 199.4 152.8 118.2 94.4 77.7 65.5 56.3 49.1
-4.0 44.0 49.8 57.2 66.5 78.9 95.6 118.8 150.2 183.3 212.7 234.7 240.2 218.0 179.4 143.2 113.0 91.6 76.0 64.4 55.5 48.6
-8.0 43.1 48.6 55.4 63.9 74.7 88.7 106.7 128.7 152.0 171.0 183.8 185.5 173.1 151.1 125.4 103.1 85.8 72.4 62.0 53.9 47.4
-12.0 41.5 46.8 52.9 60.3 69.4 80.4 93.7 108.7 123.9 137.1 145.3 145.9 137.8 123.5 107.0 91.6 78.4 67.5 58.8 51.6 45.7
-16.0 39.4 44.6 49.9 56.1 63.5 72.1 81.8 92.0 101.9 109.9 114.7 114.8 110.0 101.5 91.0 80.4 70.7 62.2 54.9 48.8 43.7
-20.0 37.1 42.1 46.7 51.9 57.8 64.4 71.4 78.6 85.1 90.2 93.1 93.0 90.1 84.7 77.9 70.5 63.4 56.8 51.0 45.9 41.1  

(2) Empirical approach 
 

Figure 9 Contour of estimated peak accelerations on seismic bedrock for MJ=6.8 with shallow fault and 
middle stress drop. 
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M7.3(FN) -40.0 -36.0 -32.0 -28.0 -24.0 -20.0 -16.0 -12.0 -8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40(km)
20.0 42.3 42.3 61.9 77.3 92.5 85.4 90.8 108.6 97.9 112.8 115.3 114.0 102.7 114.7 123.1 111.6 133.9 110.4 79.9 69.2 61.1
16.0 36.3 54.9 72.5 113.3 94.3 122.5 100.8 149.8 174.0 108.6 141.1 139.4 133.5 141.4 118.9 136.4 160.7 146.2 132.3 83.4 76.1
12.0 72.2 59.6 98.7 93.4 96.1 130.0 141.2 143.5 172.0 161.6 166.8 147.1 156.3 150.8 168.0 180.8 177.5 122.3 137.4 104.9 94.0
8.0 57.9 119.8 105.2 130.9 151.2 139.3 170.8 143.8 174.6 213.9 223.1 218.9 193.6 184.6 216.4 208.8 173.4 192.7 140.8 139.4 108.0
4.0 62.9 137.2 144.6 141.7 131.9 155.7 195.7 189.7 274.7 217.6 234.7 253.7 260.7 233.8 243.4 226.3 201.2 194.6 187.1 128.3 152.0
0.0 74.6 113.2 147.4 147.6 134.3 160.0 193.1 198.8 232.5 236.9 241.6 256.5 332.1 224.1 224.3 261.7 265.5 184.0 153.6 141.1 167.9
-4.0 73.6 131.3 122.9 122.5 184.4 157.2 189.9 172.3 202.0 190.9 267.8 222.6 242.2 224.3 163.7 242.8 204.2 152.1 204.8 145.6 139.1
-8.0 53.5 60.0 102.2 91.3 102.6 130.9 128.2 125.4 176.2 265.2 190.5 184.2 174.4 142.9 231.5 212.5 227.8 161.0 131.4 105.9 112.9
-12.0 45.3 48.4 69.0 84.4 74.8 116.2 167.6 123.0 128.6 143.1 115.1 155.0 134.1 176.2 140.5 145.2 134.7 119.6 180.5 127.1 61.2
-16.0 46.8 56.8 67.0 76.6 101.9 86.5 101.1 117.2 95.8 124.8 122.1 106.8 140.1 159.5 108.4 109.0 123.0 94.5 106.4 68.3 66.4
-20.0 43.4 52.5 60.5 53.6 64.4 79.2 83.0 89.7 107.7 127.7 146.6 112.2 106.8 93.8 117.1 125.4 114.4 81.5 94.1 70.3 85.2  

(a) Fault normal 
M7.3(FP) -40.0 -36.0 -32.0 -28.0 -24.0 -20.0 -16.0 -12.0 -8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40(km)
20.0 47.0 65.6 59.9 81.6 84.0 70.1 86.4 83.0 89.4 155.7 139.1 140.5 137.5 140.0 106.6 115.1 111.2 88.8 81.9 95.9 107.4
16.0 63.1 56.5 79.0 68.0 83.7 126.6 102.4 110.0 109.7 193.5 234.3 141.9 164.0 152.2 145.7 197.7 139.3 132.0 77.6 98.4 97.4
12.0 50.7 69.6 73.6 113.3 128.8 115.5 126.8 160.6 152.1 165.3 186.9 187.3 205.6 176.8 160.6 165.2 149.3 127.6 112.8 85.9 116.1
8.0 65.8 60.8 108.7 110.6 161.9 160.4 173.1 125.6 173.0 169.4 137.4 201.5 203.9 225.8 221.0 211.2 245.7 187.8 174.5 89.0 113.7
4.0 51.4 80.8 137.2 114.6 106.5 134.2 141.9 174.4 172.6 155.9 184.2 234.1 308.4 244.0 193.5 217.9 190.4 145.7 121.8 127.4 112.0
0.0 57.3 67.7 119.6 117.4 127.9 153.8 158.5 211.1 222.1 147.2 171.6 198.8 196.9 278.3 206.7 199.1 204.5 147.7 118.4 161.8 114.5
-4.0 48.2 56.5 122.8 138.8 150.9 150.6 139.5 190.2 274.5 187.2 177.9 189.7 231.6 199.1 313.0 220.4 180.8 133.6 133.1 123.0 97.8
-8.0 55.4 58.0 111.7 100.4 122.6 123.7 188.2 163.8 165.6 127.7 138.6 185.3 216.6 232.2 187.7 209.5 136.4 150.7 102.9 97.7 89.0
-12.0 69.2 79.5 59.1 73.5 99.7 147.8 128.1 158.1 176.2 171.6 180.8 137.3 132.5 225.0 181.7 180.2 130.9 110.7 93.5 113.8 85.8
-16.0 62.2 54.2 79.9 68.6 101.3 138.2 114.6 134.3 138.8 182.7 152.8 164.9 149.5 169.9 146.4 139.0 125.8 138.1 105.2 135.6 83.2
-20.0 58.3 55.5 60.1 68.0 72.4 92.0 67.2 82.8 97.3 86.2 118.2 139.7 121.5 113.8 116.0 111.7 120.4 99.8 66.9 96.9 116.3  

(b) Fault parallel 
(1) Hybrid technique (fmax=7.0Hz) 

  

: Maximum value       (Unit: cm/s2)

M7.3sh -40.0 -36.0 -32.0 -28.0 -24.0 -20.0 -16.0 -12.0 -8.0 -4.0 0.0 4.0 8.0 12.0 16.0 20.0 24.0 28.0 32.0 36.0 40(km)
20.0 67.8 74.7 82.4 90.8 99.5 108.2 116.5 124.0 130.8 136.9 141.9 145.5 146.8 145.4 140.7 133.0 123.2 112.5 101.8 91.8 82.8
16.0 71.6 79.9 89.4 100.0 111.3 122.5 133.0 142.3 150.4 157.7 164.3 169.6 172.3 170.8 164.5 154.1 140.9 126.3 112.2 99.5 88.5
12.0 75.2 84.9 96.6 110.4 125.4 140.3 153.1 164.0 173.4 182.3 191.1 199.1 203.9 202.8 194.2 179.3 160.6 141.3 122.8 106.9 93.8
8.0 78.1 89.4 103.6 121.5 142.2 161.7 177.9 190.6 200.9 210.9 222.0 233.6 241.7 241.3 229.8 208.8 182.4 155.8 132.5 113.3 98.0
4.0 80.0 92.3 108.7 131.4 160.5 187.8 207.3 221.1 231.4 241.7 254.4 269.0 280.5 281.1 267.0 239.9 203.9 167.6 139.4 117.4 100.7
0.0 80.4 93.0 109.9 134.2 167.7 198.6 218.9 232.8 243.0 253.2 266.1 281.5 293.8 294.7 280.0 251.3 211.3 170.7 140.9 118.3 101.3
-4.0 79.2 91.1 106.5 126.8 151.3 174.3 192.4 205.7 216.2 226.4 238.5 251.8 261.7 261.8 248.9 224.6 193.5 162.4 136.5 115.7 99.6
-8.0 76.8 87.3 100.2 115.9 133.5 150.4 164.9 176.7 186.6 196.1 206.1 215.8 222.2 221.3 211.4 193.6 171.3 148.7 127.9 110.3 96.1
-12.0 73.5 82.4 93.0 105.0 118.0 130.9 142.7 152.6 161.4 169.4 177.1 183.7 187.3 185.9 178.6 166.1 150.5 133.7 117.5 103.3 91.2
-16.0 69.7 77.3 85.8 95.2 105.1 115.0 124.3 132.7 140.3 146.9 152.6 156.9 158.8 157.3 152.0 143.2 131.7 119.2 106.9 95.6 85.7
-20.0 65.8 72.1 79.1 86.6 94.3 102.0 109.4 116.1 122.2 127.5 131.9 134.9 136.0 134.5 130.3 123.7 115.4 106.2 96.9 88.0 79.9

� 1̀500 400 � 3̀00 50 � 1̀0
1500 � 1̀000 300 � 2̀00 10 � 0̀
1000 � 5̀00 200 � 1̀00
500 � 4̀00 100 � 5̀0  

(2) Empirical approach 
 

Figure 10 Contour of estimated peak accelerations on seismic bedrock for MJ=7.3 with shallow fault 
and middle stress drop. 
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(1) MJ=6.5    (2) MJ=6.8    

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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(1) Hybrid technique   (2) Empirical approach 

 
Figure 12 Probability of exceedance of horizontal-acceleration response spectra (T=0.02 s) on seismic 

bedrock evaluated by hybrid technique and empirical approach. 
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(1) Hybrid technique   (2) Empirical approach 

 
Figure 13 Hazard curves of horizontal-acceleration response spectra on seismic bedrock evaluated by 

hybrid technique and empirical approach. 
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Table 5 Annual probability of exceedance of
horizontal-acceleration response spectra.

Hybrid
technique

Empirical
approach

10-3 160 cm/s2 130 cm/s2

10-4 340 cm/s2 280 cm/s2

10-5 570 cm/s2 500 cm/s2

10-6 800 cm/s2 800 cm/s2

Horizontal-acceleration
response spectra

(T=0.02 s)
Annual

probability of
exceedance

 
 

Figure 14 Uniform hazard spectra of the horizontal strong motion 
caused by buried-rupture earthquakes in evaluation area. 
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(1) Hybrid technique   (2) Empirical approach 

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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