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Abstract

The regulatory requirements and related review guides enforced in 2013 both require that
design basis ground motions be determined by considering the following two types of ground
motions: “site-specific ground motions evaluated by specifying seismic sources” and “ground
motions evaluated without specifying seismic sources.” Together with the purpose of understanding
the level of the latter category of ground motions using strong motions recorded during crustal
earthquakes that are difficult to relate to recognized active faults, this project aimed to continually
accumulate technical knowledge regarding the effects of seismic sources to appropriately evaluate
their size and uncertainties for specific sources. In order to contribute to the confirmation of
assessment of safety improvement of nuclear power plants pursuant to the new requirements, this
project also investigated the applicability of methods used for seismic hazard as well as fault
displacement hazard. In detail, the following research activities (1)-(4) were conducted during the
fiscal years 2017-2019:

(1) Development of the fault rupture modeling method for ground motion evaluation
1) Development of ground motion evaluation method for crustal earthquakes
This subproject, which was commissioned to Geo-Research Institute, Osaka, Japan,
conducted analyses of seismic ground motions from crustal earthquakes and acculumated
technical knowledge regarding the variation of source parameters as well as their consistency
with empirical scaling relationships. In particular, for surface rupture earthquakes, the
reproduction of both short-period ground motions and permanent displacements occurring at
sites located near the fault was ascertained by considering the rupture occurring in the shallow
portion. Moreover, impacts of uncertainties in the fault rupture modeling method (FRMM) were
determined by modelling the uncertainties of the source parameters.
2) Methods for investigating the fault length of crustal earthquakes: a case study on the Kumamoto

earthquake



We conducted both geological surveys (such as boring surveys) and geophysical
surveys (such as seismic reflection surveys) in the area inside the Aso caldera, northwest to the
Fudagawa fault, where the clear trace of a surface rupture was identified during the Kumamoto
earthquake in central Kyushu Island, Japan. Our investigation results show that the estimate of
fault length based on such surveys is comparable with the length of the fault source from
seismic analyses.

3) Development of ground motion evaluation method for great interplate earthquakes and others

Studies on source rupture processes for both the great interplate earthquakes and
oceanic intraplate earthquakes occurring outside Japan were conducted in this subproject
(commissioned to Ohsaki Research Institute, Inc., Tokyo, Japan) and the technical knowledge
on source effects was acquired. The applicability of the FRMM to these events was confirmed
by the implementation of ground motion simulation using FRMM.

(2) Study on ground motion evaluations without specifying seismic sources
We estimated the response spectra for specific non-exceedance probabilities using
ground motions from crustal earthquakes that are difficult to relate to recognized active faults. We
further determined the standard response spectra to be commonly considered at all sites
nationwide for “ground motions evaluated without specifying seismic sources”.
(3) Development of probabilistic seismic hazard analysis method
1) Probabilistic seismic hazard analysis using the FRMM

Among the parameters of seismic sources, we selected those with significant impacts
on ground motions, conducted ground motion simulation using source models with parameter
variation considered, and analyzed the impacts on probabilistic seismic hazards.

2) Development of methods for computing realistic input ground motions

To develop methods for a realistic input ground motion computation for seismic
probabilistic risk assessment, we analyzed response factors relevant to the effects of the
underground structure on wave propagation based on ground motion records and acquired
technical knowledge regarding the mean and standard deviation of response factors.

(4) Study on the fault displacement evaluation method
As a study on the deterministic approach, this subproject (commissioned to Kozo
Keikaku Engineering Inc., Tokyo, Japan) investigated the geometry of secondary faults, which
are located at a certain distance from the main fault, by analyzing earth observation satellite data
and conducting trenching surveys. Moveover, this subproject improved the prediction equation
for secondary faults using recent fault displacement data and acquired technical knowledge

regarding probabilistic fault displacement hazard.
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Table 2.1.1 List of earthquakes considered in this study
HE HE |Wrkg & 1 7| EFEE
2016 FFREAHIGR(4 H 16 HAE) Mw7.0 | B9 4L | SEpk 28 4R
2016 41 ke WLy 1 Mw7.0 | IEWTRE | Ak 29 4FEE
2008 o T+ B PN pEE Mw6.9 | il | PRk 26 AR
2011 AF1E 5 L0 U HugR Mw6.6 | TETE | Pk 26 R
2018 4= by IR Hi SRS Hh = Mwb.6 | il BHTCAEE
2019 48 (LR Ly i = Mw6.4 | i/ RERIIPTHCCYE S
2011 5= B IR AL Hh Mw6.2 | il | SRR 26 R
2014 fE R By WAL B M 7R Mw6.2 | ilT/E | Rk 27 ARRE
2016 4 55 B Uk o 0 Mw6.2 | BET 4L | PRk 29 AR
2003 4 E I R AL ER H R Mwb.1 [ TR | PRk 30 4FEE
2016 “FREARHIE(4 A 14 ARAIE) Muwb.1 | BT | Pk 28 4%
2016 fFREA IR (4 A 15 HRIE) Mw6.0 | #5341 | Pk 28 42
2016 AFR IR ALER M FR Mw5.9 | IEWIE | Ak 29 4
2013 A AL ER o0 H1E Mw5.8 | BT 4L | PRk 25 R
2013 AR IR {530 D Hi R Mw5.8 | WilrE | PRk 27 4R
2018 4 =5 A5 UL 75 50 1 Mw5.6 | BET 4L | PRk 30 4R
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Fig. 2.1.2 Improvement of velocity structure models
Phase velocities (colored circles with red, green, and blue ones corresponding to large, medium,
small-sized arrays, repectively) from microtremor array observation are compared with theoretical
dispersion curves computed from the initial (brown dashed lines) and improved (brown solid lines)

models, respectively.
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Table 2.1.2 SMAG parameters

SMGA1 SMGA2
Grid size di=dw (km) 0.7 0.7
Area S (km?) 4.4 17.6
Rise time T (s) 0.15 0.42
Seismic moment Mo (Nm) 5.73x10%  4.59x10%
Stress drop Ao (MPa) 15.1 15.1
Rupture velocity V: (km) 2.6 2.6
Rupture starting grid” (NSL, NSW) (3,3) (6, 6)
Rupture starting time to () 0.00 +4.42
Source dimension ratio N 3 6
Stress drop ratio C 1.80 1.80

Em, HROFmEIESE TS
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WrERAzMEHERBES AR LT, X211 05, KK 22km @ LMGA 2% E T
HEEZBND, ZOMEIX, AL 30 FEOFBMFEN THRE L7Z LMGA DEI LY LT
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U ZRIOK 2 5 TH DM, ZHUE SMGA O3 RV &2 LV, T72b5H, LMGA OF X
D & (Dimea) 1 SMGA DT RY EL—FKT5HZ LEREBEINT,
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DT AR A LORRBRIIAr— 1 o ZHNZXK LT, LMGA 135 25D T A4 XX A LEFFD
ZENIRBE N, 723, Somervilleetal. (1999)* D T A XX A LADFRERIIA r— 1 v 7 HI
I, LY EICBITS SMGA DT A XX A LEBGHTHLZ LD, LFO X 9 22BFRX
DN D,

TLMGA [S]= 2 X Tomaa [S]  +orrrvreroroesneaeannn (2.1.3)
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Fig. 2.1.6 Characterized source model with surface rupture taken into account
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Table 2.1.3 Parameter list for the characterized source model

i) —fUTA NHISHARER BT F T, ~oak 30 AR 1R B SO RS2ty (ke RUMRIC K D EEhORHMITHEORRED F25% pRanEE B

NSX—L ELivs H F2 F3 F4
W R ° 32.7445 32.8117 32.8824 32.8824
(&) 130.7992 130.8764 131.0003 131.0003
EMm 198 226 236 37
R A 74 77 65 75
EXaN- ° 210 210 210 230(SMGA3E L) 210
210(SMGA3E L L4}
NS X—L HEEE SMGA1 BEEE SMGA2 LMGA2 EREE SMGA3 LMGA3 HEEE
R km 8.0 6.0 12.0 6.0 6.0 14.0 10.0 14.0 10.0
& km 16.0 8.0 16.0 8.0 3.1 16.0 10.0 3.3 16.0
[i4p5= km? 80.0 48.0 144.0 48.0 18.5 124.0 100.0 46.3 160.0
FIRE km 3.0 6.8 3.0 3.0 0.0 3.0 3.0 0.0 3.0
THRE km 18.4 14.5 18.6 10.8 3.0 17.5 12.1 3.0 18.5
HEE—X b Nm 2.11E+18 4.86E+18 3.79E+18 4.86E+18 2.31E+18 3.26E+18 1.30E+19 5.79E+18 4.21E+18
TRYE m 0.8 3.2 0.8 3.2 4.0 0.8 4.2 4.0 0.8
ISHETE MPa 2.1 13.6 2.1 13.6 - 2.1 13.4 - 2.1
74 R4 L(RA) s 2.9 1.4 2.9 1.4 2.5 2.9 1.8 2.5 2.9
) R i hAT - R hAf - BR] A - BE A - =ZE Smoothed it - 2R FA - ZR Smoothed hAT - BR]
(2000) (2000) (2000) (2000) Ramp (2000) (2000) Ramp (2000)
54 X&4A L(FERH) s 2.9 0.6 2.9 0.6 - 2.9 0.6 - 2.9
R R km/s 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8
5z 58 3 HEE B s 0.0 0.0 0.0 4.0 6.9 5.2 5.4 8.9 12.9
Qﬂﬁ _ 62f0'87 62f0'87 62f0‘87 62f0A87 _ 62f0.87 62f0.87 _ 62f0'87
fmax Hz 7.1 7.1 7.1 7.1 - 7.1 7.1 7.1
fmax7 4 L& — DN = F(2s) - 2x1.37 2x1.37 2x1.37 2x1.37 - 2x1.37 2x1.37 - 2x1.37
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Table 2.1.4 Main parameters used for the characterized source model
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* 215 BMEPIHRAT A—H
Table 2.1.5 Parameters modeled in this study

BETR RN T A — R S D5y
1 | 7TAXY T ¢ OALE (EESJ5H) Parametric uncertainty
2 | TAXY T DISSIET & Modeling uncertainty
3 | MR R Modeling uncertainty
4 | TAXEZA L Modeling uncertainty
5 | HIEREAE O EiE S Modeling uncertainty
6 | AR BOEWRE M (fnax) Modeling uncertainty

# 216 HTHEETT L
Table 2.1.6 Underground structure model used in this study

Depth Thickness Vs Vp Ie]
,, Qs Qp
(m) (m) (m/s) (m/s) (g/cm?)
0 - 201 201 680 1500 2.1 17 34
201 - 234 33 1640 2300 2.1 45 90
234 - 500 266 2910 4227.7 2.6 91 182

500 - 1000 500 1210 2633.6 2.4 200 200
1000 - 2000 1000 3000 5300 2.4 200 200
2000 - 5000 3000 3350 5800 2.7 200 400
5000 - 10000 5000 3460 6000 2.73 200 400
10000 - 15000 5000 3520 6100 2.74 200 400
15000 - 20000 5000 3690 6400 276 400 800
20000 - 25000 5000 3750 6500 2.78 400 800
25000 - 30000 5000 3900 6800 2.8 500 1000
30000 - - 4600 8000 3.45 1000 2000
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#F 217 FMLBEETALONRT A —2—F (JERETNL)
Table 2.1.7 Parameters used for the characterized source model (basic case)
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Table 2.1.8 List of uncertainty models considered in this study
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uncertainty model where a higher rupture velocity is used
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Fig. 2.1.45 Coseismic slip distributions during the 2014 Iquique, Chile earthquake based on source

inversion analyses
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Fig. 2.1.48 Example of reproducibility analysis results using asperity model based on Strong

ground motion prediction recipe for the 2015 Illapel, Chile earthquake: comparison between

synthetic results and observation records at the C260 station
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Fig. 2.1.53 Asperity model of the 1986 Vrancea, Romania earthquake, and distribution of element
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Fig. 2.2.2 Epicentral distribution of earthquakes which satisfy the collection conditions (90
events*)
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Fig. 2.2.3 Overview of “stripping analysis” to remove surface layer effects
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Fig. 2.2.17 Comparison between the standard response spectrum and annual exceedance

probability of ground motion by JNES (2005, 2012)

# 225 [HWEBOFEBIBHERDOE X T (\ZFEDW TS H*

Table 2.2.5 Approximate result based on ‘Concept of annual exceedance probability of earthquake

motion’
" HI 52 D 4R _ HIEB) R S D HIEB) R S D
o eame | SEBO | mswE s PR 1o
(/4R < A - i % fi %
1x104 0.048 4.8% 0.952 95.2%
10 314 0.00208 5x10° 0.024 2.4% 0.976 97.6%
1x10° 0.005 0.5% 0.995 99.5%

SHUELHIM LHITIC L 6T X MICEET DH EE LA I, HETOFBiEMERIE P=1—exp(—
ABIC L VRED (ADR+HDIT/PNEWVEAITIZPSAXB LFRIT 52 LB HEE) L WHEZ HITESNT

WMHE LR TH S,
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Fig. 2.2.18 Comparison between the standard response spectrum and estimated values by ground

motion prediction equations
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Fig. 2.2.19 Comparison between the standard response spectrum and the ground motion level

related to compliance reviews
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Fig. 2.2.20 Comparison of the standard response spectra with estimated ground motions at K-NET
Minatomachi station during the 2004 Hokkaido Southern Rumoi earthquake. To be the same
reference condition with the standard spectra, i.e., the free surface of a medium quivalent to the
seismic basement, these ground motions (blue lines) were estimated by applying the same method
of subsurface property correction as in this study to the seismic ground motions (green lines) with a

margin for the free-surface basement waves (the seismic level adopted at hard rock sites).
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# 231 EARETNOKIENNT A —4

Table 2.3.1 Parameters of basic models given for fault rupture models

NG A—H | g | v B %
TEHTE R & 24 km
{4 A 90 45 ° REDH T L
T A Y 180 90 ° TRET T L
REFF~v Y =F 2 — K M 7.1 - FAHI(1975); M = (logL+2.9) / 0.6
HigEE— A2 b Mo 1.17E+19 Nm HAT(1990); logMo = 1.17M + 10.72
F—AL bw T =Fa—F Mw 6.6 - Mw = (logMo - 9.1) / 1.5
EIRETE O il S 457.7 km® AR Z55(2001); S = 4.24 x 10™x (Mo x 107
B MRS AE O FRES Hs 3 km -
B A g o FIRES Ha 18 km
2 ERNET T L O Woog| 16 18 |km
?;FE EBEMBESLOES Linodel 28 26 km -
4:3‘]’ E%ZE%EE:E%”/@@*E Smodel 448 468 km2 Smoclel = Lmodel x Wmodel =S
M EEEE T T OB R R 11.9 12.2 km R =(S/m)*®
EIREE 2RO R0 & D 0.7 0.7 m D =Mo / (uS)
TEIRITE AR OIS B T e Ao 3.0 28 MPa Ac=(7/16)*Mo /R®
Sk E B 3.6 km/s -
i 0 2.7 glem®
HIVER L 3.50E+10 N/m° |u=pp’
T AT E - 1 - -
Ll | A 1.20E+19 Nm/s”  |A =2.46 x 10 (Mo x 10"
- TR D Al 44 r 5.8 5.7 km r=(7n/4)-{Mo/ (A-R)}-p’
N s S, 105.2 100.7  |km? S, =m’
~ | T E D, 15 1.4 m D,=&'D(E=2)
y |[EBE—A b Mo, | 5.47E+18 | 5.01E+18 |Nm Mo, = uD,S,
TNT AT DOFRBUE B T & Ao, 12.8 13.0 MPa Aca=(S/Sa)*Ac
" ;’ EHEHEOHIEEE— AR mo, 4.38E+16 | 4.01E+16 |Nm -
#l's BREMEOT—A NI =Fa—F |mw, 5.0 5.0 - -
w1 p FBEMBORG T/ =Fa—F mj, 5.0 4.9 - 127%(1989); mj, = (log mo,[dyne*cm] - 16.2) / 1.5
z| |5axzan Tr, 0.78 0.78 s Tr,=0.22 x Wa / Vr
B e — A b Mo, | 6.18E+18 | 6.64E+18 |Nm Moy, = Mo - Mo,
*i TR HROHFEE — A mo, | 7.89E+15 | 7.22E+15 |Nm -
T 2 |EEMBOE—A =T =Fa—F  |mw, 4.5 45 - -
2| EEMEORGT~/ =F 2—NK mj, 4.5 4.4 - 4% (1989); mj, = (log mo,[dyne*cm] - 16.2) / 1.5
| FiAE Sy 342.8 367.3  |km? S,=5-5,
W~ D, 05 05 |m D, = Mo/( 1 Sp)
eIyl o 2.8 2.6 MPa 0 ,=(Dy/Wp)* (Da/Wa)* 0,
SARHAL T, 1.25 1.41 s Tr,=0.22 x W, / Vr
fmax frax 6 Hz i3k - 11.(1997)
7 | R Vr 2.81 km/s Vr=0.78 x B
o |QfiE - 1101*%° - 42 [E T I X R (1994)
i il 4 L2 — DIk - Boore(1983) - -
Je R - Z11(2004) -
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Fig. 2.3.7 Effect of uncertainties for stress drop on asperity and rise time on ground motion
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# 2.3.6 20 #iA0 KiK-net B A TH DTS B85

Table 2.3.6 Response factors at 20 KiK-net stations
(BB HRHODRIE] (R EHh=5%)

Period AKTH17 AOMH08 AOMH16 CHBHO6 ISKHO4 IWTH12 KGSHO7 KMMH12 KMMH14 KYTHO5 NGNH24 NIGHO8 NIGH11 NMRHO1 OSMHO1 SOYH06 SRCH09 SZOH42 YMTH04 YMTH15:‘ Average Median '
005-03 0.91 154 112 087 1.18 069 053 0.81 110 081 208 084 147 161 208 117 128 129 081 1.04 3 1.16  1.11
002-005 0.98 151 168 094 144 095 056 082 120 083 243 085 135 189 249 112 116 125 091 1.36 3 129 118
005-01 113 171 153 138 117 087 053 085 112 111 221 054 124 214 209 129 139 145 055 1.16 i 127 1.20
01-03 0.74 112 099 057 123 049 053 075 110 055 182 095 156 151 198 100 095 092 084 0095 i 1.03 095
03-05 133 175 113 108 099 052 067 064 092 055 110 106 123 115 145 054 098 137 128 093 i 1.03 1.07
05-10 1.17 172 089 104 159 123 074 191 166 063 310 115 144 277 121 081 138 251 240 1.21 i 153 1.31
1-10 1.1 155 1.41 103 121 080 097 098 116 085 170 148 138 162 147 094 117 166 1.07 1.00 3 123 117

[EEREDES5DER ]

Period AKTH17 AOMH08 AOMH16 CHBHO6 ISKH04 IWTH12 KGSHO7 KMMH12 KMMH14 KYTHO5 NGNH24 NIGHO8 NIGH11 NMRHO1 OSMHO1 SOYH06 SRCH09 SZOH42 YMTH04 YMTH15: Average Median
005-03 0.31 035 027 028 034 032 028 028 029 029 029 036 025 031 029 031 039 032 033 029 3 031 030
002-005 0.24 037 035 034 032 029 033 026 027 038 031 041 025 035 030 028 038 023 031 033 3 032 032
005-01 032 035 023 034 032 032 029 028 027 028 031 046 031 034 027 031 040 032 033 031 3 032 031
01-03 031 035 030 025 037 032 026 028 029 030 028 035 025 029 031 034 037 033 033 027 i 031 0.31
03-05 0.27 029 025 029 047 033 025 028 032 028 032 033 026 026 030 035 022 034 038 026 i 030 029
05-10 027 028 034 019 035 043 027 049 033 035 036 030 021 039 028 039 034 034 056 026 i 034 0.34

1-10 026 038 036 025 040 032 046 041 027 036 032 036 024 024 027 027 028 022 041 025 i 032 030

208 R
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Fig. 2.3.12 Relation of response factors with the mean shear wave velocity (left), thickness
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