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-Chapter 3-

Scaling Relations of Fault Parameters
for Inland Crustal Earthquakes

1. Framework of predicting strong ground motions for crustal
earthquake scenarios.
2. Scaling relations of outer fault parameters
Mgyvs. L, Myvs. S, Lvs. W
Mg vs. Dy,p
3. Scaling relations of inner fault parameters
Mgyvs. S, M,vs. A, Svs. S, etc.

Dy vs. Dyypy Lgygvs. Dy, s e1C.

surf?

Framework of predicting strong ground motions
fo rthqua

(2) Observation

| Predicuability of Earthquakes |
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(Hybrid Green's functions)

L

Validation by
Historical Records of s

Past Earthquakes (Response spectra)
(Seismic intensiry)

Estmmation of Structural and Geotechnical Damage

Estimation of Social Impacts and Losses
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Scaling Relations of Fault Parameters
for Inland Crustal Earthquakes

1. Outer Fault Parameters

Empirical Scaling Relations between Seismic Moment,
Rupture Area, Fault Length, Fault Width and
Fault Displacement

Relation between Seismic Moment and Fault Length
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Relation between Fault Length and Fault Width

from Slip Distribution by the Waveform Inversion Using Strong Motion Data
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Mega-fault systems subjected for
analysis in this study

Select earthquakes on mega-fault systems which,
Slip distribution on the seismic fault has been analyzed
Displacement on the surface rupture is surveyed

Earthquakes included in Stirling et al. (2002), but newly
analyzed recently

=Total 10 earthquakes + 1891 Nobi (reference)

Focus on the relation between parameters of the source
fault and surface rupture

If there are several analysis or surveys, we took the average of
the parameters

WPGM2010 S54B-01  2010/6/25

Parameters obtained from surveys of
the surface rupture

L Dy

Event " Reference

(km)  (m)
Wenchuan, 2008 230 9.8 Lin(2008), Li et al.(2009), Liu-Zeng et al.(2009)
Kashmir, 2005 70 9.2 Kaneda et al.(2008)
Denali, 2002 341 8.8 Ell)‘(e;gg:;Phillips et al.(2003), Haeussler et
Duzce, 1999 40 4.8 Akyuz et al. (2002)
Chi-Chi, 1999 78 8.9 Azuma et al.(2000), Dominguez et al.(2003)
zmit, 1999 145 5.3 :T{;goe;)ql.(ZOOQ), Langridge et al.(2002), Lettis et
Hyogo, 1995 11 2.5 Awata et al.(1996), Nakata and Okada(1999)
Landers, 1992 85 6.0 Sieh et al.(1993)
Tabas, 1978 85 3.0 Berberian(1979)
San Francisco, 1906 480 8.6 Thatcher et al.(1997)
Nobi, 1891 80 7.7 Matsuda(1974), INES Research Report(2006)
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rupture process analysis

Event L Mo Pk ars | (Pl
(km) (Nm) (m) (m)

\Q’\g%”gh”"“' 279 9.5E+20 2.9 9.7
Kashmir, 2005 120 2.6E+20 2.7 5.9
Denali, 2002 320 77E+20 3.4 10.5
Duzce, 1999 31 40E+19 1.0 6.5
Chi-Chi, 1999 89 3.5E+20 3.5 16.3
Izmit, 1999 126 2.0E420 2.4 7.4
Hyogo, 1995 57  2.7E+19 0.8 3.9
Landers, 1992 74 7.7E+19 2.3 6.4
Tabas, 1978 86 5.8E+19 0.4 1.4
?;’(‘)Zmndm' 460 8.2E+20 4.4 9.7
Nobi, 1891 122 1.86+20 3.3 -

S
(km?)

12,781

4,320
7,827
1,158
3,435
2,499
1603
1,090
3,463

5,520

1,795

Parameters obtained from source

Reference

Koketsu et al.(2008) etc.

Yagi (Personal letter)
Oglesby et al.(2004) etc.
Delouis et al. (2002) etc.

Chi et al.(2001) etc.

Yagi and Kikuchi(2000) etc.
Yoshida et al. (1996) etc.
Cohee and Beroza(1994) etc.

Hartzell and Mendoza(1991)

Song et al.(2008)

Fukuyama et al. (2007)

Seismic moment andArea of seismic fault

100000.0

10000.0

1000.0

S(km?)

100.0

£}
L

10.0

1.00E+18  1.00E+19  1.00E+20

M, (Nm)

1.00E+21

| me> e

e X H @ ¢ +

Wenchuan pjye : low dip
Kashmir  Red : high dip
Denali

[zmit

Chi=Chi

Duzce

Kobe

Landers

Tabas

San Francisco

Nobi

Stirling et al. (2002)
Stirling et al. (2002) thrust

1.00E+22 — Somerville et al. (1999)

—— Irikura and Miyake (2001)

Data falls in between scaling relations of Somerville et
al. (1999) and Irikura and Miyake (2001)

2010/9/29



Max. surface disp. Dsurf and
Ave. slip on source fault Dsub_ave
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*  Stirling et al. (2002)
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5

For mega-fault systems, D /D ;, o= 2~3

Surface fault length Lsurf and

length of source fault Lsub
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e Stirling et al. (2002)
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Max. surface disp. Dsurf and
Max. slip on source fault Dsub_max

& Wenchuan Blue : low dip
A Kashmir Red : high dip
A Denali
® Izmit
—_ - B Chi-Chi
é — Duzce
E + Kobe
_Q & Landers
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B San Francisco
Dsurf/Dsub_max=1
------- Dsurf/Dsub_max=2
0 5 10 15 —— - Dsurf/Dsub_max=3

D sub_max (m)

For mega-fault systems, D,;/D_p o = 1

Max. surface disp. Lsurf and
Length of source fault Lsub
|14 |
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g : A | — Duzce
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*c Segmentation is not considered ),
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New scaling relations (1)

Scaling relations for mega-fault systems

Slip saturates at D=10m when L=100km
Assuming W=18km
S=1800km?2, M;=1.8 X 102° [Nm]

1000000 =

100000 =

- d
10000 = . iy
= ° o
- ¢ LY
e e
£

S=1.00 % 10-1"M,

S(km?)

100.0

100
1.00E+18  1.00E+19  1.00E+20  1.00E+21  1.00E+22

My (Nm)
WPGM2010 S54B-01  2010/6/25

New scaling relations (2)

SCMG? (Mg=7.5x10"8Nm) <L, W, D
S = 2.23x107"5xM,?/? (Somerville et al., 1999)

SCM,'/2 (Mg >7.5x10"8Nm) oL, D (W fixed)
S = 4.24x107"'xM,'/2 (Irikura and Miyake, 2001)

SCM,/T (Mg=1.8x102°Nm) oL (D&W fixed)
S = 1.00x10"7xM, /" (This study)

WPGM2010 S54B-01  2010/6/25
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Estimation of Average Stress

E Asperity stress drop for circular crack model is given by Eshelby
(1957) as

po 1Mo
¢ 16 R’ MO: seismic moment, /~: radius of crack
A 7”3/2

Mo '
%= 16 wwy® L faultlength, W fault width

E Asperity stress drop for a rectangular fault considering tectonic
loading is given by Fijii and Matsuura (2000) as

AO_—:OCL+,B

c L2 W 0

F Average stress drop for infinite-length strike-slip fault is estimated
for strike-slip fault by Starr (1928) as

M
AO':£4(/1+,U)7I(/1+2‘L1) 02
4 Lw
and for dip-slip fault by Knopofff (1958).

Ag=——-"2

T Lw?

Scaling Relations of Fault Parameters
for Inland Crustal Earthquakes

2. Inner Fault Parameters

Empirical Scaling Relations concerning Slip Heterogeneities
inside Rupture Area.
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Source Characterization for Simulating Strong Ground Motion

SGM & TELE COMBINED SLIP

]
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Combined Area of
Asperities and Mo

Combined Area of
Asperities (km”2)

- Inner Fault Parameters

1000

100

10

1

Somervill et al. (1999)
Kagoshina(326) @ Yanaguchi
Iwate  (Miyakoshi et al, 2000)
Kaobe (Sekiguchi et al, 2000)

|| A Kocacli(Sekizuchi and Iwata, 2000)
Chichi (Iwata and Sekiguchi, 2000)
A Tottori (Sekiguchi and Iwata, 2000)

>>p>Ome

1.00E+24 1.00E+25 1.00E+26 1.00E+27 1.00E+28
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Somerville et al. (1999) and Miyakoshi et al. (2001)
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Source Model
by Inversion Method

Kagoshima(3/26)

Displacement (B.P.F. :2~10sec)

NE

Slip [m]

04 05 06 07 09

Strike ; N280E

006 007 002 004 006 007 009 007 007

007 003 007

0.110.00 000

001 000 00040

004 000 g.14

000 040 000

Asperity area \ Dip ; 79
Rupture area

Identification for

Rupture and Asperity Area
(Somerville et al., 1999)

Rupture area Sip [m]

04 05 06 07 09

e More than 0.3 times

the average slip of 002 | 004, 006 | 007 009 | 007 | 007

the whole fault. 007
\ .

Asperity area
* More than 1.5 times 0.00
the average slip of o4
the whole fault.

0.00

Removed area

2010/9/29
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Characterized Source Model

Kagoshima(3/26) Displacement (B.P.F. :2~10sec)

Slip [m]
(Forward) (Backward)
AKU < —» MIY
Strike ; N280E

0

0o o0

0o 0o W"

0o 0 o0

o o o lost o o osiotslose]l | 000\ T SN

0 0 o0 MM oA
0 0 o G s a

SEN

Asperity area e A )

us (1.30)0 AN~

S— AWy
= |

Off-Asperity area

Asperity Area vs. Off-Asperity Area

Observation

Inversion

Characterized
Source Model
-

(A)

®)

Characterized

Source Model Off-Asperity area
Asperity area |
» [@e] -

(B) (B)

2010/9/29
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What is characterized source model ? (1)
- simulation of broadband ground motion for
the 1997 Kagoshima-ken Hokuseibu earthquake -

KGS002 EW 0.2~10Hz

Acc.(cm/s*2) Vel.(cm/s) Disp.(cm) Schematic slip
distribution
511 13.6 317
obs. % /‘m‘mw \/\/\M\ﬂv
L
386 148 3 W/
syn.1
SMGA *'«*0‘“"—"‘ Au
396 12.2 3.2
syn.2
characterized -
source model
55 a3 0.73
syn.3
background T T YT :/
slip area
0 3 6 9 12 15 0 3 6 9 12 {5 0 3 € 9§ 12 15
s s

Miyake et al. (2000)

combined area of asperities (km?)

Strong motion generation area is coincident with the area
of asperities characterized by the waveform inversion

Combined area of asperities vs. M,

o combined area of asperities (<1Hz)
10° i / 3
10° / \ 1

10" 4 / - 3

-

-

T T T T
102 1024 1025 1026 1027 1028
M, (dyne*cm = 107 Nm)

Somerville ef al. (1999) and
Miyakoshi et al. (2001)

strong motion generation area (km2)

Strong motion generation area vs. M,

Combined area of asperities vs. M,

o strong motion generation area (0.2~10Hz)
combined area of asperities (<1Hz)

S

‘;}.
10" 4 /,' 3

100

T U T T
102 10 1028 102 107 102
M, (dyne*cm = 107 Nm)

Kamae and Irikura (1998, 2000),
Kamae et al. (1999), and
Miyake et al. (2001)

2010/9/29
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Relation between Combined Asperity Size (Sa)
and Total Rupture Area (S)

Inland crustal earthquake ~ Sa: Combined Asperity Area

104§ il S: Total Fault Area
: Sa/S=0.215

- Da: Average Slip on Asperities
D: Average Slip on Total Fault
| Da/D=2.0

(Somerville et al., 1999)

10° 4
102

10" 4

combined area of asperity (km?2)

Ac,: Average stress drop
100 ] Ac,: Stress drop on asperity

100 102 108 10 - S
rupture area (km?) AGa = AGC —

AR - =% (2001) u

Asperity Source Model for Simulating
Strong Ground Motion

Ground motion Stress drop distribution Source
simulation characterized aracterization

Slip distribution given
from kinematic inversion Boatwright (1988)

2010/9/29
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Asperity Source Model (pas and Kostrov, 1986)

Basic Equations
. 16
Seismic Moment M, = 7Aa 72 R
(Boatwright, 1986) 16
_ 1/2
M, = - 3/2A S,S
Stress Drop Ao, :% 1\240
(Boatwright, 1988) r°R
Ao :77r3/2 Mo
a 16 SaSI/Z

Acceleration
Source- spectrum
(Madariaga, 1977)

Ay =4npvrAo,r
A8 = 47" pvpAc,SY?

r<<R
Ao, #0, Ay =0

2

S = 7R?, S, =m

Slip Distribution for

Single and Double Asperity
Dasp: Average slip on asperity
D :Average on total fault

\\\

MEC1 \IZI) \1 MZEA3

% s % =
/N g\

-

3.2

1.81

—— MECH1
-e- M2DA3 ||
v M2EA3

2010/9/29
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MECI1 M2DA3 M2EA3
y X Y x‘* .‘ 2\
'. k o, (= E 2 \ A5
350 3s0f
Ag, 1. -_\na=0.l} ,-mh 3533:0.1
300 300/
250 250|
E200 200/
E B
®w150f - » 150}
100} 3 100
508 --- M2DA3 50,
M2EA3 _
10 5 0 5 10 %% 5 0 5 10
Acy/Ac, = 0.0 Acy/Ac, = 0.1 [
MEC1 | M2DA3 | M2EA3 MEC1 | M2DA3 | M2EA3
Masp/Mo | 0.530 0.458 0.450 Masp/Mo | 0.455 0.400 0.394
Dasp/D 2.363 2,052 2.027 Dasp/D 2.028 1.792 1.775
Dmax/D 2.921 2.638 2476 Dmax/D 2.449 2.209 2.157

Inland Crustal-Earthquakes in Japan

# Mw Source Type Year Region Damage

1. 6.9 Strike=slip 1995 Hyogo-ken Nanbu (Kobe) killled 6,437 injured 43,792
2 6.1 Strikeslip 1997 Kagoshima-ken Kokubu killed 0 injured 37

3. 5.8 Strike-slip 1997 Yamaguchi-ken Hokubu killed 0 injured 2

4. 6.7 Strike-slip 2000 Tottori-ken Seibu killed 0 injured 182
5. 6.6 Strike-slip 2005 Fukuoka-ken Seiho killed 1 injured 1,037
6. 5.9 Reverse 1998 Iwate-ken Nairiku Hokubu killed 0 injured 9

7. 6.1 Reverse 2003 Miyagi-ken Hokubu killed 0 injured 677
8 6.6 Reverse 2004 Niigataken Chubu killed 67 injured 4,805
9. 6.9 Reverse 2004 Hokkaido Rumoi Nanbu killed 0 injured 8
10. 6.8 Reverse 2007 Noto Hanto killed 1 injured 356
11. 6.6 Reverse 2007 Niigata-ken Chuetsu Oki killed 15 njured 2,346
12 6.8 Reverse 2008 Iwate-Miyagi Nairiku killed 23 injured 426

“killed” include death and missing toll.

2010/9/29
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Relation between Seismic Moment and Combined Asperity Area
from the waveform inversion using strong motion data

10,000

N
o
o
o

100

A=
10

Combined Asperity Area(km?)

1

1.0E+00

1.0E+03 |

1.0E+02 |

LUE+01 |

4.53*10’16*|\/|02/3 "

2004Rumoi(A)

2007NCO()

2004Chuetsu(Q) l o
° 1999Kocaeli
2000Fukuoka([]

i 2003Miyagi(*)

1995Kobe(O) 2008 Wenchuan
1999Chichi

\ 2008IwateMiyagi(-

2000Tottori( 2y V7NOte(H

1017 1018

1019 1020

Seismic Moment (Nm)

Comparison of Observed Acceleration Source Spectral Levels
with Estimated Ones from Characterized Source Model

Characterized Source Model

" - - I ;
—>
L1 L2

Acceleration Source Spectral Level A

A= 4ﬂﬂ2{Z(A0m)2

N

i=

N: Number of asperities

o;: Stress drop of Asperity i

r;: Equivelent radius of Asperity i
ie.ar? =L XW)

:|1/2 S wave velocity in source area

2010/9/29
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Acceleration Source Spectral Level (Nm/s2)

Comparison of Observed Acceleration Source Spectral Levels

with Estimated Ones from Characterized Source Model

¢ ERBRILEEREA)
X REAELH
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o OHRASE
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—— — " SM=2xSI
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1020
— //// 0 EFEESHELH
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2 s p A WORdE
3 Reverse Faults 7 7
s S 7 - ERREAS
4 s 7/
3 ///,’ ey O EERLE
= s S = g
(0] // s * // . N
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g 1019 ; e e
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O /// // y // SM=1/2%SI
g vl 41,7 — ~ - SM=15/8I
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Acceleration Source Spectral Level (Nm/s2)
(Observation)

Relation between Seismic Moment and Combined Asperity Area

from the waveform inversion using strong motion data

A=2. 7410V *M 13

X

A

: \{_,..-2063Miyagi(*) 2005Fukuoka(C])

2004Rumoi(A)

1020 [

2007Noto(C1)  1995Kobe(O)

2008 Wenchua
2007NCO(<) R
2000Tottori( \ o
PR 1999Kocaeli
2004Chuetsu(O) .~ :

1019 F \

2008IwateMiyagi(-)

Acceleration Source-Spectral Level (Nm/s2)

1018
1017 1018 1019 1020

Seismic Moment (Nm)

1021
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Estimation of Asperity area (Sa) from Acceleration Source

Spectral Level (A0)

E Empirical relationship between seismic
moment M, and acceleration source
spectral level A, (Dan et al., 2001)

A =2.46 X107 XM,

B Asperity area (Sa) is eastimated from
theoretical representation of A, ,, My,
and S, assuming Ay~ Ay,

Ag: i.@<<l 'Ai(t;:il
0 Sa Ga AO

(7172 ) )
S“_( 4 ﬂv’J 5(4,")?

107 dyne-cm/s®)

acceleration source spectral level (Nm/s®

10 107 o 10 1070 107

M, (Nm = 107 dyne-cm)

interplate inland-crustal;
* Morkawa and Fujlwara {2003) —— Dan et al (2001)
* Satoh (2004) == factorof 2and 0.5

intra-glab;
Morkawa and Fujiwara (2003}
Satoh (2004)

The Abdus Salam International Centre for Theoretical Physics (ICTP)

27 September - 9 October , 2010

Achievements of strong motion seismology and its future directions

-Chapter 4-

Recipe for Predicting Strong Ground
Motions, Aiming to Earthquake Disaster
Prevention

2010/9/29
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Recipe for Predicting Strong Ground Motions
(Irikura and Miyake, 2001)

“‘Recipe” is to characterize source-fault
; 3 g models necessary for estimating strong

ground motions from specified faults,
when the faults are ruptured in future.

Everybody can get ground motions with
almost the same characteristics by
using the “recipe”, just like a cooking
book.

Empirical Relationships for the Recipe

(1) Scaling Relations of Outer Fault Parameters

Empirical Relationship between Seismic Moment (Mo) and Total
Rupture Area (S)

= Average Stress Drop on the Fault (Ac,) is estimate

(2) Scaling Relations of Inner Fault Parameters
Empirical Relationship between Combined Asperity Area (Sa) and
Total Rupture Area (S) or
Theoretical / Empirical Relationships between Seismic Moment
(Mo) and Acceleration Source Spectral Level (Ao)
= Combined Asperity Area (Sa) and Stress Drop on Asperities
(Ac,) are estimate

(3) Constraint on Average Slip of Asperities (Da) from Dynamic
Simulations

2010/9/29
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Recipe for Strong Motion Prediction

Outer Fault Parameters

E  Rupture area S is given.
E  Seismic moment Mo from the empirical relation of Mo-S.
E  Average static stress-drop Ac,from appropriate physical model

(e.g., circular crack model, tectonic loading model, etc.)
Inner Fault Parameters

Combined area of asperities Sa from the empirical relations of S-Sa
or Mo-Ao.

Stress drop on asperities Ac, based on the multiple asperity model.
Number of asperities from fault segments.

Average slip of asperities Da from dynamic simulations.

Effective stress for asperities ¢, and background area o, are given.
Slip velocity time function given as Kostrov-like function.

Extra Fault Parameters

M Rupture nucleation and termination are related to fault geometry.

Outer Fault Parameters
Parameters characterizing entire source area

v
I 2
Inland crustal earthquake )”f’-—-———‘{!—'

L=li+2+13

E Step 1: Give total rupture area (S=LW)

E Fault length (L) is related to grouping of active faults from geological and
geomophological survey.

E Fault width () is related to thickness of seismogenic zones (As) and
dip (0), i.e. W=Hs/sin 6.

E Step 2: Estimate total seismic moment (Mo)
empirical relationships

E Step 3: Estimate average static stress-drop (4o, on the fault
a circular-crack model (Eshelby, 1957) for L/W less than 2
or a loading model (Fujii and Matsu'ura, 2000) for L/W more than 2.
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Outer Fault Parameters -continued 1-

N
EEE ERAE
(SRR | sk~ iy
J strike 01 ]

" Segment 2 4
W Seismo-genic
one

Fault Area

Strike 02

’ Segment 1
( EEBOEER
Fault
Origin

Outer Fault Parameters -continued 2-

" | Seismogenic
- | zone
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Inner Fault Parameters
Slip heterogeneity or roughness of faulting

Inland crustal earthquake w
B Step 4: Estimate combined area of asperities  10* /3
(Sa) from empirical relation Sa-S £ %
(Somerville et al., 1999; Irikura and Miyake, 2001 =) 7 y ,!
B 10° e
Sa/S = 0.22 g &
£ 4 ,’ -
£°1 v
Sa: combined area of asperities (inner) 8
S : total rupture area (outer) -
10 102 10° 100

rupture area (km?)

— Step 5: Estimate Stress Drop on Asperities (Ac,)
from multi-asperity model (Madariaga, 1979)

S

AGa = AGC c— Aoc,: stress drop on asperity (inner)

P Ac,: average stress drop (outer)

Inner Fault Parameters —continued 1-
Slip heterogeneity or roughness of faulting
Inland crustal earthquake

Empirical relationship shows
AooccMo'3(Dan et al., 2001)

a ] 7

Alternative

E Step 4: Evaluate acceleration source
spectral level from entire fault (Ao)
using the records of past earthquakes . 1= .

107 dyne-cm/s?)
g

Reference: Empirical relationship of Mo-Ao >

E Step 5: Assuming Ao~Ao,, estimate
Asperity area (Sa) from theoretical
representation of Ao,, Mo, and S

acceleration source spectral level (Nm/s®

1o 107 1o 10 107 107
b a M; (Nm = 107 dyne-cm)
A0: i.ﬁ<<l . Ai:;zl
a o land-crustal:
b Intarplate inla
Sa 4 A 1+ (A(; / Ay )2 « Morikawa and Fujiwara (2003) —— Dan et al. (2001)
* Satoh (2004) === factorol 2 and 0.5
77[2 : (M )2 intra-slab:;
s, =| =~ 0 ;
= ﬂvr . 3 Morikawa and Fujiwara (2003}
4 S(4,")*| (Sa=722.4 km?) Satch (2004)
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Inner Fault Parameters —continued 3-
Slip heterogeneity or roughness of faulting

& Step 9: parameterization of slip velocity time functions
RRITRNYEEV(BER)
T AN T 458
BB R EUEIE Day (1982) [ZHELY
o
Vas = 2f}owpassVI/aspvR 7“
BRERREIE Voo,

2 = o4 P ack
) .
HRE vaack oc Gb Atk (1)

BIEE u, TARYTAEERBE ORI N c.&0,
source-controlled fa.: fippas » FRIBDIE W, , BIRIEHERE v,

1
FE: TARYREEROEEA [ FEHEE, RvTFUTT4LE—DFHIT
RIBANRTMLDFELAHNHEETLESD, OERABE
t

Inner Fault Parameters —continued 4-
Slip heterogeneity or roughness of faulting

Inland crustal earthquake

I Step 6: Estimate number of asperities (N): The asperities in the

entire fault rupture are related to the active-fault segments
location < from surface offsets measured along fault

1992 Landers earthquake

Miyakoshi (personal comm.)

E Step 7: Estimate average slip on asperities (Da) based on Step 6 and
empirical relationships from dynamic simulations

(ex. N=1 > Da/D=2.3, N=2 > Da/D=2.0, N=3 - Da/D=1.8)
reference: average Da/D = 2.0 (Somerville et al., 1999)
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Are asperities repetitious ?

Some proofs:
1. Repetition of asperities from source inversion results
the 1968 Tokachi-oki Earthquake and 1994 Sanriku-oki Earthquake

2. Coincidence of surface slip variation and locations of asperities
the 1994 Landers earthquake and the 1999 Chi-chi earthquake

How to find the asperities ?

1. Surface slip distribution along active faults

2. Seismic activity: less active inside asperities and
relatively more active surrounding the asperities

3. Reflected (scattered) waves: strong : less reflection (scattering)
coefficients inside asperities and relatively high outside asperities.

Repetition of Asperities ol
A

Spatial Distribution of onds Tdo/s 8 . A Sarea
Moment Releases during o @ =
1968 Tokachi-oki Earthquake [l S5 8

0 o (+)
and 1994 Sanriku-oki e & @
Earthquake .. ﬁ@

(Nagai et al., 2001)
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o Homastesd Valley Fault SE
| T

[ Landers/Johnsen Valley Faults |

T Comp Rock/Emerson Faults |
ey

i S o }'i! Correlation betw

i surface offsets
along fault trace
asperities on fau
segments during
1992 Landers e
(Wald and Heato

A ; -
B0 45 40 34 es

Distancn along Strike (k)

“0 5 10 15 2W 28

Extra Fault Parameters e
Propagation pattern of rupture 7
A2 *fk‘iﬁ:/:*
™ Rupture starting point -~ -
™ Rupture propagation pattern & *{//5 =z
® Rupture velocity e
N+

P =T

Inland crustal earthquakes

- Rupture nucleation and termination & — :
are related to geomorphology of o | T | S
active faults e | T | e
Subduction earthquakes Nakata et al. (1998)

- Information from past earthquakes

from off-sea to land (e.g., Tokachi-oki, Sanriku-oki)
from land to off-sea (e.g., Tonankai)
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Relation between Fault Length and Fault Width

100
a
—~ '/
£ el °
3 W=l37km [[] o -™
o _________.l_v’?g. o °
s o )
£ 10 wHéam
3 = Y
2 7
2 =
Py 7
5
= (e
i
1/
3
1
1 10 100

L of rupture area (km)

1000

WI

Fault Width W estimated from the Waveform Inversion versus
Fault Width W’ inferred from the Thickness of Seismogenic Zone

Width from estimated seismogenic layer [km]

o 3 G 8 & 8 &

o
o

Dip-slip Event —s.

R,
A rml -
o e

'~Ag)m fg)ou %

Migap sk

e %‘} Strike-slip Eve

| D |
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-
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Validation of the Recipe for Recent Disastrous Earthquakes

So far, the recipe have been examined comparing the observed records
with simulated motions for recent desastrous earthquakes by the Strong
Motion Evaluation Sub-committee under the Earthquake Research

Committee of the Head Quarter of Earthquake Research Promotion,
Japan.

Example:
2005 Fukuoka-ken Seiho Oki (Mw 6.6) in Japan

2005 Fukuoka Warthquake (Mw 6.6)

33°30'4 . £/

FK(%U@
SAGLI03 A
A FKOO1
SAGH04
LS 1 A 1
1307 00' 1307 30'
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Four Characterized Source Models with Asperities
inside the Rupture Area.

Casel Kobayashi eral.  N123" —126" E Case3  Sekiguchi et al. N126° E
18 ] § 3m
O AR v
ﬂ T el L]
v | » f5% o fdkm RS o
1 b GO L]
o B e A B 4
0 o | .—ﬁ . e
. SRS F L Bt S TR i
1 Ld
wl | e aliala w % ww v [
Bl * = » = + + + & - . . . - e
124 = » * e s = =" - =
0 1] 0 30
12 8 4 0 4 B 12 18 [hom o
Case2  Asano et al. 122° —126° E Case4  Recipe. N126° E
—— —
$ 3km
" 11km
waul
e—Ldkm
8km

Cases 1, Case 2 and Case 3 are from waveform inversion results by Kobayashi
et al. (2006), Asano et al. (2006), and Sekiguchi et al. (2006), respectively.
Case 4 is a source model based on the “recipe.”

Comparison between Observed and Simulated Ground Velocities
on Engineering Bedrock for Case 4 by the Hybrid Method.
— cal — obs

z 65-TROOOSNS = L6-TKONSEW
E H\ﬁm—“‘——'——‘—“ E ::P—‘&N k%m»*—-—-'-“—*—-
Bt D g P P L b %
e 177 K006 £
g § i
Rsos———— - D nwt'n ra %
. 10-FKO00T NS lsec] 14 5FKO00T EW Jsec]
e S = L,
i G . 0@ S TR B8
o 82-FKOODINS P
E HW"“""'—“ E
ey T s & T e A8 8
- 6-fKO0I0NS faec) . sfKOOI0EW :“]
g i E Wifs
N ) | s o ) 4 60
g 2_r|<ouos NS sec] _ sofKonosEw =0
E O E o fhpm
S — & i - da
ho o TN

5 sJHOHOINS = 4_:inmz-w
Saaf B r B » ) %
5 srAGINS Isec] — 3.1-SAGHD! EW, fec)
E i E
E 09 — E o:r——a/ twww
2 5 - 23

) ! 0 o b ! P '
 oacng . e . aaSAGHOIEW B g ® o
) % P » 7 % P P
- 3_;:|.saﬁlmu-s Isec) & 3 sheHosEw e
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Comparison of observed and calculated PGVs
for the 2005 Fukuoka earthquake.

cased Recipe

A

PGV (Calculated: em/s)

PGV (Observed: cm/s) PGV (Observed: cm/s) W by e I e o

e L
. " . s
\\_ / 5 ¥
5% g B g
3 LA b v |
/ * e 33" 30 F,fr‘. r~r ™
-~ L]
= . ,,.A . & ..
0',6' ']f .
e ® . . ‘{ &
2 I s 7
130" 00" 110" 307 k- A dle
130" 00 130° 30
050 100 200 400
Calculated/Observed 025 050 100 200 400 025 050 100 200 400
Calculated/Observed Calculated/Observed

g

PGV (Calculated: emys)

W
"W W [ [ Wt

PGV [Caleulated: em,fs)
PGV [Calculated: cm/fs)

PGV (Observed: cm/s) PGV (Observed: cm/s)

Upper: The ratios of calculated to observed PGVs .
Lower: Correlations between calculated and observed PGVs

Simulation of Strong Ground Motions from the 2008
Wenchuan earthquake

G KHEE)

Summary of strong motion observation

— 398 stations, 1191 records! |

— 19 stations within 100km from the epicenter, 34 stations
within 200-300km from the epicenter

— 12 stations within 20km from the fault, 11 within 20-50km
from the fault, 22 within 50-100km from the fault;

— 120 records with PGA over 100gal;

— Closest fault distance is 0.74km at Qingping Station, with
a PGA of 824 1gal

— Closest epicenter distance is 22.2km at Wolong, with a
PGA of 956.7gal and 1.09km fault distance.

2008-8:25 After Wang et al.(2008)
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Slip distributions on source fault during the 2008
Wenchuan earthquake

(@) Strke = 228 deg.
n
—.

<280 250 240 220 20 <160 <130 4D 120100 W) W) 4 2 !
m

Strike = 226 deg.

-280 -250 -240 -220 -200 -180 -160 ".fﬂq 120 100 80 60 40 -2 g

33" n —

32"

AN

100 km

106°
Kohkestu, et al., 2008

103° 1047 1057
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Observed Records at Near-Field Stations
(WCW, SFB, MZQ, AXT, JYH and JYC)
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Characterized Source Model with Three Asperities for the
Northern Segment of the 2008 Wenchuan Earthquake
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Simulation of Strong Ground Motions
Using Hybrid Green’s Function Method

Velocity Structure Model
In the Wenchuan Region

Long Periods (> 1 sec):
Numerical Green’s Functions by the 0 .
Discrete Wavenumber Method by Bouchon |_
(1981) 5000

10000

Vs (m/s)
0 1000 2000 3000 4000 5000

Depth

15000

Short Periods (< 1sec):
Empirical Green’s Finctions using Small 20000
Earthquake Records

25000

Lou Hai et al. (2008)

Comparison between the observed (black) and
synthesized (red) velocity motions at WCW, SFB, and
MZQ near the source fault using the Hybrid method.
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Summary

. Ground motions from earthquakes caused to specified source
faults are evaluated using the “recipe” proposed by the
scaling relations of the outer and inner fault parameters.

. Ground motions from recent disastrous inland-earthquakes
such as e.g. the 2005 Fukuoka-ken Seiho-oki earthquake
(Mw 6.6), are well simulated with the characterized source
models based on the recipe, as long as the source fault are
specified by geo-morphological and geological surveys.

. Prediction errors by the recipe are within 50 % at ground
motion level.

. Ground motions from the 2008 Great Wenchuan earthquake
(Mw 7.9) are well simulated using the characterized source
model with three asperities for the south-eastern segment of
the earthquake fault.
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Achievements of strong motion seismology and its future directions
-Chapter 5-

Application to Design Basis Ground Motion
for Seismic Safety of Nuclear Power Plant

- Lessons Learned from the 2007 Niigataken
Chuetsu Oki Earthquake-

THE NIIGATAKEN-CHUETSU OKI EARTHQUAKE
[ Bt

MAIN SHOCK:

*Magnitude: 6.8 M, (6.6 Moment Magnitude)

*Epicentre: N37.5, E138.6

*Time:

*Depth: 17 km
*Distance to KK NPP:
* Epicentre: 16 km

* Hypocentre: 23 km
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Observation Records on R/B base mat

: Seismometers

Unit 2 Unit 3 Unit 4 Unit 7 Unit 6 Unit 5
e [ ]

3.2.5 Main damage and restoration state in Unitl to 6

Example of No or Minor Damage in the Building
mNo Damage in Safety Related Facilities

R FRBHOREH (BRIRTRIEZL) » -

65 ERKWER

Inside view of unit 6’s equipment Inside view of unit 6’s equipment
(around steam piping) (around main steam isolation valves)

an!

9 TOKVD ELECTRIC POWER COMPANY

i

. 2010 The Tokyo Electric Power Company, INC. All Rights Reservéd.
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3.2.6 Main damage in the yard

wRoad Damages _'

BRI EEE

Road damage near water discharge

uOther Damages

Crane rail near water discharge Inside of low level radioactive waste storage

ics

9 TOKVD ELECTRIC POWER COMPANY

2010 The Tokyo Electric Power Company, INC. All Rights Reservéd.

3.2.6 Main damage in the yard

mOffice Damages

Emergency response center
(at that time)

[loe

9 TOKVD ELECTRIC POWER COMPANY

2010 The Tokyo Electric Power Company, INC. All Rights Reserved.
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Strong ground motions from the 2007 Chuetsu-oki earthquake

Source Model for Calculation

Attenuation Distance Relation of PGA

T T T T T T T
(Horikawa, 2007) 103" ~~2 g .
~_0
NIGHF e e ° 4
Source Fault e 10% .
Q | 4
"
N
37" 30 5 10! || Kashiwazaki- |
.. é | | Kariwa NPP |
' o
: ; 4 —e 107 ops 7]
20 km Kashiwazaki- o Si and Midorikawa(1999) i
Kariwa NPP u , [Mw=6.6 depth=10km ty,
_ | L My
138° 00' 138 30 139' 00 10 i 1|0 1(|)0 10|00

Distance

Acceleration Ground Motions recorded at the
Kashiwazaki-Kariwa Nuclear Power Station from the
2007 Chuetsu-oki Earthquake

§OSE# KKZ1Gl1 : Surface Obs. P. of Unit 1 KKZ1R2:Base Mat Obs. P. of Unit 1
: KKZ5G1 : Surface Obs. P. of Unit 5 KKZ5R2: :Base Mat Obs. P. of Unit 5
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\m |l KKZ5R2 NS ] | KKZ5R2 EW ]
5 01 WWWW““ ' ] or 'JNWW\J"“ ]
o
£7300 20 30 20 % 20 30 20
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Why were so large ground motions
recordedat the Kashiwazaki-Kariwa station,
especially at Unit 1 base mat ?

Possible causes

1. Source characteristics such as radiation pattern and
directivity effects.

2. Propagation-path effects such as focusing, basin-
induced surface waves and so on,

3. Amplification by soft layers near surface.

BN TR R B DI TRE ot — B (T — Dy VT HR)
MR,
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Velocity

Structure
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SOURCE MODEL OF THE 2007 CHUETSU-OKI EARTHQUAKE
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37°20'

3710

37°00°

LA
1

.

20 km

IGO05

Hypocenter (Hi-Aet)

Best-fit source model
with three asperities
(ASP1, ASP2 AND ASP3)
is estimated from
comparison between
observed and simulated
motions using the Empirical
Green’s Function Method.

138°00° 138°10° 138°20° 138°30' 138°40° 138°50° 139°00°

* Strike : 30" , Dip Angle : 40°

Star mark on each asperity shows

rupture starting point in the
asnerity,

Lkm)x W | Ao (MPa) | Mo (Nm)
(km)

ASP 55x55 23.7 1.69 x 10"
1
SP 55x%x55 23.7 1.69 %109
2
SP 5.04 x5.04 19.8 1.02x 108
3

82
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Flow of Seismic Reevaluation
According to New Seismic Regulatory Guide

A. Geological survey, evaluation of active faults N
B. Evaluation of design basis ground motion Ss
Site specific ground motion by Ground motion without
identifying earthquake source identifying earthquake source
| Evaluate ground motions | Items to be
I m reflected to
- L 3 seismic safety
Ground motions by Ground motions by ® N
response spectra fault model method E] reevaluation
1 I ) based on the
2 Refer | 3 findi
- - - - 3 indings from
| Define design basis ground motion |<—~ I3 the 2007
I Chuuetsu-oki
Earthquake

C. Evaluation of seismic safety of facilities

Evaluation of seismic | Stability evaluation of basemat
le—»| safety of important
structures

Accompanying events
(Stability of surrounding slop)

Evaluation of

[<—* important comp- "
onents and piping Accompanying events

ouepodwi
jo uonedijisse))

85 (Safety against Tsunami)

New Regulatory Guide for Reviewing Seismic Design
of Nuclear Power Reactor Facilities (September, 2006)

“Regulatory Guide for Reviewing Seismic Design of Nuclear
Power Reactor Facilities in Japan was first made in 1981 by
Nuclear Energy Commission in Japan.

The “Regulatory Guide” was revised their on 19 September in
2006 by Nuclear Safety Commission in Japan,

to reflect progresses of seismology, earthquake engineering,
and related fields of science and technology after the 1995
Kobe earthquake.
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Why did “Regulatory Guide” have to be revised ?

[OBackground
The previous “Regulatory Guide was made based on the most advanced knowledge

(active fault survey, ground motion simulation based on response spectra, static
seismic-force, and so on) for that day in 1981.

A lot of new findings and knowledge on seismology and earthquake engineering were
accumulated for 25 years since 1981.

Seismic design technology for “Nuclear Power Reactor Facilities” was also rapidly
developed for the last 25 years.

The impacts and lessons from the 1995 Kobe earthquake:
Studies about active faults, seismic source mechanisms, wave propagation ,
earthquake-resistant structures have been remarkably proceeded.

In particular, methodology for predicting strong ground motions from specific sources
have been developed.

Introduction of “PSA (probabilistic safety assessment)” for seismic design of
“Nuclear Power Reactor Facilities” in foreign countries, especially USA.

Points of New Regulatory Guide

1. Evaluate ground motions for the basis of seismic safety design of facilities

as following two types,

(1) “Ground motions for specified sources” at the proposed sites, that is, site-
specific ground motions whose source to be identified with the proposed
sites.

(2) “Ground motions for unspecified sources”, that is, ground motions whose
source not to be identified.

2. Select plural number of earthquakes which are feared making severe impact to
the proposed site, active faults and subduction earthquakes.
Active faults considered in the seismic design shall be identified as the one
of which activities since the late Pleistocene epoch can nor be identified.

3. Evaluate ground motion by both methods using (1) empirical response spectra
and (2) fault models.

4. Consider uncertainty concerned with the evaluation process of ground motion.

5. Request to minimize the residual risk.
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Acceleration Time Histories from the F-B Folds Band Earthquake

For Unit No.1 — No.4

For Unit No.5 =No.7

LT S L
- ] L
L 5 e
L L
E - | E -
NS & | — - I
el Bt
e Frey - L
. - [ -
EWF o | -
L] = “ a L] » w o = L]
samg L]
i - - -
™ E et * |
L Y [l
uD I o —
L] w L] L L] » . L L] L]
A ]
Acceleration Time Histories from the Nagaoka-Plane-\Western- Rim
Fault ZoneEarthquake
For Unit No.1 — No. 4 For Unit No. 5 — No.7
R _ m—
[&] é
EoL
NS 5 E ! —
L] n L] »n - L] - »r m
L t]
g 3 e
EwW i [
)
TET =
q Ll | g [a]
ubD E il I = [T
] = " - L] L] E ] L L] » L -
e )

2010/9/29

46



B Response Spectra for the Design-basis Ground Motion
(Free surface of base stratum )
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Summary and Future Directions

1. Ground motions from the Niigata-ken Chuetsu-oki (NCO)
earthquake are well simulated with the characterized source
models as long as the source fault are specified by geo-
morphological and geological surveys.

2. Design ground motions for seismic safety are possibly
evaluated as long as fault modeling is appropriately made.

3. Methodology for estimating design ground motions without
specifying earthquake sources should be further improved
as one of the lessons learned from the NCO earthquake.
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