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Fig. 1 Typical SAR interferograms used in this study. Sofid small fines show the identified linear surface ruptures. a ALOS-2 image pair is no. 9 in
Table 1.1 ocation of this figure is shown in inset. b AlOS-? image pair is no. 10in Table 1
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Fig. 3 Coherence map of an interferogram, ALOS-2 image pair is no. 9 in Table 1. Dashed lines show the identified linear surface ruptures. The area is
shown in Fig. 7a
8
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type of Measured Gonventional Technique
geo ID | betaID | sxs sample ype Radiocarbon Radiocarbon cal 13C niq Pretreatment
material Age Age Delivery
_ organic 95.4% probability|(@5.4%) [1192 - 11047 cal BC _ - .
58341 | 546718 | 1 |UN-S02B.19| TR | 11210 | 40 [ 11200 | 40 | P00 FEREEY | 25.31 [ AMS-Standard| acid washes
. organic 95.4% probability|(@5.4%) 2307 ~ 12035 cal BC _ . )
58342 | 546719 | 2 [UN-S03B.19| OHEER | 12190 40 | 12220 40 |0l TR 23.09 [ AMS-Standard| acid washes
95.4% probability[(@0.6%) L0613 — 10431 cal BC
. organic (12562 - 12380 cal BP) |(@9%) [0328 - 10289 cal | _ . .
58343 | 546720 | 3 |UN-S04B.19| OCTER | 10440 | 30 | 10480 | 30 |potoo0 T o0 o BP) Mo%) 376 - 10357 | 2281 |AMS-Standard| - acid washes
cal BC (12325 - 12306 cal BP) |
. organic 95.4% probability|(@5.4%) 296 — 9236 cal BC . . .
58344 | 546721 | 4 [UN-S05B.19| TETR | 9770 | 30 | 9790 | 30 | e ey | 23.85 [ AMS-Standard| acid washes
95.4% probability[(l.2%) L185 — 1664 cal BC (3734
. organic - 3613 cal BP) |(15.4%) [B78 - 1838 cal BC @827 | _ . .
58644 | 550202 | 5 [UN-S06B.19| TR | 3370 | 30 | 3440 | 30 (T oo B o) i R0 - 1702 el BC @176 - | “20-56 | AMS-Standard|  acid washes
3741 cal BP) |
- organic 95.4% probability|(@5.4%) [2050 - 11800 cal BC » . .
58645 | 550203 | 1 |JN-STIBI9| ETHR | 11980 | 40 | 12010 | 40 oo oo o anY | 23.40 [ AMS-Standard| acid washes
) 95.4% probability[(B1.5%) L1914 — 11774 cal BC
58646 | 550204 | 2 | JN-S12B_19 ‘;g;”e'zt 11930 30 [11960| 30 |(IB863 - 13723 cal BP) |(18.9%) [2022 - 11931 | -23.11 | AMS-Standard| acid washes
S cal BC (18971 - 13880 cal BP) |
_ organic 95.4% probability|(@5.4%) [2182 — 11871 cal BC _ - .
58647 | 550205 | 3 |UN-S13B.19| TR 112090 | 40 [ 12120 | 40 |mn PR FOREY | 23.28 [ AMS-Standard| acid washes
. organic 95.4% probability|(@5.4%) [3141 - 12485 cal BC _ _ .
58648 | 550206 | 4 [UN-S14B.19| DHEED | 12480 40 | 12520 40 | mOl IS 2268 [ AMS-Standard| acid washes
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/%%M)H#/“Fﬁ AR A O R e b NS AT AR &2 N U7z RE R & X 2-39
WRT, MELLEHERIZLLTOLEEBY TH5H, BEEMAIT Lin et al.(2017)I2 85,
Bk Bt A0S L OV S B E )y (2017) 12 KB, SR HIAUEER T (2018) 12k B
IR ST E AR AT R (2017) (2 kB, B AL EIEA (2018) 12K D,
B H A CIX EWEIEH (2018) CTHiEZIT-o Tk, BIIEFRME L, Mk~ 7
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Q) 7y ¥ 7Y ik No.2 (N7.5,-5.4)
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232 . EJ{y>o T2y
KUK M QRS 7 U v 713 4 IR CER L, AL T LR,

QO Y7V T
# 2-7 No.l Hlfg HEGUE—%

AR B | TWRE | LmRE | E&
4.30 4.25 01-01
4.25 4.15 01-02
4.15 4.10 01-03
4.10 4.00 01-04
4.00 3.95 01-05
3.95 3.90 01-06
3.90 3.80 01-07
No.1 S35 3.80 3.70 01-08
3.70 3.60 01-09
3.60 3.50 01-10
3.50 3.40 01-11
3.40 3.30 01-12
3.30 3.20 01-13
3.20 3.10 01-14
3.10 3.00 01-14

# 2-8 No.2 l# HREGUE—&

Pl E | TwRE | LmRE| =%
5.00 4.85 02-01
4.85 4.80 02-02
4.80 4.75 02-03
4.75 4.70 02-04
4.70 4.60 02-05
4.60 4.55 02-06
4.55 4.50 02-07
4.50 4.45 02-08
4.45 4.40 02-09
No.2 Sb.1 4.40 4.35 02-10
4.35 4.30 02-11
4.30 4.25 02-12
4.25 4.20 02-13
4.20 4.10 02-14a
4.10 4.00 02-14b
4.00 3.90 02-15
3.90 3.80 02-16
3.80 3.70 02-17
3.70 3.60 02-18
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AR B | THWRE| LmRE | E&
5.60 5.55 03-01
5.55 5.50 03-02
5.50 5.40 03-03
5.40 5.30 03-04
5.30 5.20 03-05
5.20 5.05 03-06
5.05 4.90 03-07
No.3 77 4.90 4.80 03-08
4.80 4.70 03-09
4.70 4.60 03-10
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4.50 4.40 03-12
4.40 4.30 03-13
4.30 4.20 03-14
4.20 4.10 03-15
4.10 4.00 03-16

# 2-10 No.4 Jl#3

PRIGUR— 5

AR E | TwRE | LmRE| =%
1.70 1.60 04-01
1.60 1.50 04-02
1.50 1.40 04-03
1.40 1.30 04-04
No.4 N3.1 1.30 1.20 04-05
1.20 1.10 04-06
1.10 1.00 04-07
1.00 0.95 04-08
0.95 0.90 04-09
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3.1. INFMBIR S aL—2 a3 VDR

LIBETld, AREHETHEM LICAROBERN Z RS, FEMIC OV TIEAT kDTG F
EZRENT0,

3.1.1. Summary

ARFEETIE, 2016 FREAHE (Mw 7.0) OO OB JFIMEE S I 2L — a3 v
AEM L, BRREAMHE L ZOHEIL, AT T X0 PNEBL, B RAWE
DAEEHBNNBED 2 SO A N L, ZThH6D2 5087 A MI#E
mAOMERA L EmMAEA L, WEBIREZEHEICL TWD,

A7y xr hTIE, Fx i, BEOT AX) T 4 - Ny F TR LERE KD
AL SN FHEWETE &2 RET D, MBIk & 7 AXY 7 ¢ (3R &EF B 7E T (KKE)
TN—TI X o> THRIT - 1 (2018) 2 S B ZBAR SN EEBNENT AR 7 4 BIRET
JNZEES N TS, IEOKE ST S 44km, 18 19km 2 &4 5, ER41E 65° |
AMGWEIE 2367 . TR0 M 210° LT 5, KKE Z v —7 12 K- TIREINTIES)
LRI E £ 7 L1, SMGAL, SMGA2, SMGA3 L4 b= 3 5D 7 AR_Y T 47
LRI, TnEFiE32m,3.2m42m OFEHT Y EEZAFT D, SMGA LI,
MR AN ORBEVERIKEZ ERT 2, Fxid, ZORMELSNTERFHT AR
V7 4 BIRETNIRT 2 —HEOB) ) FENMEET VORRBEIT- 72, — 72T
X [ Dalguer et al.(2019)IZ L » THRE SN HIEIZHE D, T OFHIEIFTEARNIZ 2 oD
2Ty Ik o THERREN D,

F1AT T, BRERmRAZBEL2VWEE (MPakEEs T L) BMOE S, &)
TR D FNET, &7 AXY T 4 TORY TR BNEBFNET L NLDOEDIZ—
L, REWEN OB BRI EHESIIBIIC BT 5L 21cfko T, 7TANRY
T A TOIRNSIBETRZHET D, M T, WREROLIETIZER E S, B
9~ R (critical slip distance, Dc) & 5EE#E i (strength excess, SE) 13l 8 DR
BLEZOHRENGHNTHD L) ITKRESND, MFBWEITRWVAEEHR (SL zone)
ZBETHICHEET D 10 HOET NG 1 AT v S TIRER SNz, K&
TEOHEE L, SMGAL SMGA2, SMGA3 (Zxf L T, £ £ 41 17.3MPa, 7.0MPa, 10.9MPa
A

FB2ATy T TIER, FBLAT vy THESINLIGBE TENERRmMICBEET S
WE2ET AT DIV D (MIEFHEET L) . ZOAT v 7 TiX, HH
FHEHMBRABOBO 3 km OEBHIIISAETEEr L LTARATA=2{LENT
Wb, EERICEIT S SE & Do IXFHE SN WE A A BINIC—T 5 L 5 IZRIT
PERLTCHEE SN D, KRBT TR BT ANESNTZ, HAID 12 HDEF LI
EBMITENCIN > TLIOOEBHEEZIEL TS, EEHTIE, MEBREHERTY
B ACE T M TR TR IS F AN LA B b DR EFFE Lz, ZOREE, Bl
—HET HMBMBIEDOIRNY LB EMIRIEEZBESEDT2DTHDLH, ZORED T
BoNZEE LWET VT MaspSS10 & MaspSS11 L4 fFiF bz, Zhbd 250
EFAN2OBDOEBEEZIEL-H LWVWET /L (MaspSS10S1 & MaspSS11S1) % B
KT DHTOICHLNTZ, HTILWETATIE, BT 2 0&EHE L oL HI2mT
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b, 12FWEEZ A FomBERlL &5 1 DFAERANICERE SN D, EMGTRIC
WO 2oDEEEOIEIL, EMITEITIN - - HFEREED RNV & W g 2 A iE R 2 B
LCBINC BT DMREEART 2D THD, ZOFHLLNESNLEETLOFT
YE LUWE T LIE MaspSS10S1 Th 5,

HEVENT AR T 4« BT ICESWTZB T AXY T 4 - BT ILVOBED
A CEERERILULTOLEBY TH D,

1) —#RilC, Mk T L R T VI E B ICEH S s BRI T B AR
BICE L —HT 2 MEEBZ AR TE D, 20 &1, MREEE T VIZBLIH
ENT-HBEIN - HIEL7-DICHLTLHEMEL IRV EEERL Y
%

2) AREPFHEFELIN A TOKANEMITEBRITEAT DA CTHIL S NS D P,
VU b R A LB L Ly, B TOT XY RIEIXEFRIE TOX

INENACHE ICHET 5,

3) EENFEHNT ANRY T 4 - BTN T HEN I RT A—ZLOFPHNT, H
RWE AT 2B 7V ITMERFE AR TOBN L v &b i
KEWKAENMNZERLT D,

4) HEMEEDOILN Y LB EMERIZEWNT AU 7 1+ (SMGAs) Tz hn
—VENDN, EEWH TOEHNT A —FLTHLRHET L ENTE S,

3.1.2. FiR

2016 FFREAHIER 1T Shirahamaetal. (2016) TH#E ST\ 5 X 912, EWrfE 34km (2
o CTHIR M 2 ME Lo, 2 OHiFE O RS X KR 7 HIFF 92T (NIED) I X 5 K-
NET, KiK-net, F-net @ EJRITH# M % (Okada et al., 2004; Aoi et al., 2011) X GIT D
EEBIMME (Nishimae, 2005) TRigk I 4L7z, ZHHITiE, MR OS5 1.0km
i O R C ORI O FRE BB A 2N E £ TV %, Shirahama et al. (2016)(C &
TARBEORE B Th - EHMAAE Tk, MR o 3R m O S 3 X B
Tay &R, ZOEMENPE SN, TORRE L0 M o #gEE A B
JEH R B B AN OALmEICEHNTZZ & ZOoMBIZI NS 2 >DOWE R &K
gL, MEJKETKH 20 m OWEEMZA L LR, K 3-2 1
Shirahama et al. (2016)1Z X - T & 4072 H3% mAEE O A7 B L W7 g 287 o I 7E i R (1Y
3-2 (IR & ¥ 3-2(D)ICHEELALSY) T, 2O ry=r hOEDHBIL
KKE & — A TRZ SN EE P T ALY 7 4 « BT VICESW T, RBIRWE 0T EE
OHIES, KAEAM, BLROWBEMEZGR L, ZhONBINC—BT 5L o512, B
NFEOT AR T 4 EET LV ERBESEL2 L TH D,
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3-2 KEMEED

£ north strand & : F—
,s‘:::z: _‘% e & Okirihata 02'2933"‘8, Lo Kawayo "‘bp.ﬁl
PR e S e N
v 12
e Togawa “e @ _South strand L
. dign .5\4, - &
- - ; - ]
Takaki right slip (cm) left slip (cm) |
*>180 * 80-100 * 80-100
® 160-180 60-80 * 60-80
- . * 140-160 40-60 ® 40-80
% —————  120-140 2040 * 2040
e’ - |+ 100-120 0-20 0-20
R slip (zcm) EE——rm— ) e Oginosa_o k2 ectimated total NS8°E
«o north strand Dozon oo displacement
sosgouthstrand -~~~ -~~~ -~~~ -~~~ ~~~ -’""""”""". """" ."': """ _I; """"""""
100} e . - -- T80 _ &= Kawayo
B ,O’o,,, --§- ‘J’,.,-;"‘ ,,,,,,,,,,,,,,,,,, e e e R e e e 5
...... 0 bl 1 .1\. 3 LR - : Ze :
+ Takaki  Togawa : 2 *Miyayama F&
L slvp_100 — " - Komori
'l"axano—Shlraha;a : southwestern section central section " northeastem section )
sagmeant ' Futagawa segment '
| & & T
b Surface N north strand @cs o -
ruptures | ~ — — " o . M Ry
§ ~a S > south strand 3 3
< e imojin a3, e -
Kna—ama; <~ Fukuhara ®x Teeey we?
S south side up (cm) || north side up (cm)|
) : e 100-120 & 40-80 0-10  ® 20-30 |
- "m e 80-100 20-40 e 10-20 e 30-40
> i 0 5 0 | ® 6080 0-20
S up (cm) . , - — =
o Fukuhara Simojin Miyayama . - Komori o main strand | NS8°E
Kitaamagi Simotogawa e 8 @ ¢ o - north strand
T s e N e S g e N +~ south strand |
______ 0 o® .‘ L) . o P v !
+ % ° . » . -: N
-50 ' I L 1L ']
Nup Uto segment  * " southwestern section central section " northeastem section
' Futagawa segment

FEAERE N L— 2 (RBR) B LOUKE (a) & EE (b)Y OBIE S

NT-WE AN, (D FTRIOA Lo D SR ITHEE S 7ok lr/@ 262 (Shirahama et al.,

2016) TH D,

3.13. BAEMNBERETILONS A—41

Fox ik, R 65 | EMMA236° . T 42100 &b 0K wEEE O LML S
TEV I FAOREE T T L 2 R E S S, Andrews(1976)1C & AR D3~ v 594k A & H
W, ST TG A =2 DT A —=2{F KKE L —71Z K> CHRB INT-E# ¥ T
ANXY T 4« EFT IV (K 3-3) ITHESEHRET D, BlREND L HIT, WiEo
REZIIFES 4km, E 19km 2H3 25 L IREIND, EEFEOWEEET VL
SMGAL, SMGA2, SMGA3 L 4 T b Ie BT Ry "2z £ 32m,32m,42m T

HDHIODT ARV T 4B 5,

ERITH 5,

Mz T, EEFEHWET VT, £/, ERPMES AR (LMGA2 £ LMGA3) @
20Dy FNEJFBEIN TS,
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1ROt EEAE IS I, W1 O ML 7 OIS Td 5 93048 (FE A /NR) 1Txtis L7e
ETANRHAVLN S,

Lj— — — — i—
Common strike(236° ) N
s 4 Common dip(65° ) "
2y =
2p -
32T L
/
ya
130.6° 1307 1308 1309 1317 3
dapth-3m
H
2
dapth=17 Siom +

Lebtier

3-3 KKEZNW—TIZL VB SNIEBFNT A~V T 4 - 70, (k) WiEe
B AN E R THIK, (F) 7AXRY T 4 WEET L,
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314 FT1RTFY T  RMPBHELLHEWVETIL

) R OF 1 A7 v %, MESHE L2 WVEBENT AT T
ETNMC—HTDETNERDITDHZETH D, OIS BT &5 ITER)FH
ETADPLOHNT RV EZEZITCEHEINLDS, TOEBHOZOIT, A
Andrews(1980) & Ripperger and Mai(2004)iZ LK » CHaE SN HiEE W5, Z 0k
X, Wilg o3 & 2R 7 — U B E G N RMIPERE O E 2 I/, )
SO FREODHAZE LS. &7 22U 5 4 TOEHT R BN E2HE S
B OTRY EBIEPIIC—T 2 L 212, BITHBRMICE T AXY T 4 TOIST)
BT RAHEET 2O THL, BINNFHBE S I 2L —Ya v ERXAX— N T 2RO
HIFHH TlE SMGAL SMGA2 SMGA3 [Z%f L TZLZ 4 13.0 MPa,11.0 MPa,12.0 MPa ™
IS SIBET &E 52TV D, BRI 0 BEEEDe) X RMICHITTIZ02m ZH\WT 5,

ZOHELDOAT v 7T, MaspB &4 Licit 10 HOET AR ER S, )
M T RAZHEET 572D ORITHEF FEILETFHNT AXY T ¢ - =T & BRI X
"L ET IV BS Tz, ZOREOIE I FEIX SMGAL SMGA2 SMGA3 (Z%f
L T#h#h 17.3MPa, 7.0MPa,10.9 MPa (272 %, X 3-4 |ZEF /L B5 (29 %Ik J1
TEA Ty b (EH) 74, 2O B ETMIHELE LTET AT T 412xk L
TEEBHFHNT AT T 4 - ET VRS AIGLTEY FHT ) ®EITENZEN 3.2
m,3.2m,4.1m 2725, %X Shallow Layer zone (EJE7) (TR AT 2 A3 HiZe 1Lk
LA2WZ D B5 EF VTR R A— "= =7 24K L (K 3-5&8M) . BiRKE
ORRUTE TOMBE Z W AKFAM L, MEAMTLIY K& —v HELZAT 5 HES%
BT D, ZNEDORMEE D S 572012, De=0.4m O LWET /b, A E
HICBEALRWTEREY A X2/ LT, DEEERT, M 3-4 130 < o0
DRFEHET NV (B5,B6,B10) IZHTDIGSNTA—=H LTy FNERT, £L
T 35 1FHBNRME L 202 b OREMRET /L (B5,B6,B10) (KT 5 &M
N B R B RIR T AR T,

TN B OBOINLDOH LWTHEITHRE L LTE 31 ICRENDHEHIICT A
RY T 4 EORET R BEODLT RV ELTLHT, £ 3-21LB5 T VRO
TA—HRECEHRLIbDTHY, ZOFHL1AT v 7 TOMEBERAEEOREDOE )
FHINT A—H TR 32IREND,
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Dy ic Input P: (! pB5) Dynamic Input Parameters (MaspB6)
Initial stress drop

=

ic Input P: pB10)
Inlﬂalstrmdmp

Initial stress drop [MPa]
15

o
o
o

o
o
o

10

=]

Along dip (km)
5
S

-
[

15

Along dip (km)
o

Along dip (km)

MPel

15

o

o

o

@
o
o

10

Along dip (km)
>

@

Along dip (km)
)

Along dip (km)
5

@
o

o

o

o

Es Es s
=3 o a
T 10 T 10 T 10
=2} o o
5 s s
z 15 18 z15
40 30 20 10 o 40 30 20 10 0 40 30 20 10 0
Along strike (km) Along strike (km) Along strike (km)

X 3-4 HMIEREWELZNWT ZANXUTF 4« EF VOB FHMWES I 2L —2 30
7= DREFH 2B ) F0)G 13T A—% (Ed 54~ B5, B6, B10)
B BNEI IS S TR, BRI ORI HEE A R,

Slip (ave=2.08) Mw=7.09 (spB5) Siip (ave=2.01) Mw=7.05 (spB6) Slip (ave=1.78) Mw=7.00 (spB10)

v bt
 rupture time

Ji 5

)
along strie fun)

s
s
4
W- ia
2
1
o

mwnm

X 3-5 HIRAZMWELR2WT AU T ¢ -« T /LVONRENE S FZEOREE D iR,
ENBIIRICERET R0 &, WEREL, 3 X OE AR,
(££) =5/ B5 Dc=0.2 SLBICAENRA,

(1) =5/ B6 Dc=0.4 SLJBICHEENEA,
(FH) 57/ B10 Dc=0.4 SLBICHENMRALRWY X0/ NSREBFEEY A X,




# 3-1 3507 ZA~2VU T 1 SMGAL, SMGA2, SMGA3 TD /i /1 F & 17.3 MPa, 7.0 MPa,
109 MPa Z H T 2K ET NMICKT 27 AU T ¢ ETORHEFT D (m)

Model SMGAL SMGA?2 SMGA3 Ma(?\;'\'/\tl;’de
B5 3.2 3.2 4.1 7.09
B6 3.1 3.0 3.8 7.05
B10 3.0 25 3.4 7.00

$510S1 3.2 3.2 4.0 7.08

$S10 3.2 3.2 4.0 7.08

# 3-2 BSETNLUBOET NVICEIT S, HIERAENO De, BREY A X, B
FUOEEHTO De, SED/NRT A —X

Sei .
eismogenic SL zone
Zone
Model | Comments
Nucleation
Dc (m Dc (m SE (MPa
(k) (m) (m) (MPa)
B5 1.6 0.2 14MPa at free
BE 16 Depth  dependent | grface Allowed to penetrate SL zone
Dc=2.0 at free
B7 1.6 . i
B8 0.4 surface to the Dc of | 20MPa : No p_enetratlon _to Slf'
1.0 . the seismogenic | In a width of -Testl_ng_ nycle_atlon size
B9 0.6 zone ok to _m|n|m|ze it.
B10 0.8 Optimum value 0.8km
# 3-3 EFEEYE 08kmEAL, HIENKELAZNWET VIR LTELIAT v
T TR SN MERAIZB T D IIFHRT X — X O HEAE,
Back d .
SMGALl | SMGA2 | SMGA3 o?‘CSI?/lr(c;l,JAnl Background | Nucleation
Dc (m) 0.4 0.4 0.4 0.4 0.4 0.4
SE (MPa) 8.0 5.0 8.0 14.0 8.0 -0.87
Stressdrop |, 5 7.0 10.9 0.0 0.0 17.3
(MPa)
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3.15 MEABELLZVWETIILOERIERES)

REDPE L 2WET L (BENEREE ZHET 5E7 /L B5 I8 X OMHEEN K8
ZHEELZRWET L BL0) 12K > TAER S BRI O HES) & B ek & otk
B 3-6 nHIX 3-11 ITRT, BEN KRS A BET 5E 70 Bs I, HUEE) & KA
ZEACICRE LT, B IR RS O B KMMH16 (KiK-net Z845) | 93051 (kBT = ) |
KMMO005 (K-NET JK#) | 93048 (FHJEAT/NAR) | 93011 (FERfa&sftinles) (B 3-6 [X]
3-10) ERLFIGL TS, I b0 RIE, BRIZEWERE AR COMEESICHEEG S
H DO, MEDKET 2T VIILE TRV, REWE Bl 2 HEN L
ThDHIZLa2RBEL TS B O B8 A (K 3-11 12777 OITH11 (KiK-
net JUE) ) TiX. B5, B10 OliE T /ANEM LI E BAFICHIG LTS, Z 0@
JC B10 O 5 3 FLER IS 28 BN O Ld, IR O 5 T, HiFR O, RE W A Bim
T ORI L CHUE Tl L2 R L CTnD,
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MaspB5 and MaspB10 (Freg= 0-0.5 Hz)

. 3
£ §o
z §-
s 0 s
2 -0

05 Y

Velocity (m/s)
Displacement (m)

. 3
E Eo
Z
8
S 7

-0 O

0 5 10 15 20 25 30 o 5 10 15 20 25 30
Time (s) Time (s)

4 3-10 93011 (FaRfdgAfin ) BLMIAT, €7 /v B5 & B10 706 D 3 iy H s LU
{7 M FR B & BLRIR Gk & O HE,
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3.16. B2 ATV T MRWIEEETHETIL

ZOE2AT T T, BLAT v/ (F 3-3) THROLACHERAERE COR UH)
HFWINT A= e fpFf L7 E £, HLZMIEIL Shirahama et al.(2016)12 L ¥ #iE S
B SN W AN P —BT DL, BEH AT A—FERELE, B
1%7/7TT~71£9 . HUE %\éEEV\UT@/\7)< Ak L KB ITR AT Dk
ET T BT R B O BLRIFLFR ~ O 51X T T A I R 2R 5
E)z%ﬂ\é’)o &EWOHJﬁ%@fJSO BN &wa@ﬁﬁ%ﬁ’ﬂﬂﬁf—ﬁ XA
FIZI > C—EE T, ST Wta‘é&ﬂim@“é ZO%AEMGRIZH>T2 D
DEBHEER LT, T ARV T 4 ORBEEZFMT 572D, @%ﬁ;ﬁ@?xA) T A
ETIVTERINIE LMGA NNy FIIREH A ERT H200OMKE LT iﬂﬂv\m\
TANYT 4 OREZFMT HO LR UEMNT, FEWEo2EoERERBIC
T—HRREREREAETLIEIIC. FE1LAT v/ THLATLHIE %EE@%%%‘E@ZT
DEERIE (£ 3-4BR) ZHEME L, HEORKE 10 MPa DERE S T,

3.1.7. — kG REHF (1 DDXBEF)

EM TR E —E LEEEEZ2BE LT T VD) b Bi72E 5 V1%, MaspSS10
& MaspSS11l Th b, Zhd 2 ODFEF /LD ERBEWIZNELEA OFMERETH 5,
3-121F. 20D 2 DT VO Mg AL & BRSO gk % r LTV 5, Shirahama
et al. (2016) & HEEMH & DIRZENL & D 71X MaspSS10 78 0.2m. MaspSS11 78 0.4m T
%, ERAKEW AL DL, MaspSS10 T 0.04m. MaspSS11 T 0.6m Th 5, K
T (HL W JE AL O #£1%, MaspSS10 T 0.19m, MaspSS11 € 0.08m T 5, s d it
E (EX) 1F, MaspSS10 E7 L2 LD K< HEINTWD, ZHUHDERSHTTH
MaspSS10 I E R EEH 2B E LA DORERET IV E S 2 5D, £ 34 1%, _fm
52 ODETNOMPNT A—FEZRLTWVWDH, ZiIh 2 DOETIILVOME—DEWN
%, HHEFEHED SE 2% MaspSS10 Tlx 1.2MPa, MaspSS11 Tid 1.5MPa TH 5 Z & Th
%o SEQO TG D/NIIREVIIRMEAIRWIBEMICKERZELZEH, SED/NIRE
Ei iLﬁEWL@Emek%@T&% CHEFICHETHH Z L ERBE LTS,

K 3-12 28T X H 2, WEoALHM T, 7 v & BN O 3R ik EEEEH & WE A
AL DRI IE— ﬁzbiﬁb\o ZoZENL, WEOIHMIC 2 FAOERBHEZRET D%
BRI TWD EE XD,
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£ 34 —KRREBEEZREL CRER 2 OOET NVOEKBHE TOENJF T A—4F,

Fault displacement (m)

Model MaspSS10 MaspSS11
Free-surface Deep SL zone Free-surface Deep SL zone
Dc (m) 6.0 5.0 6.0 5.0
Strength excess
1.2 4.0 15 4.0
(MPa)

Stress drop (MPa) 0.0 0.0 0.0 0.0

Futagawa Fault Displacement (MaspSS10) a Futagawa Fault Displacement (MaspSS11)

0.5

o

Estimat slip{Shirahama ot al 2016)

SMGAT SMGAZ § SMGA3 SMGAT

40 35 30 25 20 15 10 5 0 45 40 35 30 25 20 15 10 5 0
Fault along strike (km) Fault along strike (km)

3-12 E7 /L MaspSS10 (/) & MaspSS11 (f7) Zxf L CRE&E S =4 MW E Vo
Wrig Z2fr B E DOtbls, SMGA®Z AL MEI35oDT AR T 4 DHEFETHD, NE &

SW iZZnENWEOIL R L O E Him %z RT,

3.18. 2 DMEEH

3-12 1T T K 2T EMA I E 2 EER OMREIZ LY | BrE o b <,
FT L & B O F AR & W E AL ORIE L — B Ly, AEEMNS & S R
BAAERT D200 AT, B—REEH CARSNI-REKEICIZEAEEEZM
2, Wik EAlc 2 FEO®RBE ZENT52THsD, ZOHMNDODIZ, it
DEFEINT A —=Z ZRFF LN G, BrEdtdMl < SE # L W ARVWEIZERE Lz, £l
FIBEE r—AD 2 50 B 72E 5 /L MaspSS10 8 & O MaspS11 # tic. HHFm D
SE % 1.0MPa, #JE OUEHE T 2.0MPa OfE TRAT L 7=,

B LUWE T LIZIE. FHRFH MaspSS10S1 & MaspS11S1 & W H £ Bz 17 T\ 5,
313 TR T L O, BMlSNTWBEM~DT 4 v T 4 v ZIEKIBIZEESNT
V%, Shirahama et al. (2016) & #£ & & ORI & D 721 MaspSS10S1 X 0.25m,
MaspSS11S1 % 0.39m & 72 o7z, e RAKEWEZE AL O %1%, MaspSS10S1 T 0.02m,
MaspSS11S1 T 0.59m & 7p o7, B RKIEEWIE AL O 21X, MaspSS10S1 T 0.2m,
MaspSS11S1 T 0.07m & 72 o7z, RMEMMEDIER (& &) 1. Shirahamaetal. (2016) D
ETOIER % /1/3—7"% MaspSS10S1 E 7 /M L W K< FFH & TEH Y . MaspSS10S1
X2 oOEBHARBE LZRKERETVESZ D,
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Fault displacement (m)

Futagawa Fault Displacement (MaspSS10S1)

Futagawa Fault Displacement (MaspSS1151)

sMGA1 SMGAZ § SMGA3 SMGA1 SMGAZ SMGA3
SL zone 1 SLzone 2 SL zone 1 SLzone 2

40 35 a0 25 20 15 10 5 0 45 40 35 30 25 20 15 10 5 0
Fault along strike (km) Fault along strike (km)

X 3-13 &5 /L MaspSS10S1 (/£) & MaspSS11S1 (f5) Z%f L CRF&E & /=4 |l Wz

BV OWrE AL & B & oS,
SMGA B Z AL MEI3oDT AT 4 DHEETH D,
NE & SW Tz 2 Wi oAb it L O 6 7 1M 2 1,
2ODEBHROET AL My FIEKIO THTRL TV D,

319 RBLBEETIVOBOEMHBES SaL—23 Y

LROERBMEET VOREICHLITDH 2 HRAORAT v 7Tk, EMFMIZEER
EEH (£5 /L MaspSS10) & 2 > EJEH (£5 /L MaspSS10S1) #4HE L7 2 DD
T T NV EZNENER LT, 3-14 12, TNH 2ODEFNALDINTG A —H
JENBETE, SEBLUDe 257, Zhd2O0DFFT /LOME—DEW L, EEH O SE
Thbd, VDT A—XIIFR—Th D, 3-151F. 2 DDEFILDOFER LV Bk
N E, OAREERR, BXOMEAEEHEEZ RL WD, PREEEBY, ¥ 3-12 BLWV
B 3-13 ([T RMEMKEE L WEEMZRE, TXTOMTFHERTING 2 5DFT L
IR E REWIT R0,

TRYBEICEHTL2INDE 2 2OFT VOFEMREEZ X 3-16 1277, ¥ 3-16 T
(X O LA H 20 km O BEEE GRIEH LISALET D) & 10 km (RJEH 2 ITA0E
T5) OREFNONAZLEEL TS, ZhbONMEL, K& CRKWEENM
BRELNLMETHL (K 3-13 25M) , K 3-16 TlE, 2 >OHEEETOEM T T
SR Lo gD & ERIERIC SE DS b RmEhTnd, ZhHD 2 D2DEFET
NDERENVTERER2ICZHY, T XD EORI FRFAIT/NIREBONDRALND,
T, EBREE 2 OMRIZIEFICREITNALLOTHY . ZOFEE B -H#HE TOR
BITPHE TIIARVWI 2R LTWS, 2L, £ 3-1ICRT LIS, T ALY F
4 TOFEETRY BEFFE—-THY, ¥—Fy NOEBFEHT AT 4 - ET VLI
HICRELS —HLTWAH I EMDbLERTE 5,
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Dynamic Input Parameters (MaspSS10) Dynamic Input Parameters (MaspSS10S1)

0 Initial stress drop [MPa] 0 Initial stress drop [MPa]
_ 15 — 15
13 £s
2 107 o 10
© T 10
2 2
5 5
2 215
0 0
40 30 20 10 40 30 20 10 0
Strength excess [MPa] Strength excess [MPa]
0 gt 20 0 s 20
__E' 5 15 g 5 15
2 a
T 10 10 T qp 10
()] o
& 5 & 5
< 15 = 15
0 0
40 30 20 10 40 30 20 10 0
Dc (m] Dc [m)
0 - - 6 0—— - : : 6
E 5 F 5
= =
o ¢ a 4
T 3 © 3
(=] [=)]
5 2 5 2
< 1 < 1
40 30 20 10 0 40 30 20 10 0
Along strike (km) Along strike (km)

X 3-14 2 ODKET ANV T 4 « TEF VOB HEWE L I 2L —a O 08 %
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MaspSS10S1 and MaspSS10 (Freq= 0-0.5 Hz)
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MaspSS10S1 and MaspSS10 (Freq= 0-0.5 Hz)
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MaspSS10S1 and MaspSS10 (Freq= 0-0.5 Hz)
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MaspSS10S1 and MaspSS10 (Freg= 0-0.5 Hz)
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Along dip (km)
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Final stress drop: model MaspSS10S1 [MPa]
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Profile at 10.0 km from NE of fault
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Profile at 19.0 km from NE of fault
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Along Dip (km)

Profile at 25.0 km from NE of fault
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Profile at 29.0 km from NE of fault
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3.24. FE®
KEHRTEET D3 DORAT v I K D7 FNEZ &EHIZ, 2016 FAEARHIE 2D
WTARE LTS ERNGE Lz 3 RICHRE T VOREEITV., 3.1 EEOFfiE
wﬁ%f%5%ﬁﬁﬁﬁﬁmﬁu Y AN T — 8 & LT R E O & i L
o FRFTIZWTEE 226 b L o FRAEMSAE S OHEKAE FEM ICEVEIRL, LT
Hﬁﬂﬂﬂ ? FEM (2~ fEIkZ DEM I X W EFRE LT,

FEM T EfEic =, PL TR CHEERBINT-AERET A 2T a1
FNEZTET L, HEMEO 2 TEAWRMEZ T A —2 L LI — AR T
4w FE Uiz, R ELTAEBIONT X=X Z2ET 0 OFTEEAWNRIEELZ Z 2 L
WCELESE-r—RZOWT LU FREROBEOETICE WM EZ R LT, —F
T, PLUFRHAEME TORER T A > TIEAMTROEIE L 2> TWVWDHDITH L,
FRHTRER T iZE#ﬁ?f%LO)ﬁHF]%Bi:L,ft:: Ens ., AEIO LYy TFREMIO AT
AEBT A7, Efi L7 BRI XS > X OMIC 5SLIER NI L 2 v | Bk
E@%Eﬁl%gl® IMESHICEDT = 2EBML TV BERHDLLEEZD,

ZE L LT, #HEOLNIZ LV HLORF N IThiL T\, #H(2019)TiE, W
JEIZ B W THIE N H A L7 BR D JELNZ 5346 3 2 Wi g D 2L & HEE T 5 72 3 D i fif
FrREFBEREL, EMBBLOEIKNBEZ EF AL EME~DOBEHERLTND, +
DOHDOELDEH)E LT EMBOTNEMIMEZBBT LI LNARETHD Z L,
B g DR REMZ FRT 252 ENE LW & BIETE CREWEMAREAT D ER
WZOWTIEHBGRRFALE 2 Z L 2RH L TRBY, EEMICEAFTETOERTHD
AEFRFOBIFE R A2 HH T 5 X O 7ok B(stepl,step2)iZF 5N TV D L DD £E DK
EfEFT O THEIO ML FREMAEZHRTOIBERBITS WERELE TS &
LWz D,

IRk A kPG & LTs FEM AT TR LN b L U FRAEMAGTGE OB E AT L L
T, BRIk A PG & U Tl BB RIEMRAT 21T o 7o KREESCARERG AL OB Y T
BN TETHY, HBNICAEL B C 2B CE D REERS S, UL
PR S AN CIEE T ABERIC AT SNEBMR/NS WD, I E O MEDRE
MNOEBERAEGEHOREEZRZ D Z EIFHETW Ry, B, Tt T LV TIHMEE
DRGSR, BEHOZE R ENARETHY . ML FRERLT TIIEDL
NRWAREZSED ECHE CTHY , HBENICRRAD AT 2B OSSO B2 Sk
RAMFRETHDLEBEZDLND,
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8)

9)

Andrews, D.J (1976). Rupture velocity of plane-strain shear cracks, J. Geophys. Res., 81,
5679-5687.

Andrews, D. J. (1980), A stochastic fault model: 1. Static case, J. Geophys. Res.,85,
3867-3877.

Aoi, S., Kunugi, T., Nakamura, H., and Fujiwara, H. (2011) Deployment of new strong
motion seismographs of K-NET and KiK-net. In: Akkar, S., Gilkan, P., and van Eck, T.
(eds) Earthquake data in engineering seismology. Geotechnical, geological, and
earthquake engineering, vol 14. Springer, Dordrecht, pp 167-186

Dalguer, L.A., H. Wu, Y. Matsumoto, K. Irikura, T. Takahama and M. Tonagi (2019),
Development of dynamic asperity models to predict surface fault displacement caused by
earthquakes. Pure Appl. Geophys (PAGEOPH). DOI: 10.1007/s00024-019-02255-8.
Dalguer, L.A. (2018), Surface Rupture Simulations and Physics-based Ground Motion
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Nishimae, Y. (2004), Observation of seismic intensity and strong ground motion by Japan
Meteorological Agency and local governments in Japan. J Jpn Assoc Earthq Eng 4(3):75-
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Okada, Y., Kasahara, K., Hori, S., Obara, K., Sekiguchi, S., Fujiwara, H., and Yamamoto,
A. (2004), Recent progress of seismic observation networks in Japan Hi-net, F-net, K-
NET and KiK-net. Earth Planets Space 56: xv—xxviii. doi:10.1186/ BF03353076

Ripperger, J., and P.M. Mai (2004), Fast computation of static stress changes on 2D faults
from final slip distributions, Geophys. Res. Lett., Vol. 31, No. 18, L18610
10.1029/2004GL020594.

Shirahama, Y., M. Yoshimi, Y. Awata, T. Maruyama, T. Azuma, Y. Miyashita, H. Mori,
K. Imanishi, N. Takeda, T. Ochi, M. Otsubo, D. Asahina and A. Miyakawa (2016),
Characteristics of the surface ruptures associated with the 2016 Kumamoto earthquake
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4. FERARAY M E K LA IR 9 SRt

e R am W J@ 226~ W — RS (PFDHA) 1X. Youngsetal. (2003) (2 Xk 0 = DA R &
Nz, FeRimrWr g2 Y — R (PFDHA) (3Rl 228 W@ (principal fault) 7>El
WrE (distributed fault) 2> Ci#i 3 2 i3 272 %, Petersen etal. (2011) & K AviX EWiE
DG, EWEENDY b 2 EN EDy & 8 2 D HEHE v(D = Dy) 1E(4-1):\THREND,

u(D 2 D,) = aP(sr # 0lm) [ P (D = Do|%,m) fu(r)dr (4-1)
ZZTC.:~vZ=Fa—F m OMEOFHKRBRBOTE, f () WEMAEOIXS D&, P(sr #
Om): v~/ =F=2—FK m OHMECHEHEHENSHIAT MR, PD 2D0|§\ m) : T
LD x/l (BT DLEBEN D BB DHME D, iz 550N wETHDH, EHE LT
OfE x [TEMENEE | CESRMLEEIAHVLNS,

FWE N O - HRIC BT 2RI OSE. RINEEN d BN DEME dy ZHlx
LR v(d = dy) IR TEREND,

v(d = dp) = aP(sr # 0jm) [. P(d # Olr, m)P(d = dylr, m, d # 0)fp(r)dr (4-2)

ZIZTPA#0|r, m):~7=Fa2—F m OMBIZLZ2E8IWEEAN d 2 0 LITH D5
&R, P(d=dylr, m, d #0) : BIBTEEN d BN DE dy 2z DR EHERTH
%, BEHEHLASBIOMN L F A b OFEMIZERE S BN TRAET BN OMR
WM FEEZEA T L0 T, 42)RE PR 5, WEEORIFEIZ SV T
PFDHA OBETFET AN RVIREETH o 7223, 2 O L 5 72kl 2 8 7 Cabfi 7 g o Bl T g o3 A
W2 B39 % M FE R4 ( Boncio et al., 2018 ) <> PFDHA fi##7 1 ( Nurminen, 2018 ) 73T
FEHEINRTWD,

2 ETHEL TS ML U FillAMSITRAINE & B bh 5 R R DR D b @ET T
FEhi L7z, 2016 AEREARHE OWE I IR L Ch A8, BIThMiE s Exond 2 &b,
#HT %5 PFDHA kb nlrfE omIbiE 2 x5 & Lot & 70 5, &R E o
PFDHA #p A S TV 2 OILIEWE R O Youngs et al. (2003) . 3 7Ll & % O
Petersenetal. (2011) . EWNMEZ R L LioE 2 - 1(2013,2014) & @EEEFE ( [Fk
25 EFEWTRE AN N — REEETFE 0BG (1B Oh) B R 2. 30 71 8
J7) 1. T3ERR 26 4R B 7 T MR SE B Sk R S Zeat e (I 28 (67 S OV Jig A 3/ 5 i 725 8 o>
FEAMFE OMES) FE) L TRk 29 4R B ) R SR B SR IR S ARty (W A AL REAn
EORE) FH) ) . TR 30 FE R sk %0 KRS L5t s (Mg 2 A eItk 2
AR OHE) ) ISR TE 5, RRIC L 2EWEMGTT 5 729DIC, Petersen et al. (2011)
BLOEE-f1(2013,2014) #H & L CRIKTE O N — R 2 FE i L7-, S bICFEE:.
fit (2013) I L 24D 5 B RN E AN HEF L ORI =R %Z 2016 FREAHE O
BINTF — % THEH LZET /L TONY— RIS 35 L 7=,

Z Z ClX, Petersenetal.(2011) ZFEAK L L7 PFDHA %7 0 — U TRMIEET L, &
JE - f1(2013,2014) ZFA L L7z PFDHA ZENHEET L E LT, N — NI IC L
R & (4-2) Ui - TRHAT 5,

P(sr £ 0lm)IZ >V Tix, KOKXTHZX LD,
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P= (4-3)

1+e?
z [ DWW T,
z=—12.51+ 2.053 Mw (4-4)
z=-32.03 4+ 490 Mw (4-5)

(4-4):7% Petersenetal. (2011) (IC &k 2 7 v — RS UMIEE, (4-5) U3 E 2 - i (2013) (2
FBENEEZRRE Liz@-3) kBT bzE 725,

P(d # 0|r, m)IZB3 L TIL, Petersenetal. (2011) TIFLL FOXTEH Z b5,

In(P) = a(z) In(r) + b(2) (
4-6)

r X EWE 2O OEEE (m) | a(z) . b(z) FIEF VA XDIS U7 (£ 4-1) ThH

¢ (o

# 4-1(4-6)NDfR¥—% ( Petersenetal., 2011 )

A R a(z) b(z) T R 72
(m?)
25X 25 -1.1470 2.1046 1.2508
50X 50 -0.9000 0.9866 1.1470
100X 100 -1.0114 2.5572 1.0917
150 X 150 -1.0934 3.5526 1.0188
200X 200 -1.1538 4.2342 1.0177

ENHETT VAR E LGSR - #1(2013) TIrXEImTE 27 H BLHE=R 13 Youngs et al. (2003)
Wbl FOXTE L LMD,

o
- 1+ e?

= —3.839 + (—3.866 + 0.350Mw)In(r + 0.200) 4-7)

ZZTr iXENESS OB (m) THD,

B8 - fth(2014) TIX Petersenetal. (2011) O X DT 1A XTI Z BB L 7-/ER, Mw
DEET Bl L7+ HEOEBIZH AR T/AE N EnD, Mw OEHERWTLLTDO X 9
IZRFT LTV 5,
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eZ

p=
1+e”
zZ = Cl + Czln(r + C3) (4'8)

ZTr i ZEWENSOERE (km) | C . G . G I TH A XD UK (R 4-2)
Thod,

F 42 (4-8)RDOEH—E ( &2 - i, 2014 )

ALY A X (Mm?) C, C, Cy
50X 50 -6.988 -1.410 0.2

100X 100 -6.135 -1.427 0.2

250X 250 -4.903 -1.459 0.2

500 X500 -3.859 -1.299 0.2

P(d = dy|r, m, d = 02OV, BIWEENEHBENEL VRO LN, BIFE AN
HER RS BT O KN (MD) & LI EBENL (AD) TEHfbIhTWwWb iz, L
T BMEEfMEZEZ ARBREDa LR a—a URKEELRD,

h(d) = f;" £ (5) 900 =

x 1 EEKRZEAM (MD) b L <UFEHZENAL (AD) | f(d/x). g(x) 1XZFEru, B EZ A
WEXOMREEBAK OB, HAEMS LT EHEME 5 2 5 NOMRE KT,
IOV TIEHEERBITIZU ToOXZH V5,

exp {_(ln adm “)2} (4-10)

202

1
g(x) _\/ﬁox
fElR. P(d =dglr, m, d # 0)IX(4-9)XNDRFEEEEEHDZEHONTRO LI ITRDLND,

P(d > dolr,m,d # 0) = 1 — H(d) (4-11)
B 7 8 25 A7 R BER = 2 S U T, Petersen et al. (2011) TiE

In(s>) = —0.1826In(r) — 1.5471 (¢ = 1.1388) (4-12)

ZZTr ixERE»S OB (m) THDH, (4-12)RX0T EWrE O AN (AD) TRIKE 2
P& EHAL Lo 7 — ZICk 3 2 ERRC. ric BT 2 EBME X7 @il g 25070 o H Je il 53 15
bhvd, R EFHAET DEOMENAM & LI EER MM ((4-10)2) Z#HA L, pu=
d/AD: L. LiLdDe ZH\W 5,

&8 - fL(2013) TIX EWTIE O i REAL (MD) TR E 27 2 R ook L 727 — Z 12 90%3F
B LS Z RO TR, LTOXRELATWD,
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= = 0.55¢7017" (4-13)

ZZTCr XEME» L Ol (km) TH D, fEFRSMAE LI~ %Z@EH L, Youngs
etal. (2003) & FAIfEICa =25 Z{E L7z ET4-13)=iz X 2 a7 0% 90%IE# i L~ v & 7
% XD WIS U ThOEAERE L TV D,

Petersenetal. (2011) DAL (AD) | & - fil (2013) D KRZAL (MD) 1ZROXTH
2 HD,

log(AD) = —6.32 + 0.90Mw (o = 0.28) (4-14)
log(MD) = —5.16 + 0.82Mw (o = 0.42) (4-15)

@-9)RDFHEICHBVTIE, @-10)RICBIT Du &(@4-14)K b L IE@-15)RTH 2, alcix®
NENORDOERERAZZ 5 X CHEEZITO .

41 EThEORIBEMHBERDEH

BT 50 B R 2 2R O 5 7o DI, G 72 R R E MRS LETH 5, BF
EETICEBLEMTAMET — 2%y b5 b, BIKEEN R OB V7=
BAFR 4-3 1777, 1930 FALF T HIES 2000 FEERTEEHE L RIS 26 H
RICHN TR0V O X, Wb EIEE AL O SIEHRIEH 22, G 8IWE b L — 2035
HEIZR, EWTE & O IEME 2R BEREIEEE S SR D S WE OB TR LT-, £72. @EIC
WELTEMEOLES, BENNISEEELZ LN b IEROFRETLTLLE
TORIWBEMBHARILNTND LIRS0, LA LARRL, I TRl e 2 fHa F
% (B2 1%, INSAR OfitZE L — % —72 &) OFMARIERIC L0 BIEEO X o e Mo 722
N EANZHIRERTRE L Ip o 7o, 2D | [HFHMDEH A RER i WHIRIC T, EFI0H
ALTEHEIZOW T, BHRESKEEICEMNT 2 Z LRSS, FEORE TR X
LTV D LC-INSAR HZ ) W o e Hifid—>Th b, £ 2T, 2016 FREAHEIZE L TiX,
SCER RN RAE B ZE B R« SRR TN K F2(2017) 12 X 2 & RS, LC-InSAR % A\
TR SN2 /MR - #1(2017) OFFE®R S AV 7=,

* 4-3 BIEZEMHBRROMRGTHCIHW T —#

= BRLI-T—4
1891 i 2 HUE
1925 AR H R
1927 b FH14 H R [ [« £ FH(1997)
1930 ALt G R
1943 47 5 U= < H - [if] H(2002)
1959 7 i R4 I U=
1974 G EE B I HUE A H - [(LF(1974)
1978 - 5K & i i R H L - HEF(1978)
1995 4 St Jii Uk g 350 4 AR TEH - K¥(1998)
2000 4 55 Hi U2 75 5 i 5=
2016 FREAHIE SCER R B WFFEB S8R+ BN RSB AU KR 52 (2017) - /MR - il (2017)
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GIS (Geographic Information System) TCHEIKrfET — & WELZAT 5 7=, HIKA A —TF —
ZIZKLTOAY 77 Lo AR AT, LW - I8 I X5 L, b L— A2 %1T 9, Youngs
et al. (2003) <° Petersen et al. (2011) THRRXHATWD K 91T, EWiE X i aYEFe 23 B
<L EffEbREL, BEWEE LRMMTHLI0ICx LT, BIWEITELS ., ZUEad /&
<\ FRICEFEBESCAB MM IER ERMN TRV L —XTh 5, B Lo iR HENE S
FENEEBEICEWE - BIFEICK Sy LR E2 U FICRT (K 41-1 005K 4.1-6)

N
3]
W- E — ElEE

0 3000 6000 m

4.1-1 1927 “FJb P E (M H - #AH, 1997)
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— EHE

-

0 1000 2000 m
| e =

4.1-2 1943 S HuME (&M - [ H, 2002)

4.1-3 1974 FFEEEHE (AE - [WF, 1974)
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X 4.1-4 1978 FFE RKEIMEHE (JER - HEF, 1978)

6000 m

4.1-5 1995 4E L LRI R HIE (SEH - K%, 1998)
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N
g EWE
W= A% — BiE
14 g EIMTE (LC-InSAR)
$ Z0ft
e Fe L
~y fod
P
.‘--"‘_
“"
/
0 6000 12000 m
—

4.1-6 2016 FREAMIEE (CUHAH A MBI R « ET RKFE ANV KRS, 2017 ; /b
5% - fth, 2017)

BTSN B E =R 2 sk B 125 7= v . Petersen et al. (2011) <°E 2 - #1(2013) Tix. 1
ARG EH o RE OBV L, BIBENGENLELE, £ 5 TROEAMICDITT
WS OEREA K 25, Petersen et al. (2011) TIXEWIE S O IEEE Z & (CREIKTE 2 &
FNHELDOES (RBEOEENTWHIEAEE R LK TED) 2Rk, Bohi-E8ds
DA x L TR CRIFZ1T> TW5, @2 - filt (2014) TIIHE 71 XIKFEEE S
BL, BHELZEALDT—X > b (25m, 50m, 250m, 500m /1) (2% LT, FHiEH»
DOWMALERE Lica P AT 4 v 7 I L 0 HBEEZ RO TWVD,

Z Tk, BRI A 500m B VI KAy LEIRE NG D LA KD, Petersenetal.
(2011) BLOEE - h(2014) THWHN TV D ZNENO FIETHEIFEZIT 72, 2016 45
AHIFE TIE LC-InSAR ( /MR« f1,2017 ) IC X > CHOLNERIMESfEZ M7 —% &>
e, 74—V FBHIOARICE DT —F 8y NI T TENENRRZIT-oT2, &2 - fill
(2014) I XD w VAT 4 v IV T TR LN HBIERZ DL IR,

z

p__©
T 14 e?

z=—3.825—0.975In(r + 0.100) (4-16)

z=—2.629 — 0.5541In(r + 0.100) (4-17)

4-16)=, @-1nRixEhENT7 4 — IV RT—FX DI L LC-InNSAR T — X ZMx I-F5RTH
o ZIZT, riXEMEL S OERE (km) Th D, 2k, (4-16): R(4-17)XU2B W\ T, (4-8)
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KDC; IZB LT, GEEMLIEEHAEIC AIC (RthfEHERYE) (3P4 2 —F, L LTC,D
FEWERR 2 TN T 2572, AIC CREWERZDANT U ANRRWC=01 ML, @& - it
(2014) TiEC; =02 #EHAL TV 5,

1T Petersen et al. (2011) (2 L 5 HIETH LN HBIERZ LI TIZRT,

In(P) = —2.271 — 0.399 In(r) (4-18)

In(P) = —1.689 — 0.220 In(r) (4-19)

(4-18)=L. @19zt 7 4 —/V KT —Z DI L LC-INSAR T — X ZMA-FRTH
Do TIT, riIEWELLOEE (m) THD, BoN-HEAEREX 4.1-7 1277,

1.000 -
E
4y}
o]
o
| -
Q 0.010-
® L ]
[ ] [ ]
0.001 4 . .
0 2000 4000 6000

Distance (m)

4.1-7 BTN B R, HFHIXT 4 —V FF — X2 X DRI E AN HBLE A, RALE
2016 FREAHMIZE D LC-INSAR N 2 7= Gl g S (HEBEI & 23, & 56 - FRIL 7 «
— )V RF—XIZx+ 5 EE - fth (2014) 55X - Petersen et al. (2011) J7 31T X 5 o] )75 &=
((4-16)XB L VY (4-18)x) . FRIFEM « FAHRIT LC-InSAR 72 5 NIZ 7 4 — /v KT —HZ|ZxtF
B -l (2014) 53X - Petersenetal. (2011) 512 X B [BURASE R ((4-17)2k L 0 (4-19)=0)
Th b,

Petersen et al. (2011) J73C K 2 BUBAE SR O 5 A%, Wi U005 C 2 B R 23 L,
FEWE L VBN ZATIEOEVHELARL< 2D, &R - (2014) U L 2 B F
L0 LEIBBEMNNLRORE L5 TS, LC-INSAR IZ L D REIMEERZINZ 7215 0B
L% 10 fER & ZemIlrfE 280 N B R 2 R TR & 72 o7, AIC (RULIEH EHLUE) LMl
fEROEWER R E2SEIC, T — FRMAT TlE@4-16)x % L <1 (@-17)Xx H\W 5,
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42 BT hBORBBEAEMBEXOES

WEEE CICEHE L CEENBT BT OBINEENT — X2, EAMED L T
AR E ) CINEE - E SN ZRITEOT —% (X 42-140@) 22 TCTF—4tEvy +D
W EIT oI,

FL o 0.5 1 156 2km

'3

@ wHkLyE  EEEM \%
0 EWETMEEny ©® IHE (HEEEET) Pl
o BE

—— W
Bl
EIBFE (LC-INSAR) s ”

- -.—-\..a-. ® =,

-® L ~ =
-~ - - - $, -
=F -\..a-u * 2o A P i \tﬁ““. P24 e
- . *_9

4.2-1 PN kL FEL O T — 2 Bl g 0L oA, @ILBHN b L > FJE TS S v
1] o Je

I T e 25 7 HE BE B D o e R0 A & L CIdE & - (2013) Tik 4 v~ 43 Aii. Petersen et
al. (2011) TIIREERSH R AN TWD, T4, &AIkE O FEEER = 22 1% Chen and
Petersen (2019) (2 X v —IEIEH % (two-term exponential) NHEFT—2 LO#EEGEENE
WEDIERLH D Z LD PERD AN BIENS IR EBAE S I A TR T 227 B R R
KOMRF 21T o7, THRL 29 42 B o faar e85 St SR 2t (g 2 AL RFAT IS £R 5 %0
ROfE) H¥) TEMELZRIKET — 2o LTE bR ER 2 L TIORT,

Fiy) = m b ef()*'dt
a =2.5,b = 22EPEI00N yy — 4/MD (4-20)
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Appendix 1

Appendix-1  Surface Rupture Simulations and Physics-based Ground Motion Simulations



The report of NRA project “Surface Rupture Simulations and Physics-based Ground Motion
Simulations”

Summary
This is a report of the development of dynamic rupture simulations for the 2016 Mw 7.0 Kumamoto

(Japan) earthquake. This earthquake that broke the free-surface was dominated by a right lateral strike
slip and ruptured two segments, the northern part of the Hinagu fault and the Futagawa fault. These
two segments have different dip and strike angles, making the fault system geometrically complex.
In this project we assume a simplified planar fault characterized with asperity patches. The fault
geometry and the asperities are based on the kinematic asperity source model developed by the KKE
group. The fault dimensions are assumed to have a length of 44km and a width of 19km. Dip angle
is 65°, a strike angle of 236° and rake angle of 210° .The kinematic fault model proposed by the KKE
group is composed of three asperities named as SMGAL, SMGA2 and SMGA3 with average slip
3.2m, 3.2m, and 4.2m, respectively. Where SMGA is the strong motion generation area at the
seismogenic zone. We have developed a suite of dynamic rupture models for this characterized
kinematic asperity source model. The general procedure follows the method proposed by Dalguer et
al. (2019). This method basically consists in two steps.

In the first step, a fault that does not break the free-surface is assumed and a trial and errors procedure
is followed to estimate stress drop in the asperities, so that the average slip at each asperity be
consistent with the ones from kinematic model and near source ground motion far from the surface
rupture be consistent with observation. In addition, the back ground stress drop is assumed zero and
strength excess as well as critical slip distance are calibrated so that rupture propagation and speed
be reasonable. A total of 10 models without surface rupture and partially breaking the shallow layer
zone have been generated in this first step. The final stress drop estimations are 17.3MPa, 7.0MPa
and 10.9MPa, respectively for SMGAL, SMGA2 and SMGA3.

In the second step, the stress drop estimated in the first step is used to model a rupture that break the
free-surface. In this step, the shallow layer (SL) zone of 3km depth that breaks the free-surface is
parameterized with zero stress drop. Strength excess and critical slip distance in the SL zone are
estimated by trial and errors so that the simulated fault displacement be consistent with observations.
A total of 14 models has been developed. The first 12 models have an assumption of one SL zone
characteristic along strike, so only variation with depth has been permitted in the calibration of the
strength excess and critical slip distance. This assumption generates surface rupture extension and
fault displacement amplitudes inconsistent with the observations. The preferred models with this
assumption are named MaspSS10 and MaspSS11. These two models are used to develop new models
(MaspSS10S1 and MaspSS11S1) assuming a second SL zone, then the fault is subdivided in two SL
zones, one at the SW and another at the NE of the fault segment. The assumption of two SL zones
along strike generates consistent results with observations in term of surface rupture extension and
fault displacement amplitude along the strike. The preferred model is MaspSS10S1.

Within the framework of the dynamic asperity model based on the kinematic asperity models, the
main conclusions are as follow:

1) In general, buried and surface rupture models can equally fit the observed near-source ground
motion. It implies that a surface rupture model is not necessary to fit the observed ground motion

2) The permanent displacement at the very near-source stations can be simulated with rupture that
penetrates the SL zone, but not necessarily with surface rupturing. It implies that the slip amplitude
in the SL zone has a significant contribution to the permanent displacement near the source.

3) Within the dynamic parameterization consistent with the kinematic asperity model, a dynamic
rupture model with surface rupture generates permanent displacement at the recorded very near-
source stations slightly larger than observations.

4) The surface rupture extension and fault displacement amplitudes are controlled by the shallow
asperities (SMGAS), but it can be tuned with the dynamic parameterization at the SL zone.



1. Introduction

The 2016 Mw 7.0 Kumamoto, Japan, earthquake ruptured the earth surface along 34 km of the main
fault, as reported by Shirahama et al. (2016). Strong ground motion of this event has been recorded
by near-source stations from K-NET, KiK-net, and F-net operated by NIED (Okada et al., 2004; Aoi
et al., 2011), and by stations from the JMA seismic intensity observation network (Nishimae, 2004).
This includes very near source ground motion stations at distance less than 1.0km from the surface
rupture. Field investigation carried out by Shirahama et al. (2016) on the day of the mainshock to
map coseismic ruptures and measure their displacements indicates that surface ruptures appeared
along the eastern part of the Futagawa fault zone and the northernmost part of the Hinagu fault zone,
suggesting that this earthquake ruptured these two fault systems with fault displacement up to around
2.0m at Futagawa fault. Figure 1 shows the location of the surface rupture as well as the measurements
of the fault displacements for horizontal (Figure 1a) and vertical (Figure 1b) components reported by
Shirahama et al. (2016). The main objective of this project is to develop dynamic asperity rupture
models based in the kinematic asperity model developed by the KKE group, so that the synthetic
near-source ground motion, permanent displacement and fault displacement be consistent with
observations.
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Figure 1. Detail fault trace map of surface rupture (red line) and measured fault displacement for horizontal
(a) and vertical (b) component. Dashed yellow line at the bottom of (a) is the estimated total fault displacement
(After Shirahama et al., 2016).
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Dynamic rupture model parameterization

We develop a simplified dynamic rupture model in a planar fault with dip angle of 65°, a strike angle
of 236° and rake angle of 210°. Slip weakening friction in the form given by Andrews (1976) is used
as constitutive model for dynamic rupture simulation. The parameterization of the stress parameters
is based on a kinematic asperity model developed by the KKE group (Figure 2). As shown in Figure
2, the fault dimensions are assumed to have a length of 44km and a width of 19km. The kinematic
fault model is composed of three asperities named as SMGA1, SMGA2 and SMGA3 with average
slip 3.2m, 3.2m, and 4.2m, respectively. Where SMGA is the strong motion generation area at the
seismogenic zone (Figure 2). In addition, the kinematic model also considers two patches of long
period ground motion generation area (LMGA2 and LMGAB3).

The 1D velocity model corresponding to the very near/fault station 93048 (Nishihara) is used.
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Figure 2. Kinematic asperity model developed by KKE group. (top) Map that shows the fault and
stations location. (bottom) Asperity fault model

First step: Models without surface rupture

The first step of the dynamic rupture calculation is to find a model consistent with the kinematic
asperity model without surface rupture. The initial stress drop distribution is computed given the
distribution of static slip from the kinematic model. For this purpose, we use the approach from
Andrews (1980) and expanded by Ripperger and Mai (2004). This method follows the concept of a
static stiffness function that involves a 2D-Fourier Transform of the slip on the fault. After calculating
the initial stress drop distribution, a trial and error procedure is followed to estimate the stress drop at
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each asperity, so that the average slip at each asperity be approximately consistent with the ones from
kinematic model. This initial calculation before starting the dynamic rupture simulations gives results
of stress drops 13.0 MPa, 11.0 MPa and 12.0MPa, respectively for SMGA1, SMGA2 and SMGA3.
A critical slip distance (Dc) of 0.2m is used as a first trial. In this first step a total of 10 models,
denoted as MaspBs have been generated. The trial and error calculation for the stress drop stops in
model B5 because at this point good fitting with the slip from the kinematic asperity model is obtained.
Final stress drops of 17.3MPa, 7.0MPa and 10.9MPa, respectively for SMGA1, SMGA2 and SMGA3
have been obtained.

The shallow layer (SL) zone in this step is not calibrated, instead this zone is parameterized in order
to inhibit surface rupture. So, the SL parameterization in all the B models have artificially large
strength excess (SE). The Dc is depth dependent varying from 2m in the free-surface to a Dc of the
seismogenic zone. At this point, Dc in the SL zone for the B models is just arbitrary, as a first trial
for the second step. Up to model B6, a penetration to the SL zone has been allowed by setting SE
depth dependent with values of 14MPa at the free-surface changing linearly to the values of the
seismogenic zone. Figure 3 shows the stress parameters input (left column) for model B5. This B5
model results in average slips of 3.2m, 3.2m and 4.1m respectively for each asperity (Table 1)
consistent with the kinematic asperity model. This B5 model that penetrates the SL zone without
surface rupturing generates some local supershear rupture speed (see Figure 4), overestimates very
near-source ground motion and generates larger peak velocity ground motion at short period. In order
to reduce these features, new models (starting from B6) with critical slip distance of 0.4m, models
forcing to not penetrate into the shallow zone and models with reduction of the nucleation size have
been developed. In Models B7 to B10 the nucleation size is tested while inhibiting rupture in the SL
zone. The SL zone in a width of 2km is inhibited to rupture by setting very large SE of 20MPa. Since
the seismogenic zone is already well calibrated, the nucleation size is tested to minimize it. As smaller
the nucleation size as better to avoid the effect of strong initial rupture that is somehow artificial.
Table 2 summarizes the parameterization staring from model B5. Figure 3 shows the stress parameters
input for some representative models (B5, B6 and B10). And figure 4 shows the final slip, rupture
time and rupture speed of these representative models (B5, B6 and B10) that do not break the free-
surface.

The new adjustments after model B5 results in slight reduction of the average slip on the asperities
as shown in Table 1. The final parameterization at the seismogenic zone obtained in this first step is
shown in Table 3.



Table 1. Average slip (m) on asperities for representative models with stress drop on the asperities 17.3Mpa,
7.0MPa and 10.9Mpa, respectively for SMGA1, SMGA2 and SMGAS.

Model SMGA1 SMGA?2 SMGA3 Magnitude (Mw)
B5 3.2 3.2 4.1 7.09
B6 3.1 3.0 3.8 7.05
B10 3.0 2.5 3.4 7.00
SS10S1 3.2 3.2 4.0 7.08
SS10 3.2 3.2 4.0 7.08

Table 2. Parameterization of Dc and nucleation size at the seismogenic zone and Dc, Strength Excess in the
SL zone after model B5

Model Seismogenic SL zone Comments
Nucleation | Dc (m) Dc (m) SE (MPa)
(km)

B5 1.6 0.2 Depth dependent | 14MPa at free surface | Allowed to penetrate
B6 1.6 Dc=2.0 at free SL zone

B7 1.6 surface to the Dc | 20MPa -No penetration to SL.
B8 1.0 0.4 | of the seismogenic | In a width of 2km -Testing  nucleation
B9 06 zone size to minimize it
B10 0.8 Optimum value 0.8km
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Figure 3. Representative dynamic stress parameters for dynamic rupture simulation of asperity
models (from left to right B5, B6 and B10) that do not break the free surface. From top to bottom
stress drop, strength excess and critical slip distance.
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Figure 4. Representative dynamic rupture solutions of asperity models that do not break the free
surface represented from top to bottom by the final slip, rupture time and rupture speed. (left) Model
B5 with critical slip distance Dc=0.2m penetrating the shallow layer zone. (middle) Model B6 with
critical slip distance Dc=0.4m penetrating the shallow layer zone. (right) Model B10 with critical slip
distance Dc=0.4m without penetrating the shallow layer zone and smaller nucleation size.



Table 3. Final values of dynamic parameters at the seismogenic zone developed in the first step for models
without surface rupture with nucleation radius of 0.8km

SMGA1 | SMGA?2 | SMGA3 | Background | Background | Nucleation
of SMGA1
Dc (m) 0.4 0.4 0.4 0.4 0.4 0.4
Strength excess (MPa) 8.0 5.0 8.0 14.0 8.0 -0.87
Stress drop (MPa) 17.3 7.0 10.9 0.0 0.0 17.3

Near-source ground motion of models without surface rupture

The near source ground motion generated by models without surface rupture (model B5 that
penetrates the SL zone and B10 that do not penetrate the SL zone) are compared with observations in
Figures 5-10. The model B5 that penetrates the SL zone is consistent with the very near-source
stations KMMH16, 93051, KMMO05, 93048, 93011 (Figures 5-9) in term of ground motion and
permanent displacement. These results suggest that in order to fit ground motion data at the near-
source station, surface rupturing models are not necessary, but need rupture penetrating the SL zone.
In a station far from the source (OITH11 shown in Figure 10) the two models show good fitting with
the observed data, being better for the B10 model, suggesting that the far ground motions are not
sensitive to the surface rupture neither to the rupture penetrating the SL zone.

These results suggest that the SL zone need to be further calibrated, so that the surface rupture be
consistent with the observed fault displacement as well as with the very near-source stations. Task
has been done in the second step.
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Figure 5. Three components of velocity and displacement ground motion from models B5 and B10
compared with observed records at Station KMMH16.



MaspB5 and MaspB10 (Freq= 0-0.5 Hz)
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Figure 6. Three components of velocity and displacement ground motion from models B5, and B10
compared with observed records at Station 93051.
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compared with observed records at Station OITH11.

Second step: Models with surface rupture

In this second step, the SL zone parameterization is calibrated, while keeping the same dynamic
parameterization at the seismogenic zone obtained in the step 1 (Table 3), so that surface rupture be
approximately consistent with observed fault displacement reported by Shirahama et al. (2016) shown
in Figure 1.The goal of this second step is to find an appropriate model that closely reproduce the
observed fault displacement. As stated in the first step, the fitting to observed near source ground
motion is already reasonable good with the parameterization of the seismogenic zone and with rupture
penetrating the SL zone.

For the calibration of the SL zone, it is first assumed that the dynamic parameters in this zone are
homogeneous along strike and vary only with depth. Then a two SL zones along strike has been
defined. In order to evaluate the influence of the asperities, the long motion generation area (LMGA)
patches defined by the kinematic asperity model (Figure 2) are not used as constraints to define the
SL zone. With the same purpose to evaluate effect of the asperities, the strength excess in the back-
ground of the seismogenic zone obtained in the first step (see Table 3) has been re-adjusted to have
an homogeneous background along the whole seismogenic zone of the planar fault. After some
calibration, the value of 10MPa has been obtained.

Homogeneous SL zone (one SL zone)

A total of 12 models have been developed assuming a homogeneous SL zone along strike. We started
varying the critical slip distance and strength excess with linear depth dependent and non-depth
dependent while keeping a stress drop equal to zero. We found that larger Dc (from 5m to 6m) are
needed to produce reasonable fault displacement and slip amplitude in the SL zone. The preferred
models with homogeneous SL zone assumption are MaspSS10 and MaspSS11. These two models
equally predict the same near-source ground motion and permanent displacement, but main
differences are in the fault displacement. Figure 11 shows the comparison of fault displacement for
these two models with observations. The quantitative analysis of these two models is as follow: the
misfit of maximum total fault displacement compared to the estimated value of Shirahama et al.
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(2016) is 0.2m of MaspSS10 and 0.4m for MaspSS11; misfit of maximum horizontal fault
displacement is =0.04m for MaspSS10 and 0.6m for MaspSS11; misfit of maximum vertical fault
displacement is 0.19m for MaspSS10 and 0.08m for MaspSS11; extension (length) of surface rupture
is better reproduced by MaspSS10 model. From this quantitative analysis, MaspSS10 is the best
model assuming homogeneous SL zone. Table 4 shows the dynamic parameters for these two models.
Notice that the only difference between these two models is the SE in the free surface, 1.2MPa for
MaspSS10 and 1.5MPa for MaspSS11. These small differences in SE produce large differences in
the final fault displacement, suggesting that small changes in the SE are very sensitive to the extension
and amplitude of fault displacement.

As shown in Figure 11, at the NE site of the fault the models generate surface rupture extension and
fault displacement amplitudes inconsistent with the observations. This issue is expected to be
addressed assuming a second SL zone in the NE site of the fault.

Table 4: Dynamic parameters in the SL zone of best two models assuming homogeneous SL zone.

Model MaspSS10 MaspSS11
Free-surface Deep SL zone Free-surface Deep SL zone
Dc (m) 6.0 5.0 6.0 5.0
Strength excess (MPa) 1.2 4.0 15 4.0
Stress drop (MPa) 0.0 0.0 0.0 0.0

Fault Displ (M Futagawa Fault Displacement (MaspSS11)

ated total sip(Shirahama et al.2016) Estimated total slip(Shirahama et al,2016)

v
—— Normal(Synthetic)

o

Fault displacement (m)

SMGA3 SMGA1 SMGA2 ; SMGA3

45 40 35 30 25 20 15 10 5 0 45 40 35 30 25 20 15 10 5 0
Fault along strike (km) Fault along strike (km)

Figure 11. Fault displacement along the Futagawa fault compared with observations for models
MaspSS10 (left) and MaspSS11 (right). The SMGA segments are projections of the three asperities.
NE and SW show, respectively, the north-east and south-west of the fault.

Two SL zones

As shown in Figure 11, the assumption of homogeneous SL zone generates surface rupture extension
and fault displacement amplitudes inconsistent with the observations at the NE segment of the fault.
In order to produce further surface rupture at the NE, the goal is to add a second SL zone at the NE
segment with little alterations to the surface rupture generated with the homogeneous SL. For this
purpose, we change the SE to lower values at the NE, keeping the other dynamic parameters the same.
We tested with values of 1.0MPa at the free-surface and 2.0MPa at the deep of the SL zone in the two
best models MaspSS10 and MaspS11 of the homogeneous case.

The new models are now named, respectively MaspSS10S1 and MaspS11S1. The fitting to the
observed fault displacement is significantly improved as shown in Figure 12. This figure shows the
comparison of fault displacement from the two new models with observations. The quantitative
analysis of these two models is as follow: the misfit of maximum total fault displacement compared
to the estimated value of Shirahama et al. (2016) is 0.25m of MaspSS10S1 and 0.39m for
MaspSS11S1; misfit of maximum horizontal fault displacement is =0.02m for MaspSS10S1 and
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0.59m for MaspSS11S1; misfit of maximum vertical fault displacement is 0.2m for MaspSS10S1 and
0.07m for MaspSS11S1; extension (length) of surface rupture is better reproduced by MaspSS10
model covering all extension from Shirahama et al. (2016) estimates and observed vertical component.
The amplitude along the estimated values from Shirahama’s is better reproduced by SS10S1 model
along almost all the observed surface rupture length. From this quantitative analysis, MaspSS10S1 is
the best model assuming two SL zones.

Fu Fault Displ (MaspS$1081)

Futagawa Fault Displacement (MaspSS1151)

Fault displacement (m)

= o8 pee TETT e
4 - -

SMGA1 SMGAZ § SMGA3 SMGA1 SMGAZ SMGA3
SL zone 1 SL zone 2 SL zone 1 SL zone 2

45 40 35 30 25 20 15 10 5 0 45 40 35 30 25 20 15 10 5 )
Fault along strike (km) Fault along strike (km)

Figure 12. Fault displacement along the Futagawa fault compared with observations for models
MaspSS10S1 (left) and MaspSS11S1 (right). The SMGA segments are projections of the three
asperities. NE and SW show, respectively, the NE and SW of the fault. The two SL zones are also
segmented at the bottom of the figure.

Dynamic rupture solution of best rupture models

The second step of the dynamic calibration of surface rupturing models discussed above has produced
two best models, respectively, assuming homogeneous SL zone (model MaspSS10) and another
assuming two SL zones (model MaspSS10S1). Figure 13 shows the dynamic input parameters, stress
drop, SE and Dc for these two models. The only difference between these two models is the SE at the
SL zone. The rest of the parameters are identical. Figure 14 shows the dynamic rupture solution of
these two models represented by the final slip, rupture time and rupture speed. As expected, no
significant differences between these two models in all the solutions, except in the surface rupture
and fault displacement shown in Figures 11 and 12. A detailed comparison of these two models in
term of slip is shown in Figure 15 where slip profiles with depth at distance 20km from the NE site
of the fault (located at the SL zone 1) and 10km (located at the SL zone 2) are compared. These slip
profiles are at the distance where the maximum fault displacements at each SL zone is simulated (see
Figure 12). In this figure the SE profile at the two distances is also shown, as well as the depth-profile
along-strike average slip. The major differences between these two models is at the SL zone 2 and
minor differences is seen in the average slip profile, suggesting that the effect of the second SL zone
is very localized without significances beyond this localized zone. This also can be confirmed when
comparing average slips at the asperities as shown in Table 1. Average slip at each asperity are
identical and very consistent with the targeted kinematic asperity model.
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Figure 13. Dynamic stress parameters for dynamic rupture simulation of two best asperity models
respectively for (left) homogeneous SL zone (model MaspSS10) and (right) for two SL zones ( model
MaspSS10S1). From top to bottom stress drop, SE and Dc.
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Figure 15. Comparison of SE and final slip along depth at the SL zones (SL1 and SL2) as well as
depth-profile of along-strike average slip of the two best models respectively for homogeneous SL
zone (model MaspSS10) and two SL zones (model MaspSS10S1).

Near-source ground motion

In terms of near-source ground motion and permanent displacement at the observed stations, all the
models, including the buried ruptures (figures 5-10) discussed in the first step section, predict similar
ground motion and permanent displacement. The ground motion generated by the two best models,
respectively for homogeneous SL zone (model MaspSS10) and two SL zones (model MaspSS10S1),
are almost identical as seen in Figures 16-21 similar between them. Overall, the very near source
ground motions (Figures 16-20) are consistent with the observations. But we can see some slight
overestimation of the permanent displacement in most of the stations. The vertical component at
station 93048 (Figure 19) is underestimated. The reason of this underestimation may be due to
different rake angle localized in the region of this station as discussed in the project report of 2017
(Dalguer, 2018). The slight overestimation of permanent displacement in most of the stations can be
addressed by reducing the stress drop in the asperities. Ground motion at large distances, example at
station OITH11 in Figure 21, the fitting is also good. As discussed in the first step section of buried
rupture, models penetrating the SL zone without surface-rupture are good enough to reproduce the
near-source ground motion and permanent displacement. These results suggest that the major
contribution to the permanent displacement at the near-source station comes mainly from the final
slip at the SL zone. The fault displacement contribution with amplitudes consistent with observations
is minor. This conclusion can also be implied from Figure 15 where slip profile with depth is shown.
Slip at the SL zone is larger than the fault displacement, around double if we see the average slip. So,
the ratio between fault displacement and slip at the SL zone is around 0.5.
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MaspSS10S1 and MaspSS10 (Freq= 0-0.5 Hz)
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Figure 16. Three components of velocity and displacement ground motion from the two best models,
respectively for homogeneous SL zone (model MaspSS10) and two SL zones (model MaspSS10S1),
compared with observed records at Station KMMH16.
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Figure 17. T Three components of velocity and displacement ground motion from the two best
models, respectively for homogeneous SL zone (model MaspSS10) and two SL zones
(modelMaspSS10S1), compared with observed records at Station 93051.
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MaspSS10S1 and MaspSS10 (Freq= 0-0.5 Hz)
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Figure 18. Three components of velocity and displacement ground motion from the two best models,
respectively for homogeneous SL zone (model MaspSS10) and two SL zones (model MaspSS10S1),
compared with observed records at Station KMMO005.
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Figure 19. Three components of velocity and displacement ground motion from the two best models,
respectively for homogeneous SL zone (model MaspSS10) and two SL zones (model MaspSS10S1),
compared with observed records at Station 93048.
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MaspSS10S1 and MaspSS10 (Freq= 0-0.5 Hz)
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Figure 20. Three components of velocity and displacement ground motion from the two best models,
respectively for homogeneous SL zone (model MaspSS10) and two SL zones (model MaspSS10S1),
compared with observed records at Station 93011.
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Figure 21. Three components of velocity and displacement ground motion from the two best models,
respectively for homogeneous SL zone (model MaspSS10) and two SL zones (model MaspSS10S1),
compared with observed records at Station OITH11.
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Discussion and conclusions

SL zone and seismogenic zone

The general expectation that the SL zone contributes mainly to the long period ground motion and
permanent displacement at the very near-source and the SMGAs (asperities at the seismogenic zone)
contributes to the high frequency ground motion is confirmed by the dynamic rupture simulations
done in this project. The slip velocity function of the best model (MaspSS10S1) at different points on
the fault shown in Figure 22 corroborate this expectation. The slip velocity function at the SL zone is
clearly dominated by smooth functions characteristics of long period generation. While the slip
velocity functions at the seismogenic zone, in particular at the SMGAs and surroundings, is
characterized by sharp function characteristics of high frequency generation.

In the current study, we found large Dc (larger than 5m) for the SL zone in the preferred model
(MaspSS10S1). This large Dc implies large energy absorption mechanism that results in negative
stress drop. As seen in Figure 15, the final slip in the SL zone is lower than the Dc. It implies that the
shear stress after reaching the yielding condition does not completely drop to the dynamic friction.
Considering the nominal zero stress drop imposed in the SL zone as input, negative stress drop during
dynamic rupture propagation is generated in all the SL zone. The final shear stress (after the dynamic
effect finish) accommodates to reach the static equilibrium resulting in a final static stress drop. Figure
23 shows the final static stress drop of the preferred model (MaspSS10S1). As shown in this figure,
in the SL zone negative static stress drop is dominated due to the large Dc. Figure 24 shows profiles
of the static stress drop with depth at different distances compared with the nominal (initial) stress
drop. The negative static stress drop varies from around -3MPa to nearly zero at the free-surface. The
effect of the large Dc on the negative stress drop is also clearly shown when comparing the profiles
at the SL zone 1 and 2. The SL zone 2 that is characterized with lower values of Dc, the negative
stress drop is lower, see profiles at 5km and 10 km distances in Figure 24.

The consideration of two SL zones has little effect on the near-source ground motion and permanent
displacement. The model with two SL zone is essentially just to better fit fault displacement.

Along dip (km)

0 5 10 15 20 25 30 35 40
Along strike (km)

Figure 22. Slip velocity functions distributed at some points on the fault from the best model
MaspSS10S1. Background correspond to the final slip distribution from the same model.
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Final stress drop: model MaspSS10S1 [MPa]
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Figure 23. Final static stress drop distribution for the preferred model MaspSS10S1. Notice the
dominated negative stress drop in the SL zone.
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Figure 24. Final static stress drop profiles along dip for the preferred model MaspSS10S1 at different
distances from the NE side of the fault. Notice the dominated negative stress drop in the SL zone
varying from around -3MPa to nearly zero at the free-surface. Lower values of negative stress drop
in the SL zone are shown in profiles at distances 5km and 10km where the SL zone 2 is located.
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Surface rupture and fault displacement

The expectation of long period and short period generation area, as discussed in the previous section,
is confirmed by this study. However, the contribution to the long period ground motion of surface
rupture generating fault displacement seems to have very local effect in this study. The simulations
done in the first step section of buried rupture shows that models penetrating the SL zone can equally
predict the very near-source ground motion and permanent displacement. This suggest that the slip
generated in the SL zone without surface rupturing can reproduce the observed long period ground
motion and permanent displacement. This conclusion is corroborated by the simulations done in the
second step where models with surface rupturing are generated. Almost all the surface rupturing
models generate similar near-source ground motion and permanent displacement at the very near-
source stations. The only differences between these models is the SL zone parameterization of SE,
Dc and the final results of fault displacement. Figure 25 shows the final fault displacement of all the
surface rupturing models compared to the observed ones. Even though all the models generate similar
ground motion and permanent displacement, the differences between them on surface rupture
extension and permanent displacement amplitudes are large. Figure 26 shows depth profiles of
dynamic parameters and along strike average slip of all the surface rupturing models and some buried
rupture. Notice the major differences in the slip between the surface rupturing models is increasing
gradually at the SL zone. A more detail differences of the final slip profiles is shown in Figures 27-
32 where the slip is not averaged, rather the profiles are plotted at difference distances (5km, 10km,
19km, 25km, 29km and 39km) from the NE side of the fault for all the models. This local effect of
the surface rupturing is also corroborated by the introduction of two SL zones models. The second
SL zone practically did not affect at all the very near-source ground motion and permanent
displacement (see Figures 16-20). This second SL zone is needed to just locally fit the fault
displacement at the NE site of the fault.

Further investigation is needed to understand why the surface rupturing effect is very local and the
contribution is little to the near-source ground motion and permanent displacement. But on the basis
of this study, one reason could be the large energy absorption mechanism that results in lower ratios
between the fault displacement and final slip at the SL zone. In the simulations, as shown in Figure
15 and 26-32, this ratio seems to be in average 0.5. This ratio could be a metric to quantify the
contribution of surface rupturing to the near source ground motion and permanent displacement. For
a ratio of zero of course would be no contribution, then the increasing of this ratio will increase the
contribution. The very first and rough criterium to define considerable contribution of surface
rupturing would be when this ratio is larger or equal to 1.

Asperity location, surface rupturing and LMGA

The shallow asperities are the main driving element of damaging earthquakes and also the one that
promotes surface rupturing. This is because the major accumulated energy is in the asperities.

As seen in this study, surface rupturing is extended mainly above the shallow asperity. The extension
and amplitude of the fault displacement would depend on the size and energy (stress drop) of the
asperity, and of course on how deep is located the asperity. For example, in the current study, the
amplitude of the fault displacement is larger above the SMGAS3 asperity, as shown in Figures 11, 12
and 25. SMGAZ3 is the larger asperity in our asperity model.

Overall, extension of the surface rupture will depend on three aspects, 1) how weak is the SL zone,
2) how strong is the SMGA to penetrate the SL zone and to break the free-surface, and 3) the depth
location of the SMGA.

For practical application of kinematic models, one need to define the LMGA. Based on this study,
two types of LMGA located in the SL zone can be defined, one with surface-rupturing and another
without surface-rupturing. For practical issues, the depth location of the SMGA can be a key
parameter to define criteria to set the two typed of LMGA. The surface rupturing effect can be defined
with the expected ratio of fault displacement and slip in the SL zone. For ratios larger than around 1
the LMGA can be defined with surface rupturing.
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A suggestion for future project would be to define SMGA as weak, intermediate and strong in terms
of stress drop (or final slip), size of SMGA and depth location. The realization of simple dynamic
asperity models can be developed to define the power of SMGA and consequently to define LMGA
with and without surface-rupturing.

One expectation from the kinematic modelers was that rupture directivity in the asperity can promote
extension of surface rupturing beyond the SMGA domain. This expectation has not been seen in the
current study. The main reason of it could be due to the large energy absorption mechanism found in
the SL zone (large Dc). But the directivity effect is an interesting topic that needs further
investigation and can be done in a future project. My first guess would be that directivity effect can
be effective in weak SL zone in which the ratio between fault displacement and slip at the SL zone
be larger than around 1. It means, the SL zone would not operate with stronger energy absorption
mechanism.
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Figure 25. Fault displacement along the Futagawa fault compared with observations for all the
surface-rupturing models. The SMGA segments are projections of the three asperities. NE and SW
show, respectively, the north-east and south-west of the fault. The two SL zones are also segmented
at the bottom of the figure.
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Figure 26. Dynamic parameterization profile (stress drop, strength excess and critical slip distance)
along dip crossing the center of the asperity SMGA3 (19 km from the NE of the fault, see Figure 2)
for all the surface rupturing models and some buried rupture (dashed black line). Right side of this
figures shows the along strike average final slip with depth of all the models.
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Figure 27. Dynamic parameterization profile (stress drop, strength excess and critical slip distance)
and final slip along dip at distance 5km from the NE of the fault for all the surface rupturing models
and some buried rupture (dashed black line).
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Figure 28. Dynamic parameterization profile (stress drop, strength excess and critical slip distance)
and final slip along dip at distance 10km from the NE of the fault for all the surface rupturing models
and some buried rupture (dashed black line).
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Figure 29. Dynamic parameterization profile (stress drop, strength excess and critical slip distance)
and final slip along dip at distance 19km from the NE of the fault for all the surface rupturing models
and some buried rupture (dashed black line).
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Figure 30. Dynamic parameterization profile (stress drop, strength excess and critical slip distance)
and final slip along dip at distance 25km from the NE of the fault for all the surface rupturing models
and some buried rupture (dashed black line).
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Figure 31. Dynamic parameterization profile (stress drop, strength excess and critical slip distance)
and final slip along dip at distance 29km from the NE of the fault for all the surface rupturing models
and some buried rupture (dashed black line).
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Profile at 39.0 km from NE of fault
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Figure 32. Dynamic parameterization profile (stress drop, strength excess and critical slip distance)
and final slip along dip at distance 39km from the NE of the fault for all the surface rupturing models
and some buried rupture (dashed black line).

Definition of best model

First at all, it is important to mention that there is not a unique solution neither a perfect model. We
can find different candidate models that equally fit some observed data and some not. Source solutions
of earthquakes are ill-posed problems mainly due to lack of observable constraints introduced into
the source and the simplifications done for a given source, beside the lack of resolution of geological
structures and other data.

But within the framework of our current project, if the target would be only to fit near-source ground
motion and permanent displacement at the observed stations, then any of the 18 models (with surface
rupturing and buried rupture) plotted in Figure 26 can be considered as good models because most of
these models generate similar near source ground motion and permanent displacement. But we have
an additional constrain, the fault displacement. This additional constraint narrows the searching of
the best model. But the searching of the best models would depend only on the parameterization of
the SL zone that will affect in general mainly the very near-source ground motion and the fault
displacement. For example, in our current study, two SL zones is required to fit fault displacement
and the best models would be around the thick red and blue solid lines shown in Figure 25.
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