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SIMULATION OF SPONTANEOUS RUPTURE PROPAGATION
AND STRONG EARTHQUAKE MOTION BY THE NONLINEAR
FINITE ELEMENT METHOD

By Kenzo Toki, Fusanori MIURA and Takashi YOSHIMURA

Synopsis

A new approach is proposed to simulate spontaneous rupture propagation and earthquake
motion in this study. The method is based on the nonlinear finite element method. The fault is
modeled by the joint element which makes it possible to analyze dynamic sliding phenomenon along
the discontinuous plane in continuous medium. First, initial stress state on the fault and in the
crust at the moment when rupture breakes out is obtained by applying both the gravity and the
tectonic forces. Then the nonlinear dynamic analysis is performed under the initial stress state in
order to simulate the crack propagation and the radiation wave from it. A barrier model is
also investigated. It was ascertained that the method is useful to investigate source mechanism
especially stress redistribution on and near the fault.
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3o L L7k ) iICiBRYEOS F TR ShBHIOARIE, YHEPULOBVAMBKAICENTO
BEDEYEHTELY, KECTEZNAFTHMBLINA Y Hz ORBYERICE TRIIBEIDoh
DDH B, COXINBEREL LI, TEOFBTORHABBBHENE 5 # ~ 2 ZROTL Y EERN
KHEEBTIRLBITOU TS, LIABCOERPSITONTOHINBEEF vitk 2HBHOSK TR,
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Fig. 2 The constitutive relationships of the joint element.
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Fig. 3 Finite element mesh of the model Fig. 4 Finite element mesh of the model
used to estimate the initial stress for dynamic analyses.

state.
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RIENBIEHBTE 4 XHETFIBZERE->TEIRIGNBRMBEL, ThitEBET 2IEHBRALD
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MBRBEEBBEHEINE L LIS,
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(1) #EFrOBE

AR TETOMNR & LI BiEE % Fig. 5 ICRT, ZhiZ19714 San Fernando Mo Bic A Ul
B EBECLTEFMELELDTH S, LBOBER 8km, P M3 2.8km/sec, S WAER 1.5

km/sec THH, FEOBEIX 12km, P HEE & 48
%/W myer{ Vs =1500 m/sec km/sec, S J#EEIL 2.6km/sec & UTW 5, BALAKE

8km Vp =2800 m/sec
L =20 1t/m BEREEEE b1020t/m® LU, #7V Y HIZ0.3&L
= Vs = 2600m/sec .
2 loverlaer| Vs T, MEMOWMEI Q % 1 Hz T 200, 4Hz T 300
= 2. m*
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Fig. 5 Fault model analyzed. by, BEEATE - TERMUSEL LT Sh, TRAR
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Fig. 5 IR # & 2 W B MHEAFuliT, KFEH B 26km, FE 3 H A 20km OFFEAHTEFALL
b DOHETH Fig. 4 WRIHRERMTH Y, EHFBERO—TLH 1km, BRI 580, AHEH1176TH
%o MIBREFVOPRBIAEBEL, HEEDPOEBEITEVLTL S, BHCELUTRBEO N7 £ -2 K
Ko TRITRT SBY DIBEEBE U, Casel, 2, 3 RIEHBTFEY 30bar THy, Cased {3 45bar,
Case 5 |3 60bar TH 5, 72, Case 1,3,4,5 CldY a4 v + ELOME N C, % 70bar, Case 2 T 35
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bar & LT3, $7-BEEMA ¢, KL TIZ, Case 1 KONV TRATOERILONT O &L, Case2, 3,4,
5 KOVWTREFE S S 16km OBEIDBEHITIR 0°, 2hXVBEVEZA0EH, Mb, TOIEET
1330° L UTRRIEAZBODTHL LTS, LicdioT,Case2,3,4,513 16km X hiENEC AiTRE
C—ELBEELI OBV BOTRECES FETILEELTVAC LIS, HEitkD, Casel
& Case 3 ZHBTAZ LIt X VBEEEROBILOFEICE 5 HlAs, %7z, Case2 & Case 3 TRERIE
FIDOVRNDBNCK B KB, ZLT,Case3, 4 & Case 5 TRIEHBRTROBOICK S HBNTES,
ThoB&ME%E LHT Table 1 iTRT,

Table 1 Model parameters and analysis cases.

Crust | 7 (tf/m3) Vs (m/sec) Vp (m/sec) v
Upper layer 2.0 1500 2800 0.3
Lower layer 2.0 2600 4800 0.3

Fault | C; (tf/m2) &5 (degree) 4t (bar)

Case 1 70 0 30

Case 2 35 0, 30 30

Case 3 70 0, 30 30

Case 4 70 0, 30 45

Case 5 70 0, 30 60

(2) BBEBAZLEBREROKES

BRI A3 2 BRIC Fig. 4 IR VBT EF v 2 BT, BN EEET2BI#ERT 2 Fig.3 0
BROREIPY—THRVEFAEANS L, BRI VS INAREOHWEBRHERAIOR /NS
REXRETREBRINGY, ROKZIDBEEETRIELALERAILT, IoRBELREUVERATIE
FANOHBARNTREBL TRV EBALhENE s, Thid, FREXRBERBVTRE 1 BEOHES
AEETIDCRRE2ER, BELZEILL6~SERBPETHIN, BEROKE I Lk - TEAS
h2BEMHBIhZC itks, ChiZe ) bR BITERBHENFMBINZ LI LTHE05, HR
BERECIZEFMEOBICRZONE LT IRIPOBRE SBRCANTEF MMLT BBERHZ, T
DFE, EXREN Lkm THAH S, BRMICIEE 2km OBEZFCERULBZC LIS, LT, ¥
BIOWBE f LHE A LEE c LOBIRERRD & D3
BAfRHIH 5, 0

f=c/2

ZTT,c EUTHELIEOD P BdE 28km/sec, 2 & L
T2km %&3& f=14Hz &30, chyE1ETH 5
HAINIMROBEBEN S, SHEIKBELTIRISIVUE
WREI 0.75Hz L5 5,

2.3 JHEH

WEE LOTBIEHD S b, |AMISH DM} % Fig.
6 iItRT, HEbobHobikdic, TEROEIHSLEE
K BRTRNDT, MELoR{ENILLIAPOE
WADEIFRIC—RID > THRAME DA
—BTRIEL, ZOKBAETENEIH TS, £ » ,
LT TROR EBICEHBEHRISE U TRAMNIG R D Case2 O 10 20 30 35 (bar)
KELIE-THED, HYBMICBY3HBR ORI D Case1,3,4,5 Q , 20 40 6070 (bar)
SEUTHBOY a4 ¥ FEEANLEBLTH &N
%, 1%, r, i Case 2 T3 35 bar, D43 70 bar

Upper
tayer

Yield Stress

Depth (km)
1)
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layer

Shear Stress

Fig. 6 Distribution of the initial and the
yield shear stresses.
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Fig. 7 (a)~(e) itzh€h Case I~5 OWIFORBEOEBORTERT, Hp, RURWEOESITH
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Fig. 7 Development of dislocation with time.

¥9, Casel & Case3 H~3 &, Case ] TRTEIRES 20km ¥ T—RUIMELFOMELE-T
WAHDTHEIIRI.O TREBETHEL TS, —F, Case3 TRTA4EROBRIEND ERHITH D
T (¥ 1400bar) B4 22 e4L, BHEERTOBRLR O - THroLBIRERLTVS, i, il
O LBAOEHEIL Case 1 TIRMEETT Skm FTHEL T B2, Case 3 TREEET 7km THEOR
BHER > T B, TOENME, Casel TREFALORTHE THEBEELTOE0IHLT, Case3 T
WTABRSBBELTEST, COHEhE TS LAEROBR 3 v ¥ - 2RIy 2 &Y, EB
NEEZINB T AA¥ — 38 Case L ITHARTHBL B Teed & Bbh3,

I, ALIBHBTRICHLT, BRIEADLVADBNCEBEELSbic Case2 & Case3 £k
832, BRIEHD 35bar THB Case2 DFAICT, BBRBORERE TELBIC LEEERL
THETMCHEL TS, ZhiF LT, BRIENDS T0bar TH 5 Case3 TIMEIhEE X THEL
TWIL, ¥, MEOEBOEEICOV TS, Case2DIF I M Case 3 kK h b REL, Case 3 TREHER
12,548 TRA K > T B DI LT, Case2 TR2W 7 - THERERTLTORY. —F, BRIGHD
VR EIEHBET RO KA LW Case 2 (2hh, 35 bar, 30 bar) & Case 5 (], 70 bar, 60 bar) % L
T5E, MBEEEEIACALLI NHBOEBARERLTEY, (WElED CaseS {3 Case2 O#2
&7 5T B, Case3, 4, 5 CRREHAB—~EOTFTCORABTRICXZBOELRT S L, WHKRTR
MAELB B UM TLVBORIB KELH-TVAEY, Z2OKEIBSHBTRA 45bar, 60bar
D4, 30bar DB EDL.5E, 2MELEST, TOERThIV - ERELL TS,

Uk, COBOUBRRIBEZSHBTROAICEETZOTRIEL, BRIENDVALVICHBRTEZ L
MBHOLDOTHD, 2LT, BRIEAEBHBRTRORN—EDOTTE, {LBNBRIBRIEDCEHANTS
3T b s,

Fig.8 iz Case2 KB A2HMEBF I 20OV a4 ¥ r ERORAMEHORLETSH Y, HPORH | i
UYEEOBBEERSEE ULRAZRL TS, ERBTRDPIVEERLBLREVEERL-TH
b, EHRSBOMMEMCETSY a4 Y ERTHS, ChoxRBE, WIFhLBOERSMETEC L
&k > TRBITHABISHMEML, 2B TEOERLEAMEHBBRRIEICET 5T Ltk » THEHETY
BEVIABSHASHTH S, 1F, ChERLTEMCasel,3,4,5 ROWTHEDOND, TORIC,
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Fig. 8 Time histories of shear stress on the fault.

FEAFEICINE, WEELCSTAENOBRESD A H =X oA BERMICTHHETE, RETEET S
Y —2F 0L I BMEER S BAIREBDTHEY

Table 2 The average rupture velocity THBC LHDB B,

obtained from the proposed Table2 Bt THEEZhZThOBBOTYEZEE

method. BEELDHDOTH S, ERBBEORS LT

Case Upper layer | Lower layer WMOEBHREIL S BEFEDIFIF0.75~0.9(%+ 3 h
Case 1 0.3 5.5 THY, ChiREAE, EHETHOTO BT
Case 2 1.4 13.5 AT EE (Vs=1.5km/sec) T 1.1 km/sec~1.3km/
Case s o o sec, T/ (Vs=28km/sec) T19~23km/sec &15%
Case 5 1.4 13.4 RBTTH 38, HRiE Table2 TRTELSICTET

BIEEICRX LT 5.5~13.5km/sec iIKbEL, —%,
LETIE 02~14km/sec LR DOESDENHY, LFULIABEOMICROHIEHFKEIED Sz,
5%, CORRMUTHREIREENZ ZLHENS 5,
(2) BEOLVEWREBBOET
ERMBECEANBEFATRISABRTE 4 2 VBVWERBE LTEEULE D OMicBRkOL
5 RERDH B2,

Ar=c—l:,§ ................................................................................................ @)

T, p BAIE, S REEEOERTHY, c OMRWEEORR: LUMBEICHT 2 { LELOHH
L& -THEAZGNE. AFROL I BRTNFBEOHEICR, c RROLSKEX SN B,

=3 T ®
ZZit, LREBOEZITHY, W BHBOBRTH 5, EctiBE—2 Yt MBRATEZS5h3,
M= DS v e esses oottt (6)
ZZT, R@4), 0o S=LW LT LE2BETELRRN4E2E5%,
S8 D et
dr= I W @

ZORicEhiT 4 BEEE W 2 icBRL, 2REBABRICLEATE 5. ZCTARROBITICE
7o Case2~5 OEEEZN TR (N IKRAT S LiLL > TRO L LEVROWEE L COTHEE

— 8 —



L Sl HR AREREEANEEF VOV I =Y a Y 23

Table 3 {TRY, 727U, WtEERDBBICIZ, S BEEL LBE TRONMIISMETSHS 20km/sec &L

Table 3 Dislocation and seismic moment obtained from the elastic theory.

Dislocation Seismic moment Corresponding
W (km) 4 (bar) (m) (dyn.cm) Ms case
28 30 6.06 7.76 x 1025 6.9 Case 1
30 4.84 3.96 x 1025 6.7 Case 2,3
22.8 45 7.26 5.95 x 1025 6.8 Case 4
60 9.68 7.93 x 1028 6.9 Case 5
TROTNB, —H, AREREHKLDBoN Table 4 Dislocation and seismic moment ob-
L% Table 4 jc;R L7z, Tabled ici3, # tained from the proposed method.
MERIVBSACVEVEZRHVTEELL . . Seismic
Dislocation
HBE~2A VI, BIUZOHB -2V 25 . (rgoment) Ms
Geller O&* | e = m yn-cm
e APl o TR LR RER <727 2 Case1 | 686 | 8.78x10% | 7.0
—F BWHERLTRLTH S, CCitHiBE—2 v} Case 2 7.15 5.85x 1028 6.8
OEMITEIK 6) ZRVTHY, KETEOEHIR Case 3 3.14 2.57x 102s 6.6
Kanamori & Anderson? (& BEW\HBIC B 1T Case 4 6.03 4.94x 102 6.8
Case 5 14.32 1.17x 1026 7.0

% THILER] (Scaling law)y 2B T, L=2W &
LT3, TCT, BIMERICE S CLEVERIE
BELETEHLTHD,Case2,4, 5 TONTIR20BICET A VBNEES > THEH LT3, Table3 &
Table 4 %<5 &, Case 3 %, —RIABITHRICEIERBRELL->TEH, AEOMIZBZH
BERERHEFIUAEL LSBBFEOBOEHAXTITH S, 2RAMEL LTI R>TWBILHHST
CORICRO—EBHONEC LR, FHREOBTFERORERERTEOEVLL D,

ZCT, BUHRKIDRDEQOVBOCBRISHBTRO ST UTHABRKICSH 30, FHEORTER
KE3aE 24 (D)THRRES S VBOBBBEIEHBTROAIKET 250 TREL, BRIEH
DURARBERLTNEHDTH BT EDbPB, THbH Case2,3 RWTHhLIENBTR 4o 42 30
bar THHL bHHDST, EOL VBENRIIBRIENDO Vv ~rvitk > TZIRZH TI5cm, 3l4em L5
Tb, ¥/ Case2 & Case 5 23 EBRIENOEHETROUSBELL, DHBRTRI2MHKNES
EXWVENERS 2T > TVB L Etbd 5,

Case 2 5L Case 3 D WBVORMBMAER LM Fig. 9 & Fig. 10 TH v, B#, A~H i Fig.
T () & () FRRLTWAEEEDT, —RICKEEF 4 TR O L WBLORMBENE—REMO B
BI% (ramp function) TE X 3 L BB, Case2 THHBHEN D~H ATREEChITENREL
o TAY, Bl A~C HTRIREBMTHBEL - T3, ¥, —ROKFeTrTRIO(W
BOBBEMRBLTOBREBLUTZOBRBA—E LTWaH, GRkksAchBELIIKENBBHICL >
THUYRE-RETHEC L BbP S, Eio, Fig. 10 (Case 3) TR&L D ZOBAHHL, HEHED
ETHAL Db T, “REBHEEREE > TS, ¥/, ZORTHBRBZEEREZ->TVWE0
Bhed CHEBATEOBESICE LY, LBIKED-, TERRIYHIELTED, TOREBVED
ORGEABIK IR - HTVEHDTH 5,

wiT, BEIMEFECEL TS Case2 €O\, MEFOLER (Ehis4) % Fig. 11 R Uiz, #
MOBFREAThOBALED LD TH S, (a) BKFEHA, (b) BREHFATH S, 6HORIIRA
BESMETCHEL CORVEATH YV METREHLTH2INLE S, £OROBATR VB NSED
Td, —RIGHBBOBETII EBNE TR L TREBOKEIPUERRBREI CEBBDOLNT
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Table 5 Dislocation and seismic moment obtained from the proposed method.

. . Seismic
Dislocation moment Ms

(m) (dyn-cm)
Case 6 2.17 2.30x 1025 6.5
Case 7 2.57 1.95 x 1025 6.4

Table 6 Dislocation and seismic moment obtained from the elastic theory.
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Fig. 27 Time histories of seismic wave at the 8 km point from the fault on the ground surface; Case 6.
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