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Fig. 1 Fault deformation mode (a) and the relation-

ship between geographic coordinate system and

principal direction of fault deformation (b)

2 BEIRE X AT ST

2.1 HEERIME

SR RSB 1E 22 45 ) S PEAS R OC R BT Z 1 AT 47
P, ARSCETT 1 AR BAR S P e AR AR Ry
K L=6000 m (IEHIE, YA (z2) %2000 m
HEF#7E4 1 000 m J&, BRI ERE « HiE A



51 1)

AR RAE T IE AR 1] SR BE SR AE W R BT 67

—{FifA 90° A e E 1 W A4, 12 000 m, i 50
m,, BERUANAK B SO 3 B Ok —y SRRy
TR0, +y WFERA y A%, U, =
-0.1 m; —x 5 bitihn— R IEYI R E) « 7 )
BIAIRS, NI 2a Fizs; B -z JIRTH 200K 2 J7 W)
kel 0, (BUER AL AL E =84 GPa, JHIALL

@ LWHIT

U,=0.1

v » U,=0.01xatan(0.003y)

R m—" z E’v

T2+

'
'

OHONONONONONONO

v=0.25, SRIGEERSH IR A s AU AL, R 4 4
i S0 ) R AR SCAEAZ 45 i) S MR 70 1) 8 2 41 T
Ol: H—HTH (Case 1) {BUE b HuFE BT = M1 8,
THSERTIBTUIH S ST HT O (Case 2) AN
BEAWIRAE TAEABUIRES, Wi)Z LR sal LIRS A
miEsh, ik 2b Pk,

(b-1) (b-2) b-3)
E, G, I
E, Gin Ha
zZ
’ AIRFIUAR IESCA ) S AL BEBEE AR
P
cuer. BE G p=
BT p=E0 G=GA0 Ha=0.1
E=E/0 G,=G/10 Hp=0.1
Case2: p_p10  G=GNO Ha=0.1

H2 BAZMNEARFMHETER (a) AARRBEILZTFEAR (b)
Fig. 2 The synthetic model and its boundary condition (a), and the scheme of simulation strategy (b)

2.2 ZERXLE

fE— D HbFR A R, W E A= & AR I
TR S MR, AR E PP AR 7E
RGN E S, 72T — KR IR AT, Wy
JZ 728 JEm M SN BN AR B RS . iR YE b AR AS
[\ i B8 A5 2 ( Savage, Burford, 1973; Scholz,
1998), {5 % Hergert #1 Heidbach (2010) 7 I/R
L) TAR RS, ASCE S s sy | e
P AT D) AR SCH Y Y T 28 45 ] S A AL S 7Y
I3 AL —dH R R M e iz sh i B 7 R . BGE F b
FOEEN T RAWES, W2 #ErES R
FEA AR 2, MRARWTZ s BEAR, HRIRATLLA
HIBTY), W2 RS 40 B 2b (Case 1), 4
AZERANE 3 Fios

FET 3 Rk Z B 5T 12 B 6 453 KR 1 23 (]
IIATIEASIA 2, B fRSCRE TR ss Ae s
RITEWTZ MR, o J5 10 LA AP A — e TR
RS, ABIFARSEN U, i y 09 50D 2 o3 A e
fike FAMEZS R AT IEER b, BE T s e W25
BUR) U, LT BE 45 He il A AU K 1 52 4% [ S A A 8
1) U, SR i DA T 22 59, B T BE 454 i OBy
JEREALFIAS o] P2 AR XS LU S R o, 2 %

TENL R PR L B — B, XA SO AR 1449
W2, WIEZ EWR R L, EHEEMERE
7%, TSR PRI A4 A T LA R A5 ) S A
RERMIWTZ , AR 5 5 5 5 R4
PR S —5, TR RS KRR
WS RESEI DL, ANTR] B2 AT BROC DT e rh 9 SR
B (ECMIBERERE) N B B AT BT AT

RIa AN, WERRA S emE, KA
FIRMEMORELAR o AL T Le A 5t ) 2 i P A ok
AR WTZ I, AR SOR AN BTR B9 07 7 S B,
HARWE 2b (Case 2) Frw, 4R E/RHEET 3 F
W 2 R 3t 5 a3l (37 % 37 1T 45 25 () o3 A AS TR e
BRSO A 5 55 AR B A K S e B A7
B3 LW 5 Al 2 MBI — B, LE IR FT i
FiR G G B E R A I AL, 3 5 W7 J= A
(1 AP 5 | A e T DB J2 77 1) A 2 O W B8 ) 5 1
A K. She bl TRIAEREM, W=
(RN 12 Bl — e H A 2B A HE 1) AR 1) 2 7716
AW Z _EAF LI R BT W)= 39 R 5% 1R
AR, DRLIHCAE RO TR B B 9 T 553 e BB 22 A5 R A 41
WsEI ALY, BEAE SRR AR B R, BT R AT A
AU 7% 77 1 60Kt A () e B2 W7, 2 T T



68 o BE % 41 %
SLMEIEE ML R RS (ER R, A1 BRI, AT RIS NI R, 2 55

WERR, 2013) Ao X LU KE T R 54 i A 20 AR ST
A1) SRR AL A IR, A 2 AR B I
A—ERERZES, (HRR L2 HFEE AR
SEAANL, AT LUTE T 45 W72 0 A AR X T 3
JIT A T 4 2 T R 48 4 A S TR 45 W = D 3 ) 2

3000 3000
2000 2000
1000 1000
-1000 -1000
~2000 ~2000
-3000 -3000

~3000 -2000 —1000 0 1000 2000 3000 ~3000 —2000 —1000  ©
3000 3000
2000 2000
1000 1000
~1000 -1000
~2000 ~2000

—2000

W:‘3‘000 —2000 -1000

&3

—3000 —2000 —1000 0

x/m

0 1000 2000 3000

x/m

IRTEREASASIE RO AL _E AR, B )5 ) 7
FEANIE], PRI B 2 3 76 W7 J2= P A X T 3l Y
e JREERIBT T T Mot is s B g K 5
HE2 HZEMSEIT LR, RS- BREAR
LA 1) S5 P T2 A8 AL ) LT B

3000 (Ux10m)
3

-3000 -
-3000 -2000 0 1000 2000 3000

3000

1000 2000 3000 -1000

2000

1000

—1000

—2000

0
x/m

—1000
1000 2000 3000  -3000 —2000 —1000 1000 2000 3000

A3 Casel FFoLTF RE B BRI A ML B ey a4 = A

Fig.

3000 3000

(b) %[ 51

2000 2000

000 =300
—3000 —2000 —1000 1000 2000 3000 —3000 —2000 —1000 0

3000 3000
() M EFIL (0) &l St
2000 2000
1000 1000
§°.I!F__' 0
—1000 -1000
—2000 =2000
—3000 =

00
—3000 —2000 —1000

0
x/m

A4 Case2 AT ARREREEMNEML BGEHZH

Fig. 4  Simulation result of the deformation pattern based on different fault model under the Case 2 scheme

—3000 —2000 —1000 0 1000 2000 3000

x/m

3 Simulation result of the deformation pattern based on different fault model under the Case 1 scheme

3000

(Ux10°m)

3.0

2000 26
22

1.8

1000 14
10

06

02

9 0.0
0.2

3000
—3000 —2000 —1000 1000 2000 3000

3000

1000 2000 3000 0

2000

1000

0

—1000

-2000

0
x/m

1000 2000 3000

—3000
1000 2000 3000  —3000 —2000 —1000



51 1)

AR RAE T IE AR 1] SR BE SR AE W R BT 69

=00 3 RIS ERR SR, P 3
K4yl « =0 #lm gy U, AU, SO0 e,
WS fros. SRR 278 Case 1 (IRARWTZ A
o, DERWZ AT LI Eh) WALE, B b 3 2k
W Z A 25 A AR B — B, (HATE AR A
B, TR AT 2 AR A IE S8 4% i) S P W S A
TIZ R —E (B4 BUn AL as i) 4h
G HA 2 P Z R 2 H RS R A 22 S
I FLIE A 25 5 125 0] L S B W2 AR AR B0, I
EWIRARIE R o Xt TG 5 A 0 e
—H, BIE T RB LGRS, (HAEET A5
A DRI FE AR 1T 3 BT R =07 18] PR

&, PUERPIMAIE RS B . PR IER)R
WrZ B B2z )@t (BP Case 2), iXFPEGAR(E E
X R ZIE AL WS S0 2, R R TR TR T
EJrm b (B 5d) o (BEEPAT T2 m b, 326
W R BT 25 H AR ADL 235 2R 4 8 7 AN [m) R R Y 22
S, DR ASCE X 3 ZEIMTE ALY ) 2 SRR
JEBEHURAE, BRI 3 & 12 S HCZ R SER80C
Fo 03 FH AT LARAEA SCHUR W2 E AT R
XFEETWZ T m, B 5d B3 FIEAC K 1 7
PRI 110 T2 A5 1 5 JBE 5 fh 7 2 A AR P AP 45 2R
— B, RWIIESE A ] 5 PR W Z A LA 5 55 A0S
AL, TR T SEBRE O

00251 (a) Case 1 0000 N (b)Case 1
0.020 0025
0.015 .
g — =, 0.005
> o
2 oot
0005 1 0.075
0000 I I I I I _0100 I 1 I I I
3000 2000 -1000 © 1000 2000 3000 3000 2000 -1000 O 1000 2000 3000
0025 (c)Case 2 0000 vy, (d) Case 2
00207 0.025 T
g 0.015 T
<, i £ 0005
B o010 f =0 P
* oo Eanh s
- -0.075 c
0005 =277 TN | PR
i \ -- AR

0.000, ; : ’ ‘
3000 2000 -1000 © 1600 2000 3000
P/m

-0.100 : ’ :
-3000 -2000 -1000 4

. .
1000 2000 3000
Y/m

A5 EATrEHEEAKIEG (x=0) LRt

Fig. 5 Comparison of the profile simulation result from different fault model

g i — 25 G AT A (] W 2 A A XoF T S22 A S A4
BERAS By, 25 s R 2 Bt iy s AR B
YIS AT R, DLKSFS R (7)) Y% [E) 43
AT XT G, TER 2 A5l b4k 22501 7 AN IR
TF, AR W2 R AL N 0 7, BEALZE SR,
K6 i, B B BRI Y 7,
A op A (Bl 6a, d), 1E A4 1] 55 1 W7 )25 455 A
FIBILZE IR ([ 6b, e) 5EEEHE flvRd 7Y (1) 25
(El 6c, ) S RAHIE, 7 1 5e )2 b 8 Y 15 i
T (Case 1), 7KFEBIR T Tyxfg?'félmji*HXﬂL
y =0 BhxiFR (&I 6b, c), Widr s e B 45
(25 SRS [R] T H A 95 > B R (R B 45 R, JKOF 5

BRI AMPRIES (K 6a); EEAWIERY
FOBAEAI BRI OL R (Case 2), S IE L4 (]
SRR LA IR (K] 6e) 5 E S i
AL (1 6f) MBS RA —EMER, H2H
FEARPRIFABL Y 25 (8] 20 A FRAIE, 1T 2 T4 T 5 A
BRI R BELEE SR (B 6d) W 7E 25 (8] 7p Al |
R AR A AT o X AR I T e 4 fE
B, A 5 s AL A TRy T A5G &R Y LA
EOIE iR o - N ) =l G S AN S N D 7
JRAZIE ([ 4d) , X RGBT AE I A H 5
Wi 35 52 % 373 1) 2 1) A R, ) At 582 0 27 7 7
Yty =3 18] 73 A1



70 o2

41 %

3000 NOEE L

=3000
=30

00-2000—-1000 0

—3000
—3000—-2000—1000 0

B 6

—3000 3000
1000 2000 3000  —3000-2000—1000 O 1000 2000 3000 —3000-2000-1000 O

x/m x/m

AR BB A EMATGAT RSN (1) %8

T,x/MPa

I 0.5

0.4

1000 2000 3000

0.3

1000 2000 3000
x/m

Fig. 6  Simulation results of the horizontal shear stress (7, ) under different fault model

3 e

VTAEK, BEE GPS Hiae i B 37 UL &5 4 1
H, AT GPS Ay 5e 3 ) AU E BT S H
WR A (Hergert, Heidbach, 2010; He et al, 2013;
Lei et al, 2010; Cho, Kuwahara, 2013; J&/NNI,
RSP, 20155 Xess, 2010), —feiEol T, #F
FEN DI H 2 38 2k — R AR 1k 2 A PR R A Y
FERA, BRI 45 AR P S Y 3 R 3 A 4
SR, SRJE X AR LA SR 5 UL 45 R 2 ] Y
BRIERMERTL R BV, SRR E G A M,
TER G LR Z 5 4 th A BB AL B FE Al _E 43 # DX 8
AE) 1B S RS A, X BRI AT E B
SERIUE IR R B AL 5 B . A 5 55 A A AL
Shy e Ry TR LR W AR R, LA L R RE
AL B A S AFTEME T WS I O, 76— Se At
FEPAFRIR G BN o PRI AR R A 5 355 Ak s 1Y
FIREOL T, FEXT LA b5t 12 B il 35 5 GPS i
D3 32 37 % 22 W TR IsE - el PP 25 0L T 18 4a, d
DL 5d B TR AR S g 20 Xof A 40 485 SR 1) g i 2 AN
ZZA) R, AEAS AT s e (s FH A 5T 55 1 T J2 A5
RUR I, 0 BE 2 — 25 18 SOH AT BR T I B2 1
Y YIRS 5 SRR B AR E N, X TR A
PR B TS BA — I L

4 it

AR SCAEA s A BB A -, 51 AGESS 4
o S PR PG, R I P8 3 S Pl A e i el BE
FUARIWTZ B E T A A AR A B0, AR 3C
M AT A AR 2 T RO A T 1 A A IE S
Bl SEEWT R AR SR o fe i i B I S X L
OIS AR | R Al AT LR T S 4%
[i] e P D J2 A TR 7 2 ) 58 38 G PR AR A o
25, AR (1) JORWZE 2t am s,
e GE YA 5 555 A R RS 2 o) b 3 3 ¢ 32 Bl 16275 3
FRE—ETRE R, WUR oAt (R T
2 AR R P R I F = 28, s Ao i
LA SRR AR | A% [ S PRI ) B D) AR DL R
JEE R A S TR 1) JEE 8 AR ) B, R R I 3
X R TR E SRR, A IR R P
FLT W2 07 [0 09 F - AT, B T W=
B 3 32 A% 3 LB ) 25 T8 23 A1, 3 A A8 480 v ] e
3%t W7 = B AT 4 L 7 3 M AR 7 — S T Y
W (2) LRSS PR LA L L 7 3 1B 4R 14 25 ]
IIAEKRTE, IEAAS A SR EAS M O AR 5 R R A A A
BUZE AR A R AR — 2, DA X b i &2
ZRBUNE DL, AT AT JE A A% 1) S PR AR # G F R
RALWZ L HLH



51 1)

AR RAE T IE AR 1] SR BE SR AE W R BT 71

I FRM AL EAR A 69 & CHEF, BB L&
WP B R Bz P 5 i X 6 LA B AR
PR 3R A B AT 0 AN ERBEAm Btk LA SR B4R A
GMT (Wessel et al, 2013) 5%, 453t f 7 Bt

S 30k

R RE , Bzt S, SR A 46 . 1999. Al X = AEbg s i 13 [ )] Hh&
2243 21(2) 1140 - 149.

Bt T, S 572, Bt S, 45 . 2008. 1| JE Ml X 3 72 91 R £ T 4 0
TR A N B B AR L [ T ). s Ry B 24 4R, 51 (5) < 1411 -
1421.

FIEE AR . 2013, 6T FHEATCRE R 2 i [ K i ik 7 3 B
BT B ARG Bl X SR R B e ——H 1 4% 1) [ 1 R A5
HOU" A R EAFARAR ()] HERY AR 56 (6) 2133 —2139.

FIF- 2 s, b 6, 45 . 2011 )2 T 0 A BR B TR0 ik 25 ik
[J]. VoL R 241 ,33(2) : 186 — 194

HABh L, RN, BRI b, 45 . 2014, = ZEB B 7R AR AL 3 X B4 4
TEASIE R BRI [T ] . MR ST ,36 (1) 1148 - 165.

ZERT, WREERE , X0 25 2014, 79 1Ly 3 72 04 2 A o ] TR J2 52 i
FORCEARL ], HhER2:47 ,35(5) :627 — 634.

2RI, BREERE , MEBREA, 45 . 2010 A7 R Aot X3 13 1 5%
M [ J]. HhERY) AR 25 (6) 11941 — 1946.

ZERVL, BRIERE , BREA . 2009. (B AL 5 125 4 B ) 3 T8 Ak S b 7
Bl BT R [)] . BRI A R 24(2) 418 - 431,

X, ThEE (2RI, 45 . 2010, AEb i X BLA #5548 3 5l 1 200 4
T[], HBRY B A ,53(6) 1418 - 1427.

Je/NMIL ARSFIR . 2015, 5 VSRR Y LA M 5T AR JE A AE S Bl 1 2
FRR B FREATCEE BT ST [ T]. HhERY B 244,58 (7) 12350 -
2365.

LR AR . 1995, S2REA A KV FH o IR J22 BE SR AR 1 4y 1) 5
[ J]. HhFZHh ST, 17 (4) 289 —304.

LR . 1986. RHUIMTZT BEIE M S MR SAR I ARIE )], h E A,
(2) 174 - 80.

BN, I, BEEE MR, 55 . 2008, B2 1L M8 1 J iR iR 5 28 B
GBS LU IR [ 1] Mk 3 2= 4,51 (3) 1805 -
816.

TEURR, BTETF . 2006 SLAA0RL T2 [ M. Jbat  E AR i ikt

W24 BRIENE A% W], 45 . 2013, LIS R H iAo 2 30 ) 25 3o gk
EARTLT]. HbRZ2:42,35(3) :304 - 314.

LB SRR T W, 55 . 20150 1] V2L b IX 4 5% 1 75 i %% B A 4k
LR A R AL IR (Y BB AL [ ] Hb sk Hb J, 37 (3) 1906 -
927.

W E, AR T B . 2015b. 22 T — WA [—/INT. Wi 5434 1
RS BAFIE M BUE B ST [T ], h E R o ek B2, 45
(12) ;1839 - 1852.

Cho I, Kuwahara Y. 2013. Numerical simulation of crustal deformation u-

sing a three — dimensional viscoelastic crustal structure model for the
Japanese islands under east — west compression[ J ]. Earth, Planets
and Space,65(9) :1041 - 1046.

He J,Lu S, Wang W. 2013. Three — dimensional mechanical modeling of
the GPS velocity field around the northeastern Tibetan plateau and
surrounding regions| J ]. Tectonophysics,584 ;257 —266.

Hergert T, Heidbach O. 2010. Slip — rate variability and distributed de-
formation in the Marmara Sea fault system[ J ]. Nature Geoscience,3
(2):132 -135.

Lei X,Chen Y, Zhao J,et al. 2010. Modelling of current crustal tectonic
deformation in the Chinese Tianshan orogenic belt constrained by
GPS observations[ J . Journal of Geophysics and Engineering,7(4) :
431.

Li S, Moreno M, Rosenau M, et al. 2014. Splay fault triggering by great
subduction earthquakes inferred from finite element models[ J]. Geo-
physical Research Letters,41(2) ;385 —391.

Li Y, Chen L, Liu S, et al.2015. Coseismic Coulomb stress changes
caused by the M6.9 Yutian earthquake in 2014 and its correlation
to the 2008 My7.2 Yutian earthquake[ J]. Journal of Asian Earth
Sciences, 105 ;468 —475.

Lu Y,Yang S, Chen L, et al. 2011. Mechanism of the spatial distribution
and migration of the strong earthquakes in China inferred from nu-
merical simulation[ J]. Journal of Asian Earth Sciences,40(4) :990
-1001.

Lu Y,Yang S,Chen L,et al. 2012. Migration trend of strong earthquakes
in North China from numerical simulations [ J |. Journal of Asian
Earth Sciences,50:116 —127.

Moreno M, Rosenau M, Oncken 0. 2010. 2010 Maule earthquake slip cor-
relates with pre — seismic locking of Andean subduction zone[ J].
Nature 467 (7312) ;198 —202.

Savage J C, Burford R 0. 1973. Geodetic determination of relative plate
motion in central California[ J]. Journal of Geophysical Research,78
(5):832 -845.

Scholz C H. 1998. Earthquakes and friction laws [ J ]. Nature, 391
(6662) :37 —42.

Shi G. 2007. Applications of discontinnons deformation analysis ( DDA )
to rock engineering[ M |. Berlin, Heidelberg, Computational Mechan-
ics springer;136 —147.

Sibson R H. 1977. Fault rocks and fault mechanisms[ J]. Journal of the
Geological Society,133(3) :191 -213.

Wessel P,Smith W H, Scharroo R, et al. 2013. Generic mapping tools ; Im-
proved version released[ J]. Eos, Transactions American Geophysical
Union, 94 (45) :409 —410.

Zhu S,Zhang P. 2010. Numeric modeling of the strain accumulation and
release of the 2008 Wenchuan , Sichuan , China, Earthquake[ J ]. Bul-
letin of the Seismological Society of America, 100 (5B) ;2825 -
2839.



72 b,

il

=
St
B
B

Characterization of Fault Deformation Behavior Based
on Orthotropic Theory
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Abstract

Two types of fault model, weak zone model and frictional contact model, and their applications in crustal
dynamics simulation are summarized in this paper. Combined with their respective properties, the orthotropic
theory is presented here to characterize the fault behavior. Take into account the fault strike and dip, the ortho-
tropic constitutive equation in finite element simulation is presented in this paper. Numerical simulation result
shows that the orthotropic fault model-based results agree well with the result-based on frictional contact model,
both of them can characterize the relative sliding and shear behavior of the fault, without any distortional de-
formation in the vertical direction of the fault. This reasonable result indicates that, under the condition of the
complex geological model and strict convergence of frictional contact based simulation, the orthotropic fault
model can be employed to replace the frictional contact fault model to characterize the fault deformation behavior
effectively.

Keywords: fault deformation behavior; numerical simulation; weak zone model; frictional contact model;

orthotropic theory



