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Abstract: The viscous characteristics of granular fault gouge significantly impact the dynamic mechanical behavior of faults,
yet the problem of determining the viscosity of these interlayers at different slip velocities remains unresolved. This article
presents theoretical research on this issue. The Maxwell relaxation model was employed to study the evolution of force chains
in granular fault gouge during slow shearing of granular gouge, and the dependence of force chain length on shear strain rate,
effective extension speed of shear bands, and strength of the granular medium was derived. The relaxation time of the shear
band in granular fault gouge, the expression for the viscosity coefficient of the granular medium, and the conditions for the
transformation of solid-liquid mechanical behavior of the granular medium were established. The validity of this model was
verified through comparison with existing experimental data. For high-speed fault slip shear, the motion of the granular
medium exhibits turbulent characteristics. Statistical physics was used to describe the interaction between granular particles in
granular fault gouge, and it was found that the viscosity coefficient is inversely proportional to the shear rate at high slip rates.
The research results have fundamental significance for understanding the viscous and other physico-mechanical properties of

granular gouge in faults.

« UHS HEA: 2024-10-18; 1&[E HHA: 2025-01-08
ESTE: BEE QKRB 4 (52438007, 12172036); U5 A A 2= 3 0 H (X24029)
F—1EH: BUKE(1965— ), B, 11, #IZ, qichengzhi65@163.com

061443-1


https://doi.org/10.11883/bzycj-2024-0395
https://doi.org/10.11883/bzycj-2024-0395
https://doi.org/10.11883/bzycj-2024-0395
https://doi.org/10.11883/bzycj-2024-0395
https://doi.org/10.11883/bzycj-2024-0395
mailto:qichengzhi65@163.com

5 45 4 BURRS, A5 R ECRIHGEE R T R BRI R AR R % 6 1

Keywords: viscosity; granular gouge; fault; slip velocity

Fie HR™ I8 % 3 B 00 s ), Ml 7 2 AR R /NN R 4 B2 45 A TET D51, Mo 5 R B 2 4% A AL
TR RS2 IR o 3 AN T 252 1 235 R T 6 R RUBE L 3R B T2, /N RUBE 3R B R S 15 B L 4B 4%
R ZE R T AR AR KRR B 4R i A R D W B ) A I, ARSI | 12 Bh SR R B vh A5 R T .
HARF RS 14, R SRR | Ml R R AUA 5T, FBR A T ARSI b R, B9 IR 254
T J7 24P BT — B Mk Y H 2 | a2 0 IE A 12 I B R

Wi J2 712 R AE M2 ) 2 (O HESR N, HR i 222 B AT 3L R 5% 00 R SRR SR A B0 Sy 1 il ik b 7% IXC v
& SIS 4, 7 20 HH28 Gt R SR T —Fhor ik, i BRI RN T ik, Wi Z i B R A AN, AR
T R B R ) AR DX T AR S R R AN TR AR T o AR LR FE AR A, Hb R YRR
B T ILAS XA X AE 3 ) S rh B BEIRRE T o (AR L A2, 10 88 XK 32 1 0 s A9 9 ) 0
AR HA H R BN X P LS AT #E 5 1L (velocity strengthening, VS) Flli# 55 1k (velocity
weakening, VW) BIHEE . 78] 12 2R FH 0 58 - 28 EE SR TRUATE 20 p U7, [0 A 2 o 22 il Ak HL A7 P 3o 15 55 1b
PR B DI, 7T BT 23 0 E At 8 0 P R AR Wb s R R AR 1 DX T W SR TR AR AR A B B A R
FERE AR A5 R WL VS L VW XA 2 A RN ] . R 280 & W2 nl g0 VS
VW HE,

DB )23 P JEE 458 R R 3 R P A M R T A P A OB U0 I L AR R, BRI Y B e R
AT RIS BEHE A (rate and state friction law, RSFL) U FEWiZ 82 & v = 0 A}, RSFL 19 % 805 K
Ve 2 LR R BRI OF i o BTN IR 28 4R T LM IE ALY, Forh A FE AR B AL 2 BRI — /)
B 1 T R Y B B e U T 7% ek 8% RSFL S AR 1 55 — AN TR) 02, i 72 KT 2 T 6 3 3 24) g K /b
L, M5 3 RSFL & A 1Y 3 50 7 FEHE I ROK /R B 22 K /Ab s 9 iy R M 2 0 A% B T A il 0 & 3K
B R W, BE4E 7 AT RSFL A0 R 48 7 X Hieows vl ity M FROE > 7512 0% W J2 3 8 i B 3 Bl 9 A 7
A e R Y 2420, R B DR BCAE v>0.1 my/s B 280 R B o PR, RSFL 78 IV Hb i W7 2 1 B8 o B2 T Jiar, (H
T B8 3 I S DR )23 T B8 TR v =0.1 my/s B, AT UM (AR A 58 . Toro 55PY Fil Goldsby 5511 X} 3 Ffi2ks
TS5 A ) JEE A8 DR o 1) B OB PE R AT T RIS, OB 8 T — ek % B 482 i (modified friction law,
MFL)P, 3 3 FA A S S AENAE A SRR S A M SRR WS A BEEEA 3 FORE:
IR LARE (v<<10"*m/s); JRZ 2. PEEHEF (107 m/s<v<<102m/s); IRZS 3: =i (v>10"72m/s), Chen £
FUEEE Y R TR (1 mm/s < v < 10 my/s) o (B5 RSN RS20 0 55 V)M T i e IR 5 iR B Bk =

T3 e —Bemf [ Py, 235 70 22 S b g B 5T 1 UKL K T b R R AR o 2 O e A A = 1 5
Wil o Chen 4502 TEAIF ST L LA Ak B4 P2 458 DR B8 0 XoF 2 TEDARELARE J32 0 MROME 1k I SRAS: T — N a4 3R XTI R
0.01~ 10 wm FRPFRE FE, B8 4852 DR A0S ML R 2 5 DDA OG5 BB SO JEE (99 38, e (LR K 31 24 0.65~0.8, 1X
52T A A F 0 13 i Byerlee JEE 48 8 HAH XTIV, Chen 580 T hy W 224 JEE 482 114 9k 20 = B2 1y
0.01~10 pm i [l P39 B 451 (/0N AORLRE B2 ) 4201, T R RS B 4R W7 )= 0% R RS B2 5% oo (L 19 5% ) A B

K22 B0 7= W 2 48 5 A R e )25 o B2 UKL I 2 1 0 24T S 25 i W 2 M R AR R A R
B, Sk e J2 1) ) R EEAE T AR RURLAY BT i dE D . O EE K B AT REAE LA BB BLAR KIS, L AT R AE i
BOA AN BURL AR, IF BALSE IR 5 Ok R 40 h B K 109 07 [ HES . FEFRP S MBS I G 00, 14k B
LA AN 1] 249 S 5 0 4 e AR e, 3 R 24 BRI e B8 U0 AT 8 B, S SR ) BB I 7 DG B L
HC — B I R E, 5 U1K 3 R A st AR X 1 B 08 WA DX JRET e R R (B AR A W B9,
J1HE M 28 B IR IRE5 K . T 7 A 38 5 AR SR BE LY, 04 4 i 5 AR SRR

Kocharyan 4 Budkov " Ostapchuk 5! X fUkL e 2 (19 85 U147 k47 1l % il g . M7k
B FIAUE R . Budkov 4510 (B 5E 3R W], JORLAY 5T 1 B Pk 2R BIOT A AR il W IR S22 b1 6k 114 11 A 4
PE, MR T8I 55 U)W BRI R B AFE S8 . BB S R 3R] RIS B i, br e

061443-2



5 45 4 BURRS, A5 R ECRIHGEE R T R BRI R AR R % 6 1

10 R R R T vk B S P T2 O B T SRR . O T PR BRIRT R B BT 18 S RRAE, WA A AR AT (Y A
HEDTRE P BIA— S FEA RN 74 = nv/6, R

T=0, [po +aln(|v|/vy)+bln (VOQ/DC)] +1v/0 = Thic + Tyis €))

A e BB ST 100 = 0 1o+ aln(VI/vo) + bIn(vo6/D.)] , 5 BEHERH CIT; o, S BCIE I J3 Rt 74 1 B
FIZALBR R T7)s v W R RS R s v, NS BB s Ty v=v, IS IORR S EEBE NG o b M RS
B D, Al S R B B 0 AR AR 5 6 R URL I 2R il b I IR B S BB R B SR X NG R,
P32 TR REOH R = 0.95 BA RBE R By 5 B R W Z 1 88 U v, 195G FR 10
n=235v.0" 2

T Vi BN mm/s. (HZX(2) HP b1 225805 i T J2 1 B 0 P R O 2R 1 4 BLAL 1 o A o) B

Lu S50 3@ o e B 98 T 55 U0 FURL I 9 X0 35 DI 55 A B 42, & BRASURL Tt DA SIS 11 42K 1) SRV 1y e 7
K AE Savage 1 Sa 90 107 B o {HIX FhFE AR ML 1 AR 7R o

Chen S 5 ABE4S NPT B 224~ ks RUBE AR TR HILT, o5 3 B A A0 7 i 58] /2 DK 2 04 4% 3 13231
(1 mm/s<v<<10 m/s) o B35 2 B AR BE A 384 O, BB 00 1 = AR TR AL A 22 5 8, DARE AN IR
TR A P SE A R AR ATURL AL, 3 AN R A BN ) SRS B R . BRI R Y, I A2
DAL T i L 0 ORI R T B U0 AE T2 T B 55 Ak rh e EE A . B H AR LA 5 TR e SR AR
1o BT YD AR FE R B YT BT PR, X iR B PN AR AR B AR A B AN I T Y

B3 H AT R 1k, A58R G Z ) 25 AT 1 3R 2% ¢ 2 0RE A T2 0 5% (9 Ak, L B B A 5 D10 1oy A8 S5 1 1
I, e 2 R I DA [ AR 1) SRR A B AR AR 4 D R e 2 R 2 2R A D O A R 5
W7 J2= e J2 OB A ST 7E 25 B DN 78 38T 0 i R X T LR RS e () R, DRI, AR ST ST Al A
W7 J2 e S22 UKL A T 1 32 Bl R 119 ) A B L 4 s B )2 e S22 IR A T 286 P I B D) R AR 2R AR Ak
PL

1 {REREF T I BT R MR kR B R It

R A W2 AR S5 BRI =, 12447 W J= 0 3 1Ak . RZBO0 T0 0 BERRE
(AT 5 A B AL BTV o b e i g ) AR RS o AL Z T, WSROI SR AR R T L WA Ay b 4 3 B 2
P IR TEA R o DRI, BT822 00K Je J2 18 0“2 R P B T AR 3t 52 e 2 04 T 2 A ) BEATLEE

FEAT AR, J1 AR 51 o0 A A A UKL o v, W56 T AE i b oy BER L MR AIURE B, 1
AR T RORLAY Jo0 b A 188 g TP S KF B3 g o T BE R 2% B AR 02 A5 R, BIVRCA AN R Y RUBE )
Il o B RN Fy B e B R RUBE Y v o Bt W7 )22 T R Sk T A T RS R RLJBE W4 0 i 2 ek o, /R
JEE B4 B AR T R BB 22 BN A o T R A AR R B ) W AR R R L, g i B A7 i BT U AR SRR H

JIBEAL T 55001 0 45 9 G Bl o CRIDZR S2 AR T B4 ok g KL~ R 26 T ) o —T75 T, 45 2852 B4 £ 2R
ARICAE S, 0 i 5 28 A 7 S A i) 24 TR0 558 S8 A A2 st o, 5 B8009 V1 T2 RN A Jo 11 28, 3 R R ) Jo
WA SCHEALA o 53— T i, 522 9y VPRI 2UMORLA 5T PR ke, o DAL A o o g i ) 38 A 7l i T Maxwell
R HAR SRR KA AR T X T 4 5 B RURL A S MU A2 A, B R e B RR AR B O 1A T B v (9 255
AR JT 5] AT AL T B2 AT R DA 51007 AR 3

dsf.?/dt =2pclé;; — vbsf._l,.)/l 3)

2T A7 SR — TS W T A8 P B DR T RN, 10 A IS TR st FR B YDA A AL R SR 5 ¢
R i L AR ARG p A AR 5 v, DR R B, R LA D S ORI SR SR ¥ BT D) RS A A AL R
JEE, I O E 1% E B B T 05, A IR B s e S PR B U A FURE A o A AL R

BT HIIEREARY REE, 0 3N R, 5 UNE R 1 v =10% BTV T IT 4G
L, 75 W2 R B M 0.005~0.5 mm/s P40k 20 A A8 PRI, Jmy 38 95 U1 9 3% 75 0 A7 A% i 8L RE 24K

061443-3



5 45 4 BURRS, A5 R ECRIHGEE R T R BRI R AR R % 6 1

4 mm/s, RIS E ST DI A Al (10 R0 B H B 52 Pr IR AN O T W2 W RS R o [RIHG, RT LICRE A st 8 AR
R X BLAR R AL T B3 PO AL R R R T, ARG [T A B R SR A ek R ) R
Xt E I BT YR TR (X (3) A i

sij = 2,chéif'vi [1—e™"] =2pcle,t [1-e] @
b

Xof T S I 748 SRR 5K B RN 1] 7> 7 = v/1, kst A5 e A st s ) 5, =t (4) 15

[
s\ ~ 2pcié;— %)
Vb

SR (5) RS 13RI R o = (35050 /2)° 78

l
0'%” = 3pc§é‘1 v—b (6)

Ao, &= (22404/3)" Jy g i AR A
PR Y 10 3R o) 3k BB BR o B, T REREIR, A A4 R A 2 WA
o =3pctel/v, (7
XFF v, TR RN, 30 (7) JEAL TR EERER o I BEREE [ MAERUN AR & Z DGR . X T E
F IR E 1N B S RN AR e &, A5 3 TURLAY S5 SZ BTN 19 TAE IR R 1

I=c'v,/ (3pcéy) (®)

TE T BB VI B (i DL T -
&=7/2=v/26 ©9)

e o ORI 2 Y JREEE o AR (8) 2808 :
1=20"w6/ (3pciv) (10)
3 AR IS ] 2 -

t=1/v,= 0"/ (3pc?&) (11)

Bk 2K AT AR Y,
n=Gt, (12)

A G AP B BT IR ¢ A A ]

TCRERE AT LAFS 2 F0R A 5T A A AR 8L

n=Gt, = pcit, =20"5/3v (13)

AN SR B AR NS S BT YT, JORL A BT A 5 B 5 AR R RO R, B o' «cInéi=In(v/5), AR, itk R
BN M S LE T BT 2 T R S BT, T IO AR B/ N T 1, IR (2) R, nocvad” o iXAERRR T (2)
I FEHLEE

NSRRI A A E R E . 2 (1) EBY R T4 RN T T, FBGPER ) 7 BIER ST BRI (13)
1) o N IZHEBR BE A I T 53 i T, B 07=7,;,0 Kocharyan 58U FE 56 i H] 7R 42 8 0~200 pm
F1200~500 wm A A1 9EHE, FORLAR/NT 20 pm 1 T AE R 2R BT . W2 MR E N 1 um/s, P31
WOk Je 2R 6=1.5 mm. 1E K77 07,=0.05 MPa, B I 4% fil T L A=254 cm?, X F 1+ L2056, 9K sh
F=906 N, FEIE N # 1=0.7, K It o"=1,,=F/A—uo,=669 Pa, \3X (13) H Al 15 =669V, . % & F|7EH & 55 V)
FIBT AR 22 £8 N, ZhitE R n=(669+315)v;L o XTI+, BRah 1k F=719 N, EE4Z R Eh 1=0.56,
W o'=1 ,=F/A—uo =307 Pa, N3 (13) Al 153 =307 v, o 5 RERNLER 2 89 U I (1R 22 7.5 N, Bk R 5L
n=(307£295) v, o FHIERIAR L K ZE M R BN E, 7T LA (13) M TR T #2437 .

061443-4



5 45 4 BURRS, A5 R ECRIHGEE R T R BRI R AR R % 6 1

Lu S5 i i XG0 5T 1 95 DIBURL Vb e 3 X A BT U154k, 5 Lu 555 BRI Bie 2E 470 b, A B
KL S A 1) SR B A, B BER BY DI AR I SR A3 K, B 3 T4 el IS ) s A2 A2 7E Savage £ Sa=107
2t

H1 20 (7) AT AR BN T ) 86 By lHTE’J#xﬁI AERN:

3pc§l_ l

(14)

& =

K & =0 /3pc2 R TR o B A BR R
R S BE R T 1 38 B kE A% jt/J\d BP 1=d, 0 BY F3BE O, 0K B0k R BLBARST M o B X
AT A5 I A B U0 0 A8 Ny
go= 220 (s)
Lu &% 3055 i () F- Y00 KT B 42 d=0.44 mm, BP ()% B 0=2.65%10° kg/m’, [N 1 o=4 kPa. &% FR N
A5 & Hl v, ESCHE [43] TA % o D T AT AIEAY, 51 H Turuntaev 589 o 56TV 193 50 45 s, B
B v, H9SF- 291 0.004 m/s, B BRIV AE A o"=y7/2=0.05, NIARHE (15), W ERFT AR IS AR AT 2 Y

2e'y

AH I ARFAE BT ) 0 AR 3y = — =091 s, fHN A9 Savage ¥ H:
: B 3 2
S = pd*y; _ 4p(e*vy) _ 4%2.65%x10° % (0.05x0.004) —1.07% 10" (16)
o o 4103

LA, TS Lu S5 OSSR — BBy . I, iR SR A R — 2 DA TR
FHE . B TR/ R TR R | ORI TR S L BT UIRC R | BT AR AR AN Y A A
A e, Sy ELAE R URLAY S5 B AR 14 ) 2 AL

2 BEBEH THE RS RIS EE

RVl 7 12l B I, B0k 32 J2 42 s aC A S IR E O TE A L A . FETE i 3 A e A0, 7
P (v=0.1~10 m/s) I FE T, Wi 2 2 BT DI RAR A, Biln, %1 W72 1 B8 3 v=0.1 m/s B, 1.5 mm J&
BRI 2, BTIEA R 67 57 X T W2 M R 3 v=1.0 m/s I, BTEIRAF] 670 7!, b A -0 e 3 )
0.91s™ 5 2~3 MEE S, TEPHME BT, Je )25 rf 2 AR i Qi B T ia R Ak (4 RoR 7 1
TER) | A BEREAL . S BRIBRES A TR (4 o i S BRAL 2 G B0 W J2 0k e 2 kLT 1 32 2 R e e i X =
S, R is shU, UL R B K SR A O SR T A 8 Sh R TR FERAE . BRUE, B RS B ok i
A TR 22 [ (4 AH B AR R A EE Y

IR R JESS i AR AEN 2 ¢ 007 B, BT LA 1] A 5€ 19 43 Fi PR AR o (R, Ro, -+, Ry, ) AR AKE F 1)
Ak BRI, TELA 72 1 R, RIBFIR] ¢ 2 BRE T A9 A% 2R iy =X 2 B

W =0
= = Z ar BY) a7
X T WHZ A, X (17) o7 LAl ok 4 7 A,
oy 0 (0D
o OR <6R "/’) (18)

AP v R ARSI S s D Y BUR L, D = kT/ ¢, i ¢ = 2man, a AR
ARG E T, v T LE R SRR L TT 0 (r, R) BIAETE - I ) @ (r) 1R T TR -

Fop (1) = [ 0o (r RO (R)AR (19)
T 7, FE 245 N /KL T TR VAR F-4

061443-5



5 45 4 BURRS, A5 R ECRIHGEE R T R BRI R AR R % 6 1

1 1
<ﬁyﬁ (r)> :V fﬁw (r)dr= v

N
jv Top(dr+ Y fv Top (1) dr] -
% [jvz MYopdr + va O op (1) d"‘| = % Vo <%ﬂ> + (Z V,v) : <0-"5>1‘| =
i=1 i=1

Vam, <7&B> +Vi- <0'aﬁ> ] =1 <)"aﬁ> (1-9)+¢ <0'aﬁ>1 (20)

il

A Vi S iR RIRRG V) = Zvﬁfﬂ?ﬁ*v¥ﬁﬁﬂﬁﬁi$ﬂ, V, Jkif Z 18] [ B B 1 o 25 5%

i=1

WATEHRR: AR T2 R BHERHG o= ViV BT UBLAT L (1) = 3 [ o DO T
IR BT U N AR R

AT R E N
Nop = (Tap) / (Vo) e2))
A A
‘p<0—”l3>|
op = T2 1- 22
n 7 n ( 50)+ <’}./Qﬁ> a ;éﬁ ( )
Hrp,
(0up) fj Top (P)dr (23)
X 4O, BN
=yzj (24)
Ao oy T IR R 7 = (Be)
v, RN (18) 15
d&o,. do,.
e +7yz ay =0 25)
Hofg hy
7. () = A+ Bexp <— 7]32) (26)

. A, B E L, 50 26) FRA RIS (23) 15

.. B ¥Sy. ) B ( 2a*ys )_ ( 2a*ys )
<ayz>1_A+71fV (1—ﬁ < )dr=A+B(1-5 4 ) = A+ Bexp (-5 4 @7)

L Q7) AR (22) 13

A B y
1) =%+ exp |-C L] (8)
PR AR . Ry = X, W ESUE .
X =A+Bexp |— kT} (29)

XF ) — iR BE T, 5 FERY AR A n(y) = X = const, B
) = const

RVt 5 077 R AR 4 O, B AR B A AR RS L SR RO O AR R A T RS A5 R SRR i
IR

(30)

061443-6



5 45 4 JBURE, GE . R PR RS T TR AR SRR A B R % 6 1

FUR, 6 T ORI J2 e B RS 1 00 B BB PR BB P S A AL o PO IE AR ST I&, 12 ) AL %
) Je JZURLAY ST AL RE T | R T (AR BB L) | A B AL | 25 BRIR 55 4 Tt 1Y) i 25 B4
PG, LAY B i is s R, ELZUERTE ) 73 AR5 ) 3 i 52 43—, 1036 I A 7 IX 0 IR X
Bl e = 45 fA]

(ELI A ol 0 R AT D0 ) DAL I 2 328 Bl 280 T T (A48 P A 49 328 3l R T 7 oo 7 A8 3R 2 1 ) B
FWBAAEIE 12 Zh > 350 F T A Y B U 1A 32 Sy n] SR PN 4 B 78 3 AR 3t v 2R e ik s

-1

Do =n|1+7) 31)

Sty JIREE W TR BEHE B o S IR B B KRR . ol 1T A 1, 768 B AR, B
R KA R AT BAR (30) TRRERI R HLE R
IR T B ARE L A 1 g

AP RN BLCT 7 i AR R B, Bk f A L 4R

AR I B A58 LT AR, T LK PR 3 15 EREL -

B R ) B B A H B, B e = const, JIT % /

Phn(é) = const/&, 55X (30) fF 5 . % Bl gilioon carbide / —
Xof PR TR A T R 1) 0 BT 4 R R R AL § J Z//

n=20"6/3v=20"/(3y) . I LLF B LM 5 Pk &4t — — —i/;/

RS A T B BN T 0 v 2 T

— B, AR (30) X T P AL 2] i 0 o m o [0

WG N AR ST, IB4 5K (30) H iy # BNV %N Strain rate/s !

20 /3 o IXFERE T ASEEL R T RN S Ak 1 AR | SR R 7 s i i )

E2: [ T v () 0 )23 T A 15 0 T W U2 ks Fig. 1 Variation of silicon carbide and aliminum oxide strength

Je R B B S BEI A I, B S 1% ) with strain rate™

BN 2 B B 2 S, DA R ORI 2 328 Sy A2 3 38 i 3 ) 90, L 2% LR P e R BE 4 ) 34 52
LU —, KB AGF X o I, 7 AR — B IRAIT

TEANTSCHK [44] B Y BOIRAE , 99 17 0 A8 5 3 IR 266 1 28 M H0) e AR th A RFSS 7R AR AR R T A
JR A RS R B A AR ARG DAY o AR A W2 T RS TR, S o AR s st e [ BOCBR T g i ) 2B A D,
T B A AT I T 5 R0 RS L 5 T g T A 0TS A T st S T R R e 9 A A S TR] G
Ji@ FA) A A I ] AR 5 7 78 23 R H, PR T 286 e 2 A o7 728 3 ) 8 R T i ) o

3 & i

ARSCA RIS T A8 i T R AT W2 ORI 2 A P R BRI (R X T SO e 2 B 1 s B
DI O, J1BEE 3 ORIV, o205 S8 1 BE G A8 AR AT AL o DA SR Y J3 1 Maxwell #2 i ASE
T, RIVIURL e J2 7 7 38 55 15 B TSl i 30F0 e 1 0 B R 5 6L A T RS A T R BT B 4R e 4 o
WA RIHERS T 05 R B T B U AR A | BT B9 A ALY R | ORI B B Y SE R, E— P3R4SR T
STUIAF R st s 1] UL A i A0 6 1 AR B IK X, WA 1 JBORE A O -9 ) A A7 D B i 2 o IR
LT ORLR /N W2 W RS | ORI TR B | B VIR | BTN AR SR | S A R R, A
R S BEE AL R 7R L 5 B A U K A LU BRI TR R AR A R o X T s I AR T U, )R
I TR 23 S A T U EE T R TR (KR BT 1) | A U AL 5 B R B9 5114 23 figp S5 ) B 2
PG W)= ORI Z 0K (912 20 8 S A 5 32 5, BORLAY Btz 3 BAT i i AR . DR e i e it 2
SR A AR A R 22 8] A ELAE T, A B T ORI A B R RS BT DA U LR e . IR IR R
H I J2 OB B A L 1 B 26 A T R Sh 2 A5 R R . M R RO, v BRI AR sty (8] e T )

061443-7



5 45 4 BURRS, A5 R ECRIHGEE R T R BRI R AR R % 6 1

B 4 A AF I T 5 T 7 v T R OO T, A T R A st R ) SRR 309 e 114 AR A N ] B AR SRR, e R
R AORE A JBT P P 45 A4 1) A A I T s/, Rt R B s o

S 30 Hk:

(1]

(2]

(3]
(4]

(5]

(6]
(7]

(8]
[9]
[10]
[11]
[12]
[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

SADOVSKY M A, BOLKHOVITINOV L G, PISARENKO V F. Deformation of geophysical medium and seismic
process[M]. Nauka, Moscow, 1987.

BRACE W F, BYERLEE J D. Stick-slip as a mechanism for earthquake [J]. Science, 1966, 153(3739): 990-992. DOI:
10.1126/science.153.3739.990.

KOSTROV B V. Mechanics of sources of tectonic earthquakes[M]. Nauka, Moscow, 1975.

KANAMORI H, STEWART G S. Mode of strain release along Gibbs fracture zone, mid-atlantic ridge [J]. Physics of the
Earth and Planetary Interiors, 1976, 11(4): 312-332. DOI: 10.1016/0031-9201(76)90018-2.

AKI K, BOUCHON M, CHOUET B, et al. Quantitative prediction of strong motion for a potential earthquake fault [J]. Annals
of Geophysics, 2010, 53(1): 81-91. DOI: 10.4401/ag-4665.

MYACHKIN V L. Preparation processes of earthquakes[M]. Nauka, Moscow, 1978.

DIETRICH J H. Modeling of rock friction: 1. experimental results and constitutive equations [J]. Journal of Geophysical
Research, 1979, 84(B5): 2161-2168. DOIL: 10.1029/J1B084iB05p02161.

RICE J R, RUINA A L. Stability of steady frictional slipping [J]. Journal of Applied Mechanics, 1983, 50(2): 343-349. DOI:
10.1115/1.3167042.

SCHOLZ C H. The Mechanics of Earthquakes and Faulting[M]. Cambridge University Press, 1990.

DOBROVOLSKY I P. Theory of preparation of tectonic earthquakes[M]. Nauka, Moscow, 1991.

DOBROVOLSKY I P. The mathematical theory of earthquake preparation and prediction[M]. Fizmatlit, Moscow, 2009.
SOBOLEV G A, PONOMOREV A V. The Physics of Earthquakes and Precursors[M]. Nauka, Moscow, 2003.
KOCHARYAN G G. Geomechanics of faults|M]. Geos, Moscow, 2016.

SCHOLZ C H, CAMPOS J. The seismic coupling of subduction zones revisited [J]. Journal of Geophysical Research, 2012,
117(B5): 1-22. DOI: 10.1029/2011JB009003.

CARPENTER B M, IKARI M J, MARONE C. Laboratory observations of time-dependent frictional strengthening and stress
relaxation in natural and synthetic fault gouges [J]. Journal of Geophysical Research: Solid Earth, 2016, 121(2): 1183-1201.
DOI: 10.1002/2015JB012136.

IKARI M J, MARONE C, SAFFER D M. On the relation between fault strength and frictional stability [J]. Geology, 2011,
39(1): 83-86. DOI: 10.1130/G31416.1.

BOATWRIGHT J, COCCO M. Frictional constraints on crustal faulting [J]. Journal of Geophysical Research, 1996, 101(B6):
13895-13909. DOTI: 10.1029/96jb00405.

PERSSON B N J. Sliding friction: physical principles and applications[M]. Nano Science and Technology. Springer-Verlag,
Berlin and Heidelberg, 1998.

MUSER M H, URBAKH M, ROBBINS M O. Statistical mechanics of static and low-velocity kinetic friction [J]. Advances in
Chemical Physics, 2003, 126: 187-272.

BAUBERGER T, CAROLI C. Solid friction from stick-slip down to pinning and aging [J]. Advances in Physics., 2006, 55(3/4):
279-348. DOI: 10.1080/00018730600732186.

ZHENG G, RICE J R. Conditions under which velocity-weakening friction allows a self-healing versus a cracklike mode of
rupture [J]. Bulletin of the Seismological Society of America, 1998, 88(6): 1466—1483. DOI: 10.1016/S0040-1951(98)00192-9.
RICE J R, LAPUSTA N, RANJITH K. Rate and state dependent friction and the stability of sliding between elastically
deformable solids [J]. Journal of Mechanics and Physics of Solids, 2001, 49(9): 1865-1898. DOI: 10.1016/S0022-5096(01)
00042-4.

DI TORO G, HIROSE T, NIELSEN S, et al. Natural and experimental evidence of melt lubrication of faults during
earthquakes [J]. Science, 2006, 311(5761): 647-649. DOI: 10.1126/science.1121012.

DI TORO G, HAN R, HIROSE T, et al. Fault lubrication during earthquakes [J]. Nature, 2011, 471(7339): 494-8. DOLI:
10.1038/nature09838.

061443-8


https://doi.org/10.1126/science.153.3739.990
https://doi.org/10.1016/0031-9201(76)90018-2
https://doi.org/10.1016/0031-9201(76)90018-2
https://doi.org/10.4401/ag-4665
https://doi.org/10.4401/ag-4665
https://doi.org/10.1029/JB084iB05p02161
https://doi.org/10.1029/JB084iB05p02161
https://doi.org/10.1115/1.3167042
https://doi.org/10.1029/2011JB009003
https://doi.org/10.1002/2015JB012136
https://doi.org/10.1130/G31416.1
https://doi.org/10.1029/96jb00405
https://doi.org/10.1080/00018730600732186
https://doi.org/10.1016/S0040-1951(98)00192-9
https://doi.org/10.1016/S0022-5096(01)00042-4
https://doi.org/10.1126/science.1121012
https://doi.org/10.1038/nature09838

5 45 4 BURRS, A5 R ECRIHGEE R T R BRI R AR R % 6 1

[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]
[48]

GOLDSBY D L, TULLIS T E. Flash heating leads to low frictional strength of crustal rocks at earthquake slip rates [J].
Science, 2011, 334(6053): 216-218. DOI: 10.1126/science.1207902.

AHARONOV E, SCHOLZ C H. A physics-based rock friction constitutive law: Steady state friction [J]. Journal of
Geophysical Research: Solid Earth, 2018, 123(2): 1591-1614. DOI: 10.1002/2016JB013829.

SPAGNUOLO E, NIELSEN S, VIOLAY M, et al. An empirically based steady state friction law and implications for fault
stability [J]. Geophysical Research Letters, 2016, 43(7): 3263—71. DOI: 10.1002/2016GL067881.

CHEN ] Y, NIEMEIJER A R, SOIERS C J. Microphysical modeling of carbonate fault friction at slip rates spanning the full
seismic cycle [J]. Journal of Geophysical Research: Solid Earth, 2021, 126(3): 021024. DOI: 10.1029/2020JB021024.
SELVADURAI P, GLASER S. Asperity generation and its relationship to seismicity on a planar fault: A laboratory
simulation [J]. Geophysical Journal International, 2017, 208(2): 1009-1025. DOI: 10.1093/gji/ggw439.

RECHES Z, ZU X, CARPENTWER B M. Energy-flux control of the steady-state, creep, and dynamic slip modes of faults [J].
Scientific Reports, 2019, 9(1): 10627. DOI: 10.1038/s41598-019-46922-1.

IKARI M J, MARONE C, SAFFER D M, et al. Slip weakening as a mechanism for slow earthquakes [J]. Nature Geosciences,
2013, 6(6): 468-472. DOI: 10.1038/NGEO18198.

CHEN X, MADDEN A S, BICKMORE B R, et al. Dynamic weakening by nanoscale smoothing during high-velocity fault
slip [J]. Geology, 2013, 41(7): 739-7428. DOI: 10.1130/G34169.1.

BYERLEE J D. Friction of rocks [J]. Pure and Applied Geophysics, 1978, 116(4/5): 615-626. DOI: 10.1007/BF00876528.
CHESTER J S, CHESTER F M, KRONENBERG A K. Fracture surface energy of the Punchbowl fault, San Andreas
system [J]. Nature, 2005, 437(7055): 133-136. DOI: 10.1038/nature03942.

SIBSON R H. Thickness of the seismic slip zone[J]. Bulletin of the Seismological Society of America. 2003, 93 (3):
1169-1178. DOI:10.1785/0120020061.

MAJMUDAR T S, BEHINGGER R P. Contact force measurements and stress induced anisotropy in granular materials [J].
Nature, 2005, 435(7045): 1079-1082. DOI: 10.1038/nature03805.

ANTONY S J. Link between single-particle properties and macroscopic properties in particulate assemblies: role of structures
within structures [J]. Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences,
2007, 365(1861): 2879-2891. DOI: 10.1098/rsta.2007.0004.

RICHEFEU V, El YOUSSOUFI MS, AZEMA E, et al. Force transmission in dry and wet granular media [J]. Powder
Technology, 2009, 190(1/2): 258-263. DOI: 10.1016/j.powtec.2008.04.069.

KOCHARYAN G G, NOVIKOV V A, OSTAPCHUK A A, et al. A study of different fault slip modes governed by the gouge
material composition in laboratory experiments [J]. Geophysical Journal International, 2017, 208(1): 521-528. DOI: 10.1093/
gji/ggw409.

BUDKOV A M, KOCHARYAN G G. Experimental study of different modes of block sliding along interface: part 3:
numerical modeling [J]. Physical Mesomechanics, 2017, 20(2): 203-208. DOI: 10.1134/S1029959917020102.

OSTAPCHUK A A, MOROZOVA K G. On the mechanism of laboratory earthquake nucleation highlighted by acoustic
emission [J]. Scientific Reports, 2020, 10(1): 7245. DOI: 10.1038/s41598-020-64272-1.

OSTAPCHUK A A, MOROZOVA K G, MARKOV V, et al. Acoustic emission reveals multiple slip modes on a frictional
fault [J]. Frontiers of Earth Science, 2021, 9: 657487. DOI: 10.3389/feart.2021.657487.

LU K, BRODSY E E, KAVEHPOUR H P. Shear-weakening of the transitional regime for granular flow: the role of
compressibility [J]. Journal of Fluid Mechanics, 2007, 587: 347-372. DOI: 10.1017/S0022112007007331.

HAYWARD K S, HAWKINS R, COX S F, et al. Rheological controls on asperity weakening during earthquake slip [J].
Journal of Geophysical Research: Solid Earth, 2019, 124(12): 12736-12762. DOI: 10.1029/2019JB018231.

POZZI G, PAOLA N, NIELSEN S, et al. Coseismic fault lubrication by viscous deformation [J]. Nature Geoscience, 2021,
14(6): 437-442. DOI: 10.1038/541561-021-00747-8.

FAGERENG A, BEALL A. Is complex fault zone behaviour a reflection of rheological heterogeneity? [J]. Philosophical
Transactions of the Royal Society A, 2021, 379(2193): 20190421. DOI: 10.1098/rsta.2019.0421.

RADIONOV V N, SIZOV I A, TSVETKOV V M. Fundamental of geomechanics[M], Nedra, Moscow, 1986.

TURUNTAEV S B, KULIJKIN A M, GERASOMOVZ T I, et al. Dynamics of localization shear deformation in sand [J].
Doklady Akademii Nauk (Reports of Russian Academy of Science), 1997, 354(1): 105-108.

061443-9


https://doi.org/10.1126/science.1207902
https://doi.org/10.1002/2016JB013829
https://doi.org/10.1002/2016JB013829
https://doi.org/10.1002/2016GL067881
https://doi.org/10.1029/2020JB021024
https://doi.org/10.1093/gji/ggw439
https://doi.org/10.1038/s41598-019-46922-1
https://doi.org/10.1038/NGEO18198
https://doi.org/10.1130/G34169.1
https://doi.org/10.1007/BF00876528
https://doi.org/10.1038/nature03942
https://doi.org/10.1785/0120020061
https://doi.org/10.1038/nature03805
https://doi.org/10.1098/rsta.2007.0004
https://doi.org/10.1016/j.powtec.2008.04.069
https://doi.org/10.1016/j.powtec.2008.04.069
https://doi.org/10.1093/gji/ggw409
https://doi.org/10.1134/S1029959917020102
https://doi.org/10.1038/s41598-020-64272-1
https://doi.org/10.3389/feart.2021.657487
https://doi.org/10.1017/S0022112007007331
https://doi.org/10.1029/2019JB018231
https://doi.org/10.1038/s41561-021-00747-8
https://doi.org/10.1098/rsta.2019.0421
https://doi.org/10.1098/rsta.2019.0421

5 45 4 BURRS, A5 R ECRIHGEE R T R BRI R AR R % 6 1

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

LANDAU L D, LIFSHITZ E M. Theory of elasticity[M]. Pergamon, New York, 1959.

ALONSO-MARROQUIN F, VARDOULAKIS I. Micromechanics of shear bands in granular media[C]//Powders and Grains
2005-Proceedings of the 5th International Conference on Micromechanics of Granular Media (2005), The Netherlands: A. A.
Balkema, Leiden, 2005: 701-704.

ABEDI S, RECHENMACHER A L, ORLANDO A D. Vortex formation and dissolution in sheared sand [J]. Granular Matter,
2012, 14(6): 695-705. DOI: 10.1007/s10035-012-0369-5.

KIM V A, KARIMOV S A. Manifestation of physical mesomechanics at contact interaction [J]. Journal of state technical
university of komsomolsky at Amur, Science on nature and technique, 2014, 1(18): 79-85.

BIRD R B, ARMSTRONG R C, HASSAGER O. Dynamics of polymeric liquid[M]. 2nd ed. Wiley, New York, 1987.

CHOW T S. Mesoscopic physics of complex materials[M]. Springer, New York, 2000.

SIMMONS J H, Mohr R K, MONTROSE C J. Non-newtonian viscous flow in glass[J]. Journal of Applied Physics, 1982,
53(6): 4075-4080. DOI: 10.1063/1.331272.

SIMMONS J H, OCHOA R, SIMMONS K D, et al. Non-Newtonian viscous flow in soda-lime-silica glass at forming and
annealing temperatures[J]. Journal of Non-Crystalline Solids, 105(3), 1988: 313-322. DOI: 10.1016/0022-3093(88)90325-0.
SIMMONS J H. What is so exciting about non-linear viscous flow in glass, molecular dynamics simulations of brittle fracture
and semiconductor-glass quantum composites[J]. Journal of Non-Crystalline Solids, 1988, 239: 1-15. DOI: 10.1016/S0022-
3093(98)00741-8.

GRADY D E. Shock wave properties of brittle solids: 950846 [R]. Sandia National Laboratory, 1995: 9-20.

GUTgH  EH)

061443-10


https://doi.org/10.1007/s10035-012-0369-5
https://doi.org/10.1063/1.331272
https://doi.org/10.1016/0022-3093(88)90325-0
https://doi.org/10.1016/0022-3093(88)90325-0
https://doi.org/10.1016/0022-3093(88)90325-0
https://doi.org/10.1016/0022-3093(88)90325-0
https://doi.org/10.1016/0022-3093(88)90325-0
https://doi.org/10.1016/S0022-3093(98)00741-8
https://doi.org/10.1016/S0022-3093(98)00741-8
https://doi.org/10.1016/S0022-3093(98)00741-8
https://doi.org/10.1016/S0022-3093(98)00741-8
https://doi.org/10.1016/S0022-3093(98)00741-8

	1 低速滑移下的断层颗粒夹层的黏性特性
	2 高速滑移下的断层颗粒夹层的黏性特性
	3 结　论
	参考文献

