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A spring-slider model with pore pressure change due to thermal
pressurization, dilatancy, and pore sealing within fault gouge

—Two spatial scales—

Yuta Mrtsur' and Kazuro HIRAHARA®

Abstract
state-dependent friction law. All the processes in this model allow to change pore fluid pressure on the
frictional interface. One is thermal fluid pressurization due to frictional heating. The second is fluid
depressurization by gouge dilatancy. The third is fluid pressurization owing to pore sealing driven by
chemical reactions. We perform numerical experiments varying the thickness of the gouge layer (w)
and the hydraulically activated layer (w),), to check the difference in slip instability. We find that stick-
slip events with the thermal pressurization occur in case with sufficiently small w. In other cases,

We implement three elementary processes into a spring-slider model obeying the rate- and

smaller w,, (less permeable) leads to more stable slip, e.g., slow slip events. In addition, faster apparent
loading for the block motion occurs when w is quite large and wj, is small.

Keywords: spring-slider model, stick-slip, slow slip events, pore fluid pressure, thermal pressurization,
dilatancy, pore sealing
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TW3, —HT, RALMB LB RAT7 4 v 7 —
ANy T, WEDIGHER - EHEE GIEY 1 7 )
DE—FEMEAL T ZLEDHTSE S (Brace & Byerlee,
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1957) ZNAREUTE Sz T, WA D% Btk L
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NA—TuyZEFNTE, 7uv 7 LEHREDMIZ
i BRI ZARE T 208 H 5. TR L E
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& Cook, 1976), =456k (Dieterich, 1979; Ruina, 1980)
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72 (il 2 1¥ Boatwright & Cocco, 1996).
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TR X 2 B GRVELB DRl 2 K& Sl 2 72
HbDOTHD, LHrL, ZDXIRHMRIEZ, WEDH¥%EE
TNMIZFELRDHZT VWD ANENTVERY, ZREND
FREOEFTNVLBEAL TR NWI L, B, T A —
BB UNTELZLEDRENTH 2.

TR« IRBEMRAF BRI & 3T BB A = X A
DHL, WBRHESARLGATWEHDELT, WiEH
LOMBHREEDOELD D 5. FRTELIE, iz
D DI OEI % Z RS, 03712108 AW
W5 BRI WA S 5. RO EEIRITE 017 <
FCEMSEDZZ LD TAHREEEZLND, 0T,
TEHERY 20 - IRREARTF B X 0 & BRI IR EZ LD
ZO A, RMICK S REEE brACSeEs 2 L %
k¥ 2. Mitsui & Cocco (2010) %, Boatwright &
Cocco (1996) O¥HLIZ, 200X I =X LT L 2
MBRRAEZL 2 TNz 72, 1o10%, MFRTE O E#E
FEEIZAE D BRI OTRAE R (thermal pressurization; 24
TTP), b5 121%, CAMEZT2WEITY VHhofH
PRBHK (Xq 78 vy —) I MERIERTCTH 5.
FORR, VUVDES wk, FEIEEROZMR Ay — v
wy, D2OH, 7Ty 7 DEFHZIHT 2T A—KLL
THRIESINT:, Z022o1%, WTIZEBWwTo =2 vizf]
HdEDLLNRTIA—=ETHDEEZ NS (il 21ZSibson,
2003; Tsutsumi et al., 2004 ).

K2 TlE Mitsui & Cocco (2010) ofi#h e LT, k
FU2FEFHD X h = X IThNZ, Buk — W oL RIS
IZX MY — ) v 7D BREINIRIEE LR O 2 b =
ALE1IHHENA -7 0y 7T NVIZEAT S, 22
IE D, HUEEWEERICE S SER S AT E TR
EHIEEFE AR L B3 () 21X Sibson, 1973; 1994 )
IZoWT, HEETFTAUILOEREIT D T & ATREIZ T
5, ZRERWIEESERICE D, Tavy 703Dk
REFAND,

FELBERRME

Lito sy, #@EikFoliEe T rcii iz, fi%
fbsni:1HEENA -7y 277V (Fig 1) ZHH
T 5, BIEO LD wEfike T voBEICOWTIE, fl
ZIERZFEOERL (ZFH:, 2014) 2BRs v

NE—7uvy7ETNVvOERHENE,

kP? (d*u

T—1f :F<W> (1)
EWIHITBIZ L B, T EINARITEoTTay Zizu—FS&
N AWIEN RS, 1,370y 7 - K i< &
I T, BEEB u EBERIGT o— p OBNIR &
%5, 22T o BERNTERICH, pldEhE o
PRI IS 3 2, EIINARE, PIZ7 oy 7 Dl
M EOoFEBIZE DFERISND) ML BREORES 25
BT 2EER, w370y 7 OFENE, t IRETH
3, TONFZF—T7 0y ZEFNTIE, ROIMEB~DHM:
WEANVE—RHMIUESNEL WD, EHTD %I
O DPRREIAR T3 24 — N —v 2 — FNEREBSKL NI

V—>

Why

Fig. 1 AR COLIAMENS — 70y 277 VvOME (Mitsui
& Cocco (2010) @ Fig. 1 2YGET). Wigatkz, SMB25 v,
OBETH | oRoNE Ty 7 LHLT. WIHDORAT 1 v 7%
AR LNk CESHZ 2. 7oy 7 LIROMIT,
iFwoFTY Vo E>TWB E LT, oW TRIBIED
MR - KA T xR vy — ALY =) v RS 5 LT
5. [RRIRMIE, Hv VR S E O TR X D BB T
5. WHMIHORER S & OCREIEBURED 57 & 2 RrEIHEEk
Bl w, LT 5.

Fig. 1 A schematic of spring-slider model (modified from Fig. 1 in
Mitsui & Cocco (2010)). A fault is represented by the slider,
externally loaded through the spring at a velocity of v,.. The fault
stiffness is replaced by spring constant k. Frictional heating, pore
dilatancy, and chemical sealing occur within a gouge layer of
width w . Pore fluid diffuses between the gouge layer and the
outside. Characteristic diffusion distance w;, derives from
characteristic time of the inertia term and hydraulic diffusivity.

BZ25, Zomld, MHERZ AV BN EEELT2—
ERFZE D 1XT6E 7 v (B 2 1E Segall & Rice, 1995; Mitsui
& Hirahara, 2009a) & 1387 5.,

NATO— RFENBRAMICH v 1%, BYREEICH
M LB v, ¢ & FEBROEMR v & OEITHT 2 M
WEELT,

T=Tp+ k(v t —w) 2)
DEIIEzZzLND, 1k T DWEETH 3.
BEVARIN 1 %, EHERY 2R - RRERAFEIEANZAE S

£S5, Thbb, n BIRVEE v B X CHOREE
RIEH O ITEFL, UTomEltRsns,

v
,u=u0+a1n(—>+bln® (3)
Vo
e v, v
— 20 —0)—— 4
T Lexp( ®) I 4)

o ld v=10, DL EOEBRME T, BE NI XA -4
a, b, L EBFRROFKELXILTS. HlELT, b>
ado LIBHo/NEnESIZos, 7uy 7 OlEE—E



HBRIREEDZR) LKL 2 84— 70y 7 €TV 9

HEIR)DPHDBRST AT 4 v 7 R v THEH LD
(Ruina, 1983; Rice & Tse, 1986). IRHEZH © DHFRHIF
JEHIE LTI, Mitsui & Cocco (2010) & I1FXEZ D, (4)
HNTHKE N2 aging law B ERE L7z, Aging lawJER
1%, (WAL —IHLSRFE ORI LU U 72 BB, A
U ZIEDST ) BT U7 B e R L, REE
B O OYPINEERSHIETH 2. Z D7, FAFRIEMitsui
& Cocco (2010) 2MRAE L Tzslip law Bz & D SHE I A
WHLNBMEMIZH D, KR D Z o 7z,
MIBRIRAIE p 1%, BEFERICIZ, BT DX A
SRy — - HBRY—) v 7Tk BB ERIC L o T
b3 %, [T, MERINEE O - MEORLH &)
FEBO 1Tk > THEMENE EEZ L, ZOXO5U 0k
A% F D) FEIE LB S THIEITIECEE, ok d
B L 42 D%, AR 2 REITEL T2 OITBEY
RZIAREOH S Th 5. LEHFER 2 RMS HEAD
HOZETHRI D ET2E, FxI2 U THERR»FEH
R B, Z DS LT Bizzarri & Cocco (20064,
2006b) 1%, —EDIE w JFHTIX 2w) P TEIEHE -
MIRBEN OGN Z 2 EWIREDT T, Wi
BRI B 2 MBRTAE p ORHZ L%

NN A B S i 2 =
p(t)_pOJrWJ; dt [ w_xerf<4 )((t—t’))+w—)(erf<4- m(t—t'))]

ulo—pv— %”ﬂ (5)

EWVWI XD UBEHETEST UL, ZITpldpof
HETH D, x FREOIWEHIRI, @ FTETEOILELR
BaHERT., ABEEDNT A —&T, HADEEMH
JERR DRI R TIFH TN S W E WS AT IT B W
T, MEROBRR a, WE - EEMEOEMHROM B,
NNVI DEE p, WE c ZHWT A=a/(Boc) TE5Z 5
Nno, HALIHERITTTH S, B bHED /8T X — X (storage
capacity) T, B=Bd TH 2. KMRETIEAD BHE
BET 2, 5517, ¢ ZHEBRER ¢ ORFEIIE, B
WEF D RNA #Fed. Mitsui & Hirahara (2009a) 1%, E
O OMBIREERE Y RIHOAT 4 v 7 -2 ) v
7 OMEFHRICEA LTz,

B8z, ¢ OEMIEEE 2 2. Mitsui & Cocco (2010)
Tl%, Sleep (1995) ¥ X FSegall & Rice (1995) D2
RLTAYYDOEA 7 &2y —I24E S RIBERZLA

. de

¢ = —SE (6)
EERALI. 203, REEH 0 oZFfbE: v Yol
BRROZE BT 2 & LTz DT, AAEBROMKE
(Marone et al., 1990) #Zh 7z D IR FEIR T 5, AHF
Z2CI3 S 512, Mitsui & Hirahara (2009b) 23i)E 3 X

DEHR LB LT, Buk— S O(bEERIGIT & D BK
s sy —Y v Zoe 7T v (Gratier et al., 2003)
Nz 5. ZOETFAVTE, REICHES ZHEHFNTO
SEVI DJETIVEIR - WERE - T2 E 2 Tw3a, Zhb
I 70 Ry — VCHEMRFERELE T 225, BlSimL
L T ORERHA I

¢ =— % exp (;) (7)

DIEEL D, XBIBROMITEE ZF SRERTD 5.
X%, WilgHw O TR R TERHT/NE W (Gratier
etal, 2003), ZD7:HAMFETIE, MRy —) v 7037
VIYNTOARI 2 EREL, RO)ETNDOELEELT
b LT3,

PEORZHN ST, VvFr—7 v ZFETHEMENIC
7 <. B OZIAIEIZRK45 D 7 v ) X2 (Press, 1992)
IHED RIERLE Uz oS, EMHOFEIT X 2 BUHREE
PELRTWER T XD RFIZIE, L/ D1/100BLF EwH
JERITNS BEEERES 227 VT ) ZLIZAAL vF L
7z, STEOMMSGFLE LT, REEH O L3 _DHEE o
ICETHERLZEZTW2,

ZOETNVERWT, BEFERETS. FFIEET 2
®%, Mitsui & Cocco (2010) &[RRI, FEBICEOM
PR DL Z 25 DIE w 5 X CTHFRIT AR O RIS
BUEBE w, = 2VoP D20DEMAr —VTH L, fiD
NI A—=21%, DINICHZES 2fECREET %: k=21.6
[MPa/m], P=50[s], v,=v,=4.5 [cm/year], 7,=
16.8 [MPa], u,=0.56, «=0.007, 6=0.016, L=1
[em], 0=130 [MPa], p0=100 [MPa], A=0.5, B
=25e—11[Pa '], x=1le—6 [m?¥s], e=1.7¢— 4,
¢,=0.025, X=10 [year].

BR

FHREAEROBIE LT, w, 0.9 mIZEELT w DA
PEAESRIGEOTN) ORIFE %, Fig 21387,
wDEIZE>T, AT74 v 27 -2V v 7 (w=1cm k)
PLEWTND (w=25mE) T, $) R
AT DI ENbIS, w=5cmBIIRONE/NS T
RO A4 Ry ME, KT BHE230.01 mm/s DF —
X—TH, HEEOEEHITR) LW XD AT —R
Yy 74 vk (SSE) ITHY T 5. R TIE, &K
FTARDEEH 0.1 mm/s B2 2BDEAT 4 v I —R
Vw7, FRRBDODD%SSE &ML, 2 Z2T0.1 mm/
s EWIHHIE, 2011 4EHAMBOESK D 7V — FERIC
BRI 0EE (Mitsui & Heki, 2013) %#2#
ELTWwW3, 7z, SSELEHITR)DOXFIE LT, &
RIRDEED v, D105 %2 285 %SSE, €9 T
TWGBEEEFRTN) LERZ LI2T 3,

5107, Fig. 31z, LELOWET w=1cm OHBEB X
Cw=5cm ORFED, HRIRAEEOHBBEOBET EZRL
2. A7 4927 -2V v 7 (HE-—EHTRD) 2582
w=1lcm &S, FWETR)REOBEERFBIMES
MEE LR (TP) MBEEFICR I > TWB Z L 2bh b,
—%, SSEXHZ 2 w=5ecm DESE, FAT7FY—
WX BHIBREBRTAERALTWS, wDEWILosTE
LHLDAD=ALDBEMTI0IRED, ZADEROE
bEBLT, 70y ZDOITNDICHERGEEY5225 2
L3 d.

BB, NIA—RITXoTIE, ThbEdRERLoTH
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Relative slip [m]

Fig. 2 RO —Hl. w, % 0.9 m KEELT w DAZELES
WIGAD, T ORRFELY RS, WHEILOMR Y 2
720, H21EIDOR Y v T4 XY bbb ORI 2 i %A%
fil, AR D B AR E L7,

2 An example of the calculation results: Temporal slip evolution

Fig.

varying w with w,, = 0.9 m. The horizontal axis represents the
relative time from one slip event after disappearing of the initial
value effects. The vertical axis represents the relative slip amount.
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Fig. 3 5SRO —HBl. w, % 0.9m TEELT w DAZELES
CHED, TN MBIREEORE © /RS, WIHHEEL
DRNRDW 21215, HBIEIDAY v FA Ry MRIZT R H

DS v, T2 TH O O LS R 52, RHEREE

Fig.

DEALE (p, & D) ZHtEh & LTz,

3 An example of the calculation results: Pore pressure evolution

varying w with w,, = 0.9 m. The horizontal axis represents the
relative slip amount from the time when the slip velocity exceeds

v,, after disappearing of the initial value effects. The vertical axis

represents the amount of the pore pressure change.

e o ® .-V
° ® B v
— ° ® .-~ v v
o v v A
® o vV v A
oS
o
\V4 A X
o
8_ — \V4 A X
o
T T T T T
0.001 0.01 0.1 1 10
w [m]

Stick-slip

X p< &0
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Slow slip events

Stable slip
Apparent loading

Fig. 4 w;, & w2 2N ZNEERTGED, TROENOEM, RONEFAT 1+ v 27 -2 v 7T, EmEST R RHZHBRED EA LT
WA (TP) LFETFLTWaYE (diatant) #<—2 — O TRBIL 7. E£EOFT=ZAFIZSSE, REao L=ARIERT D,
7 u A< —7 % apparent loading % £ 3, mIFIAT 4 v 27 —RA ) v FESSE L OHERERT, w,=55w ODXTEZLNTWVD,

Fig. 4 Changes of slip characteristics with various wj, and w. The red circles represent the stick-slip event, but the shape of the marker in

case of “TP” (pore pressure increases) is different from that in case of “dilatant” (pore pressure decreases). The purple down-pointing

triangles represent the SSE, the black up-pointing triangles represent the steady slip, and the cross marks represent the apparent loading.

The dotted line (w,, = 5.5 w) shows the boundary between the stick-slip event and the SSE.
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Fig. 5 Fig. 4 LRI w), & w 2ELERTGED, TR HHRRE EFE (Max AT).
Fig. 5 Maximal temperature increase (Max AT) with various w,, and w.

KA LNG, £9, Tuv 7 OEEHBRAT 4 v I — R
Dy 7 THoTh, TPTLL XA F7X vy —I12 X 2[R
JERET 2l $ 235603 5. 7z, Mitsui & Hirahara
(2009b) THES NIz LD %, v, & LB ZHEEOER
3 XD (apparent loading) 234U, R TEENA b v
7LV BHb AT TR, MRy —) v
2 X BHAE LA DERITHER S5 2 & THRZIT 7, 25F
20, KNoBEFR»L v B LTESL, 51232
ENALTCudWERL TV TZDITRONDBRTH 5.

SEEA
AF af

NIRA—ROHELRP DD, w, & wEMHidE
Z CHEER 2TV, ) BEROZE Tz, Fig. 4
WZEDRRERT. wy, & wlKFELT, DD
AT 4 v 7 =AY vy F+SSE-EHIT Y, %L Tapparent
loading &£ Z¥I2ELT 2 2 L 2%bh 5. 2O, (W
OPDRA I =R LT LT2) FBRIEAE O REZE L A
Bl&#Z L Tw3,

Fig. 4 D H#fIX, A5 4 v 27 —2Y v 7L SSEDER
FEHENITRLTOVS, ZO5BERE w,oc w' ORI
fEoTWs, Zu, Mitsui & Cocco (2010) 253D
SRV E R BRI T A — & & LT ww, & RELT
TEE, ARMMTRERCTH S, L, Fig 4 TEAHI
ZoTWBLETHS (wb w, b/MSWVHE) TIE, B
ROFUEHE 7 V) X2 OREP S, bt
Tl oTLEY. =7 —CHbIHEDEFRES
ZIRT 2L, ZOHEBTIZBZL L, TPVERNZE X
TAVI =RV TEUD, ARITZEITHL UL, A
FROIERERIL & 25T w),, oc w' ORMRDB A, it &
PATHRRD XSt E#E 205, Fig 48 & FLERLD
ZEEFEDDBE, wHB—EYU NS FLTP 23ERD
WS AT 4 v 7 =AYy TR, wrEhk DK
SR, w, VNSV GRARIEELLIZS W) 1ZEE
HWIRDIGESWTWL ZEI2% 5, £7z, Mitsui &

Hirahara (2009b) TE#E & U CiFE v U L v55 7z apparent
loading 12 2W T, w DFEHIZRE S 22D wy, TS W,
LWV ZLRIM TOARKILT 2 L WD T Erbrol:,
Apparent loading [Z DWW TIE, & A WIS H O REHIFEE %
Uy E VI EEBRGMATEZTWS 2 L ITRER IR
HH B, AROFER (W 2RI T D Happarent loading
PAET D) X, ZOMEOHENRENTHY, EF
THLETFLTHORWI EERIELTWS,

FIBRIARE D IRFRIZE BN L, BEEFREUHE S WifE Tl
ErFizdReshpEr52 2., RELEFOBJRIX, W
JEEENAE D AW O T AZAINE DR TH 5. B
PRI o LR e U TN A~ O BILE DB WD 5 7x
Wiz®, NG T AR NE — OFBERE K & W
Az, KeDiREERMERZ 2. BARFlE LT, WED
FTRDFEEPIREWVZE, MELEFIIRESLIRTV,
E7z, 0T BT AR NX — OMEROERE 138 A WS Ot
fEIZHKIFEST 5. TPHERNIE S BE, WiEOT ) H
BIZREL 2D, —HTRANISHIZENIET S 3.
W#H X, OFTATAINE —OWRGEEICN L THRT 2
MRETNET. 20 &0 BGHh, ENNLEG KT
» %. Fialko (2004) I & OFBizzarri & Cocco (2006a)
1%, —EDIE w (JFITIX 2w) W TORIEHLEIZS
JBRE LAE AT %

1 rt w
AT(t) = 'DC_W_[(; dt [erf<m>] [,u(a - p)v]lt' (8)

EWHESETE 272, RWFZETIE, N2 OBARE
Hi:) OBERE pcx 3e+6 [ JK 'm™*leLT, 7
Oy 27O IEIIRE EFREZFE L. Fig. 512,
Fig. 4 L [ CHUEER CORRKIRE LRREEZR LT,
RELT, TPOEIE S GAITRE LAEND 5 & D
K& (90— 1408 L7, £A4 72 vy =264
a3 R T30, SSE D& IZRATIHI0E L 26
EERENRZ L Rholk,

ARIFFE T, w OEWIFMBRRAEEZE)IC LB L
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Twe L7z, LA UERIZIE, wlitko THERE - JREEMK
FEBONRT A—2 BT 2 E2RBIATNDS
(Marone & Kilgore, 1993). Z® X 512, KIFFETH)E
LTCOWR WO EY 5 2 52 FHFIL, iz dHE
FHET 2, —Oo—DOHHEITERZ LTV ZEPEELE
Z2ohd, i, KFEOBMEERL, w,BLTFw
W 2DODLEMAT —VITER TR - TTbilz, 20
X0 nFEBIZ, XTI A-—Z2OHEO—HEMEST I
Buws, v 27 5 OZEE SR 2 O IcHE $ 2 123K
ETH5., 551, HEkodo & IXENIZRE L 2400
DRI RA=ZAAL = TEBEZRA T DELDH 725
D.

LD

AFFE I, BRI O B ISR S BRI TR
L& (TP), AW EZ T MBI Y ODXAL T2V —
RS HARERET, LEUGIZ X BBy — ) v 7k
S BRHIHWHEE LR, 032002 =X r% 1HHEEN
FA=T 0y ZETVIZEALT:, RIS OZER R 7 —
Vow, BEXUETY VDRSS w i b2 2 THIEES %
70, $XRDBEROENMERNT, wrs—EL /NS T
WFFEHIE LCTPOEB ST 22T 4 v 27 — R ) v 7H5iE
I, wlERXYDKREVE FIE, w, VNS W (iR
DRI LIT W) EERSTIRD ARy MIRE 7L
%5, 51T, whBHEEIIKREL 2D w, Fhsv, &
W) RFR IR T D A, FEETHA L apparent loading A3
B sz EBbhrolz.

e

A &) 7 FESEHUER YR AR KL 2ERFSE R 0 Massimo Cocco
FEMERITE, HFROFAMEIIOWT TIHREVW7Z S
F L7z, BRI SR HERE U o A4 HE BT EE
ffi L BiSA v X — O HEZEBERITE, Rt
WETLRDITERTAAY MW EE L K
AVAR DR=:
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