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SHte Gl Bget £ OS5 7hedl il FAE] npREAS olFalr] st & uIXE tiA
o2 A& =3 E (velocity stepping test) AT TFHA] ARES FE FAMA] A A9z
BE ZFA BAAL Aol YT D5 =70 D53 (fault core) T A} T3 (subsidiary fault) © 258 24z}
Aziehoick. A HErAE Mol A=) WAL, X-A HERA @ JERAS B BEHA 200 54 %
st AAE IS AA 250 um ofste] 272 AEE ©eHR] ELE e R 2189 5, 10, 20
MPai} A& 1-100 um/s&] 27 ol A A H-Z AAISHTE 48 A S @34 A|(SCL 1-1, 1-2, 1-3)
o B} A ©FH|A|(BGS 3-1, 3-2)9] FtjubaA|lg= 242 ¢F 0.3-0.5, 0.2-0.3 Abo] 9] Zh& Bt A&
£ 7hed) BAA A9 BEN 0 2RE AT AZBGS 3ol 71 e nkEAS02)7 235
ol thE A RS0 Hlg| A H o 2 =2 ZRE 2o E(montmorillonite) ko]l 7]Q1% Ao 2 Belth, E
AR T ol4A R0 0|72 AT, the A=o] H]3) BGS 31614 Hrkel Hulo] R Atk ek ohah
v-righu]o] wero] A 0% Hof o] e P2 wero] A\ROIA SHEE WS WL uiRbAeel 41
o2 AHE AORE N} A o] 8H EEY A5}t APRANA k] npEhE mhetu]E (friction
rate parameter) = 2= &% 7}3H(velocity strengthening)#5-o] 2% Qi ©@& n| & 2] A&} Zlo]oj| A
coke] S4J0] A LFolAe} SASITL F1AsHE, ol AR A3 Xele] ehheE BHOAE Tl
AEE AL, AAS 7| k= b % n]E-d (aseismic or stable slip) A5 2 A2 X Agtch
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ABSTRACT: We have carried out a series of shear velocity stepping tests in the laboratory to study frictional
properties of clay-rich fault gouge collected from Yangsan fault which is one of the main faults existing in SE Korea.
Fault gouges were collected from the outcrops located at Sangcheon-ri and Bogyeongsa. Two or three gouge samples
were collected from each of the outcrops; one from the fault core, and the others from the subsidiary faults developed
within the damage zone. The experimental results show that peak friction coefficients measured range between
0.2 and 0.5 for all the samples tested under the normal stresses (5, 10, 20 MPa). Of all the samples tested, the fault
gouge (BGS3-1) from the fault core nearby Bogyeongsa exhibits the lowest peak friction coefficient of 0.2. This
appears to be resulted from the relatively higher contents of montmorillonite in the sample than the others. The
friction rate parameters (a - b) measured for all the samples and experimental conditions are positive, indicating
“velocity strengthening” behavior. It suggests that the fault would exhibit stable (or aseismic) slip after its
reactivation. The microstructural analysis conducted on the recovered specimens shows that R;-shear bands prevail
in all the samples. Especially, noticeable development of both R;-shear and Y-shear bands are observed in the sample
(BGS 3-1) which exhibits the lowest value of peak friction coefficient.
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S (faulty & 2|ZF AiolA QA HE R
%4 W (brittle deformation) 2] F7 24 A1 ot
2o oubg o= shbe] W T} o S (fault
zone)®] WE|R WAt} GG = HEHe 5
Aoz g3 wgo] FEo YA T3 fault
core)t F FOo 2 oo Pl [FAISHAIRE 2t
29) ©%, $3 59 23442l Wigo] Sk BE
£ (fault damage zone) 2 A H th(Chester ef
al., 1993). T3k 2|2k HF oA 582 Hoto] £
#=o] FHE S8 A (fault gouge) ot T332t
(fault breccia) 2.2 LA E =], BEH|R|= A4 9]
3, @ Asle 5o Pl HE 7|E B2 W
A= ko] AERES TR, GEU| vpA
S8 WRe] B2 ofaph o2 Bebysh whEs
A& tcf(Saffer et al., 2001; Mair et al., 2002;
Ikari et al., 2009; Carpenter et al., 2011; Haines et
al, 2013). o2 T3l o) BAL T3] v DY
ABRAA 0ZY H& WMWY v DY) S4S
293t RN E th$ Fasithn ¥ 4 otk
(Vrolijk and Pluijim, 1999; Moore and Saffer,
2001; Saffer and Marone, 2003; Ikari et al., 2007).
5t ol 7]&0] EAeHE W) AL olujsta,
Al 2|07} A EApR ok, ojisRke X%
AHCCS) T 22 A ZHlol A 248 5= 9l
(Zoback and Gorelick, 2012; Lee and Chang, 2015).

o8t AFE2 JAFH LR ThE GSH|AE o]
B3 AGAAE ol 249 ARk vpREAS
st HA T i ol A 21 A F e
FHIAE A A o]-8ste] Atk B4
o 2 AgP=|o] Lk(Marone et al., 1990; Mair and
Marone, 1999; Mair et al., 2002, Numelin et al.,
2007; Collettini et al., 2009; Carpenter et al., 2011).

o[l qio) BAL FHHE o] Weh
o] Bl FATES Fatael oA o
Aokt ik REE ERo) BEshE e

m

Ae AZoA sEo= AR, B, B, FAb &
A, dFESY BESHFY FSE= FHHA A
oo(ay 1), Hep7|-uA7) EAYT AR
£ Adstar v} A&l oF 200 km =2 &
AT km £ S 7= PSS &
AASAE ke 955 Foll 7HE @840l A
T ESORA, o] F et e}z oA Al47|7HA] of2
#lo) ol SIgiEo] tho) ApRIEe] ojs) 2a
H v} ltf(Son et al., 2002; Choi et al., 2009; Kang
and Ryoo, 2009).

7120 we ATAE dat FuTFY 1=
(architecture) 2} I+ x| W8} (F 2R A8}, 2|
=P HZo] ARANL F59f A o
oA ol gt AFA Y At 3] =3t
o webA ol A= FAESOIA AFHTE B

A: Jain Fault
B: Mirayng Fault §
C: Morayng Fault F#

E: Dongnae Fault
F: ligwang Fault
G: Ulsan Fault

H: Ocheon Fault

Fig. 1. Location map of sampling sites from which fault
gouges were collected. The white lines indicate the
Yangsan fault systems. The thick and yellow line
(indicated by “D”) is Yangsan fault along which sam-
pling sites are indicated by yellow circle.
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FLE AT ofeliFollM TS ZpA,
372, B9 5 T8 5L volsta, BEoT
S8 HEX} D3 (subsidiary fault)] ©-5H]X& 2t

Faulf brecci

" Fault core
4+ (N25°E/70°NW)

7} 281
e AL shFazel B fHE T
R S g S Eﬂ?’\P L AN S
FAASE 7122 FEA Yol T2 A A
Q2 o] Rol7 SYFT YR RIS, A%
AYol= FHFTY R EAREPF
7} 323K (Choi et al., 2009). A|ZE I F 3t 22>
FAGS = 7IEA 2 FANEFY 7HHS Tt
&2 52 5T 3 (mixed zone) 18]
I &7 AL 02 S E = Aot T1E 2a,
2b; Choi et al., 2009). F=EF3H 2] Z}Al= NO6°E/
73°SEo|n, Th=3] o] R okl R E 31A) 7] 9] ¢FAk
4 SEFOR S5 AT A A|5He S-C fab-
rico] 3| QIR Erh A2 Yo dF3olA F A
o] AJR(SCL 1-1, 1-2)2} 33 T2 o)A sLke] )2
(SCL1-3)2 A2I3hic.
HAAL A Fof A SR E = FAAS = AEA

Subsidary Fault
: (N52°E/68°NW)

F

Fig. 2. Photograph of outcrops where fault gouges, (a) SCL 1-1, (b) SCL 1-3, (¢) BGS 3-1, and (d) BGS 3-2, were
collected. SCL 1-1 and BGS 3-1 are fault gouges collected from the fault core zone, and SCL 1-3 and BGS 3-2
are from the subsidiary fault within the damage zone. The white circle on each of the photographs indicates scale.
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Tablel. Results of XRD analysis of fault gouges (SCL: Sangcheon-ri, BGS: Bogyeongsa).

Major Phases Present, wt%

Clay minerals

Sample Quartz Plagioclase K-feldspar Calcite Pyrite Total Mfsﬁﬁf[gte Chlorite Montmorillonite Total
SCL1-1 514 11.2 - - 1.8 644 28.3 7.4 - 35.6
SCL 1-2 357 242 2.6 - - 625 22.6 12.8 2.1 37.5
SCL1-3 37.5 13.7 - - - 512 29.1 19.7 - 48.8
BGS3-1 43.0 24 1.2 6.0 - 526 272 10.6 9.5 47.4
BGS3-2 46.7 3.6 - - - 503 34.1 15.6 - 49.8

7o) §AFTe ik S FEA Y o}
FE HALS 7I2A 23 QITH(Kim ef al., 1968;
Yun et al., 2000). S 2] AHAl= N25°E/70°NW
o, FArH3-o] FFYFL FAlSITE FHSHI
A ZRlE= TS| A= T2 AR o] B 29t
719 hEQto|ch(Kim et al, 2015). A|l2= B85
WeFe| TS HS et 21 E= g H] x| (BGS 3-1)
o B¢} 7] ¥ GFHIAE 7= B 7
ZF+Z(BGS 3-2) 0| A JFSHATHZH 2c, 2d).

oFe] T ROl A YR HFHIAE AW A
AR ARESH] Q18 A AAS AX ELS
B2 TSQIth WA Q33 SSHIRE #604](250
um)ofl Fi1L FHRFE FOoHA AET #6045 &
AL AREZ 60T 28 Wl A Az &, FAU
= ©3HA &Y s £22 E45te] oA
#6041 2 A 2F GFH A £S A3 2F
©3HA] 82 XRD FFEA(R 1), d=24(2
4 3), 23 At of| o]- &3ttt

ol Aol A= EFHIA W T8 JEFEQ
Adzto]Ef(illite), U4 (chlorite) o]Ljo] Exd=
L}o] E(montmorillonite) & 21H3}7] ¢l =9
AAE(E, ogA=2E A) 1= AAs,
A= o33 2k WA AA A2 s XRD A
FEA T, ERYZUO|EQ 937} QA H= AR
55 I2 Adsq) olF Adst AlRoA HE
FEY 0L Y= BRI = gAY E A
g 3, AHEAS S8 ERUEUO|EY &) o
= Adsqih EEYRUo|ES EA71 Ejld
Al&ol| ARt XRD FgFEA A], 2R 0]
EE 3712 dgst A=stt

oA F A U2 b At A2y

2 AR BEARE BT 4o @EAS T
T, YAEEE F HIAY A fof Hohl e HE
FE2 U2 dAUTE o|F, seto|=dekio
A ARAZ F, oA S e o=
231 ThA] 5AIZE ARATF T

XRD AFEA43t= & 19 Ak SCL
1-1= A ggol 514 wth 2 e A|250f H]3|
7P =& AR ASE Y, A4 e et
o 7H} =2 HAERE S AT AERE
o] & FF2 356 wthE 7P A A=k
SCL 1-2= 4@ ol SCL 1-1H ) Ax|ut, 44
= To| oo, & HdEREY JERE oF
£ SCL 1-13} §AVSHA) 2+ 62.5 wt% 2} 37.5 wit%
2 AZETE SCL 139 A9, M EFE S
512 wth = HAd AlB2EXT AT, & JEd=
AT 488 wth = JiF o s ol 4AEE Ik
BGS 3-19] 7%, 4] 3H2 3 wthn|Tte 2 A9
AR E|R] QFQFA|HE A o] 43.0 wt%h 2 AFEE QT
Z HAERE L 526 wtholi, HEFEY
T FE 474 wth 2 AEE e, EXFow
2rY2iL}o]|EVE 95 with 2 AHEE Ut} BGS 3-2
+ BGS 3-13} HIHEF = HEFES & 2
H|SSHA| T, 2R 2o Ex EA5HA] gkt
kAl XRD Aol A o, FE24o] A
A RESS T HHEDE Y A ERE ol
FrARRE e = S-S HI AT (SCL 1-1, 1-2)901 4 A
et T A=} A E|ef HAAR QI BA @
(SCL 1-33} BGS 3-2)0)|l A A3t F Al2=2 & 7}
s5pt.

QQEE AL Malvern A}2] Mastersizer 2000 A+
HIE o]gsto] AAIstaL, I ArE dx==7]9
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Al % (peak) o] XF 1A= 7HE 2 HlE&S AA|
st Wt A 2715 YulEk, Y& A= B
T YAE0) AABEAL Y= HlE-S R

AR ol| A AHE A RE(SCL 1-1, 1-2, 1-3)2
ZFz} 0,025, 0.018 1832 0.004 mme] Ha YA
718 7HAH, Azttt F o) o o= EA4tE
e A2 bFet 27]9] YAtEo] REFE Ko
£t} 0]=SCL 1-3¢)|4 71 @A eHA Urehte, &
o] A @S ujgith. BAAF AZolA A
3 A 2(BGS 3-1, 3-2)%= Z+2}0.004, 0.003 mm2] 3§
T YAF7] 2= A e 2 Uittt BGS 3-19] ¢
OE NERER LIPS o, Y FHORE YFE
£ Aol 7P AASH v, ol BYAt
712 YAEo| FASHA BEste] ol £55
ofujgict. webs thE AR5 Hlsj BGS 3-12 4
dHoz2 Ao JAso] E2 HES Ak,
B3 A5kt Wb, BGS 3-29] Bt YA =
BGS 3-13} FALSIA| T, B AFE= AFS 2
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oA &7] Y2l =T

AR QRS Heldh

2431, SCL 133} &

.
&3

22 OEAs &

AGAF o) ARSE = T EHR] £82 117 49
A| Bz uiel Zro] o EE(SHES, 4x5x2cm, 2
N, SFES, 4<8x2 cm, 174) Atelof] 2 mm F74 9]
A=A P = Y dol ME ZHA| (sample as-
sembly)E W=t &4 EE0 2 AZ3 A2
st AAFoA BHHOZ o] 8EE= BE
A 221 Berea A E= A& 35 A oA AHEE
=AY, AP, KA 9 37 A FES]
NP FE3dde ol 8ot A EEY &
A (slip surface)> MEAE | oA A2 7t
o|=(# 80)2 Aulstyct M| duls &4 &
29 #HS AZA TEoEXH, tF] Hdde|
P = H(asperity)S A@ste], TFH|X]
WAt v &S =5k YgtoltiMarone
et al., 1990). T3 THEH| 2| o] &A1 utr] 93), &

a3
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Fig. 3. Grain size distribution of the fault gouges. The SCL 1-1 has a similar grain size distribution to SCL 1-2, and it
appears they consist of relatively larger grains. Both SCL 1-3 and BGS 3-2 have a similar grain size distribution and have
relatively smaller grains. The BGS 3-1 has a relatively narrower grain size distribution compared to that of other samples.



574

o
0

o
f=)
loi
[l

HEZ9 Y FHo| Ho|BE st 4A7t &
Ut SFHol FeAlA GSH| A £ X3 AR
=3k

% dof| AFE A= o} o] A F¢t
L2 GSHAI7E Ao s RS Hadshr] 9
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7Fshet] o] 8 o2 2l 2= ](loading
frame)o] A5l E5F AHAF Fot 57 2
A ¢ (normal and shear displacement)g &%
517] &l LVDT (linear variable differential trans-
former) & 251 .

o]% AH3t 71 4= (loading rate, 0.01 tonf/s) 2
Ao 4221-3-8(normal stress)& F7HA17]2L, gsh
2 $21g Yol =t &, A E-HEE(servo-con-
trollen) o] Ao} Eo) AL ok w7 A7
S $AISHc. Aol AHE S22 5, 10,
20 MPac|th. o] Sxuako 2 <l 25|l

HE

l

SR

20 MPaoj|A= A <55 (1-3-10-30-60-100 wm/s)
£ ol &3kt 7 Aol Fad A& =S
% 43] REESHAA AGAH-S AAIET AdA
d ¢ 3, % WY S U S 80-100
Hz2 7|23t}

A AL B 22 AmERE, npEAS
EXS& AAJ5H= g2ln|E(constitutive parameter)
£ AFE317] Y3l A Dieterich (1978, 1979)2} Ruina
1983)7} A| ¢k} Rate and state friction law (522 1)
22319} Rate and state friction law+= (1) Zth
A T A £=0] Wslo]| whe} PR AlG I FA
ofl M3lst= &9 direct effect (rate)2} (2) direct
effect o|%, H3}st= npEASE Yetll= axel
evolution effect (state)9] Zgto 2 FHHTHIY

5a; 4] 1).

—_

il

)

B v A\
= i +aln(v—n)+bln( )

do

c

£ 0] 43te] A LTS Ao, Mt 7| HA A i 1— %T(Dieterich andRunialaw)
g ATy (Shear force)% 7]—'5']—5&1’4—(Ve]0city
stepping test). 4~2]-5-8 5, 10 MPaoj| A& A<
£5(1-10-100-10-1 um/s)E o839, 4258

Shear force
Gouge layer ;
(2 mm thickness) Aluminum
\ plate
/

Normal force Iz | |
O

(o)

S8 1614 ot A SE7L stel] A ukt
Aol T, Vo AT SE7} Mok Aol S, V

Load cell “]

LVDT(Linear Variable -~ -
Differential Tranceformer)

Loading piston

| |
[

Fig. 4. Schematic diagram of biaxial loading apparatus consisting of a vertical loading frame for applying shear
force and a horizontal frame for normal force. The inset shows a magnified sample assembly which is made up
by sandwiching a gouge layer of 2 mm thickness in between the center forcing block (4 cm x 8 cm X 2 cm) and
the side forcing block (4 cm x 5 cm x 2 cm). For running a double direct shear test, the sample assembly is positioned
just below the loading piston equipped under the shear load cell.
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Al opEA =7 71 2 4aslE direct effect
o A=E Yehdle d3dsE “a” 0], D& °|
Fohe et upAAST} 52 F7F Sk evo-
lution effect®] H =& Uehf= A@AdFE “D” o
oY 5a).

EZHa” 9 b = 95 A T o]
t}. “velocity weakening”, (a-b<0)%1 7-¢- i}
G52 BT AN AdASS FEsH
“velocity strengthening”, (a-b>0)¢1 7%, &
Pt X714 (aseismic) AHAFTS Hth
oA At whetu|E S HEo] A9 d T¢
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é aln(v/vo) o [/ velocity strengthening
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. D -a)iniv, Vo
_{3;, il ¥ 4
o : velocity weakening
Slow | Fast -
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]
=
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jg ® SCL1-3
% 0.42 I“‘M‘-}Wmﬂl L Lo ——" bty
8 : T L A ‘h '
S s |1 um/s i<— 10 um/s ——— > 1um/s |
B | I
g 0.38 : l 4’g
_____ ‘ i | I I ] \‘\:_______’ZC
R, Mg 22
I . I AR | B 0B
19 195 20 205 21 715

Shear displacement (mm)

Fig. 5. (a) Behavior of sliding friction coefficient in response to sliding velocity increase. “a” and “b” are experimental

[T9%1}

constants. “a

represents the magnitude of the instantaneous increase in the sliding friction coefficient. “b” represents

the magnitude of the subsequent decay in the sliding friction coefficient. D is the critical distance over which sliding
friction coefficient evolves from one steady state value to another. Note that the discrepancy between velocity weak-
ening (indicated by solid line) and velocity strengthening (indicated by dotted line). Velocity weakening (a-b<0)
indicates unstable sliding, and velocity strengthening (a-b>0) indicates stable sliding (modified from Samuelson,
2010). (b) Enlargement of a velocity step test (SCL 1-3) showing the variation of sliding friction coefficient in re-
sponse to an upstep velocity and the accompanying dilation of the gouge layer (AH).
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2k 21304 QiR HthulA(peak friction co-
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QU AR QoA AFHT SSHIA] Al
7%, QAR 2 2]-320] 5, 10 MPa 279 A]
BE AE(SCL 1-1, 1-2, 1-3)& “slip weakening”
%L B3tk 5 oA Aok 2
A5 2745t 5], AAA 02 upEALT} At

10 15 20
Shear displacement (mm)

L//SMPa

10MPa

20MPa

7

10 . 15 20
Shear displacement (mm)
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25 30

Fig. 6. Coefficient of sliding friction as a function of shear displacement for Sangcheon-ri fault gouges, (a) SCL
1-1, and (b) SCL 1-2, and (c) SCL 1-3, tested at 0,=5, 10, and 20 MPa and with varying shear velocity.
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#2).

ARk o 2 ThEH]|R] Yol A F YR K(total clast)
9] gHego] WolA| 1L, F M EFE(total clay) 9] 3=k
o] Ho|A|H A= F7 etk (Brown et al., 2003;
Tembe, 2007). XRD HZFE4 A7t} Aot d 2zt
= v|ws|Ed, SCL 1-17} SCL 1-29] A<, & u]d
EFEO Tt AEFES] ol A2 FARBH
A2 EYTHE 1). wehA] SCL 1-13F SCL 1-2& &
ARt mEAE 7H AR e, AT
AN upEA L7t F 2folE HolA| it
SCL 1-39] 7%, & HIAEZEY] 3=Fo] SCL 1-1
7} SCL 1-2 BT} oF 10 wt% 21, & HEZFE ] 3
F2 F 10 wt% WA AREE ok waba] G59t
AFE IE nhEAS] dubEQ] Hgor &
o, SCL 1-39| 4] T A]&(SCL 1-1, 1-2) K.t} o e
2| =7F S = oo gttt Sk g, AT-A 1t
SCL 1-39] mpaAle= HE AR T 7F =2 32
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Fig. 7. Coefficient of sliding friction as a function of shear displacement for Bogyeongsa fault gouges, (a) BGS
3-1 and (b) BGS 3-2, tested at 0,=5, 10, and 20 MPa and with varying shear velocity.
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Autzlel Aoz = uj, BGS 3-13} BGS 3-2&
SCL 1-13} SCL 1-2 K.t} updA |57} WA 4 =] o]
of gt} kA%t BGS 3-12 @A 24 % ¥, BGS

3-2% SCL 1-13} SCL 1-29F §-Ak31A| &4 = 9ic.
we o]l AToA XRD HFEAo)A EE
FTHHEZEY] A T HAEFES TFlA 10
with ol AR 2 YT v AA) e R
o= weolch ¥HH, BGS 3-29F QAISH & 29 9 A
EE RS B9l BGS 3-1& RE AJ& FojlA] 7}

Table2. Experimental conditions of double direct shear tests and sliding friction coefficients obtained from each

of the tests (SCL: Sangcheon-ri, BGS: Bogyeongsa).

Sample On, MPa Velocity step, um/s Peak friction coefficient
SCL 1-1 5 1-10-100-10-1 0.328
SCL 1-1 10 1-10-100-10-1 0.284
SCL 1-1 20 1-3-6-30-60-100 0.315
SCL 1-2 5 1-10-100-10-1 0.364
SCL 1-2 10 1-10-100-10-1 0.319
SCL 1-2 20 1-3-6-30-60-100 0.285
SCL 1-3 5 1-10-100-10-1 0.532
SCL 1-3 10 1-10-100-10-1 0.485
SCL 1-3 20 1-3-6-30-60-100 0.275
BGS 3-1 5 1-10-100-10-1 0.212
BGS 3-1 10 1-10-100-10-1 0.185
BGS 3-1 20 1-3-6-30-60-100 0.195
BGS 3-2 5 1-10-100-10-1 0.327
BGS 3-2 10 1-10-100-10-1 0.278
BGS 3-2 20 1-3-6-30-60-100 0.320
08 ‘ ' ' " WSCL1-1
07 L EHSCL 1-2
[JscL1-3
€ o6 L ABGS3-1
2 ABGS 3-2
€ o5 U -
o O
o
c 04 4
= H
L Al H
£ 03} .
: B
& 0.2 - A A A =
0.1 | -
0 1 1 1 1 1
0 5 10 15 20 25 30

Normal stress (MPa)

Fig. 8. Peak friction coefficient versus normal stress. Note that the larger normal stress is applied, the lower peak
friction coefficient is measured. The lowest peak friction coefficient of 0.2 was observed in BGS 3-1.
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Aeh= A, A o2 HFE v|HE2EA
2 Aol wet gt Adn] FEj= 8}
¥, HHH (Logan ef al., 1992) 7} ATHgFe 19
9] Akl Ao} 7},

SCL 1-19] 39, 10-100 um =7]19] YR-=o] T
ZE] 3, 2 20 um 27198 YA 2 Exdich
Adtu] o] vhd =& vu|sie, R-Adtw7} I

2

3 Ao] WAEYTHIY 9a). SCL 1-3-2 5-200 um
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Fig. 9. BSE photograph of the samples subjected to 0,=5 MPa and deformed up to a shear displacement of 20-25
mm. (a) SCL 1-1, (b) SCL 1-3, (c) BGS 3-1, and (d) BGS 3-2. The sense of shear is indicated by the arrows on
each of the photographs. A schematic diagram (following Logan ef al., 1992) shows typical shear localizations
formed in a deformed gouge layer. Following distributed shear, evolution progress form R; (Riedel shear), to B
(boundary shear), and Y (boundary-parallel shears). Note that BGS 3-1 shows a noticeable development of R; and

Y-shear compared to other samples.
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Fig. 10. Friction rate parameter (a-b) as a function of shear displacement for the normal stresses, (a) 0,=5 MPa,
(b) 6,=10 MPa, and (¢) 0,=20 MPa. Note that besides the case of BGS 3-1 at 6,=5 MPa, friction rate parameters
measured are positive for all the samples and test conditions, suggesting frictional slip after the fault fails exhibits
an aseismic (or stable) slip. Additionally, except the case of 0,=20 MPa, the friction rate parameter decreases with

shear displacement.
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Z7) FtHSummers and Byerlee, 1977; Moore and
Lockner, 2004).

J8B 2 BGS 3-19) AjFes e npaAs
= o2 2o A 7hsstth &S HIA] Yol £
Sk £l 23Hd BRI RUo|E= ATWHLT 5
7hste) wheh Aol fEj gt ko 2 v E = RS
AIAA vEHAISE W= TS AR Hel
ok &, npEHA7F Rk AL @3 H| A7 rI
A= AL gk, ol= & Adu] 9] Wgo]
Z o] Fo] H& AARITE v|FE WA HA
o] & Z W5t §lem, BGS 3-12 thE Al &&9]
H]3f| At o] Wrgo] #A51A IR THTE 90).

3.3 OHEE m2i0|E{(a-b)

upzkg ulebu]E(friction rate parameter, ©]s}
a-b) = 71 Tl A5 (3, ) B ol st
= 2UAB AHHE ekt ol gHt ab

2 A& 3 (velocity stepping)ol] wE uhzk
Aso] Wzt AudoR 2HgoRm AEE
(L8 5a). ToF AFEES S7HIRS o BAS=
BpRlA47E SERst Aol vpR ARt o
W, & a-b>0 (velocity strengthening), 1 T&2
QA ® F o3t &7 5 (stable slip or aseis-
mic slip)}& MeIt}. ST AREES ZIHAFS
o) wPake sl St Bl Bl
o) B} Yol thH, & a-b<0 (velocity weakening),
I G9S52 A Hol AdE /S 5 A= =S
et A5 (seismic slip)2 B 754 o] Ut

ol Aol 7t kBRI 2] a-b G AHED)
3] A= S) AF(velocity stepping test)<
AAEEeH, T A= a9 109 AA= o et
259 5 MPa lof| A BGS 3-1914 &29] a-b ko]
EE e AL, g He AR " Az
stollAl 2 a-b ghol WHEH U &, ARE AF
o &3 £ (segment) | A TS| o] TAYS)
dekE ARE SR e TEASS
HY Aoz goter

E3 ARG S0 B2 ohag etulE o)
Hstel #ste], 422158 0] 5,10 MPa2] 7-¢- &

1o

£ A Rel A HeAI7E S7Hebol wet a-b gro] 7
A5h= o] #ZH 29 10a, 10b)H it sHH 4=
2.g2jo] 20 MPad] 3, A7 S7Hefe] o}
2} 23] SCL 1-29} BGS 3-19]| 4%t a-b gko| 7+4-35}
L o] BAAHIY 100). AR ALk
97k Z715HRA ab b AAH O Fashs 4
o] P oji= 712 A7 ATt QAT ab

© RN FIHASE A A Ho]
£ A0R dEA 9L, ol ATt AHe
2 G3H|R o S A Ay} dashe Aat
o] Qlth(Marone, 1998; Mair and Marone,
1999; Saffer and Marone, 2003; Numelin et al.,
2007; Ikari et al., 2009, 2011). Z o] ALo]|A] Al
AR A S AREE o g ThFu]X] Yof A 9
Hgho] o] RojFES RISt ol HFREA
A Ri-1Y-A e O] P = yHEHE T

SHH o) }e] A= olitdtetar XAt B

ato] Tt 22 AlARd O] k. X|et AR 2
CO, Y& AT U 35599 452 29T

ok ohjet AE Fule] E5He B3 el
FH490) Al Sk, FI4gto] WAL o]
o2 AET BS, BE AT 2 T 4 9l
OB, o= 2|21 44 4 Slck. whekA] AsfelA
of Bl AE kRl Bpent S40] 44t
Sfeh, ol AN THEE o] ab ghe T3
A& AT S EAA CO, A FFe] o}
2 FF4GASOE AT B AT AT
o, ARE fuely] Boks dEE SUASL
29 Zojehe 2 A Ak

et
l.._];'g_‘
i
o
i

soll Al QA H= HEAQ &F F 8t
el oFAlk2 S tiAto 2 nlREA] ALE gt
A= A= FtFo] Z =8 A (SCL
1-1,1-2, 1-3)9} B AHBGS 3-1, 3-2) Qle]l Y]t
GS=FolA o]Roj Tt of¥l ATollA AHAR
XRD a4, Y=, AWdAdd, 281 1|
T2EA A= 9F 40 g npEAA S AT
3= 4= ek

FZHA 9 FERAGE RSl FFE vIA
o, 3] BRI R U0 EL WY HELERAN &

N

=i/



582

of :Z3tE|H St FEHE B0l 28A 98 3
S 24 Z u|1ne)7] wZe) npA| T 2 FE
ot BGS 3-10|4 2R E 2ol E gHeH(E 1) o
E AR5 HIg| AF o E Wi, o= TE AR
of vlgf o & m|mad 5= e FERALS T
Ack= As AAR Y= AT A o8
= g=n]x] 9] Ax==37]7F A 0.003-0.025 mm
Helel &3t Aeg2 Ueyith 42322 BGS
3-18] ¢ thE AmS0l vl AF g2 E50]
S A HAY G EAE wHEh

AYAGAEE T8 SHE JdvpEAs= =2
= AF2A(G, 10, 20 MPa)ollA] Abdz] AJZ(SCL
11, 12, 1-3)2} BAAF A|2(BGS 3-1, 3-2)¢] A&
77} (0.28-0.53, 0.18-0.32¢] Y= SAHHAHZH
8). BGS 3-12 <F 0.29] upzAl4 Zre g 713 2
A S Zheth AR AT YRR AR
A= Ri-HAetw o o] yhake WhH, mpabA|4=
7} 7 @2 BGS 3-12 Zdhd Ao Ry-Hghw 9
) o Eo] Y-Hdw o Wgo] 74 AA5HA ¢
ik wehd BGS 3-19) W nhAeE i)
Ao} BrzgolEs} Aol gelg oz
Mjdsle AL AskilA Hehue] wekg 2xA3]
Atz A1 90).

TALES 5 HlolE A2 2 A vhke 1t
e = ©FE[X] Y mhak P A o) ik 5=
Z)-g-go] 5 MPa 27194 BGS 3-15 A| Q|3 2=
A2t AF 2 AN A 2] a-bgk(velocity strength-
ening)& 7= A5 EATH1H 10). WebA &3
vz Ee] A% ZololAl THaete] E4o] A3
o ek SARBHCRT ZRgsE, Al 23] Ae] o
Aieh RHOIA el ARl BASAE B,
A& FIsHA] e HEE A Y Ae=w
e

F5 oyl At Ao} A2 E AHFT A H =1
o AT 7], W, @Y AA Y A=
S0 AR A7 2 e Ao & HEr o]
H A= AW ADAES B8l FAES HA Y
PSS AFH 2 A|A7) 997t glew, &
Z CO, &L 93 CO, 3233 AAHCCS: Carbon
Capture and Storage) 7|3} & st #7450l CO,
74 A, 95 Fue) FIY S AT B
Ae o) Bl g3t 5 g Ao HPEr,

o
0
o
f=)
Tob
[l
(o]
1)
Tok

AF A}

2 AT AL AT LA 52 27
2] 3 2= CO, F+UAF Z2HE(No.2013
2010021760y ©] Ugto =z HaPw Aot} oL
o] A= 718 A7 NEARY (KMIPA2015-
7050)°] ofsff FEH o2 Y= AGLH2
o] Mol AREE Matlab ZES A|F7 A&
JAMSTEC®] Hiroyuki Noda BMAL|A] ZAE &
ek AR ol A AR oS A st
o3 e 1E AL g HA A Lol AL
=™tk

REFERENCES

Brown, K.M., Kopf, A., Underwood, M.B. and Weinberger,
J.L., 2003, Compositional and fluid pressure controls
on the state of stress on the Nankai subduction thrust:
A weak plate boundary. Earth and Planetary Science
Letters, 214, 589-603, doi:10.1016/S0012-821X(0
3)00388-1.

Carpenter, B.M., Marone, C. and Saffer, D.M., 2011,
Weakness of the San Andreas Fault revealed by samples
from the active fault zone. Nature Geoscience, 251-254,
doi:10.1038/ngeo1089.

Chester, F.M., Evans, J.P. and Biegel, R.L., 1993, Internal
Structure and Weakening Mechanisms of the San
Andreas Fault. Journal of Geophysical Research, 8§,
771-786, doi:10.1029/92JB01866.

Choi, J.H., Yang, S.J. and Kim, Y.S., 2009, Fault zone clas-
sification and structural characteristics of the southern
Yangsan fault in the Sangcheon-ri area, SE Korea.
Journal of Geological Society of Korea, 45, 9-28 (in
Korean with English abstract).

Collettini, C., Viti, C., Smith, S.A.F. and Holdsworth, R.
E., 2009, Development of interconnected talc networks
and weakening of continental low-angle normal faults.
Geology, 37, 567-570, doi:10.1130/G25645A.1.

Dieterich, J.H., 1978, Time-Dependent Friction and the
Mechanics of Stick-Slip. Pure and Applied Geophysics,
116, 790-806, doi:10.1007/BF00876539.

Dieterich, J.H., 1979, Modeling of Rock Friction 1.
Experimental Results and Constitutive Equations.
Journal of Geophysical Research, 84,2161-2168, doi:
10.1029/J1B084iB05p02161.

Haines, S.H., Kaproth, B., Marone, C., Saffer, D. and van
der Pluijm, B., 2013, Shear zones in clay-rich fault
gouge: A laboratory study of fabric development and



SIS LSS |o0] WEEH QUEHS BIX|o] OFF S 583

evolution. Journal of Structural Geology, 51, 206-255,
doi:10.1016/5.jsg.2013.01.002.

Ikari, M.J., Marone, C. and Saffer, D.M., 2011, On the rela-
tion between fault strength and frictional stability.
Geology, 39, 83-86, doi:10.1130/G31416.1.

Ikari, M.J., Saffer, D.M. and Marone, C., 2007, Effect of
hydration state on the frictional properties of montmor-
illonite-based fault gouge. Journal of Geophysical
Research, 112, B06423, doi: 10.1029/2006JB004748.

Ikari, M.J., Saffer D.M. and Marone, C., 2009, Frictional
and hydrologic properties of clay-rich fault gouge.
Journal of Geophysical Research, 114, B05409, doi:
10.1029/2008JB006089.

Kang, J.H. and Ryoo, C.R., 2009, The movement history
of the southern part of the Yangsan Fault Zone in-
terpreted from the geometric and kinematic character-
istics of the Shinheung Fault, Eonyang, Gyeongsang
Basin, Korea. Journal of the Petrological Society of
Korea, 18, 19-30.

Kim, C.M., Han, R. and Son, M., 2015, Internal structure
of the Yangsan Fault, Bogyeongsa, Pohang:
Preliminary results. 2015 Fall Joint Conference of the
Geological Science in Korea (Abstracts), Jeju, October
28-31, 322 p (in Korean).

Kim, O.J., Yoon, S. and Gil, Y.J., 1968, Explanatory text
of the geological map of Cheonha-sheet, Scale
1:50,000. Technical Report Sheet-7022-1, Geological
Survey of Korea (GSK), Seoul, Korea, 36 p. 1 map sheet
(in Korean and English).

Lee, S. and Chang, C., 2015, Laboratory experimental
study on fracture shear-activation induced by carbon di-
oxide injection. Journal of Geological Society of Korea,
51, 281-288 (in Korean with English abstract).

Logan, J.]M., Dengo, C.A., Higgs, N.G. and Wang, Z.Z.,
1992, Fabrics of Experimental Fault Zones: Their
Development and Relationship to Mechanical Behavior.
In: Evan, B., and Wong, T.F. (eds.), Fault mechanics and
transport properties of rocks. Elsevier, New York,
33-67.

Mair, K., Frye, K.M. and Marone, C., 2002, Influence of
grain characteristics on the friction of granular shear
zones. Journal of Geophysical Research, 107, ECV
4-1-ECV 4-9, doi: 10.1029/2001JB000516.

Mair, K. and Marone, C., 1999, Friction of simulated fault
gouge for a wide range of velocities and normal stresses.
Journal of Geophysical Research, 104, 28899-28914,
doi: 10.1029/ 1999JB900279.

Marone, C., 1998, Laboratory-derived friction laws and
their application to seismic faulting. Annual Review of
Earth and Planetary Sciences, 26, 643-696, doi:10.1146/
annurev.earth.26. 1.643.

=2

O = 1o

Marone, C., Raleigh, C.B. and Scholz, C.H., 1990, Frictional
Behavior and Constitutive Modeling of Simulated Fault
Gouge. Journal of Geophysical Research, 95, 7007-7025,
doi: 10.1029/1B095iB05p07007.

Moore, D.E. and Lockner, D.A, 2004, Crystallographic
controls on the frictional behavior of dry and wa-
ter-saturated sheet structure minerals. Journal of
Geophysical Research, 109, B03 401, doi: 10.1029/
2003JB002582.

Moore, J.C. and Saffer, D., 2001, Updip limit of the seismo-
genic zone beneath the accretionary prism of southwest
Japan: An effect of diagenetic to low-grade meta-
morphic processes and increasing effective stress.
Geology, 29, 183-186, doi: 10.1130/0091-7613(2001)
029 < 0183:ULOTSZ>2.0.CO:;2.

Numelin, T., Marone, C. and Kirby, E., 2007, Frictional
properties of natural fault gouge from a low-angle nor-
mal fault, Panamint Valley, California. Tectonics, 26,
TC2004, doi: 10.1029/ 2005TC001916.

Ruina, A., 1983, Slip Instability and State Variable
Friction Laws. Journal of Geophysical Research, 88,
10359-10370, doi: 10.1029/JB088iB12p10359.

Safter, D.M., Frye, K.M., Marone, C. and Mair, K., 2001,
Laboratory results indicating complex and potentially
unstable frictional behavior of smectite clay. Geophysical
Research Letters, 28, 2297-2300, doi: 10.1029/2001
GLO012869.

Saffer, D.M. and Marone, C., 2003, Comparison smectite-
and illite-rich gouge frictional properties: application
to the updip limit of the seismogenic zone along sub-
duction megathrusts. Earth and Planetary Science Letters,
215,219-235, doi: 10.1016/S0012821X (03)00424-2.

Samuelson, J.E., 2010, Laboratory measurement of shear
induced fault zone dilatancy, and numerical estimation of
its influence on friction constitutive parameters in quasi-
undrained scenarios. Ph.D. thesis, The Pennsylvania
State University, University Park, 205 p.

Son, M., Chong, H.Y. and Kim, 1.S., 2002, Geology and
Geological Structures in the Vicinities of the Southern
Part of the Yonil Tectonic Line, SE Korea. Journal of
the Geological Society of Korea, 38, 175-197 (in
Korean with English abstract).

Summers, R. and Byerlee, J., 1977, A Note on the Effect
of Fault Gouge Composition on the Stability of
Frictional Sliding. International Journal of Rock
Mechanics and Mining Sciences and Geomechanics
Abstracts, 14, 155-160, doi: 10.1016/0148-9062(77)
90007-9.

Tembe, S., 2007, Experimental constraints on the fric-
tional properties of fault zones through the San Andreas
Fault observatory at depth scientific drilling project. .



584

o
0

o
f=)
loi
[l

Ph.D. thesis, The Stony Brook University, New York,
149 p.

Vrolijk, P. and van der Pluijm, B.A., 1999, Clay gouge,
Journal of Structural Geology, 21, 1039-1048, doi:10.
1016/ S0191-8141(99)00103-0.

Yun, S.H., Lee, M.W., Koh, J.S., Kim, Y.L. and Han, M.K.,
2000, Petrology of the Bokyeongsa Volcanics in the
northeast Gyeongsang Basin. Journal of Korea Earth
Science Society, 21, 595-610 (in Korean with English
abstract).

Bhafs] - FEE - £ 2 ol

Zoback, M.D. and Gorelick, S.M., 2012, Earthquake
triggering and large-scale geologic storage of carbon
dioxide. Proceedings of the National Academy of
Sciences of the United States of America, 26, 10164-
10168, doi: 10.1073/pnas.120241202473109.

Received : November 19, 2015
Revised : December 17, 2015
Accepted : December 17, 2015



	한반도 남동부 지역에 발달한 양산단층 비지의 마찰 특성
	요약
	ABSTRACT
	1. 서언
	2. 실험대상 물질 및 실험방법
	3. 결과 및 해석
	4. 토의 및 결론
	REFERENCES


