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Sangwoo Woo and Raehee Han, 2019, Shear tests on intact fault gouges preserving natural deformation
fabrics. Journal of the Geological Society of Korea. v. 55, no. 1, p. 131-139

ABSTRACT: Deformation fabrics developed in natural fault gouges are one of the critical factors leading to fault
weakness. However, the possible effects of the deformation fabrics on various frictional properties of fault rocks
have been almost unexplored. In this study, we developed new equipment for taking intact gouges in a wafer form,
conducted preliminary shear tests on the wafer specimen, and compared the experimental results from the wafer
specimen with those from other gouge specimens (water-saturated and paste specimens) that were prepared in the
conventional methods. For the friction coefficient, the wafer specimen showed the lowest value (~0.25), while
the paste and saturated specimens showed ~0.3 and 0.3-0.4, respectively. For the frictional stability and frictional
healing, all the gouge specimens showed velocity-strengthening (a — b > 0) behavior, which is related with an
intrinsically stable fault slip, and very low (nearly zero) healing rate. It is noteworthy that the wafer specimen showed
the lowest a — b value and negative healing rate. The preliminary results indicate that the deformation fabrics may
affect not only frictional strength but also other critical mechanical properties (e.g., frictional stability) of faults.

Key words: fault gouge, shear tests, deformation fabrics, fault gouge sampler, frictional properties

(Sangwoo Woo and Raehee Han, Department of Geology and Research Institute of Natural Science, Gyeongsang
National University, Jinju 52828, Republic of Korea)
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2010; Moore and Lockner, 2011; Smith et al., 2017).
A &3] A= (rRRE) o st 7H &
0] 9] ARRTEFofA ©hFo] PRI} o9 2 AT}
5 B2 O gEeo] v mjl - Y2 FE
2 o2 gz A WiEo 2 k=] (Holdsworth,
2004; Carpenter et al., 2012), T5H]X] Y 5o A =}
FAY 7 sk Aol Ad @5 A
et AP ZHE R E R YR e
L 7HE 4= 20| B EQick(Blanpied et al.,, 1992;
Scuderi and Collettini, 2016). o2t AF=olAl
= W o 2 A FFARE Aot AF A
A 2z 9 k) TS o) Eule R A2 E A
§ o] 27| B4 (starting material) 24| AR8-54iTh.
olgfgh W49 ¢, AH HF=ES A AHE-
Shz 20171 s}AIu Ay ehre] W@z o] o)
B gho] glck Ajel Thae) wEzAo] B o
844 7)50] AL U8 S Y-S Ak 7|20
AFES ae3tctd (Faulkner ef al., 2003; Smith
et al., 2011), THEoke] MHZ L wEIL o)
AAZ 4% A7} Laskckn sk ole
Sto], th3 9] F A AT A 58 Javt ik
Collettini et al. (2009)+= o]&r&|o}9] Zuccale &5
oA F&S FHATFeh= WA o] ThEet Al = (wafer;
ol3} o] Al &) E FH|ste] TS HAISHA
3, 2GS AGR =T S 5 e ol B
oro] gejxZ] o] Ud &3] Ao R Bistrt. £
3t Smith et al. (2017) = F2I=2] Moonlight T
ZHolA FelzdE A2 BEFT T30S A
sto] o5 Aol AR EN T TFo] W uf
AR =5 7HE Hugh v gk ey 919 A
2 Ad &S5 WEg A o] wpE = nX=
FFIS A £ ZlojolA, nlEHe| A o]F
H| 21 52 XX v]EE AsS EY AQIA
o3t mpaeEg A (frictional stability) S} T50]
ARG & oA A& A HEEe S8 &
A opE 3] E-E(frictional healing) S0l T5%
HEP 2Z]0] v 2= Gl thsiA= sk E3t
o} gEtA & dtolAe A B5UY "y zF
o] o8] npEHEA o oJu gt YIS v x| =R o gt
AAZAR A A7t Dasiohs EA4194] st
AR A GSHIAE IHE QAT 5 =
AHE sk, o]& B3l 2 HolH A7

o

ror
=
lok

o} 71z9] WA R 2u)E A R(2R T5E 2
o 4|20 A|R) 5 AR ThE AH 539 A
2of djo) ALATARE ulH oz Axsle] 1
EEEREE EREE S

-

2. EHEHIR| MSISH] L AL

A 2 ZFA] HAAL 1ol JRI7E oFAE
2 9] A o] Bt Bk (Kim et al., 2016;
Woo et al., 2016) 2.2, A3} ZHAjo] A3 ALY
I} o]Qfo] AT = E| S 7tEA =2 g o
Z0|TH(LT Ta). B2l oF 12 cm Zo 2 7]
A0 g = BEHIA7H e 9Su
ZRI= N41°E/52°NW o]t 1b, 1c). 2 A7
oAb AH BEHIA o] WAEA 9 $A) B
59 SHS BEAT AR 5, AeT Hast 4
A A I 29)(in-situ) T5H]A|(intact fault gouge)
£ 7] fisto] SSHIA] AF 7] (fault gouge sam-
pler) & A2HSHATHLE 2a, 2b). 0] HF7]% ofs]
oM Fofet 4= 9l 2712 B} o)z} 2428 em
9} 18 ecmo] L, Al & & A Foh= T ol A TEFH| A
el Eazsh= orHat 22 7 E4of 93k ]
O] g 7] flote] k= A Q1A 304(SUS
304) 2 A2 ©FHA] Al' AHF S o
3 Ak (1) oFe] &5 =FolA BFHIAE 4 cm
TS H(plate) FEI= wlojdHTt. (2) AF 7104
Al 35 aE 2, 69) S il & o FEj o] &5
H|Z|9] QE|H Aol el w24 1 ool &5
H| 27} YA =5 e TE 1c). A& 39| of
HHE o] F= Y BAE= H7|FHZE WA Al
7 3o 2 QIR H3H|A| Y Mg S S HE
o] @387} A B E=F ARSFHATHTH 20).
(B) A& Ik AF 7100 FARt 3, AW(TE 2,
7H)E €3, g AE FA(piston pusher; 19 2, 1
H)E &2 AR 3 ¢t s BSHIAI7E A
of W wi7bx] 91 WFo R wiEAItt A
7t EEjA] Al L0 7 a2 &, GFHXE A= A4
SAZIHA e 45 RS Sl AR F4d
Qtoll e ©HIA Y ¥l F7hS A =5F ik (4)
o2, ANE Gal fAE FAE S8 T3
A ANEE 2F74 Y2 wiESAXI ojd txE A
o|Z|(1H 2, 2¥1) & ©]&5te] A AR TH5H]|
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A9 FA|(~2 mm) 2 ¥ EAIZ] £, 0.15 mm 77 2
ZH A A A efolo (7™ 2, 5¥)E AH
AL(TH 2, 49) S T Dol F 22N A RS o
o Fe (o] w) = ZehHH (2™ 2d). 3|t Ho]
¥ A2 oflo| A SA] FHE AT EA7IR UE
sto] A o] /g A2 EEAZITHLH 2e).

3. ofiH] A
31 AEYY

Aeg A48 Ad SR (olH AR)
oF AA e HFL Axl B AR upHEAS H]
Wt olskakr] Slak thee] Al 74X WE o A

= 205k (1) of2lol A et Tau|A) A
FE 60Cof|A 317 52t Ax & F, ufo] 2R 1o
% U (micronizing mill)& o]-&3}o 5& 52 £,
o|% #80AIE ©|-&3t A AES F3H 125 um ©|5}9]
U 3stal BAIE @42 S 1Az st =

fault

(N41°E/52°NW)

2 23] A F(saturated powder; o]3 B2 E
3he £ AR, 19 3a), (2) A ©EFHIAI7F 2=
BEI S AL AR SIstol ()75
Ao St B ABE FHEG 51 vE
(20 wt) 2 SRt Nk FEj = A|2ket A2 (paste;
o|s} ¥k Al®; 1 3b), 12]aL (3) ©F A=A
712 o) Ade] MR RN} A RS B
SAZIAA HFEE ol A= (T 3c). o Al 7t
7] 32 A RS 717t ZURS(Ex5x2 om) 272 F
OFEE(4x8x2 cm) Afo]o] 2 mm F7A|e] M=
Flolo} ez Ag-o2M X2 ATA (specimen as-
sembly) & FH|ZE & o]& A o855t
((2E 3d). Al 22 A ol AREEE A2 AR = 9
Aol A AbEEE FE] Beddeoln, AdHe
B2 AREE SAHS Aol $hAl #80 A2l 7ol
£8 olg3le] uihomn PHERT} T
O] AAAE wEtA T njEHo| WA E R gL Al®
WA E BT o] wAE - JES FESlT

clay-rich ‘gouge zone
o5 0.2m

" recovery frame

| eprsed Qouge layer

Fig. 1. (a) Outcrop photograph of the NE-striking, subsidiary fault developed in sandstone in the damage zone of
the Yangsan fault, Bogyeongsa area. (b) Close-up view of the boxed area in (a) where the gouge specimens (powder
and wafer) were taken. A narrow (~2 cm in width) clay-rich gouge zone is observed in the core of the fault. (c) Side
view of the fault surface exposed after the removal of the wall rock. The recovery frame was pushed into the gouge

layer to collect the wafer specimens.



134 LA . siaYs

: Piston pusher

: Digital gauge

: Wire cutter handle
: Cutter rail

: Cutting wire

: Recovery frame

: Cover

Fig. 2. [llustration (a) and photograph (b) of the fault gouge sampler. (c) Bottom side of the recovery frame. Note
the wedge-shaped bottom designed for easy penetration through fault gouge. (d) Close-up view of the wire cutter
handle and cutting wire. (e) Portable vacuum packaging machine. It is used for vacuuming and sealing a plastic
pack where a gouge specimen is kept with original water content.

@ Saturated powder @ Paste
(DDSTO001 & 004) (DDST002 & 005)

paper guide

Wafer @ Specimen assembly
(DDST003 & 006)

2cm 2cm
| ||

Fig. 3. Three types of specimens used for the double direct shear tests. (a) Saturated powder specimen layer on a
side block of granite. (b) Paste layer. (c) Wafer. (d) Specimen assembly in which two layers of the gouge specimens
are sandwiched between a long central block of granite and two shorter side blocks of granite.
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(Marone et al., 1990). ZE ATt L FH=2| 2=t (a—b) = Augs/Aln(V) (1)
AAT LA B 9 AS A7) (low-veloc-
ity double direct shear test apparatus, DDST)&
o]-g-35}o] AAISFATHWoo et al., 2015 ZH=E).
AR AAA R S5 B A (velocity
stepping test, 0|3} VS A )2} n|E9-HA|-u]EH
A1 (slide-hold-slide test, ©]3} SHS A1) &0
RASIYTHLH 4). VS AF-E A $=2 wslA]
7= A Ao 2(E AFolA= 3-30-3 um/s Ak
8), 249 TIPS 2s)el B389 v
1ol 7|AE o] % @30l =8 MY EHA njEE
A 28 AT A=) ot we Bebgst
A v EEAE AFH oz 45t 13t A
o]th(Dieterich, 1979; Ruina, 1983; Marone, 1998a;
Woo et al., 2015, 2016). ATEEZ IH2AHA &
ZHEE) el wet vhEAS} 71Ee) Bk
(steady state) o2 HE SZHH o2 ZIH4A)d)
£ B4E 71ashe ASE a’, ZTHAL)E vH
A7t AZba rlE R ol wet Rskste] =2 B
Aol BEShE B4 714she A4S “betn

A7A s} Vi 242t 2 v Ao A
Loltt o] HEOEH(a-b > 0) H& 73}
(velocity strengthening)E Z|A8lL, o] TFE
o] ¢Hy3t nEE AsE EY AYS Yu|gith
29l £EoEA(a - b < 0)2 &&= oFsKvelocity
weakening)E A|AJHLL o] @59 EQHYE A
24 nEH e dazxyo] Hrh

SHS A3 dAT ADEEB0 um/s)= %13
3 Achu|ZEe 97 A|7K3, 10, 30, 100, 300, 1000
2) A AAGHE RAA 7T T A LR A
SE2 njZes Ao 2 U ofn) WenZ
Y A] TEEE FH A4 (dynamic friction co-
efficient)} A & A th(re-shear) A] HHEE=
A A upEA4=(static friction coefficient)] z}o]&
A, HAAFENZ A7) A17HE 12k ol nhars)
BE(p)e el Ao Yolur)

Lo

ot ul}E o] £ 0|2 FHShe nlE-4E B = Au/logio(t) @)
uaha|E](friction-rate parameter or velocity-depend-
ence parameter)¢l a — b= th3-2] 2|02 FHF ] s EEo| s AL u|ZYPo 2 03t 28

@0'6 o,=10 MPa @ c,=5MPa

Slip rate = 3-30 pm/s Slip rate = 3-30 ym/s
0.5 .
0.4 : VS test : =SHS test; |
| ! :
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Fig. 4. Comparison of frictional behaviors of three types of specimens (saturated powder, paste, and wafer). In each
test, a series of velocity stepping tests (VS tests) and slide-hold-slide tests (SHS tests) were conducted after the
friction coefficient reaches a steady state. (a) Experimental results at a normal stress of 10 MPa. The saturated powder
and wafer specimens show the highest and the lowest friction coefficients, respectively. (b) Experimental results
at a normal stress of 5 MPa. Note much lower friction coefficient of the wafer specimen than those of the saturated
powder and paste specimens.
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B4 o] Aztel] met thA] S o] 2A| F7ISHA
B3 T2of whEt ohs Adm|EY Al & 2R 3
W&o 7Fsd o e A A8k BHA, nhEE &
E0] 00l 7 AU 29 gk 7HAH S0 sjad
o] % ulj-- @3 A7t A 3 EH o] oA
SAEE= Y9 2717 v vlulsitt= Ao g ot
<= vEo] TS gt aqfr o §8 WETto]
7 = 2= AARSITH(Marone, 1998b; Tesei
et al., 2012; Woo et al., 2015, 2016 &=x). 2= AH
B2 A R-AEZ(servo-controller) S E3f| A
05131, A d o= 7|23 22 100 Hz2 7|5
shgom S st Ao doe] HEEL Z7HA
# 1,000 Hz2 7| 2351},

32 AN

3.2.1 upzgAIS

22282 5 MPax} 10 MPa, A9& % 3-30 yum/s
slo| A AR AdAH A= 1 49k 2ok ER
23lE Bk vk, g1 Yolw A 29 A 7] &
oA FEE vpEAla Zo)7t ERIEGITE B2
Z3E B0 A 29| A HtupatA S ~0.40] =2
3t & opA] ZAste] ~0.32] AR (steady state)
i AeE EAth 238 10 MPa 271 3foll A

i

-0
0
o

- Blay3
L+ AR E7Hel ket nl st WA 57k
8h 1129 8Hslip hardening) Ao] Slge.
Bhel s A2 49 HjuaAS ~030] =R
ol % AN F7He] wheh nbEREsL AY W
3} glo] QA HAH ALk ol A== ¥ A

surh e ~0259) nbEAST} 29T, 2
ubRAS:S A obRASS) Tl sk A et
o) stk

3.2.2 bR A

TSHA] Y] v S olafish] flel Adt ¥
9] 7-16 mm7ko| A AAgE VS Ao At 1
9 4, 59} Zr}. AEEE 3 uim/s — 30 um/s —
3 um/s@} o] HIIAIAZFAA S35 npd A2
FE|(L¥ 5a) ZF HA| A 9] a%} bts 4FESHEITH
(718 5b). & A BolA S22t A 5 BE &
9] a—b o] ERIF AT, Al 7HA] F3 Y A7
A ARz ZHe 2lolE B ATHIY 5a, 5b). B2 £
3hgl B AJ59) a — b & 0.00475-0.005752 713+
=20 ZFo|ar, vk A& 9] a — b = 0.004-0.0059] Zk
2 2ok v, Ylolw A& a—b 2] 7-$-0.0025-
0.004= 7H Wtk ok& 2, 42188 5 MPas}ojl A
AAEE ARol|A19] a - b gho] 258 10 MPaej|

@ DDST004 @0'008
m;?‘pmls
P11 o ot i —
\ V1 ! P{" B 0.006
3 3um/s (Iu
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Fig. 5. (a) Close-up view of the results from the VS tests plotted in Fig. 4b from which friction-rate parameter (a
—b) values were obtained. (b) Plot of a—b versus fault displacement at 5 and 10 MPa normal stresses. All the specimens
show positive a — b values. Note that the saturated powder and wafer specimens show the highest and the lowest

a — b values, respectively.
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A A2 FET A YRt

323 upg3|ug

5] 2] o] upEs| e B4 olsfaly] 3l At
Q] 19-26 mm F7tof|A] SHS AHS AAstTh
(2% 4, 6). ZH2}) At P AJ7toA] WMt
A (AL E &5l (1Y 6a) 712717 LhE
WE npE3lEES 73t 2d 6b). Ad 279
AFglo] BE AJRoA A9 09f 717k o $- e
o3l EEo] SRIHXTHILY 6), ZH2He] A&l A
oF7ke zfo)7}F UrEbstth 42282 5 MPastollA] 4
Algt Ao A B2 Zobg Bt A g9 upA 3| EE
2 0.00070] 11, 4288 10 MPasto|A] AAIgH A
Hol| A= 0.00152 A H o2 =2 WS BTt
(1% 6a, DDST004). W= X 29| A9 42282 5,
10 MPaoj|A] 0.00042] U3} npasjEEo] ALEE
AT, Ak HE T AR F-2| 4171 AlZH(bhold
time)o] Zoj o] wa} npaALT} AAshs H3e
HItH 1Y 6a, DDST005). go|5 A= o] npahs]E
£ 222198 5 MPasto]|A] -0.00002, 221128 10
MPastol| 4] -0.00012 A A& & 7H W, Ak
Al }E3| Eo] BEYEHA] ok 0] S EES HYS
o, QAo 2 Q3| AhH 97} 7142 npEA

@ DDSTO004 @ 0.015 3

227} 7hashe 3= SRIE|QTH 13 6a, DDST006).
4. E 9

of#l Ao A A It E(in-situ) o] &
4, B8] A0] M2 A S 243 T2 7| (intact
fault gouge) 2] WFEE/E ol3f5t7] flsto] =2
Az F7IeF AFHYE Lo ol Fd
D329 Hlof¥ AlRE oWt TYE T3l
A Q3T FSHA2EE (1) &2 Z3HE £9 A
7, (2) {5 A7, ) Aol A5 &HIst
AR AAR 21, 22 T3k U vk AR
oA Q] mREHAeE 7|E] Hig @8R 9 gk
(Collettini et al., 2009; Tesei et al., 2012; Woo et al.,
2016)3} FAFEE 0.3-0.471, glolH AlZ2oME 71
22 ~0.257F A4 E e, 259 10 MPas}o]
AR} 2122 5 MPashol ] we njzkAdr}
TG o|2g Ak Yol Amo] A A
A EZol N Wk W2 (e F)o] A= )
T A ARl v EEHO R o] g o2 1Y
gk o] gl AHolA rlEHe] HAE o
AgE vl o @2 A stoflA njEH 5=
U= AAREHTE o] o AollA ARERE o]

g
3 10 30 100 300 1000 sec 0.0125. 0
’ 0.014 5
>3 |
- <
5 DDSTO005 g’ 0.0075+
(8] =
= . [0
2 ! - 2 0.005-
Q
o) ’ ‘ ‘ = 4 8 0.0004|
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g S 0.00251 . e
g 8 n, P A—0.00002
t DosTo0s] - W © - : 0.0004
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Fig. 6. (a) Close-up view of the results from the SHS tests plotted in Fig. 4b. (b) Frictional healing (Ap) plotted
against hold time for the SHS tests performed at 5 and 10 MPa normal stresses. Solid straight lines are log-linear
best-fit lines. The slopes of them are healing rates ([3). The saturated powder and paste specimens show very small
positive or nearly zero healing rates, whereas the wafer specimen shows a negative healing rate.
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B A2}t FARE A 02 A T3 A RS
H|slo] AAAE-S A 7|E AFdTete §
gtet(Collettini ef al., 2009; Tesei et al., 2012).

TR SHoA & o, ZE A&7 Ae7)
2o o] HEOEA(S, HE7 Z7HSHA AT
E% 37k a-b>0)& Holu}, BT vk A2
AHt} ol AlzolA B %2 a - bglo] ¥EE
oh GO FEOEAHL 1 4o EHZFORE HY
3t u]E&¥(intrinsically stable sliding; Dieterich,
1979; Ruina, 1983; Marone, 1998a) 2|22 A%
o A A|AIsH, AP Z2Z] o] W3 Hoj Alm
oA & o W2 a - bgkZ 7HAA EHEAl= vAtr
i A ZHA 8] A E ojoF T SR ot

3 EEY e, Al 7HA] 739 AR 2R
A A9 09 77k Fhol WEET: o= HEA H
A7F gt ©&Fo] A, Sl A FAHHA X
517] w2l 2 A2 Feksh g3 Edo] 7hA|
g 7Fs84E k= A& AARttH(Boulton et al.,
2012; Carpenter et al.,, 2012; Tesei et al., 2012;
Chen et al., 2015). 4, go]H A&7 2] 79 AchH
$7 F71E4S nslEgo] sk ARE B
Qe ofafet B4l WAxAe] ks Y B
A7 QA E 0|72 BES F9) 271402 Bl
3 5artgick

olge] Uy AEL FHARY, A4
HAxAL BE AR A% T2 90 Ao}
TR TSRS Th 4 gl Ao Rel,
=, waulA7} i Wg 2o gl 71z o
oA &l ©Fo] A S (Collettini ef
al., 2009) ¥ ofzl, | &9 WA 5 Hot ot &
Hof|7HR] 288 o 35 AARRIT) kA, A
W30 v YL AUATE Fo) 2} Hetxom
Bofahy] Yeie 218, NBY 45, L8 5
U B 27E WA e R R ohi2t el
o3 o|ZUve] 82 W Wyze] S48 nEe
Apehe] N ZHolE o B2 wejo] Rt
SHAC.

b My

ZAe| =

o] =R2 2018\ AR (13}7| & A HEAIR) 9]
Yoz 2Ll XYL Hro} Sy L

- slay3]

(2016R1A2B4009599) 2] Aoyt B =8-S A
AoHAl Akt A3 ol =ge 4 234
HEAPE I g o] AR A FAE-E YT 254
A& Y3719 ARl 2 =58 74 471484
Ao =82 FA FFA LAY 03]
AR A ZARE 3
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