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An Attempt to Measure the Temperature of Frictional Melts
of Rocks Produced During Rapid Fault Motion

R OBAT - BEHE"

Akito Tsutsumi” and Toshihiko Shimamoto®

Abstract: A series of high-speed {rictional experiments on cylindrical rock speci-
mens are conducted to measure the temperature rise and friction along simulated
faults during frictional melting using a rotary-shear high-speed frictional testing
machine. The temperature is measured through the use of thermocouple and
radiation thermometer. From experiments conducted at the equivalent slip rates
to 1.3 m/s and at normal stresses to 1.5 MPa several important results are found.
(1} A dark 100 #m thick layer of pseudotachylyte (PT) formed during experi-
ments on monzodiorite. The PT contains ubiquitous clasts with various sizes in a
fine matrix, where the clasts of biotite are rare. (2) The frictional melting begins
to occur after a displacement of a few tens of meters even under such a low nor-
mal stress. The friction of monzodiorite is initially high and variable, but with the
onset of frictional melting it tends to decrease to reach a steady state with the
frictional coefficient of (.5 ~0.6. The coefficient of friction exhibits a negative
dependency on the slip rate. (3) The measured average temperature along simu-
lated faults during the frictional melting is 1100-1150°C. {4) The temperature dis-
tribution of the specimen during the sliding is calculated as an axisymmetric prob-
lem by using a finite element method. The calculated maximum temperature on
the sliding surface under steady state temperature distribution is 1300°C, which is
in reasonable agreement with the measured average temperature. (5) The cal-
culation for non-steady state temperature distribution shows that the maximum
temperature on the sliding surface at 20 seconds of elapsed time is 900°C, at
which the corresponding displacement is 26m. In most experiments the frictional
meiting begins to occur after a displacement of a few tens of meters. It is sug-
gested that the temperature rise at asperity might have been higher than the aver-
age temperature along fault.
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Pa— NFE T4 FdHETREG IR
FEH 4 A AR TR L BT T, B
LN LR TN G A=Y (WA - =)
Twi, fifF, EHRONMGGCIIETLZ Y 2 —
F&&7 4 OB, BEL - BRIk A
EORME - 2HEMBCA TR, HHVIRIERS
T TOHEEE A REL B AHAET B 2 LAWY
E N TV B (Allen, 1979; Maddock, 1983, 1992;
Spray, 1988; Toyvoshima, 1990; Magloughlin,
1992; Lin, 1994). Zh &5 DL L8 - 48
RLBCIE, MR REOD R MR TR B LT ) RSB
TEHEOAIERL LA D L BRELTWA,

SR TMADOWFRE L, WS EENIE
HEORE ER Y HENICEE L, BEEEo
e 7 3548 L 72- (Mckenzie & Brune, 1972;
Sibson, 1973; Lachenbruch, 1980), F /2 { D
P OEB TR AN DEET ) B0 R A
ST E Y (Teufel & Logan, 1978; Lockner &
Okubo, 1983; Yoshioka, 1984, 1985}, Mf{ELemh
OFBEIIAS L 72# 4 & S (Friedman et al,
1974; Spray. 1987, 1988; Killick. 1990; Kennedy
& Spray, 1992 5 #% - WG4, 1994). LA L, H
BEEOME D L 512, EREREDT 1 m/sec 134T
VEE T, OB EnIETASLT T
WY B IR B AT R S ok A, A
FOLI LB TOMBONTHNE b IERRC
EH S TR, Zofzil, ThETtol
AT EAROWEE, 34 VIIEEERET LS
EERETONBONENERE RO 2L
WTELho/

W E BN I D BRI R GE R OB,
Ya—FFFEITA MREOBRLHENNIT S
W TIERL, BTOMEIZBWTLEET
HhH, (NBEFOMEESC L - Thahi:
EBIL SO L S LG CHIEIEM - IR
ZEDIAAF-LLTHES RO (HE
EOHE), AN PPHERINLL) BE
FESEEN R LW L0 kD e TR A b
Dip, (3)BERICL LEE LA R EESER
HBED L IIHEBZOCIuEL ? )HBEDED

AT LD,

4k, LiRomEY RRNIIHET L0
b2, Il W R R % T, B
RN AL 3m/ sec & v D B EUH T o Mg
BWEERTHN U Ao, ok
e SEEN A S BRI AL O )R — v ol
BEU, FN LT L CEEENG O FLEE W
EERWRAT. AT, ShECIIES R
BERTHE L, RO S0 Bl
B, BEENEBIRII OWCHEET S,

LW p S

FEEIZIE, Bl R EUITERT O PR
SR BEIE S ERE & RV 2o (IR AL - 3%, 1994). &
BT —xtOE RS B IR o s e
DEAGMIMELNE, AME—Y—T—HD
AEOA T LS EE LD LTl s FoR 413
T B (L BAR TR S 3T~ THITE
B - 38, 1994 % BE)TET - LY
A). O LB ERI K2 8m/sec (4
#40mm, WEOmm O MERE T HVASE),
MEI0N (391 b )T Th 4. HiEfs
DT, ENRICHIBILE,

FEREENZE, MR L DRSS B L O
TER & & Hvs (BEMASER ), PIARIR ({8 25mm)
& DV I TEEAR (AHE5mm, PR 16mm ) 128
Lo 3#48mm). & VIEEIL EIo8E
- RE - BEEH - fLEE - B
BEREL G e ), (BRI L - $HER -
HIERD - BERGEDPLBE IR TS, 4
[of >IZEETiE, W {<£1.5MPa)— D&
T O R T el ] B A R <
1.3m/sec) TN Z, BESEOHIY - BEFEMRE - HEd
SRR O BRI OIRE e L E B A

BEETE ORBEHE I, $AE (PR B, CR HY)
THGIIEEAE &, BOHRER = H Ao BE
BE D 280 2l A7, RETRERNE, #ilE
WORN T A NF-OBFEETLHI L -
T, WEWEORE RO LMGEEETH L,
A OEERIZH A L /2 MINOLTA-TR-630 i1,
B/ANEZE) Amm OB T A LR RSO
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AT OISR AL o) it B B3

BENTRETH % (M ERME=20cm). BT
FHOWZBEIT, BENOREH I aE o
FUEE lmm) 2 dif, 7L FOMEEBESIE

L Bixd 2 A A 72, TV 3K ER
¥t 2~ M {THERMON-T63) TRI5E L 72{Fig.
1), AEMBOROERONE, B30
THUTFO 22O IS L.

1) AHEFT S DG o TEEN O
BRI DWW TW &, R I R o B
R L CRER T 5. SR s BE Rl o B
g A EAHMF SN EME— ORI, OB
BRI, imA MM A L RN TH
b, I TEBBISEHE 1 WHT, BRI
WHEIZFGET S 5 L9 (T8 o sn & BT
268 1 mm OFE S &IiAA P2 (Fig. 1b).

2R OBE 2 v 7550, REEE s
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Fig.1 (a) Top and (b) cross-sectional views of a
cylindrical specimen showing thermecouple loca-
tions. {c} A schematic sketch showing the speci-

men assembly for frictional melting experiment.

LRMENLATAEEZONS, F2THED
5 5mm B EOMNEIZRBSOERS L LS
iz 72(Figs. Ia, b).

EEBT— 7 OIEIZDH - T, KRR
TANF— (7T AT A D VCVSH
3KRT72NF—, FHy b4 7RIS 1kH:)
TEBK /1 XxiEx Lz, 200Hz LLEOAF
YTV TERT NS - BTE - M O
BEEEOTRE,LOBIE T+ V¥ L
L, 74 J% VbR TEAC-DRF1)IZULER L
P RELEBEAF-SERDALBIZRIO
TANF —EIMIT TR, T Y OIS
W, BERIBEIIET VLT F I
RO ¢ JF N7 4 LT — NI EEITE)
PBILG-Twh,

ERER

HgnEx

EEER, BMEELEINYRVAHORHE S
VBRI, FIANREETLRLGOER
(~100 pm)iZ & » TIFF S N/ZRBIZE - T
Wi BEERICRELmEANTER 2D, i
BB LUSEMA VWA EBEROBSE Y B2
Ttz BEFTE EEEA R & OB R A AN
ADHAFEELERTET LS. LA LAAYD
AT EB LTRA L, i - Mkl L oER
EHRS T D LOFEE2V DI LT, §EA -
HERIIEEIIAN T BTV 0D L3
HERB(Fig.2d)., FABEREOBRERIZG
LifLiEF v 2 IROER IR 5N L (Fig.
2c). BEOEBITIE, AT BUERIR
6 RO L O F TR L ORISR & RiE
OfiFr4l, BEOERSOMYRETAEE
Wi e s, BUESNICIBETER T LR
AR - A RARENEOLNRL. £
2w LCEERO AL, SEM-EDS & FIH
LTS ThTCaln,

HERER
MR D& >/ BikE 00 BRI SRAE & UKL O dil
FOEMER OO MG %, e

— 105 -



B/ OBEA - BERHE

Fig.2  (a) Side view of a monzodioritc specimen (run # HFRO64) after experiment. A

fragment of the matching specimen, welded to the specimen across a dark layer of

pseudotachylyte (100 m thick}, can be seen in the lower-right side. A small white

rod is an alumina bead used as the guard for the thermocouple. (b} BSE photo-

graph of the exprimentally produced pseudotachylyte (run® HFRO070). Note ubi-

quitous clasts with various sizes scaltered in a fine matrix. (¢}, (d) Photomicro-
graphs of pseudotachylyte (run # HFRO68) in a section cut normal to the simu-

lated fault plane. Plane polarized light. In all phetographs the boundary between

the host rock and the pseudotachylyte layer is horizontal. Biolite adjacent to the

pseudotachylyte layer often exhibits kinking (¢} and rounded interface (d).

&5 TFig. 32 L7 ZOFTIE, WIshH
(1.5MPa) % —% IR b 4055, B EEDL
%#0.93m/sec, 0.42m/sec, 0.26m/sec & &L
2. EEBRIRGIE LG O BRI
BENIHMLWEEAGES b FOBL
DHEAF A THEEEORES LA LTS
&, BRMIICEERATH L RE IR B3R
e fE T, SERBIMGTE, #1440 (2480018, 4

S oD # A B 19, 5m ) 1T AR Y 2 ME I Al
AEEHENDL L ATk o7 BEBEREO G
- THEBR BN LT, 0.5~0.6M#EMT
Al Lz, 5Bl 0 SUR O Bk 3 4 1

R T BEEARRRAER LA B LI OB Ty
6 pm/sec T o 2O L, EEKER DR
ARV AT R R (35 4 VIR LT 100 om/ see
FE L7 EBBEIGEFIS0 B L OI0TRT,
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Fig.3  Frictional coefficienl versus time and axial shortening versus time records from a

high-speed frictional experiment on monzodiorite (rund HFR095). Frictional melt-

ing initiates in about 141 seconds, after a circumferential displacement of about

19m. Friction is initially high and variable, but with the onset of frictional melting

it tends to decrease to reach a steady stale with the frictional coefficient of 0.5~

0.6, The onset of the frictional melting markedly increases the rate of axial

shortening. The coefficient of freiction exhibits a negative dependency on the slip

rate; i.e. higher friction at lower slip rate as confirmed toward the end of this ex-

periment.

AL ERE * £ FN0.42m/see, 0.26m/sec &
FhEEL S, 208K, BEERIIE
AR R L At b, R ORI B ARS
BRI AT R S R

BEOCATER

B A FF L AR g b AR v T
R HFROT2D KR > L A ) O R
FHr B, BB (<1.1MPa) & 284 # B (<
1.3m/sec) * — €l R R T TEE® B -
% o 72(Table 1). Figs.4,542FERE R -H
BT, CORTIIEGEED O % WM % &
Bilok o T LA $7-Fig 643 8EED

PEREIBRE L0, HiRd O BEER
TOREM TSI L - TR (Fig. b OFEER).
i sE Td LA O ITEMROMR L L b
WEEDYERT B IS0 T R4 B LI
VT, ZHTfEY, BENOSmATRIE
HHOBEELIEAITEH L, 1100 ¥ DRk
FIOEE L THEERAIE L/ Figs. 4b,
de, Sbid &4 OEER TR SIRE & a8k L 12t
Edh BV I BES OEIRY 2 E TS DREH
WAk L LD ThHE IAGOUMEDD
LA, Al -8 OBEL ¥ FIH L
TiE, MFMARFL A X 9 %, BATEATATEEHEMLC
B U CHEE T S AT B A Lo ik,
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ﬁﬁf"ﬂ[’l’J BRERMT ALV T &L #*¥ =

B2 A AR OREN GRS,

Jﬁﬂﬁﬁ@Jﬂ@ﬂ%szﬁcify& <X B #y1100Cis Bsesta 704 X
# LTV % (Table 1). LS, ShlOESRTHIE S BEEGR

MATIBERT & F ViR E L0, HERLE OTTE AR L TAL WAL LI,

VRS 1IN A Tt AR Y L ATV A BRI Y USPERRSTOH LARe i LAY
s (0.8~1.0MPa) & %4 1'J_1@# =1.3m/sec} HELQMRET R T ad o7/, @l LSRG
IR R TBI o, BENED B BRI DA R F*iif’]ll()OmllSOC Tk
BREFig. TIVORT. EEmOLHN 2 EE HLTEY, BELGOANADCORHIERL
W, MR L SRS T RS 11697 6507, Clark, 1966) 2@ NI 2 T 5%, *’n‘fH—

{Fig. 7a),

MR AL AT I D W T RE 1145T HRONIREEROASHEBEES AN b

(Fig. b2 ELTwL b e Es 2 Ao S &, T OEEEENE R8I
DR ITBES PR WClE Lol &y BEORKVEWAMELERMNIZ AN MMET L v )
—F LT, RIEGBLE TH 5 5 (Spray, 1992; Lin, 1994 ;

Table 1 Summary of data from the {rictional melting experiments,

Run number a v Total Temp.-measuring Measured max.
and sample (MPa) {m/sec) disp.{m} device Temp. (T)
HEFRO57 di 0.41 0.87 1443 CA 760
HFRO61 di 1.04 1.31 871 CA -
HFRO62 di 1.14 1.31 320 CA —
HFRO63 di 1.02 1.30 270 PR 1090
HFR064 di 1.02 1.31 226 PR 107¢
HFRO65 di 0.82 1.31 650 PR 950
HFRO66 di 0.92 1.31 135 PR 1100
HFRO67 di 0.8 1.31 320 PR 1124
HFRO68 di 0.80 1.30 192 PR 1102
HFRO69 di 0.80 1.31 267 CA 1085
HFRO70 di 0.81 1.31 574 PR 1100
HFRO71 di 0.82 1.31 261 PR -
HFRO72 gb 0.82 1.30 174 PR -
HFRO73 di 0.61 ¢.87 391 PR -
HFRO74 di 1.03 1.30 530 RD-THERM 1169
HFR(75 di 0.82 1.31 522 RD-THERM 1082
HFRO76 gr 0,82 1.30 97 RD-THERM 1145
HFRO77 gr 1.062 1.30 102 RD-THERM 1130
HFRO78 di 1.02 0.88 654 RD-THERM 1090
HFR095 di 1.50 0.26-0.93 89 no data

— Thermocouple failed and came off the sample before reaching the sliding surface. di, monzodiorite: gh.
gabbro: gr, granite: PR, PR-thermocouple: CA, CA-thermocouple: ¢, axial stress: v, equivalent velocity
which is defined as v=4 7 rR/3 for solid sylindrical specimen, where r is outer diameter and R is rota-
tion per unit time {Shimamoto & Tsutsumi, this special issue). Total displacement refers o the displace-
ment at the outer edge of the cylindrical specimen.
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Fig.4  Temperature rise along a simulated fault in terms of electromotive force and ¥ in
a monzodiorte specimen, plotted against the ellapsed time during run # HFRO67.
{a) Temperature versus time records for the whole experiment. (b), {c} Enlarge-
ments of the record near the maximum temperature (b}, and near the final portion
{c) al which the thermocouple failed yielding very irregular output. Temperature
is measured with a PR-thermocouple cemented at a distance of about 2mm from the
fault.
18 ; 15
HFRE68 Monzodiorite E 11.85 mV (1102 °C) 1200
Axial Stress 0.81-0.90 MPa _— = Y 1
14 - Slip Rate 1.3 mfsec 1102 *C &)
t " {1200 g, @
]
10 S
bt =
B0 5 o 1800
. b= ES E
6 g =
@ Q
PR Thermocouple 400 E- =
2 5 E {400
t H ?J
10 .=
_zb..l.‘Ll...l..l‘x‘s... f-ﬂﬂ L " z L 0
[] 20 40 69 80 180 120 96.5 96.7 96.9
Time (sec) b Time {sec)

Fig.5  Temperature rise in terms of electromotive force and T for a monzodiorte speci-
men {run# HFRO68), during the frictional melting. (a) is the entire record, and

{hY} is an enlargement of its final portion leading to the thermocouple failure.
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L HFR068 Monzodiorite ]
£ 1200 o PR-thermocouple(PR-1) ]
g) i & PR-thermocouple(PR-2)
- - o  CA-thermocouple 1
1000 CA PR-2 ]
=P L — (5mm)y ]
b i (7.2mm) 1
g2 so0f ]
] i ]
s L ]
g 600 r g
3 - 4
- 400 ¢ ]
200 -
0 1 L k1 1
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] L) .
Distance from the Sliding Surface (mm)
Fig.6  Temperature as measured with three thermocouples, plotted against the distance
from the sliding surface (run® HFRO68). The initial distance of each thermocou-
ple from the sliding surface is, 6mm for PR-1{open square), Smm for PR-2{open
triangle) and 7.2mm for CA (open circle), respectively. Solid lines are the steady
state and non-steady state temperature distributions, calculated as an axisymmet-
ric preblem by using a {inite element method. The non-steady state calculation is
made at an elapsed time of 20 seconds, at which the corresponding circumferential
displacement is 39m.
1500 — T —— 1500 T . . ey
HFR074 Moanzodiorite 1 -
[ Axial Stress 103 MPa e v A 1145 °C
1309 | Slip Rate 1.3 misec ] 6 Slip Rate 1.3 musec
[ 1169 °C =
[ 1000 |
1100 7 @
3 -
2
Radiation Thermometer ™
00 {Peak Hold Mode) ] ] so0
=" r P
[ ] g Radiation Thermometer
700 4 & .
[ ] s
500 i M| | - | VPR B R D PRI T B SRS B R S N S R R A R T ) 4
0 20 a0 60 80 180 [} 10 240 30 a9 50 [1]
Time (sec) b Time  (sec)
Fig 7 Averaged lemperature along the sliding surface as measured by a radiation ther-

mometer, plotted against the elapsed time. (a) Experiment on monzodiorite (run ft
HFR074). Peak hold mode is chosen in this case, and the record dose not display
real temperalure change after the maximum temperature is reached. {b) Experi-
ment on granite {run$ HFRO76}.
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o IGAR, 1994). —7F, BEIEWCELAREE
BB L UHREEER OIS OFRIZER L
12, HA - MEEEEAE L OMRE0OL
HLT, BER - BEERCEEF IR LT
b DLREH LN, HEEORSE50TIT
HLTHERER(T ¥ 573 v, AbsAng) il
L200C TR HED B, —OZ kb, BEERE
RIATER IR R TH L 2 Lot phiz
L. SpofEEIC L RO ISR ()
BEOCHEZEML TWERELS. /-, #E
O FH LR, FORUEEE A4
HE L -BEEROTHRELYEHT Lhb,
B R, £ L FEREL D b HET
B REEITEL T b E2 bR, BEEERO
RO MEFTRIEEND.

R RIERES O M OO H e H

SROERT, BHEIBROMI ST OB
MERELSEL L, BLFZOMERRT
EEM RO S & b BT T A
T EARENS. ShEC, BEoOMSERENE
HEMBEEOEINE & % {2 velocity weakening
5 velocity strengthening {28hH 5 2 L ATRE
L T v 7z (Shimamoto, 1986; Shimamoto &
Logan, 1986; Blanpied et al., 1987). 4Bl 38k
BRIEEREF SSHICHNsSELE, 20N
B A O velocity weakening ¢2 & L 2 E R R
LTwd, IOBREIMECREAREL TN
b2 L TCHRIHTER TS, SHEbks oM
TOLNFLWEBREIVETH L,

EREOBE EROESRIRE LSEORHE

7 =0 T OERIAE ) VOB G OME RN O
(REOR I

2 0T _

a VT — - =0 (1)
TaHiA B L (2 W Carslaw & Jaeger,
1959). o SIRERESRT, WEOHEYL p,
Wt e, #MLBERERETHT o =k/pcT
HhH MBLTILMEORE AT 2E
&, FO—MBIEBREMFESLHTETERD

Lha, 4OOBEEROGE, HATRBYY
BEgIZ L R ShattBEBERODL) L4
BHENIE o TR 5. WEEERIZBY
CRLCHAROER (P, )i EZRE, B
B2 L D AR 0 B o BE I,

Q=({"4R yon*r*ar)/] (2)

THAGND, Rt 1S ) OO, 28
BRI, o RMUET), JRHBLURTS S,
— B RRH AL OREEE, —am b DR
A 0 T 0L IREL, MAROE S
5 dx DRUMERE £ 2 5 &,

dQ=2h #r(T—To)dx (3)

THlzzbHidh ! BnERE).

AL OBERENHCHBEREIZL L8
REFH 2T, BEETHORE A 2HE LT
ATz, T BETIZETE - B (88Nl L B
BREFEEAT Yy 7 L, @fimEs L
TRz, BEERE 121, SO /P
A x BB C o BRI RRES O B (#90.55,
Fig. 3) %, % 72k =0.007cal/cmsC (Clark,
1966), R = 25r.p.s, ¢ = 0.8MPa, h =
0.02cal/em*sTCOEE FNFRAVTE IR
7z. Fig. 8 (BT ORI H N ORER
xRy, T/oFig, 6 (D BITHE Y BN
FRVAERNE S U TR L7z, BEmE T
DIREIEAE S 4 mm OB TRLS T,
Huts B L LR Z I TR T 5 2 v A
22, EEREEHI00TC EKELS 0
BEIEAIEE L 721100~ 1150°C & v S SEXER
ELRCHELTHL, $EER,LOEH
ORI IRE DA O S EH L A-FR
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10 mm

Fig. 8 The calculated steady state temperature dis-
tribution of the specimen under the experimental
conditions for frictional melting of monzodiorite
{run ¥ HFRO68). Only a half of the symmetric
cross section of the specimen and the sample
holder is illustrated here. The temperature are
calculated as an axisymmetric problem by using
a computer program of finite element methed. In-

tervals of the iscthermal curves are 100,

(#iR), OB TIRRIOILIZEE LTy
mvn E6IL, TIIORLAEBHER I OB
MERIEFIREORE S F S s LTy
L, L LEBIIRAORRMIEENIIIE S BE%
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—HEETIIWREEIEMN 5 2 Th 5108
TEERIARDEES U7 (Fig. 3). #E- T, BRg
TR L TR T 0 0 A SR AT000T LU F T g
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RRIETE, BEMWORRL EEEE L2 EER

BTORELAOL W HENLHRHEILETS
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BRE—HTE KO 2-Fy%54F
DENDPIFEEIHTHEEH) 71— FOE
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DT ITHEREYOREREEI E I ETH
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WTEAdit, B ICEERORE i
ET L2 LEDTES. —F, Sibson(1973)2%E
T4 LD, WSREENT TR AR LA
BEIE, SRR YL ECRES LSS
wHHZ L, o F D WE O I id ke
HORE LA R ITLREEL, Y- FyF
S4 A THABELIOOERTHALEEZ LR
L. ZHIR L, BRI IER sk A
Wi, SRIOEEBO L S IZER OB EEHICE
VTTERS R i DT, RS IR R
BRI LR L B (B4 - KR, 1991). 4%,
IR OB R BEID, W ERo S
T A& OEGTER & RERMWIZE AT (g
WD,

GRIOEBRFH R T LD L,
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