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HERZOMBRBZIIBITIBEERROB IR
1918 FICHENE - MLEBORFIC K2 ERBAER

HiE (150 kN) THB Fig 1). HBR, ZO%BICX
V2 GPa DENORLERBRD, RRUBORLRIE
OFAZTIZLE2EBLTVWEBDEEDNS (B
M, 1993b), ZOEBICX PRI 1950 £RIIE-
THEOZ U —TERTCAVWSNE (BB, 1956 ;
BIE, 1974) A, ZORRIZBEXTHHMMEZICS
T2EEEROFENRD S ERERIETS EE
Zens. EBEIMRLERFTCEELTWS B,
1993),
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Fig. 1 Weight-lever type compression machine (150
kN) designed by T. Shida and M. Matsuyama in 1918



Fig. 2 Installation of the equipments in Abuyama Seismological Observatory in 1955. (Kiyama,

1956). a: air p , b oil comp

or; ¢: 1™ intensifier; d: 2™ intensifier; e: high pressure

chamber, inner diameter 10~30 mm; f: high pressure chamber, inner diameter 45 mm: g: dead

weight pressure gauge.

Fig. 3 Triaxial testing machine

ZORFTHEREY — RUTWEBZBOLEEED
BRHCKIEEREEBENRBEINTHSTH-
(Kiyama, 1956), ZH5D A5 A% Fig 2 KR
0%, ZOEBREEFNOESELBITRDEN
R E U THIE 500 MPa, —#ifFE 2.5 MN ©O=
B (Fig. 3) & 4 MN HEBY /L A (Fig. 4 &) IC30E
Nk, ZHRRBRETOTHBEERICHVSN
7. EETLAR, BIGAMENAE S MN #8171 R
EEBIELOREREER (Fig. S) BBICHNW SR,
HxoyERiEifTbh. COSHRREIZ, &5

Fig. 4 Hydraulic presses

EWHESHRT THBRET OLRBREZRET
ST CTHERERE (Fig 3 OFHOLE) Hdd
Az (Fig. 6, Yukutake and Shimada, 1995).

1973 FEITHX 5 MN JEF A 6 L SBRBEAFEHL
FUANBEES = (Fig. 7). T OERICKHM 10 x 10
mm D7 T4 VERWAZ &IcLD 12 GPa, %/,
20 x 20 mm D7 4 VXD 6 GPa DEHDRE
MNAETH S, 2BRT T4 WOHEMEITKD 25 GPa
DEBEOREDHRBNICITbNE, i, TOXR
X, EOOEBHBEREENELT 6 EOT AR
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BIACEBINDL I ITHAIN, ERITOATHR
Mol 3 GPa DEVWHET TOXRERELE

Fig. 5 High pressure vessels

|_800-ton
ram

Fig. 6 Improved triaxial cell (Yukutake and
Shimada, 1995)

Fig.7 Cubic press with 6 independently mov-
ing rams (5 MN x 6)

(Shimada, 1981),

INOO%E, FARELRELEAGEBBLE
DOEREEDIT Table 1 1I2RT. BT, EEDHR
EHDICEEESD TR E2 TS5,

3. BETOHEEA - 8W—KROMS

B ZRBADOMAOUETH > k. B
BELUTHRABSEREEZRY, ¥EORSOREEE
B, BEREHOEEETHEOT, BRIB—KT
172K, BEOMNE D ICEER S BEE S BEO%
FRERTIEERS, ThEOMRE, —BRWRXER
HORMBREEFEORNDOTH o,

KICBETCOEREHRDTH S ERENEHDHE
MEEBITRMENTRRENBONE, —MC, B
EORAREHAOHEMEEBIBNTAZEAASH
THEYD, BONFERRMERERL THDIMHALD
DTHof. WANAMRLTHBE, MAOEAY
ENATOEMENEL BB Mo, FAE,
ELAENTNBESITESH 200 MPa £TOXK (H0
I) ® 130 MPa ETOERARARETH B, £/, H
BEHIZ H0 ® CO, DXIBERENENTEND L
BIZEHOBME &b IRAKICHD TS, T=hbSE,
ZRICAWERBCRBS M0 HO HEEhTVW
DTHo. O DHRE, HEENMETIESI -0
- Sif§AOMIC OH EM#HIDiAS., Si~ OH HO - Si
thrtEZENTWVS (H XX, Wasserburg,
1957). TOESICHEEL - H,0 OB TRANED
T3 ZLIRRAPHITRENCHEATES B
Shimada, 1972).

ZD&I B HO OHEET COBRBEOMBRIRIX
HIRAEICEAT 3 EEBICRRD D bOTHD, 4
B, FL—bFI 2 A0RHATHD, EHRRE
OHBEHOMAXBRABORELDE VR, HO
WHET D EFORAIRD X THIRNBORE &
RETD. ThOD, HDEIRSTHERDDVIRWAE
ROBEMERIN, 20X BENEETRISERY
CEBIDESHANEBLISNBOTTL—FOFD
HEE (Wb¥aB7 8/ AT7x7) ERBIEEEE
LTW3, a5k, TOLIRBOBRENDEIN
HBEAITRD ST BB OEEBER IR L
BHEROREEOEZ NS,

ZDEIBRERDOTT, HO DBREVWAVNAEZ
T, ROLREE, HO 28VROBREREAD
EBIIRAD TIREMIIR 5O THEMEREY, TIN
4k (NaAlSi,0p) KDOWTEA Y-V ¥ —8
OBERBEERAY, TOREENRELTOT, ZR
%% o0 (BH, 1966, Shimada, 1966, 1969, 1971,
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Table 1 High Pressure Experiments in Geophysical Field of Kyoto University

1918 Weight-Lever Type Compression Machine (150 kN)

1955 High Pressure Apperatus (3 GPa)
(designed by Lab. of Phys. Chem., Kyoto Univ.)
> Triaxial Tesing Machine ~1993 (Conf. P.: 800 MPa, T: S00C)
Apparatus (Conf P S00MPa; Avil Comp: .5 MN)
> Hydraulic Press (4 MN)
1961 Hydraulic Press (5 MN)
1964 Piston-Cylinder Type Vessel (5 GPa)
1970 Girdle Type Vessel (8 GPa)
1973 Cubic Press
(SMNX6 ; Traxial Tesing, Con. P. 3.7 GPa)
Theme \Year | 1951~1960 1961~1970 1971~1980 1981~19%0 1991~2000
Rock Mechatics %Matsushima, S Matsushima, $., Macda, J. Shimada, M., Shimada, M.,
Watanabe, Hikaru Yukutake, H., Cho, A, |Yukutake, H.,Lin, J,
§ Hiaa, T, I0 K [Kawakata H,
Niikavs,D.
Elastic Wave Velociy Matsushimma, S. Matsustima, S. Matsushima, S. o, K.
| Suio, K, Kondo, S, [Yukutake, H, fo K.
! ki K
Phasc Change ; Stimada, M, Stimada, M. Shimada, M,
? e, T, Tk A
Elaticity and Viscosity Takeuchi, S. Takeuchi, S.
Electrical Conductivity Watanabe, Hiroshi | Watanabe, Hiroshi
Thermal Conductivity Yukutake, H, Stimada, M.
Shimada, M.
Heat Capacity Watanabe, Hiroshi




1972), &7=, YUBEFOREELUTRRE (7
O) —L70Py4 MeBHrBRIhTHD, Lo
YREERVWEBEBOER ST 5 /2 (Shimada,
1967), N5 DRERDO—B % Figs. 8-10 TR,
WEOEDIZ, PINA MCDWTRSE, Bfd
HiE, MARDBEILFig 9 O (Dry) DA THU,
BENC HO BHFET2HE, TROLLEN HO @
SECELUNEAD Fig. 9 DR (P = Py) DHT
BB, LML, TOPFEOREBTI Fig 8 DLIKC
HO OS4ENEFECEHELWHIBRMBHRIT (P =
Pmo) DBDI—HT A, 2FELDNI<EDEHE
HEBMBEOKERANTESD, COZLRBIERICHLET
B, ERICIR12TTH B0 PEETHE, wiak
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Fig. 8 Melting relation of albite with 16.0 £ 0.5 wt% of
H,0. 1 kb = 100 MPa (Shimada, 1972)
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Fig. 9 Melting relations of albite-H20 system. Melting
curve and albite = jadeite + quartz equilibrium curve in
dry condition after Boyd and England (1963), Bell and
Roseboom (1965) and Birch and LeComte (1960). 1 kb
= 100 MPa. (Shimada, 1972)

RECBTTHNEERIIZOXETHD, EWRE
I T EHOKERNFETS I L 2ERLT
W5, FOBRE, BHOBRREECENTHD, 56
DBEREMRICRD, ESTEKEHESDEI B
BHICRD., ThEDOBEMEREEELD T MIOR
EoafmEEBELEZb0%® Fig 11 RT (BH,
1974), BMDOL TS HO BEETHE, BHER
BOERERICHYTORETELD I &S,
Uk, T MVOKIBLUT, HIRAMER—ED
AR SDNBWIERENIBEEINH - B
ZT Matsuo, 1970), FHICH - T, EREREV LR
TOMNTOKRKBOEVWIERETE (BH,
1974), 0%, <2 MV HEKOEEIIRRSEX
n, ¥, Y MCREARABHFHLSMCIE HO X
HELBWELWIEINENTHD (H 2,
Tatsumi, 1989), LU, EHEREORERIHIER
THHETHEIRBTEINTROGLH, BHER
TIIHBEOREE T LBBELRAETEY, BEHEHE
EADHBEYR, ThADSARKKFETHAL L
HETHEINBBINTVLS (HxE, BF,
2000), 727ZL, #EORE, TR/ A7xTIRS
BO HO OFENBREBEEIONTVWDS, BIED
HO 28URTOBRBEEEZROKRICLNIE, ¥
RN SLHAD R T TREL OFRED EE S,
BRE - EARET, TNSHEEE 410 ~ 660 km DO
YMIBBRBET HO 2BATES ; —i, Y+
NVEBBBET HO NBEInsE, MASAGORE
# 8 BL U y Hid hydrous § 3L U hydrous y HAELE
&b, T MVEBBRAKED L5 BAE, H
E, 2000), k7=, COBBETERELEIONDD
ABAE apy BBOEABIREROBELDBEX
AT, HBBEHED v > TROBNI EOHH
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Fig. 10 Effects of pressure and water on the melting of
natural basalt (Yakuno basalt) and the basalt-eclogite
transition. The “dry” melting relations after Watanabe
(1970). 1 kb = 100MPa. (Shimada, 1971)
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Fig. 11 Comparison of solidi of anhydrous and hydrous rocks with the mantle geo-
therm. Data are from Clark and Ringwood (1964), Kushiro et al. (1968), Wyllie
(1971), Green (1973) and Akimoto (1974). 1 kb = 100 MPa. (After Shimada, 1974)

EIREEFETHOROD VBELEELRETH 5.
4. WEABETOLMONEN

PEICETAPFRDB A M-V VY —REE
SETHFbNE. BERAETT, EEEREE&CRTD
BEOBYNEILERETS Angstom HEBEALT
BHWBORELNTHON TV (Yukutake, 1974), £
DPET, Y¥REEEBOREFEHNKE (Shimada,
1971) D=DicnsEh T KCl oRES %, i
RNEHRE & IEEEEL 2w, HEBITESHiE
DOELERSHITT BEDIC KC KDV THMEEE
BiEb OV REAVWTHEINE (Yukutake and

1o Temp.300 °K s

Dittusivity. IPert sec'

Pressure. kb

Fig. 12 Thermal diffusivity of powdered potassium chlo-
ride at 300°K as a function of pressure. Broken lines are
the results from the first loading cycle and solid ones
from the second cycle. Closed and open circles indicate
the measured values from the first loading and unloading
runs, respectively. Triangles those from the second cycle.
(Yukutake and Shimada, 1974)

Shimada, 1974, 1975). ¥®O—#% Fig. 12 IZRT. &
7, 2D KCl BHEBICE I BIEEEOEHLOR
FBicbAnohiz (Watanabe, 1977).

—%, 1973 FRBINAFEL IV AORE
EHRERBRERNT, 5% (Si0,) OHEMETS
B2—HA hEATF 4 aNgd FOERMTONIE,
ENSORPEORESNTELIRBEOKZZIOBHON
BETTORS 2 VELBAEECIEEENDON
BREN., FNSE NaCl BESEBIT MgO Bf
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Stabilizer |' .
Standara | - . o
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; 1V
Unknown —
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Standard : Nitride
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o] 5
e
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Fig. 13 Schematic illustration of the sample assembly in
the high pressure vessel for measurement of thermal con-
ductivity by the comparative method (Yukutake and
Shimada, 1978)
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Fig. 14 Thermal conductivity of coesite at 19°C and
stishovite at 25°C versus pressure. The upper and lower
lines rep the least-sqy fits to the data of
stishovite and coesite, respectively. Closed and open cir-
cles indicate the results from the loading and unloading
runs, respectively. (Yukutake and Shimada, 1978)
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Fig. 15 Sample assembly with line source, thermal probes
and internal furnace in pyrophyllite cube. Perspective
diagram (left) and cross section perpendicular to the line
source (right). (Shimada et al., 1985)
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Fig. 16 Temperature depend of the th | cond

tivity of Na,O -25i0,. The dashed curve is a 1/T fit. Rep-
resentative error brackets (= 17%) are shown. (Shimada
etal., 1985)

BIIDWTORGEENORERBELRBEYR TS
ERETRESN, T MHROBMMENERRI N
7= (Yukutake and Shimada, 1978), M7 i%% Fig. 13
iz, #ERO—PI% Fig. 14 TR,

BHUITAISA, EHIX 1982~1983 £H+5OF
WN—F KEETFEET CM. Scarfe &Y TDR
HcWT5BEERET> Tk, TOB, KIAY
TRIUFUFVAREMBRYBEERED HH
Schloessin & Hall ROAFIRL 7L A AW IcHiE®
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Fig. 17 Thermal conductivity of fused silica at high pres-
sures as a function of temperature (Shimada and Schloes-
sin, unpublished)

ETOREREREOERETIREEH L. T
T, PIVN—FRETH- ELXRAB/TDETIV
BB LEZSND Na0 28i0, D H T A DRk
EOREETN, TY/TOERCEHEL-EETOM
EOBBN#BB I N/ (Shimada et al,, 1985). Na,0
28i0, DRSIIEEREE U TIEL (BET 874°C,
EA3GPa TH 1200°C 8AF), O TEHETTODE
BEOMEORIIEDORE AT LA S 0IEEN
7= REEEEIIEHAWMELELEANT (Fig. 15),
BAO—EEHTTHE - BRERVELBEI N,
FORR, Fig 16 WRINB LD, 4DDRET
DObONBESNE, Thabb, HERHEOHIX, M
&, BENSERERLLERER BIURETORE
NEBHEINEBERECTSATHS. UFIZENS
ORFMERLTBL,

) A5 aUER, BEORVWREATE, B
Eo#mEEbITHAL, BRCENEDT SR
#Wind s, —Mic, BEOHS AORCEEIZRED
e EBHITEMMT B ERE<ASNTNS, GF
NIARDNTOERBRTHERORENR S (Fig.
17), ZOEOBRBEZEETONSIAOKETHS
DM BRANRN.

2) Btk MEROREEEIE, HIXH30EE
BED~T0%BHMIL, BREEFEERDN, REEE
DEAEIE~ 2GPa KB/MEEFD., DI ER,
HEREBEOTF—INSEEINTHSRMEDOHE
FECHETIHDEELEND,

3) #R EREREAD T+ ) UBFREICE SR
B (UT ¥4 27x7 (Fig. 16 BoR). BE 700
~800 K B\ L CREGEEENERL, MAiToRn
EbHELTEELILND,

4) BWELH SR : fakE I ZFR UREERE DM
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5. BHETOEEOERMIE

MR EMOMT S B THEEE LD IHEAR
BT 2 AT OEBHHELERIT, Table | 1IImENT
WBEI W HL S BRo EiBg ks THbR
Tz, BIZE STE N TYA T OB
B, WHWAYA I BRENEET SIS
MROWEZNTW/ (Matsushima, 1960) -

EENTOFOMEEMBL =D, NHHL 7L
AMBREINTNOTH /2, ENEHOT, DT
STV WEIE F T 10 L4 il B % il
7= (Shimada. 1981). X8 mm, &I 16 mm DM
R ARRT R LT Fig 18(a) DL D BRALIEL T L
AWOE R AP LT, BIES AR HOBUE
KB i, HE 3.7 GPa FTHHBAEL -
T SRR, RIS U TR MR ENZ
HOBHWLNER, RbRECHOWeh RO
Fig. 18(b) (217, AFZETNOIC X285 ROMEE
WARD . FNLDONEEEE (1995) % Shimada
QO00Y IZEEDEFLTND.

5.1 WiEmE

FHOL SENE NCERUE S BB L <2

S&, S SEENGEBTSEEZ SN TG

(Barton, 1976: Bycrlee. 1968: Mogi, 1966: Orowan,
1960), UL, ZTOEOERDG, EEHR 1%UTF
DI MET RO RG], BEORENTL RS
EHE FTHEMEOSBIZHENT, fHETHE LR
X7z (Schock et al., 1972: Schock and Heard. 1974;
Shimada et al.. 1983; Shimada and Cho, 1990),

Shimada et al. (1983), & (1984) $3K X Shimada
and Cho (1990) i, {Elfi#, A7o, ¥4 +BIT
IOOY% A SDHIE3 GPa £ TCOBIEER BT
ROFEBRNG, LR S HIRENEL <BDETE
AN AN T3 -3 A (A B IRk R S U A

@ — Pyrophyiite

Hardened steel

+——— agcl

[~ Tungsten carbide
L Au/Cu lead
Strain gauge

Rock specimen

0.1 mm Cu piate
(b)
Pb %
Cu :

Agot T F :
Alumina __ | ', ’

—— Pyrophyilite
Hardenad steel

. A—— Graphlte furhace

-

ceramic___— "/:, —— NaCi
— “

Thermocouple| A »A’:‘I:l::‘nl o
for surface RS | D o ocoupl
0.1 mm A~ g 9
Cu plate vt -4——0.05 mm Pt jacket
Soft fired L R — Rock specimen
o 10 mm

Fig. 18 The samplc asscmbly designed for the rock
specimen 8 mm in diameter and 16 mm long in the cubic
press for room temperature (a) (Shimada, 1981) and for
high temperature (b) (Shimada, 1999)

T, ERHRENEBEMIE LD KENE XTI DHME
EILERE, BENELSRDIEZIIREIDHEE
ST SR AR, FROOEBIE, BE TR
EATOTIZETER 800 MPa, ¥ 1 b TI3# | GPa,
TV % FTIEH2GPa TRIS.

MR s & S TR AL ORI, TRE OB IE&FL,

FAS O ERHEME Table 2 12, BHRIE S AE 8
EDUWER & Fig 19 1oR8F,

SRR, RO DN T O AR
% (Brace et al., 1966: Kranz. 1983; Matsushima, 1960;
Mogi, 1962a, 1966: Scholz, 1968) =& /2 RIEK
DEHTHS 1 1) [EFHEE D& AL, Cou-
lomb, Griffith, & % WEEIE Criffith R TIRFIT
<, HEOHINE &BHIzH U EEmMzmmL,
BB BEOBEF TELINS (Ohnaka. 1973) ;

Tablc 2 Typical characteristics of low- and high-pressure tyvpes of fracturc

Low-pressure type

High-pressure typc

Compressive  Non-lincar incrcasc with confining pressure
strength
AE activity Rapid increase before final fracture.

Fault features
types.

Concentration of microcracks and crushed zoncs

only near the main fault.

The main fault is oriented at ~30° to the compres-

sive stress direction.

Characteristic differences depending on rock

Linear increase with confiming pressure; its in-
creasing rate is low and indecpendent of rock
types.

No rapid increase before final fracturc: final
fracture occurs through constant activity.

Few differences between different rock types.

No concentration of microcracks near the main
fault.

The main fault is sharp and oriented at ~45° to the
compressive stress direction
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Fig. 19 Shear stress versus normal stress at fracture for four dry silicatc rocks at room tem-
peraturc (after Shimada et al, 1983). Open and closed symbols indicate the low-pressure
and high-pressure type of AE activity, respectively. Dotted line is the frictional strength by
Byerlee (1978). Representative AE activities of both types arc also inserted.

Fig. 20 SEM micrographs (backscattcred electron images
of the low-pressure (a) and high-pressure type fracture b
for dry Horoman dunite. Arrows show the marn fault. The
direction of the maximum compressive strcss is vertical.
(a) g, = 0.34 GPa, 6, - 0, = 1.63 GPa; (b) o;= 1.50 GPa,
o, - G, = 3.20 GPa. (Shimada and Cho, 1990)

2) IRADHIMIZMEN, AE EEERY IS YL —
DR & BITIEEL L, BRI I AR
R GOF N R R I X -4 A1 =S Sy NA W Ll
I 307 BE, ZOEBICOBMPT Ty I OESR
ME SR, BRSSO LEND S ELERDY
T A LTR,

—Jf, EERBETIE, 1) FRREEEEORN
EEBITRBZRIIL, FOMMARGEERICEN
TAEL, SECEMTITH S ;2 AE BEEIEE
KR EATO VIR AR 0 5 3) ERIRNIER KT
BT 457 HE, TORECBLI TV
OEDRESNT, FEFmCEEVTTesIv s
MEWT HEAN S B, KERBLUOBEMBEENE
RSTEOHRNF £ Fig 20 IZRT. 7 5 v 7 OO
EEEDT Ty VESOEMEE - BE (1987 K
RENTWD

R BRI R ORI ORI, Westerly €
%5 (Tullis and Yund, 1977), Hale 7 /N1 =

(Shelton et al, 1981), Maryland & 1 7 XA A

(Caristan, 1982) 728 OEHRA FTOXERT, EEEMO
Bt B AR & B IO SEPE BN AL 0 b I RUR T
FETHZERBERINT WS, ZOXD R EIHTE
RIS HETAS 5 W IEBHSITEN TV D (B,
EHAEIER). OB & IRERIREEIZ Fig 21
CRANS LS ARSI, TEERINTR D,
TR FOSFREMEIBEHNORNS DIV
BETOANREEZ OGNS, 7L, ELREEEIL.
BTG S AW XEODOTHY, KET
WY Ty 0 R E ORI ENIZES NS
NS ATH D, BEDTE Bushveld #HE4T (Tullis
and Yund, 1992) %> Heavitree #% (Hirth and Tullis.
1994) DEBRT, BF 2 TAT 4 v VISUHEPHRD)
L, SHET CRBRREESD VR Iy 0
IR OELHBIRENTWD, ZOBRMEROZRE
R IA B 27y o8B E-R
B (BWED 7Ty 2 OBAOBITTHEDEER
53T WA (Hirth and Tullis. 1994: Shimada, 1992;
Tullis and Yund, 1992) .
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Fig. 21 Compressive strength of rocks as a function of
confining pressure. (Shimada, 2000) Open symbols indi-
cate the brittle fracture (corresponding to the low-
pressure type fracture); closed ones the ductile creep;
oblique-lined ones indicate the high-p type frac-
ture or the transitional one. The broken line shows the
frictional strength (Stesky et al., 1974). The dotted line
shows the estimated boundary between the transitional
and the ductile creep regimes, the o, - 0; = o, criterion,
or Goetze’s criterion.
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Fig. 22 Frictional strength of dry Man-nari granite. (After
Cho et al., 1984) The solid line indicates the estimated
Qictiond strength. The dotted line indicates the compres-
sive strength with strength data (open and solid triangles
mdjc_ate the low-pressure and high-pressure types of AE
activity, respectively) reproduced from Fig, 19.

FEMETREE S BRI NS L R340 T TORE
TROEES, YMHERORBERWEERNOH
RoNk (&S, 1984). ERAEOHKR%E Fig. 22 ITR
T BERRERDOIHE (H5NEHEEEN) £THE,
Byerlee (1978) % Stesky et al. (1974) I2 K-> THb&EN

TWaRII, HEDCHEME L bITHRBAMICHIL,
TN EOHETIXERRELSL <23,

B, ¥ETHE 100 MPa & 250 MPa TORHET
ROEBRT, TROECABEEN SEM TERh
HIENBWEINTVS (BHE - K8, 2000), O
TERBETRDE, W TSR EOXEH £
BETEEELEZOND, LITRLELSIC, HE 2
~3 GPa ETOERBTRDERIMTONTNRA,
SEM BRI ECTRVECEERZEE TITbhTy
. ENSORBOTROEOERIZERITHED D
TETHD,

5.2 BBEDMEICRIFTTENR

EEORER, BEOLR, OTHHEEOED, XK
DEFESD S NIIRETEOBXRBER L > TETT 2,
BATH, REOTEOMRIBFLL, —ERRE
EONWTRERZOZBESTRUEBIZBVTHELD
EENfTrbh T35 (M 21, Bieniawski, 1968;
Cunha, 1990, 1993; Heuze, 1980; Mogi, 1962b; Pratt t al.,
1972). Bieniawski (1968) 12k 5 H B & Pratt et al.
(1972) CEH2EERNREOEB TR, BB m 5
B o CERIREVSHWSN, HEO—BEHEEEC
EETTEDRIEBOTRO—RERLTVS, EX
B m OHEO—RIERREIRK cm OXRBEHMEO
HOD /10 BELRD, LML, BENImkDK
I BDLRER—EERD.

BODRECRETTEDRIE, —RIC, 75y
273 EDBERMEOREAER R ORI EAMICHEEL
TWaEEFZL 5N, BsOMHBRMBEINTNS

AL, Cunha 1990, 1993; Paterson, 1978), ¥7=,
¥ m KOKRECHEBIIHLTE, BEFd30ER
DEHNY T9 I DFEEC XD THRYBROBIEELT
HAAZINTWS (Bieniawski, 1968; Pratt et al., 1972),
Thbsb, | m BEOTRIERDONENEEE XN
FETHEEIEND, WhZDE, ARICIIME
HLUTYE m BEOBRREYTED S VIS
NH BT BEARN,

EATTR, BEIS2ORBPRIZED, —
BRI, TEHREINIVWEBEISNTVS

(Barton, 1976; Brace, 1981), GIKA, Wi, #HpE
BREDRAEPERBEDO I I REHITH LTS, K&EN
FTHOBEERWEZRERORAR VW< ONH S

2 1E, Cook and Heard, 1981; DuBois, 1981; Natau
etal, 1983; Reeves, 1985), L L, EHIK2WLWTOF
— I RERFLEOHBE NS EEITHOR W, HE—,
Singh and Huck (1973) %% Charcoal black fEfAIc D
THE 69 MPa £ THEHZE 508 mm, 101.6 mm BLL
08lm (B l.6m BELHEE 115) OEGHEOD
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Charcoal black granite
(Singh & Huck, 1973)
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Fig. 23 P depend of compressive strength of
Charcoal black granite for three different specimen sizes.
The slid symbols and a light curve are from Singh and
Huck (1973). The broken, heavy and hatched curves are
the calculated strength curves using an empirical power-
law relation (Ohnaka, 1973) for ordinary laboratory-size
(a few cm), 50.8 mm (2 inch) diameter and 0.81 m (32
inch) diameter (regarded as corresponding to 1.6 m long)
specimens, respectively. Asterisks indicate the uniaxial
strengths as estimated from the scale effect described by
Bieniawski (1968) and Pratt et al. (1972). A solid straight
line shows the frictional strength by Byerlee (1978).
(After Shimada and Cho, 1986)

ERREEREL, HETOBREDTENRERDT
W3,

Singh and Huck (1973) @5 —# # Fig. 23 ICRT.
E# 2 inch OREHTHTDREOHEMXKFIEL, %
MEEEGCHT 2MEN (Ohnaka, 1973) (C/C, = 1
+457(PICY2, C: #IE P TOEMAE | C,—BIER
ME)TRSKZINTWVD (Fig 23 OREHK).
Singh and Huck (1973) 3 —RiEREREE 2RO T RN
RE¥ om O—BHREBRERLORBBLIUTRX
1.6 m ORBHINT D —WERBEE LOGREAHE
RRECTHEH R, e L, MRAUEERLTRD
FREHRY, THENERBICERTEINTY
D, AIFEE, EHEHEATOENERRTESNES
WRYTHD, BREDE | ERMCRERT—F &
FBELEW,

REEETI, TROVEORENEETHD, FB
MICRTEYHREIBZVWEEZI SN TS (Cunha,
1990, 1993). > 'T, MEHRSREL% Byerlee (1978) Tk

2b0RBRATHE (Fig 23 OER), HROHEN
REEZEBAD LA IHBOTREERE (Fig. 23
DEB) 13, HE 60~ 70 MPa THHZME SIS L
5. B3P, ERGRECRERENSELZSHEULE
DEZATOREDHEEFEIHERFEOS O
EEINTVWS (BH - &, 1986),

ZOHE 60 ~ 70 MPa i3, HBOFES K km oY
T35, #-T, & em OHBHIOWTRINZER]
BRI SL <25 LBBREIELT AL
IEBERY, B m ORBICHLUTHBRICE I ICE
ATESLEETDE, BEH km OHE, Thbs
hROMBRELE TR ENRENEI B LIS,
BECHBKEOHNRICHL TIRREIREI NS,
COTZERERHCRIRHDTLTHDH, ERWIIE
EROSNTVARN, Z0OkD, BALMHETOR
GOREOTENROEBREFTSHE LI TE, Ta
ble 3 iZ, EMEOTHEOEILKXDHE o, TOEM
3BE C & Byerlee(1978) 12 & 5 BEORE O LB &R T,
ZZT, —BERE C, 13, Bieniawski (1968) iT&
BE P& Pratt et al. (1972) i & AEHBIRRE DL
RBhS, FOHEMFMEIL, Ohnaka (1973) IT&B7E
MABEEORRERUY» SHEFEI N, Table 3 I
1, AEORENELRSEREM2ERTREN,
EBICLEL-@MMERABRINTNS,

FzE, BB 1m, £X2mOEMARKEICHLT
ERETRE S RERE NS L <2301, H/E 100 MPa
T, MMEE 286 MPa &72%. ZNERTTHEDIC
13, HE 100 MPa TR EAES 310 MN OERED
BEERD, IhX, EAOWAFNSELRARE
DERRZRBDTHD, IV LRUBHOLLT, B
#025m BX05mORBTORGREET DL,
H{/E 200 MPa T, RHEEI3 524 MPa &72 0, HER—
WHEMEAIL 36 MN THS., ZOBEDOEHZED
B, MOHBMTTCRENN & DG T
BLEBINTNS, EAOHENEEOHERLY
HETFHOEBMNHEOLEDICS, ZOX3REREN
BBENDTENELIN, TOHERESSERS
NTHENBDSNBN o7,

53 WMAMETOENEDBREEYVYRI770HA
: 4

BEMBBOER TONEEEERNITH D 5
Bz, EROESIZ, HETTOEGOREICRIFT
SHESIROWREEHE L. LML, FOEBEDTEE
HERFEMNTH- /. TOM, BR T TCORTERABE
DEELENDDERE T /. BE 300°C £TO
RENS, BRTOBERNBBOFERHALSMIEN
7= (Shimada, 1992), FRIZHTWVT, BEDIEY
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Table 3 Comparison of compressive strength C estimated for granite specimens with several different sizes with

frictional strength F°
Granite specimen* G, C,MPa: C/Cy=1+457(0/C) "
-4 2
Lm Dm Sx10 m MPa 0,=67MPa 0;=100 0,=200 ;=500 0,=700 0,=1000
0.016 0.008 05 180 1047 1579 1847 2187
[0.2MN]
0.1 0.05 20 1o C>r 618 835 1272 1492 1772
‘ [45MN]  [6 MN]
02 o1 79 90 432 524 713 1093 1285 1529
[13MN] [16MN] [20 MN]
0.3 0.15 177 70 373 487 623 959 1129
[26 MN] [33 MN]
0.5 0.25 491 50 308 378 524 807
[36 MN]  [65 MN]
1.0 05 1963 30 232 286 398 622 C=r
[S8MN] [76MN] [I20MN] [220 MN]
15 075 4418 30 232 286 398 622
. [130MN] [I180MN] [270MN] [496 MN]
20 1.0 7854 30 232 286 398 622
[232MN] _ [310 MN] _[470 MN]__[881 MN]
Frictional strength, MPa 232 368 600 1237 1661 2297
* L is the length, D is the diameter and S is the cross-sectional arca.
The bracketed value indicates the axial-loading power for a required machine.
REERLT, UVRIxTOBRETTIHRBIN ’5‘"’: T T T
7: (sh l X 19938).: 3 = -25 . Weslerly granite :
2000 P - » -~
ZOBRORRNS, BE 250°C TORMELRED ¢ © T I
BEORENRVHIN:., ThEHLMSTEED & 1500 - - R
T, BERSSOHE 1500 MPa THARBOTRE 5 [ & N,}.. > S
B OREDBETAL, RREDNT A M E tooo - 4 ~ft
BVRREMBTRES N (Shimada, 1999; Shimada I — P -
and Liu, 2000), EOHERE, HRBEIZREE 200 ~ 300°C D 0, = 1520291 MPa 1
T, 250°C HDIEMEE DT, KELETF P I TN T S .
0 100 200 300 400 500 600

THIENHSMITR -2, TOFHER, <1 /0OX
AZXAOBRENS, REOHEMEEBIISY I
OFERAEDN S ENE OFIL &S EEOLBAOBT
THDEMREINE, #MI2T—# 1L Shimada and
Liu (2000) 34 UF Shimada (2000) iZRENTHIB AN,
MEORRE Fig. 24 12, YTV UANZXADOKR
% Fig. 25 \ZRT,

Lirl, BBOXREE (Fig. 18 BH) LT,
FRIEMAONEIX 1 ~ 3 mm EKEL, LORER
TERAOEBRBERBOREL TH0RIIPDEEN
BBLEIOND, EIT, HEBONZIW (075
mm) Westerly TERZEICDWTOERVBEbNE (B
M, 2000). #FI3, Table 4 & Fig. 26 IZR3I N3,
Fig. 26 TEHILI AE AL IS NBE T 2ESHS Ml
HERRERULZBETH S, TOMIZ, AE REBS
NETORET, BH-FM (BBVIES KM
BAtRD BN 53RD S NIERRIEATH S,

Temperature, °C

Fig. 24 Temperature dependence of strength for Man-nari
granite at a confining pressure of 1500 MPa in the high-
pressure type fracture regime. Open and hatched symbols
indicate the runs with and without AE events accompa-
nied by a stress drop, respectively. The gray lines indicate
previously determined temperature dependence of
strength for Westerly granite. The solid line indicates a
linear fit for the data, excepting those between 200° and
280°C on Man-nari granite. (Shimada, 1999)

Westerly 1EME ORBEOREZELIX, T TIRDHS
NTVHR/RISHEEEN, FROMTEKRLINS
EHEILEBNEEZ SN TS (Ohnaka, 1992;
£, 1993; Lockner, 1998). ¥15DREXRIL Fig.
24 & [FIRRIZ Fig. 26 ITHRENTWWS, Fig 26 DIFS,
HROEBRNZL, RBIIHENNTH B, 250°C B
D RB/MEE DS, 200 ~ 300°C DiRBEMIEETHRE
BAROEALVETL TR ERRES, BEOE
TR Fig. 24 OFBEMEOBELD NI, <
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Fig. 25 Schematic summary of optical microscopy for Man-nari granite in the high-pressure type
regime at a confining pressure of 1500 MPa as a function of temperature (Shimada and Liu, 2000)

Table 4 Temperature dependence of strength for dry Westerly granite in the regime of the

high-pressure type fracture
Run Confining pressure Temperature, °C  Compressive strength Comments*
o, MPa o, - g5, MPa

RWG-9 1510+ 90 94+7 1740 + 130 45°t; H
RWG-3  1500+90 15110 1810+ 130 45°H
RWG-4 1500 + 90 214+ 14 - 1500+ 130 45° H
RWG-10 1510+90 25611 1380 + 130 45°t; H
RWG-2 1510+ 90 275+ 15 1470 £ 130 45°, 30°%, H
RWG-5 1510+ 90 327+ 19 1400 £ 130 45°h, N, Y
RWG-6 1510 £ 90 391+ 14 1450 + 130 NY
RWG-8 1490 + 90 446 + 16 1240 £ 130 NY
RWG-7 150 + 90 538 +£22 1170+ 130 NY

* Crack angles to the compressive stress direction. H denotes the run where the high-
pressure type of AE activity was observed accompanied by stress drop. N denotes the run
where neither AE nor stress drop was observed. Y denotes the yield strength.

t Short length cracks.

A OAHZALDEE (Fig. 27) BAREREDOSE
BITRD S Fig 25 ORBEEFBELRN, Ko 'T,
ZDEHRERIL, ARERADRSYTHHLRS
DRBTHBEBIEND. 2L, HETOERE
BERTRESRINBREDZLEZATHD, £t
XA ORAAZZXALAIBRLUTIE TEM BRNREEN,
BEIN=RETH S,

IO LS REE 250°C EHEOBTERBEHERORK
EORBEEEZEL T, Fig. 28 KRINBLIR, &
RBRAERLTYH, REOCB/NMIELDOUVYRT LT
DREETIAREB XN/ (Shimada, 1999; Shimada
and Liu, 2000), ZOETFIVE, KEHROBBRRELE
Bl —EEEBHICE TV THEI ATV S,

‘Westerly granite
0321500291 MPa

1000 L 1 L : I
¢ 100 200

300
Temperature, ©

Fig. 26 Temperature dependence of strength for Westerly
granite at a confining pressure of 1500 MPa in the high-
pressure type regime. For other explanation, see Fig. 24.



Fig. 27 Some examples of optical micrographs for Westerly granite deformed at several temperatures in the high-pressure
type regime at a confining pressure of 1500 MPa. Crossed nicols. Arrowheads indicate the direction of the compressive
stress. a: Cracks in quartz grain; b: Cracks in plagioclase; ¢: Patchy extinction and cracks in quartz grain; d: Patchy ex-
tinction in quartz grain; ¢: Cracks in plagioclase grain; f: Undulose extinction in quartz grain; g: Subgrain in quartz grain;

h: Undulose extinction in plagioclase grain.

Strength 04-03, MPa, Strength o1-03, MPa
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Fig. 28 Estimated strength in a granitic crust as a function of depth for thrust, strike-slip and normal faulting. (Shimada,
1999) (a) Dry crust, (b) wet (hydrostatic pore-water pressure) crust. Calculations are based on Byerlee’s (1978) friction
law and the strength for the high-pressure type fracture in the brittle regime, and on the steady-state creep laws using a
strain rate of 105" and the creep parameters of dry granite (Kirby and Kronenberg, 1987). The creep strength for wet
granite is also shown as a broken curve. The geotherm used is 7 (K) = 350 + 15z (km) (Goetze and Evans, 1979). The
heavy broken curve is the estimation proposed (original model: Shimada, 1993a)

ZDMfats — EHEBFHIL, Goetz and Evans (1979)
% Brace and Kohlstedt (1980) 12k 31UV X727 DR
EAHCEIVWTND, Zhidkl, RESGEHR
REQERINMEOBEUEDOFRICEREI A TYS

(# 2 1€, Meissner and Strehlau, 1982; Sibson, 1984;

Ito, 1990), TN &iE, HBIIHBOREOR L&
CATREDDVRBERLPTVILEREL T
5, —F, BROKBICHL THEINSEREOR
AMBIE DM EHET 201, BEITEVEWE
BOKFZ(RE U BAMEE S DR T 7)) & 1208
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ANTWVD (Streit, 1997).

Fig. 28 KRBINAETFIL TR, BMEOH2 @
%4, Scholz, 1996) EMIBAERE X2 TH, &
X 11 km $H72 0 ITlB/MER S DOEIRBEEEAES 8 ~
14 km KEET 3, TOT &I, Mk EiEEssic
RUTHORREEZ B ENTES, Tibt, #
B, HBROBENMENEZATRE, HBVIEIER
BRLRTWESZOND,

54 BUARBEROER

M ETOEAOERBBER T, ZBRE 1%L
TORE (GEAEHE, EFEATO, Ry -,
FRELIZOV v AN KDOWTRARE, RRICERAE
KRECDOVWTOERGITo . TOEFERVEE
HiZ, 3 ETRAREEAREZSUEABETOHE
BESUHNATRLTED, ERBBERRIIBNLT
LERBBIUEKRBORBREBEL THENETH
3. UL, EBRICIE, RS ZSRTOEROS
ULATERD S ERBRTH o 12H, COFEAHR
T%DERBE LS THYD, POEKRTREKS H/ER
Meohiz, 2hid, 2AESEOHETORHE
BTHY, #HRAZOHLST, BRENFBRECEE
EHEREOT2M S 3 BB TFARTR ECBN
THEEREED > TS (21, Edmond and
Paterson, 1972; Schock et al., 1973; Brace, 1978; Gowd
and Rummel, 1980; Wong et al., 1992).

EABOWIE, HEDDVRESATTEEERT
ZERELAMENTNS (Maxwell, 1960; Borg et al,
1960), £Z T, EAOHHEHTOBHNTRE
DOWOPEMOTRID, BF I TRAT 4 v VLR
ZBIERIT, ZOXIBEFHRE, BELDBIED
PRENWREZ S OSABEREREATHERZN,
TOWE—A I I S AT 4 v VEEEBVHTEINT
W3 WZE, Mogi, 1964, 1965; Schock et al., 1973;
Shimada and Yukutake, 1982; Hadizadeh and Rutter,
1983; Shimada, 1986; Zhang, et al., 1990a) ,

Fig. 29 iX, ZRE %OBABLREOER, TR
RBTCOELONEHRBRTH D, Zhi3, EHO
§H & AE FEEBEORE (Shimada and Yukutake,
1982) BERUEEDBOIA 7O AN XLDEE

(Shiumada, 1991) KETWTESNTWS.

CORBAE, BRTHE 300 MPa THRIEAS A
FUSAT 4y PEEANEEBT D, Y1 7TRAS
XLDHEDS, AT D TRF 4w I EEDRBI,
ZABEADEED D WIERO A DM LB
BitR L (Hirth and Tullis, 1989; Zhang et al., 1990a, b;
Rutter and Hadizadeh, 1991), &/, #fdkFOMDH
ENERORHICEERRFERUTNS (Zhang et

al.,1990a) Z&NRINTNS,
BROMEOBMBICIE. HEEEEAOLLIZE
2T 2 BRI S (Shimada, 1991), $bb, 22
BOBEERETSESHOERYR (Hinh and
Tullis, 1989) & WHFEHDE@EHE (Schock et al,
1973; Shimada, 1986) T& D, *& Fig 29 OE#HHE
OFNED LB E FHICHIEL T2,
BABTREDERH D NITEROEE D ARFH
Fig. 30 IREN5, HEHEOFRZEBRII 100 ~ 200
um ETOREFSTHY, TOXBHIEMEOME
ETEENTVS (Fig 302). TRSOERE, 55

2 T T T T

£ Strain hardening

Differential stress o, - o5, GPa.

elastic g

(S

Q 1
Confining pressure o, GPa

Fig. 29 A schematic diagram of the boundaries of
mechanical states in the differential stress — confini

pressure field for dry Yakuno basalt with 7% porosity at
room temperature (After Shimada and Yukutake, 1982,
Shimada, 1991)

ey

Fig. 30 Microscopic features of deformation of a porous
Yakuno basalt at room temperature (Shimada et al,
1989). Crossed nicols. (a) Pore in the starting material;
(b) 0; =760 MPa, g, - 0, = 1440 MPa, ¢, = 4.1%, (¢) 0, =
1010 MPa, 0, - o, = 3110 MPa, ¢, = 7.8%; (d) o, = 25000
MPa, 0, - 0, = 3020 MPa, ¢, = 6.7%; where o, is the con-
fining pressure, o, - o, is the maximum differential stress
achieved in the run, and ¢, is the total sample shortening,
Maximum stress direction is perpendicular to the page for
(b —d). p = pore, pl = plagioclase, px = pyroxene, mt =
magnetite.
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Fig. 31 Stress exponent as a function of confining pres-
sure for dry Yakuno basalt at room temperature (Shimada
et al., 1989)
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@ AE ORAEZFER TP\ (Shimada and Yukutake,
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ERNN—EOEEREEMIIEMIESERICBN
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HELHER X NS (Shimada et al,, 1989). T DK
EEEOVTHIZ, BRI )T THEENTVWDE
FH (E=A(0, - o)), TITERVTHEE 0, -0,
REEN AL nRER TRbEIN:, EHEEXK n
13, Fig. 3LICREANBLDIC, HF 1500 MPaBAF T
RIFE 3 T, TN LOHETIIRAL 1 1TEML.
TOTER, BRTBHI I IZT 4 v I EERBHO
WY, HE 2000 MPa B0 TELTHZ &&=
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LW TH Y (Shimadaetal, 1989), SHHEHK 11,
W2~ b N THBZEEERLTBOERT
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Looking into the Earth in a Laboratory
——Retrospect of 38 Years with High Pressure Apparatus—

Mitsuhiko SHIMADA

Synopsis
Research works on the constitution of the earth’s interior and the mechanism of earthquake occurrence

by high pressure and temperature experiments are reviewed with retrospecting high pressure experiments in
geophysical field of Kyoto University. They are melting points of rocks and minerals relevant to the nature
of the low velocity layer in the mantle; thermal conductivity relevant to the thermal property in the mantle;
and fracture and deformation of rocks relevant to the mechanism of earthquake occurrence.

Keywords: high pressure and temperature experiment; melting point; thermal conductivity; fracture and de-
formation of rocks; physical property of the earth’s interior; mechanism of earthquake occurrence



