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Friction, deformation and fluid-flow apparatuses at Kyoto University
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Abstract : This paper introduces and describes four deformation and fluid-flow appa-
ratuses used at Kyoto University (see gravure of this issue for their photographs). (1)
A high-temperature biaxial frictional testing machine was designed to get very sensi-
tive friction data, free from O-ring friction, jacket strength and changing normal stress
that cause error in triaxial machines. It is equipped with a furnace (up to about 1,000
degrees Celsius) and a gear-train loading system (0.03 mm/yr to 1.5 mm/s in slip rate).
Total displacement is limited to 20 mm and we are developing a torsion apparatus to
complement this machine. (2) A rotary-shear high-velocity friction apparatus is the
only apparatus even at present that allows reproducing seismic slip rates of up to a few
m/s and simultaneously measuring mechanical properties of simulated faults. This
machine is not equipped with a controlling device for pore-water pressure, and there is
a gap in slip rate between this and conventional testing machines. Thus we are now at
a final stage of modifying and adjusting a second machine, a wide slip-rate (3 mm/yr to
10 m/s) hydrothermal friction apparatus that enables one to perform high-velocity
friction experiments on faults with supercritical pore-water pressure. (3) A high-
temperature high-pressure deformation and fluid-flow gas apparatus is the first gas-
medium triaxial testing machine developed in Japan that goes to pressure to 220 MPa
(limited to this pressure by government regulations). It is a standard gas apparatus, but
equipped with a good servo-controlling system for pore pressure (either gas or liquid),
which has been used for permeability measurements with oscillation method (0.001 to
10 Hz in oscillation period). We plan to develop a molybdenum furnace for this in the
near future to attain temperature well above 1,000 degree Celcius. (4) An intra-vessel
deformation and fluid-flow apparatus was developed to make a simple, economical,
easy-to use and high-quality triaxial apparatus for deformation and fluid-flow studies
(confining medium : oil, maximum confining pressure : 500 MPa, routine confining
pressure : below 200 MPa). It is installed in a temperature-controlled chamber for
safety and for achieving high accuracy with controlled temperature. Porosity can be
measured at pressures using a simple pycnometer, and permeability can be measured
with gas and water flow method very quickly and also with pulse-decay method with
different proportion of upstream and downstream reservoir volumes. The machine is
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extremely simple to use and more than 350 runs were made last year with more than
5,000 permeability /porosity values collected. A gas apparatus can be developed as an
intravessel machine at a low cost in the future.

Key words : rock deformation, friction apparatus, gas-medium apparatus, frictional melt-

ing, permeability, porosity
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Fig.1 (a) Schematic sketches of the high-temperature
biaxial frictional testing machine ; 1, motor ; 2, gear-train
system ; 3, ball-bearing screw ; 4, axial force gage; 5,
displacement transducer ; 6, normal force gage;7, oil-
driven actuator (oil cylinder) ; 8, water-circulating cham-
ber for cooling of the pistons ; 9, specimen assembly ; 10,
motor controller. (b) Schematic diagram of the gear-train
system of the machine. Gears are divided into two parts
by the electromagnetic clutches, the upper gear-train and
the lower gear-train. All the gears of the both gear-trains
rotate if the motor is rotating. One of the four of the
rotation lines (fastest, fast, medium and slowest) is con-
nected with the use of the electromagnetic clutches to the
lower gear-train and eventually to the final rotation axis
to rotate the ball screw axis. In the diagram, the medium
speed line (1/10000) is connected to the final line. Selected
clutch connection can be changed instantaneously with
an electric circuit system without stopping the rotation of
the motor.
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Fig. 2 Schematic diagram (a) and its interpretation (b)
for the stiffness of the high-temperature biaxial frictional
testing machine. Stiffness of the series of pistons can be
measured in a loading experiment on an intact sample.
Stiffness of the press and loading system in series can be
calculated from stick-slip experiments.

SR DR « 2 - B/KEERIE

3, ORISR D T RER AR L TH  LEDS
»H 5.

Fig. 2a, b ICAAERE OB 2R, Bk
DIFRERKE 1L, BAFI2lE, load point displace-
ment Z[EE L 7B, WigmoBMENES 2D O
HEZ{LDHETH 5. Fig. 2a OfEAXIE Fig. 2b @
FRICE XML 2HEATE 5. ABEOZMETRRIOA
BICHO T THY, EAEt& D FERSOERER
WrigZ (s € v D& O#E-FRIF IR SHEE T 5
HINTE, BMETE D EORBREREIAT 4+ v 7 R
) TR O N IGTIE T OB SHEET 5 H
INTEB,

Fig. 3icifgoWalkl Gtv 1572 v 7) %
oy b LR BRI 2R . B S hc, HER
DI AR L TLWAEHELDbN S, Fi, +
L% G IR AN i (Y= I 1L Y DR AN F | R AN
7S, IERICIHEIE TH 512, I ZRERIIHEICIKE
TEHELDN S, fuE 25kN fHETOHEE 25 &,
0.866~1.69X105N/m ThH - 7z. T DEE IS I
FIFEETH D (FA 2 VIPk-> THEEPSAIITE )
e, EEREEZI - CREELT A EEFTERL,
FEREDEEEFERIGIC C O 3 REREFIRICH 2HRT
XBVWDTIDL Y VEEEBICANTHEITT 548 H
bB. RIC Fig. 41, fE 2BkN fHETHB I -2 R
F 4w 7 Ay THREBEED, &4 XY N TOEN-IEL
T T ORRE RS, BUSEEAER T LIcEC
A, EX13203F002X10°N/m Th-72. Zhoh
BN A G D S - 7ol 2R D I3 E L 0.605

60 ——T————————————

non-elastic deformation %

40 F

30

Shear force [kN]

// ]
I'/ p=
non-linear ]
elasticity ]

2 1 P

6 48 50 52

40 42 44 4

Displacement
from an arbitrary point [mm)]

Fig. 3 Shear force versus displacement curve during a
stiffness measurement on the series of pistons by loading
cycles. Note the large amount of hystereses after the first
shear load cycle.
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Fig. 4  Stiffness measurement of the press and loading
system by stick-slip experiments. Each data point rep-
resents a single stick-slip event showing the stress drop
over displacement.
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TGS 1.6 MPa, <D 3 1.6 m/s DT DR
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% (Tsutsumi and Shimamoto, 1997). T @ Xk 9 757
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TBy, £, z7—avF Lot —D056v1) YIH
NDOHAEZEEAT KGR ET 5 & T,
V) v INEOESE—EDfEICT Y e =L TH
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T, BEMIC 01 KN BEOWMEZH N EON 55
&5, Fig. 6¢clTRnLIzDIZ, BITEFORNE %R
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FEOREMHHREOEZ b v E DDy — VEEDOKE X
ICHY L, FomiEAZMICE LT 2R, v — v
HOEICE b HOMEERERTVEbDEEZLS
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Fig. 5 Schematic sketches of the rotary shear high-velocity frictional testing machine. 1, specimen ; 2, motor ; 3, torque
limiter ; 4, torque gauge ; 5, electromagnetic clutch ; 6, rotary encoder ; 7, rotary column ; 8, thrust ball bearing ; 9, ball bush ;
10, torque-axial force gauge ; 11, ball spline ; 12, axial force gauge ; 13, displacement transducer ; 14, air actuator ; 15, water
reservoir ; 16, three directional valve ; 17 regulator ; 18, air compressor and 19. air bottle.
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Fig. 6 (a) Axial shortening and axial load versus time curves form a frictional melting experiment of gabbro performed at
a slip rate of 0.85m/s and at an averaged normal stress of 1.4 MPa (Run number : HVR012). (b) Axial displacement versus
axial load curve of the run HVR012. Arrows indicate the passage of time. Axial load initially increased firstly with a
dilation of the sample, and then it decreased with the initiation of the shortening of the sample. (c¢) Axial displacement
versus axial load curves from a loading test of a dummy sample (a jack), of which length can be change by hand (Run
number HVR761). Spike-like noises of the records are artificial noises associated during the handling of the jack.
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Ftid, b E R RS & [ldsih & D Ol I EEE 5
DTEHRILTLE D70, B OBEEOFHANC (3582
Tl W (Tsutsumi and Shimamoto, 1996). X -
T, b7 ORIER, e R~ ANTHED [ 72 b
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AL TLED. £-7T, Ehrduck ! 2 HEENE
DOEB I F L 20,
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DEAWIKEWEAIZIE, brs #7713 006 Nm &~
7B LIS, COfEIF, RROEKHE A
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5. D& BRT» S, AEEOZ(ITE S HEE
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Fig. 7 Plot of axial load versus output of the torque
sensor currently used in the high-velocity frictional test-
ing machine from a loading-unloading cycle test. In-
teraction between the torque and axial load is serious if
the amount of the axial load change is large.
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(e) Teflon tube

Fig.8 Current specimen configurations used in high-
velocity experiments. (a) solid specimen, (b) hollow spec-
imen, (c, d) solid specimen with a metal ring, and (e) solid
specimen with Teflon ring for gouge experiments. Dia-
meter of specimen is either 25 mm or 40 mm, and length is
about 25 mm.
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Fig.9 Schematic diagram of the gas-medium high temperature high pressure tri-axial deformation fluid-flow apparatus : 1
Pressure vessel ; 2 axial load actuator ; 3, gas bottle ; 4 pressure generator ;5 intensifier ; 6 pore pressure controller ;7
vacuum pump ; 8 water tank ; 9 pore pressure generation system ; 10 temperature controlled chamber + safety shield ; 11
gas flow meters ; 12 gas bottle ; 13 extra pore pressure downstream reservoir.

T2 &, WHHGEIRAANSILAS O, SVEERERIR L 7o i
CRBRENEIRG B &0 B, WM I ERE
LD S WEAITIE,  OLER AR OEF 1313
¥ 1.1GPaTh 5 (FEH - PhlE (1992) @ 12 H, (2
15) X&), @EA R RLmE» oA 2210 TV
BEARENEBZOMEREIT IR 220 MPallFTh 3. L
o T, AHEEZE, NEEORRITH LT 2 555
DLELEREHHOT EICK B, HRAEREREHED
L5 o T N TiERBEB 2 ) T EHFRBE SIS
nTWwzo7T, AR IIFEEITIZ 330 MPa Ll Fic
METE2 X512 LTH B (DA, WEHKL
EORLIEEENT VN D 5).
FETEGRNICE, NBYFEER T 20 mm X0 HE
ARETE 5. TJIRZENITIZ, Paterson @ 4 R T
HKERME L [EREIC, HFICX3ER v LEILDS)
T EIIRARNE TR 2 (iR ilsAA
TW3 (Fig. 10 ® F#). T OREZERETD 51 ~
IZOBMR->TED, TONEITIEFEEFE LN REH
Do TWV5S, FHEENHBOHEEER b vide FyD kX
HTTFMKRL B ->THED, TORDEHEEEY 7V
DO FO#FREZ b v (30 mm R) DMK EZEL <
fE-Th b, Lin-7T, FEENHEOEZ L vid

— 59

[BE] X [E 2 b YWiEE] O] THEIES ORI
M- THLUAEh B Z &IT 3. —F, v 7k
20mm) 34 v 7 EFo#E e 2 b 2 (30mm)
LD b/hSVDT, TOER N YREHFICK->T [H
FE] X [(E R b vk — (3 v 7OVl ] o /1<
ST L s N5 GEHEAS 200 MPa ORI 3 H#H )
BRI T5KRN). FERELT, A0 N0E, oF 0 [FH
FEI X [ v 7 viliifd] o EfE /08 LEA R0 &4 v
TIVHERT 3 &85, %0, HENELLT
b, YV TVIFEITEKE NcBrN S T &IT 5.
HEENB VAR, HEELT 2 L4 v FILEE|
SHFENTLEHI DT, ¥ v 7IITHEHKTEEMT S
feDITFEFE O INCXIE L TRES E X b vIighnix
BEDH D, ERPIEFEICHENCE S, ok,
HIE GEKTE) &9 v 7 UALBFESH 2 12D OlhfiE
AMANLICHIETE B T &M, WEEORAKD A ) v b
Thb Fi, HERYAFLACEFETICLZER MY
DI AIMER Lo T, RO X 51t
- KRBT 7 F 2 — 5 OFEH 500 kN &K
WEIZIRES N TV AEAICE, MEZE0WHRERNT
HbH., 51T, YUTNELEIERILHDICER bV
LA EENEEHENOBREII/NS 8553, Wi



WSAFIE - 82 WA - BEBOUAE - AHERE - §IRKHE - HRE— - B 5 - BHEZ - EO—4

Confining %_EV]
Pressure (P,) =
i
) g
dJ b
Specimen
ﬁ__p“Specer
Confining —-
Pressure l:'}i::} F'J I 'i
Py i
q qr=x

Pore
={j = Pressure

F

v

Pore
Pressure

100mm

[~ P, Compensation Room

1 | Polyolefin Jacket

1| | Stainless Steel
4 POI’OLIJS ISpecers

Stainless Steel

Pc
O-ring
[ |
Wedge ring
<Seal>

Fig. 10  Pressure vessel with sample assembly. Gas pressure inlet from the upper side of the vessel leads pressurized gas
to the compensator room. O-ring and wedge-ring seals are used on the plugs.
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Gas Bottle Pressure: 12MPa
Oil flow rate from oil pump:1.8 //min

(0) Open Valves 1 & 2

g | | (1) Pressure Generator
48mm 70mm [Mol.: 277 1>1.411]
— Strokes
1st.. 12> 23.6 MPa
2nd.: 23.6 = 46.2 MPa
] B ] 3rd. : 46.2 > 90.7 MPa
|| Until 100 MPa: 3.1 Strokes
> * 1 stroke: 1.86 mins
110mm 110mm for the piston to uplift
2) Close Valve 1
Pressure Intensifi Pressure @
Vessel ntensitier Generator (3) Intensifier
. [Vol.: 1.41/->0.6/]
Volume of High Pressure Chamber —— 100> 232.2 MPa
0.6 litters 0.80 litters 1.36 litters * 1 stroke: 2.34 mins

Fig. 11  Pressurization steps for confining pressure. Gas pressure of a commercially available gas bottle, about 12 MPa at
the maximum, is used as an initial pressure for the pressurizing process. The pressure generator is used for the steps up to
about 100 MPa and then the intensifier is used to raise the pressure up to 200 MPa.
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fbic & b RBREDOE L%, ZILRIOEICRET L5
WCHRVE L 7B~ v Bov[alickion ©, SR OB AR
DEALEZTHIG 5 T EBAJRETH 5.

5. 7 L—L@tE

KRR 2T AT, 7 L — AthRERREER T Ic 3%
BENMEY ) v Ik DR Ty 7Y 2EE
et FUT, s ox 7 L — 4 BEERIICH
LT3 2 Tz L Tcuvws (REDR, Fig.
8¢ (Sone et al., 2006)). ffEZ R IIE 1B O FM
B RNCMEL, ZEHEY) v IFHOER N v O
MZEHAILTWA, TD®, HllE N 32 0ECEkE,
HREl ot E S 0T bEZ I T, ARy 27 A
DEFELEATWS, LEkhi-T, REIFICB T 3R
BOEREEZFMT 57201213, RERKE Y X 7 4 DR
PEAEE L, ZAEdEr» o, HREREATE %22 L5(<
WIEZfET C EMNETH 5.

Fig. 12 3B v 2 7 2 2 3R EMIFELZOES
ETHEAIZE£ LXK TH 5. [Loading | Lid L%
HES (Fv v 7)) &, Rallg v 2 7 43l
DEY ) v ¥ —~DOHDOFAICHY T 5. Fig. 12a
3 Fig. 12b DX HICEEWMA 5 ENTETC, #HH
EHEOBMFC BV TIE, BMETE, WmEYY vy —
NOEZ LYo EEICES TR 5 /8% BK

=Kloading frame
1
1 1 1 1

Upper pistons
+ Upper spacers

u

K, Specimen Tp+Tu+K_/1+K_/3
Lower pistons,
Lower nut Specimen
Measured Measured

displacement displacement

Loading

(@) (b)

Fig. 12 (a) Schematic diagram and (b) its interpretation
for the stiffness of the gas apparatus. Measured dis-
placement is the sum of the deformation of a sample and
the loading frame Kiugingsrame» Which includes the press,
pistons and some metal parts of the oil-cylinder.

(Fig. 12b D A ko L&, 7v—4, EX b v, 3k
MEANE) OEREAZMEL TWE I LICK5., L
7 =T, Fig. 121 D Kiading frame BODPNUE, HIE S
%l LA AL O 5, W oA E %
kv B T ENTEEE 12 B, T D Kinading frame 1E> SVEHESY
O¥ v IRBPFHITHNIERD S b, T TR, ik
ELTHEIRD 2 7 v v 2 8% B\ il e 2 #i a7 L
1B D, FHAIS VBN ETRTE DBRD 5 Kivading frame
RO TV A, Fig. 13 IKIEEREREZRT. O
Rcid, 27 v 2@l (v v 75 200GPa) D
B %, il efoZE»5ELlvTo
3. ZOERD»S, HEICL->-THETOEIL>XRED
B D%, Kiadingframe (&5 & % 15X 108 N/m (150 kN /
mm) REETHD ENDLND.

2TT, D Kuadingrrame DB, BRI DIEIE OB
HEh 1 E OLEEM ORI IZE A 80 & WS FHICiER
THEMNEND B, TD LD BT IcDITIE, Wi T
7 F 2z —yHNOMOEHM (Fig. 12b @ Ki») %,
=RV 2T ADIREWS R EoMitic5 2 55
BRI ERFELCIT LT, BB v 2 7 2 2R DRIt
AEiMid 2 NEND B,
6. REEDAE

MIBRERA L L TSR E 3k EFERT L &%
BELTWS, REFOWUEEE LT, (1)EEER
=ik, (2VERERE, Q)RR v AR, @) FEBRE
IRENEI EEJRETH B (FRIF D, 2003).
EEERBETE, 7o—- P RKBH YR 7 4
(Fig. 9 @ 11) ZRBHERE O Fificsie L, s
ZHIET S, T THOTWAREH v 27 A 3IE
HFHORLZ5EHEDO 70— b RERHLOI
D, INSDORBHAEMB VST A EITE->THIL
ml/min 75 301/min ¥ TOFRBEZHET 5 &M
TZ5%, HER, ThZhOo7 VAT —IvdD 1% Th
5. LorLians, dB0RERND ZEERE VY
BYRT LANOEIIRIEOZENBH TCE 01D,
FERANCHEIRBRMEIC ERA U 5. BB IARLAR
DOWNEL D bRELBNRZER S Bl > LW TATF
EEAOWIZECA, Bod E10 Pm? BRE oRERS
Bont., LEkd-1T, OREOMEIEBRREM
OERGWIE ERTHZEEZONS.
fIBREIRENE 2 O 25510013, B R AR I EI%E
& T ERAloBBRE2IRE) & &, Thicktd 2 F iRl
TOINEEZHTET (Fig. 9 © PT4) TEHllld 5. D
B, T b B Rl E NEAlo E ) IRE O RIE
LA TN SR ORER L IFEREEkD 5 C
e, ZOFEICHOVTIE, #A1E Kranz et al
(1990) %> Fischer and Paterson (1992) IcBWTEEL
CEAs TV 5, MREEREEICBVLTE, RER
(T & o THPEICE U 7 B O SIS FEE L, —f#ic
IRBFRDMEN T EB U3 BRI K< 72 5. A
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250 ' T r r
® Pc =10 MPa (Loading path)
a4 Pc =10 MPa (Unloading path)
— 200} O Pc=50MPa (Loading path) oe
2 A Pc =50 MPa (Unloading path) o eaa
= 150} Oest
kA Oesa
o Oesa
= 100} oes ]
5 fo 73 Load/Disp [kN/mm]
o TN ® 164.4
5 oea A 165.2
o O 170.8
. A 167.9
Y
0 <& | " | | | |
0 02 04 06 08 1 12 14

Axial displacement [mm]

Fig. 13 Measured axial load as a function of measured
axial displacement during loading cycles in a stiffness
measurement. Stainless-steel was used as a sample in the
test and the deformation of the sample has been sub-
tracted from the measured displacement records for the
plot.

ERF% o REIBR IEFAE R E TR 102 2 547 10 Hz ©
BB EGEE COREINAIRETH 5. NRMDETIRE
PR NRMOBREITIRIEL, BREMEVEEZORBE
BRI A, Ty, REROMEM FRALZ T
Blch, BENIZTA Y EANSLE LT NHARE
EROT LT HRAELTVAS, Wi, AIERBD R
FFRoiciz, v (Fig. 9o g) 2Rk L T, B
BHBELILTIRS v 7 2RECHERT S LIcE-T
THRMOAKEEZEYT L bTx 5. KRBT
5B ORIER RIS, MEREOoRE s Wi
EEX) ICHLED, 107205 10 2 m2BED 4 —
S —DEAERERETH 5. HBIBRTIRE) T3 &
7 — 1) =M (FFT) 10k » THE EMHEEZRET N
(&, FBRRAD ) — 7 PS5 LIS ST X 2 [HEE 72
NA T 2EBRETELZDT, RBLROEWVELTLIE
BEICHETE 5.

(R - R - 0 - 5

BHEARRFEKE R

KRB 3 A (K% 2002 4F 1 HicBfEL ((BP) =
Z + 4 — IVDR-2002L %), 2004 45> 5 2006 £F 1 7>
T, B~ v "o ROEERY —& v 25 4
ZOFMAICbDTH S, HEOHAK & 2R KOG
BIERD v 2 7 A% Fig. 14 128, @E O =ikl
M3, TR #Ervx, Wty vy—Eo
v 2 7 L O SN E M, AT NS
DIEEN 2 THENELZONIICHA AT TVWE T &
MIKOFTH 5. Tibb, THEBZDHDN
7 L 2 O%EE LR L, Fes MIcikg oni

SR DR « 2 - B/KEERIE

MEZEE EX b v &2 FOTEEH O Edlim 2 5
AT > TV B (EA, 2003). AGKERFETIE
FEiRE LTimZHWTE Y, &AE T IZ 500 MPa
TH BN, LIFS<1E200MPa Ll N Tz L T\ 3.
MIBRFAIA L, 7K (100MPa LI F) 71374 2 (25MPa
VIR MERAgETH 3. + v 7 VFEIE 20mm, ¥ v~
FIUVEIFSOmm LI N ThH 3.

—hiEER e C ok O Bk E T A LT, VAT
LRI vy NS, NUBREERENER I AR
HRET LT EMAREE TS 5t Rk D K ST, AR
ERFIT 37K & A 2T/ U 7B, [RIBERIEIE & %
TADPERINTEY, W ODLDOFETHABEO
MWEICBET 3FEBRAB IS T ENARETH 3. 2B
ROMPENEFRIIC D 72 BIEAITIIIIE Y X 7 4Dl
FEHIENS 7 — S FEE A Lo OEELSRETH S
s, AREERKHE S 2 7 2 lcBWTIE, REESAD, &
FEFIH S BRI ICERE STV A 70w, HiE
DOIREZALE 1°C LIRS 2 T &M TE, AIE
R EE2GTx 3.

1. EHhR:HF

AR D 1A ds 3T LR R 7 v L2 TH B
SUS630 7 H{E->TH Y, EF655mm, F4EiF 200
mm, FERBONEIE 50 mm (WEIE 75 mm) ThH 5.
COMEIRRF v L2 TRERME TS, BIES X
R EES A R ICHERTE 2N b3
ESINTWAS, MKEICEN S, Sffichn oL
WONEESLTH B, T OMEOHIE T ORBIREE X
1,000~1,180 MPa, 5| - 5k 0 58FF 13 1,070~1,310 MPa
Th s (EROMEIIFEX ANICE > TEDB). BIRIE
J1E L TIRIEREROMEHWTH 2 EHAERS & [H
BEISETHE A2 9 5 &, EHEH 515 MPa O ICHE A g
DNEERER AU, FHEA 1,630 MPa 129 % &
NEBBEDEIRT B T LT B, NEENIEIRT B &
TR BICRBOAT 2D TIRITOVDT, O
1212 500 MPa IO E /Rt A2 LD DTV 5B (32X
T8,

HERFEHA A VE YT GKE T0MPa) %/
FH —R 27 4 (&AM 20 MPa : FEflIc>WT
B ZHOCTIEEEFEEEB S (WA
fB). EbobHMTEEEEZ CTHET 2KEEE S -
TOWIEWiew, ENRZEREHES 4 v o/l 3INESS
ZHRELTHEL TV (Fig. 14). a3, #my
DFEHER b v DA EZ v NERICHIDIAA T2
i (LVDT ; Fig. 14 ® 6) THIFEEL, Ho50LHEBT
Mokt bEDE, TOEEAMEBICEHT LI E
&> TIEL TW 5, BALIIANSEMNT ErX—v
X, Fig. 14 ® 10) ZHOVTEHAIL TV 5.

2. B—REIEHS 2T L

KB D o — Rl > 2 7 4 (Fig. 14) T, #

JEHRIE & Sl A 2 e LT Tm ) T &n
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T& 5. A9 — RIS 35K 20 MPa OiEE T

Ll cEisnicd, HES A v ROHER T 1 VI
IiEZE (£ 2 b 22 B 60 mm, FH| 120 mm, B4 M
4;Fig. 14 D4 & 8) LT itk b, MEMITKE
IEZ S L TV 5,

HIEOHIEz BV TIE, EIEMREEOBTHZH
HfE=5 & LTli-T, (DEE—ESH kU 2)—E
HECTOMIT - BT E V- EIENAEETH 5.
HE A Tid, ASEMH I ZREES S LT (D)
EN—iE, KU Q) ZNLEE—E DM T DIFERHTA]
BEEL-oTWVA, I oicEAHEEE LTRHLTY
52 Et (LVDT) i), & L < 3#famt 7 14 i
Pefr L T s ARG R o) HIEES & LT, (1)
fE—E, ol QBEERE—EEL V- &ET
TOFERGB IS T EMNTE S,

AGRERIE A AT L 7o o Biflis 3 X3, E/IRS N
Bl EED & X, WMERY FTRETE 2%
KT0MPa OEZMEELIETH D, BWHEOH —
R v 71F 20 MPa SINHEFRA I D¢, dilifaf s 2 —
REHET 3 7201, Fig. 14 ® 8 TR L2+ — K=
HBERDTER T EITE o1, THITE > TRHE
BRBDLEITIS - 1230 0 B>, Sler s ASElmi {l] D A D
Hfci s LEW, INEESE TS S EICE -
fo. 2F 0, ARIFEGEEE OHR I & Brrfhc v —
FRZEM-> THMELZ DAL DTS 305, FHIRTRESD
TS TEGHANC LA aX 5 T EMNTERO, RN
BHEIAGRA DR EEZE > THLRET &1 ->T
WEDTH5., —RROBHRNABREAEIES & &I
1, KO RXOVEZTHERELY bOENEEEZEY, £
FEHO X0 ESEHOE R LT 2 680 D
B, WERB2OIIHPNDEFA ) » Ndd B0, THE
DAE LG EIcE, 9 HEIAS (Fig. 14 OFEIE
D) ZE- CTHETCTORIEEZB W, BT
WHAD V) v ¥ — 2o CliBZEETE 54 ) v
bbd b, HRAEXREEEEED T, RS RERE
EBZTVAANICE, HATOWTELWEHML I ZTH
3.

Y — REHNZ OB ZFHET 5D1E, Fvhy b
U FoiadsE g & g © 9 B, BURhchE» fhig e
rF=VaEFIEESE L TEREBILILEAETHAS
I, MG REAEZBOETWAR, KWEHRICh»2E
ELT) & BRI ) &2 H i — Il 4 5 & 5 sy
Bz 5., —Fh, BEIITENFOSHT—KIICiTD
NTV 5 —hEEER (EEHOMLEENFIC 0173
% & O ICHEEAHIE) 2ETEBNTB IR HEAI
Hilcb.

3. FMRERELXFTLA

RIBRAIARIC KA %25 5513, filenTwa iz
K v N EFE PR T 2.5 MPa LU L T
LTWLa, RBRBAERICKEEDKKEZHROVLEAIC

SR DR « 2 - BIKEERIE

1, Bk s v 2 (it 8 MPa, Fig. 14 @ 14) thoig(k
A ZADETS] (K 25MPa) &MV T %420
ERRALTOWA, &5, KEMBET3EAITE, M
BREZ A vamEMcto#az, FE~ v Fromn
iR A2 H WA 2 & T, &K 100 MPa % CTO /IR
EEMA S EMTE S,
4. BREFRAEE

AAERGE T RIRE S RERAE L 3, EEFEREE
MBI SV 2R TH 5. EtmEEs Oy
AEEER W AEEIE, IESRE: (72 O
MEO L YY) KLU TRET 2V Tns, 7
o— RS (Fig. 14 @ 15, Koflok, RK1450) T
BDHRE» S RFEEETOL v Y (1~5,000ml/
min) ZhN—d4 5T ENnTES. LaL, HIERE
HEAREREZE T VT Vv HRIELATVWS. 51
7 7 9 AR Fi=EET (Fig. 14 @ 16, Agligent, ADM
2000) &fEAERT (Fig. 14 @ 17, Wz x5 v 7,
SF-1U/2U0) T, SSIMDBmEEiEds sl
NARETH O, THENDOFHEEL ~ V13 0.1~1,000
ml/min, 0.2~100ml/min TH 5. %& 2 > DORE:T
DREHELT, ~XVavE )y ISET)TUIA A
TE=H—9 5T ENTELEP, Hakk - apkitc
BMOWEEAEDAZITH L THERT A2 ENTE S0
N ons, wEzkRRAs LT 25581
(3, Bk zdE L CE k0 EEEE TR (Fig.
14 @ 18) 1T & 0 @A L, Rl TEls &tk
DifEAERD TS,
EETREEICLZFERICBVTERBE (m?] (3,
+ v FUVOWER [(m?], v 7 ViR o ES
B [(Pa/m], FfAOFE [m?/s], K OTEBRGRIA DR
K [Pa-s]ICLDBEHENE., Y FILVORK - &/
~ik, BIREOIERET], MOWEFOHIEL v Yz
EEEETHE, JURLKZEERET 2 Licky (g
TIIRGHERED 2 W& S), REEVSBBLZ 107
~10"m* DY v T IVERIET S ENAFETH 5.
HMEWS (/ F X, £77ET, HisEsh oE (8 1%
VIR) Z2E&ET 5 &, 2BEFRONEZRZE HIEM™D
5% VIRICIZ A SN TVWEHDEEZ SN B,
LirLIhidy v 7 v abruicRBES 1 YN T,
RO & 5 RIBREAR ORI 513 &
IhNSWEETH S, Wb, FRGRERENGWY v 7L
DREIEICBVWTHENK X WSS, ¥ v 7 ViEEE O
FENZE R, EIRHCR RSN EL D bbb
DIBEOWES &85 2 EnTFRREN G, EHICHRS
NIRRT S 1 Vi &k 2 ETHEREREICHET 5 C
LRASTREVWD, BHEDOEIA, SEEFHLE
HIE THEHH 1,000 ml/min 2z 5 &, Lo
BRFERICEEA X LIEY 5 C EDBERIRTO
5. ko THEMICE, WELEIRERDLRIG
10 “m?*fhr & s, A% L OISR 2TV, &



WSAFIE - 82 WA - BEBOUAE - AHERE - §IRKHE - BRE— - B 5 - BHEZ - EO—4

MERIC RSO NAR % Z L5 fiEE2 A %
WD B, @BERNInLL ics s s, ke
REEEAERT 2 EMTE 5,

5. RIR=EAIEE

ERAIE I BV TR, B o~HEZEHIL 7214,
B ) A =5 —THYRED 12T OfFEE 3R 5.
HERFHISHERE AV S, OERFEEIZ R A
VOFEANCES &, F1 & A OBRD S D
AKEEEHT 20D b0 THB (Fig. 15). BIRH
BFMEE LTid, BERoAEZR>, ~Sv7ickh
nEntHEOFICEE = AN, ¥ v FIVAICIRKRE
E, fc3EfME L 2 2%l 3. £ LTHUT
DDZEREFEGT 5. ENEDEL 130 PR AgIC
FELLS, MEKTERE, NV TERBLT SO
HE AT, TR, SR OEREITIE U2l
LELEL. Ay 27 AT & B SHE LD,
BRADRGIATH 2F L, [BBRES AR ES
5% CHIRICHETA I ETH B, SIS ORRERIE
#iFRAEEEZX b vicky L, EOBRBHNICHAST
5. BYIOHFEEMA %, SHEREEZRWIZE
/A =5 — LD R CHEBIATE 2R, T OfE s
AEHMARE ORI + RIBRIATR) o Had SRRz K
DB EIIT B,

ERROMEICHV 5N 2 KHEREICBV TR S
KU 2 &, WIES 288 - BBRAREICEHE T,
I v FVE L ERRAE N - TR QU
SURHERRE EIF3) O EREbdT 52 2L Th 5.
SHHBEHTEICB W TEBICHES NS D IFXAETH
518, MK, ENOHANDREEEZED S &b
FER FIC3EETH S, L LEEHE (v 7L
E - SN ORBARESEY TR I, RIERKS
DRENB 7 ViR s NV, KRBETHOL SN S
H VT NVORK - FINTEEFEET S &, BIEMICHE
ESN DY, BRABIEAEhEE L7 2~20
ml, 0.1~5ml OHEHNEZZL 5N b (Fig. 16). h
AT, SHBEHEICHV SN 2SRRS4
T AL A4~ (Fig. 14 DS5v7 A & B ORE)
B mlIcHiish Ty, T NUENRES (8
77 A—=%) OFEIZFI~2ml oI TELEE SN
Aokt L ThB COLIRVRTF LT, B
7= VRESFTOBREH BT 5 HTHl A C &
k0, §i8 - BIBRATE E H120.05% LIF &0V S0
HERENERSNTVS, [[@—4 v 7T ILOKDIKEL
HIED O, ARRNTILY) - BB O flE %22 &
0.1% VINEHERSN TV B,

— 57T, FidoRELIF, SHHEBREDORE S
KA NWVDFEAIOFHEE LT, BENR—ETHEI L%
SENTERESEWV, KHIEY R T LIEEEETH 50
WA, BEE(LOEEZMFICZS, Y AT LK
DIREALEIHEOBNEEST L. WEYZT LDK

Sample Room Gas Reservoir
(V1) (V2)

P,

P1(V1'Vs) + P,V,

Sample Room Gas Reservoir
(V1) (V2)

P P

final

final

O

Prinai( V1 +V5-Vy)

Fig. 15 Schematic diagram showing procedures in a
volume measurement by gas pycnometer method. Stand-
ard process for the measurement is as follows ; Firstly,
open all of the valve and vents of the system to de-
pressurize both reservoirs so that the gage-pressure inside
the reservoirs become zero. Input sample to the sample
room and close the valve between the reservoirs and
pressurize the gas reservoir. Next open the valve to
equilibrate the pressure of the system. Since the initial
volume of the reservoirs are known, volume of the
sample can be calculated from the pressure record. In
this system, three volume-calibrated spacers are used to
adjust the internal volume of the pycnometer, so that the
maximum resolution is obtained for each measurement.

oy ZBRIERENICIND SN TWBE DD, AR
SHEIAEAITIE S &, RELHIGERT 5 & Ebn
5—HY A 7 VT % DEREOEF Bl h 5.
HIb, BBERMEL, v TGO EES %
DI D % v 7D WT I, RIFEEE I
BiTlgn bms it . BifE, HERCENESR
T —REIH > 2 7 £ 2818 2 & T, BFEERIED
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*Gas-Reservoir Room Volume = 3.3 ml
*Po - P41 =1MPa

1.0

08T

06 |

04§

Final Pressure, P, [MPa]

0 5 10 15 20 25 30
(a) Sample Grain Volume [ml]

Fig. 16

TEBARF DB « 2

& - BB

*Sample Room Volume = Pore volume
*Po-P1=1MPa
1.0

08
06|
04F

02rF

Final Pressure, P; [MPa]

) ! . ———
0.1 0.01 1 10 100
(b) Sample Pore Volume [ml]

(a) Comparing resolutions of grain volume measurements with different sample room volume (internal volume of

pycnometer). (b) Comparing resolutions of pore volume measurements with different gas-reservoir room volume. Curves
show the relationship between final pressure and sample grain/pore volume. Each curve represents the relation when (a)
the sample room volume, in ml, is equivalent to the adjacent italic numbers, (b) the gas reservoir room volume, in ml, is
equivalent to the adjacent italic numbers. The slopes of the curves represent the volume sensitivity of the final pressure, so
the resolution of each volume measurements is higher when the slope is steeper. Values expected for sample grain and pore
volumes fall in between 2-20 ml and 0.01-5ml, respectively. Thus the optimum sample room volume and gas reservoir room
volume for these situations become approximately 10-20 ml and 1-5ml, respectively.

EERE, #WrmsEEoFIHs L, K0Z2iss A4 7o
FERHAEBIBOITENTELLHORBEEMATVWS &
IATHB.

GHHEE - &1 - iR - 1)

bEME

ARV FEBRITE 1L, HAROHEHE DN T
BELXE-TLBEEEFREARLL., LI, HFOAKLD
DO TRLHEY, b EIEHEICEEINEH 201245
STFEBHNTRAD LR LBV &N, KREXICK
52 &ETHD. HEHEZEEZDLE ANH->TWEIc®H
&b BV, 1995 I EHBERHHIE ORI ISHTE S
~NOBILOSEE D, WHEHEY & HEFO S O
BORMMBIEE - 7o, BT, KR oHEN 5
v 9 ] 0iE & IODP GRAEBEAEIREIETED D%
JBIZE 13- T, IRt OWig & thAA A OHIE
ANOBLEEICEE > TWVW5E, T OIERDOHIFRE
BREFYREGEI S, 5% Ol F 5 HAMBREER
FHAERZICBVLWTS, FEUMEEALEH [HE
EHIE |, TR & RS 72 8B L fc—do:
BrgtE o v a YOS TTWS, 2 < OHVE Y, FEid
HWESDORBRENFENA Yy v a v TREALTL
T, ThHAKRBAREZILWIRETHS. LirL, &
KL LTHBE, MEBAREOMITITNALE, HHAR
fRtr, OB E LSREL TV EVSHIRA D
O, FNONEETHAILERFEHIEITHRVD, ¥
B o e REREES LT s nTw A

MMEORAEKEOMIA] ITEB VI LbHATH
5. k< BEEN 5 IODP OEFEEIREEEEIcB VLT
b, HEFAETOWHI» S & D X 5 15EH TILAIAH
T DHIE O FEHENERE 2 FIA 9 2 s BRRNICEHIR S M
TV, WiEYE? SKiBoEERY, ToWE
Zflio CTWIE - 77 L — MEROEE ZEH 7S VIR D
BEOFREMEIOILSTVWEES T E S, Wgoa
B 5 1o ORI O EER S SN S 2 &
FiZEA LV, IODP THEWENI = 7 % 1 m BRI
21213500 THORBE 2 EHWic T E03d B
7, THISEHEGEE IS EN 2 SFiTH 5. FEERM
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Fig. 17  Schematic diagram of an intra-vessel deforma-
tion and fluid flow apparatus. The design is almost the
same as the intra-vessel deformation fluid-flow apparatus
in Fig. 14. In this apparatus, actuator is connected to the
vessel at the bottom with a screw. Cross sectional area of
the plate inside the actuator is designed larger than that
of the actuator shown in Fig. 14 to create a higher axial
loading ability for this apparatus.
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