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Fundamental Study on long-term Stability of Rock
from the Macroscopic Point of View.

Seisuke Okubo™
Abstract

In the fiscal vear of 1994 when this project was started, a pneumatic creep testing
machine was modified. At the end of the fiscal vear of 1994, Inada granite was purchased,
and the preliminary tests such as P-wave velocity measurement and Schmidt hammer testing
were carried out. Through the fiscal year of 1995, a specimen of Tage tuff under
water-saturated condition had been loaded in uniaxial condition in the pneumatic creep
testing machine. In the fiscal vear of 1995, the uniaxial compression and tension tests,
and the short—-termcreep test of Inada granite were alsocarried out in the servo-controlled
testing machines to obtain the complete stress-strain curves. A hydraulic creep testing
machine which was planned to use in the next year was modified for long-term creep testing.
Finally, a constitutive equation of variable compliance type was examined based on the
experimental results. In the fiscal year of 1996, creep, compression and tension tests
were carried out. Two types of pressure maintenance equipment (hydraulic and pneumatic
types) were developed and examined. In the fiscal vear of 1997, creep, compression and
tension tests etc. were again carried out on the basis of the results heretofore. The
experimental results of long-term creep testing of Tage tuff, middle-term creep testing
of Inada granite were described. In both creep tests, samples were submerged in water.
In the fiscal year of 1998, creep testing of Tage tuff was conducted. Results of relatively
short-term (middle-term) creep conducted on a servo-controlled testing machine were also
described. Sample rock was Sirahama sandstone that showed a considerably large creep strain
in low stress level such as 17 % of the uniaxial compression strength. Results of triaxial
compression test and uniaxial tension test including unloading-reloading tests were
described.

In the fiscal vear of 1999, creep testing of Tage tuff was continuously conducted. Design
processes of a multi-cylinder hydraulic creep testing machine and a transparent triaxial
cell were described. Direct shear testing of Sanjome andesite was conducted. Strength
recovery of loosed area around a tunnel was discussed. Finally, data collection and
database concerning rock pressure were described.

In this vear, creep testing of Tage tuff reached to testing time of 1300 days and the data is
considered to be very scarce and valuable (chapter 2). Short-term creep testing was also conducted
in the multi-cylinder hydraulic creep-testing machine and the resulis were described
(chapter 3). Loading rate dependency of Young' s modulus was discussed to clarify the time
dependent behavior at low stress level (chapter 4). The resulis of triaxial compression
test by the transparent triaxial cell were also described (chapter 5). Finally, data
collection concerning rock pressure was described (chapier 6).

This work performed by The University of Tokyo under contract with Japan Nuclear Cycle Development
Institute.

Agreement No.: 120D0113

JNC Liaison: Tono Geoscience Center, Geoscience Research Group, Group Leader,
Seietsu Takeda

$%:The University of Tokyo, Faculty of Engineering; Professor
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2. 3. 2 THEHNEBER

BELERBREZHWT, TROICERZT> 2. MBEHZ2LUTIIRY.

Ofn : AfERA

OBt : 8 0°C, MmifEiRiE

Q@B - EE2OmMmX&X 4 0 mmOMPBEE
OrJ—FIEF: 10 0MPa [—HhEMHEE (1 9 OMPa) D 5 3 %]
O#BREFE 1 2 6 FfR]

OBe%: 14

27— TEOREMELER 2 — 9IRT. KTIH L 0 s BEETH, ZIENEE R LIZKNHE
LT, BRI )T EIEML TE 0, £ 0%, b MCHENRKE o> TWHHEED
Bohsd. I ORI, EROFETORREFIEIRLTHS.

» U — TR OB RN ST TRUEOMNF2 -1 0 TH 5. KTRIEE-1
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—SEHEOERIL HETBHL TVDLEIICHAZLN, FEERNTDH 5.
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#2—1 FHMATOTI L

10°
20 ' Measuring Program of Creep Test by ADVANTEST
30 ' CREEP.BAS 1997/4/25 by ®EKFHFEERFAMASR

40’ GPIB Initialize
50 ISET IFC:ISET REN:CMD DELIM=0
60 Memory clear

70 DIM D% (1000, 5)

80 FOR I=0 TO 1000: FOR J=0 TC 5: D%(I,I)=0: NEXT J: NEXT I

90 ’ Input from data

100 OPEN "data001” FOR INPUT AS #1:1=0

110 IF EOF(1) THEN CLOSE: GOTO 130

120 INPUT #1,D%(I,0),D%(I,1),D%(I,2),D% (I, 3),D%(I,4),D% (1,5 :1=I+1: GOTO 110

130 ° Set function key
140 ON KEY GOSUB #DISC, #PRINTER:KEY ON
150 ' Initialize of Advantest

160 PRINT @1;"F1,R5,M0”

170 PRINT @1;"PR3,DLO, S1”

180 ' trigger routine(trigger lever=0)
190 LINE INPUT @1;A$

200 V=INT (VAL (MID$ (A$, 4, 10)) #1000)

210 PRINT V :IF ¥<10 GOTO 190

220 VMAX=V

230 main
240 LINE INPUT @l;A$

250 PRINT V, VMAX

260 V=INT (VAL (MID$ (A$, 4, 10)) #1000)

270 IF V<(VMAX-1) THEN VMAX= (VMAX-1)

280 IF (V<VMAX) THEN 240

290 VMAX=V

295 IF (VMAX>999) OR (VMAX<I) THEN 10000
300 D% (VMAX, 0)=VAL (MID$ (DATES, 1, 2))

310 D% (VMAX, 1)=VAL (MID$ (DATES, 4, 2))

320 D% (VMAX, 2) =VAL (MID$ (DATES, 7, 2))

330 D% (VMAX, 3) =VAL (MID$ (TIMES, 1, 2))

340 D% (VMAX, 4) =VAL (MID$ (TIMES, 4, 2))

350 D% (VMAX, 5)=VAL (MID$(TIMES, 7,2))

360 GOTO 240




370 ° Write Data to Disc
380 #DISC

390 OPEN "data001" FOR OUTPUT AS #1

400 FOR [=0 TO VMAX

410 PRINT #1,D%(L,0),D%(1,1),D% (I, 2),D%(I, 3),D% (I, 4), D% (I, 5)

420 NEXT I

430 CLOSE

440 RETURN

450 Qutput to Printer
460 *PRINTER

470 LPRINT

480 FOR I=1 TO VMAX

500 LPRINT USING ###¢";1;

510 LPRINT USING™ ##¢” :D% (I, 0) :D% (I, 1) ;D% (I, 2) ;D% (I, 3) ;D% (1, 4) ;DX (I, 6)
520 NEXT I

530 RETURN

10000 END
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3. MEREEASEMERY U —THBRBIZE 2HR

FrRl OEEE ] 1EE, RHEREOTH 8Ky U -THBREB IRk, TOHE,
BIERE T HERER D LN T2 ) —THEFT 2 EMHBE L. ZoA3atkzEA
ERBINTWARANWERTHZOT, §IESHIEBIRNTILENHZEOEZINS, Fik 1
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WEEEIZRLUIEFRRTHE, 7V — T HEL 22 ETHsEEE2BEL 0, BETHEOHE
2yl EELE
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H5. 7)) —THBEETORMBEZ] sANICE 752 L2HMEL, 20T2070-a
=L OV ORBEMBET S ZEE LR RIER S TS OEBRR, #IERES IS 0N
TORASHNICKESERBEIND. FOED, INGONIVTORELRTH 2.

PVT DR RS EREHME, BHTEEZ | BPEARREIEL L&, R THEHLEL
LEBICREIETH D 6.50MPa ZHABNWEINCTEHIETHS. £/, R THRREFEFESHL
Bl s &, EmROHHEN ER UMRNORRIZ/R SO T, EBREILAR SN <EL, #ikE
M3 s B THLIICHABEITONENDH S,

KIZ, &IV T OEEEHBIC L 2HERBAOEETH LM, NIVT 1 BRTho 5k
DRERBTH/NIINTTHD, HDTELER L TREBOENO LN OB BT ESE
ERDEEAEREILEHEBATLEINLT 23R T, THFabL—FEI ) %
ST THD, AT ES LY OBMRMENELS 5. £, 20 - LEMH S AkT,
R TANES TN 72th, HHBRERTLIVENRDD. )NV T 3 37 Fa bl —F EHBEEES
NIVTTHY, RBOXRERZ WD, BRANICE2FATIW. LT 41320 2 F—~AE2ELN
W THY, ONSOFENINTOEHEZTEOT, ZONV T THEIITWIZSW B EDZ &
M, ABIECNIIVT1LE2 Tt 2.

HUDIC L 2R PTT, 225~ <BAORETTFRERERET . R THEILER
FEEZBZ DI ERAhoizdy, U ¥ —~RN DN DN, BY ORI 1 #LL
Eol £, TR AL —INELSNIZHOBNEL RDEDTF a2 L L - FHNOIEIN
ERUE. 20ED, V) T —AFENBHORENIN T4 — 1 ~A THETLHENDH D, ER
WBEETH D EHM L7

KIZ1 #RBRSHADT, 2 22D HITFRETTHRERZIT> . TF b —F &
) A —DEOBEMIEAERWD, BAEIRIBLNICETLUE. EUT LT 4~ 1~4
ZON/OFFNLTELTHDI O TERMBES THo. NIV T22EMILTHONILT 1 &
MEOHSAHZECE>T, R 7TEESEREEEZBAL bR FHOERD bEh DT,
FEERBAEIFIC Y F 1 AL —YROENZBREEITRNIILTHELS & T, I LI T L
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. ZOHETHRBLEE ZA, tEDG. 53MPak 5 6. 49MPa £ TTFA S DI hm 0D, R 7
PEE L TW BRI TH - . R 2 T OEBRRINE WD, M0 LR &2 <, EHHE
DOERBRIZHA DD EHM L. SBIIOREOTTEREZED TN T &L

BEMRTLUERD, b E, PHEARZERETH L ELE. FREABROEHFLL T, &
AidEE U TRIBERE, B S U TFR FTEMEIRE, 7 ) — i3 —ihmhsRE D 3 0%,
REBAIIER2cm, B4 cmOMBREELE. FEBRTHWAEBN SFICRIN 2R - 23
BT ZEE> T, AEROBMREZHFERT L EAREZEATALTH L. £, R
HREOHRALRE T, TOREOHETHNE, 7 - TEREZEAERELRNWED, VU —
TIALNINEIEEBRLONENWI 00X LU

¥M1BHORBREZITOEERENS - 2ICRT. KT, BEAEV Y -TERREELTHES
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BETLTHY, 2hBMAERW I ERDD . o T, ZORBFTERRETD I L ELE.
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Twaid, 1BREZ EIER, RBEEGE L. ERI3ELIA LG4 D00 ) —TRBNESR
CEBE N ARE T, BOICREET o B ORBRERIIDVWTHRET S 2 LET 5.

3— 31— TEOREELERT. KT, @0 CER 1 2FEEREEZI , &Y,
Frsig 7 1) — T EOBINIREL, 100s 2T EHEHFBHENT, MRV U —7RIGATDNWTNS
BESESNS. F74,100s (W1 2H) BBLARKOZ Y —T7ER L 2X104ER>THED, Z
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4. B A LRI BIT BREREMK M & v o Y ROBEFEER TS

4. 1 HBU®KZ

CNET, E—-7REITEY, WEROEOIRD L ONCET 5 B A ORI T (ks
R EHLIUTHEEBIR> TEE. TOBE, BEIEI0SLToE] Ehoh, kK
IR T H D BERPIW BB /E L THOND Z EMMAL TE - AR, 1991).
TIT, FMBRAERICE DR RN ZHEL (IO 5, 1984 KABRS, 1987: kAL
1992a), TORBMREERERELE - RMLEET 2, FTEEERBEE (KALS, 1992
D), 70— TREBRRR CRAR, R, 1986 ; KA, &, 1993) ZBERABRRICE->THS
BERATES &0 bho .

T RIEIZIE> T, BEMICHRE 2 BRI EYOREE ERAT L L OEE NG £ - /-
DT, KDEWIEH LV TOEMBICO A 2R EEEE 2 BT 2 2 &I L. FOBE (K
AR, 2000), Bl IZIREIREEORA TERIKREIZE—VBED 305D & mE 5T 5 &, JERE
LTHIU—TEORMRREESRW I EMbh o . £72, BRREBOERECE—7RED
SORDIGEHZMAT=HEITD, 7V —TEBBRLICEALTO ZERbho. “OESIz,
Dia< ELWERETIE, HBAEL ~VICBWTHEAMHENTEE 22T 2 L1, 2o
HRECPRBZEEDN S,

FERBHBHNESVIENTOY ) —THBRERT, BDEH L S TOREE 2R THLS T
ETHLD, FREREHEBERIIVEZEDZANCRFL T RERS . 72T, 58
ERABUETV, S0%EIRRY > VR OBMMEE A IR B U T ERMIISS 2B T 5 2 &0
L. YO UROBIMBEEKEMEDL, bo L EANREHO-DOTHD, MHKkE < DIHFEEN
HATETWSA (Perkins et al, 1970; Lama and Vutukuri, 1978), EOE ZAEHTEST
—IWPRLSARNLERPLNEORRZ2EHERRIE > TS, ZOERD DELT, Yo/ R%E
ERICHET 5 2 EHLICHE 2 Z 28T o s, —RRBRE T, RBEZ fiToz
PEIERTT 77 U MOELNERICHIN DD, 2 OF TSN SR O MY D8 88 - Bk
D7 L—LRMEOEENMESRIIBIVAALTLES. TOHE, BoNAESMMSHELEY
S TRIFNELT2 S, FWIEIZHDERENETH LY, SEESBENTERS. Kz, fBECE
T=UEUD I ENREITONEY, B — P OMGERI DT AR, E5LTHEL0IT
S5OENECS. 2O, BBRICHSI 7Ty P2 2EME DD, T 7w SO AR
BHENSH%. REABF THIOHETERICERSANSD, BATIIEE OB EI /NS
WE, P 7Ty POBEENFHEL . DLEOLSIZ, BULRWLECHEZ ERICBIAD 2 &
W, FTEOREICERTh oD sz 5.

CNETOMFARBRT, HAEENKEL DL, Z<OBEGVY VR II FESKRTHL T 20T

WRDPFERER THOS MR > TWAB, BB REREFEFBOATHAERZ AN E
HBATWL, ZOV 2 TROBMEEKRENEL, A3, MERBSLACBTaEBR RO
THERDLERERO -DTHY, ZORBRIZE > TR INETITHREL TEABRER
BIEZMARGIU o/ s LN, ZOXI3RBENS, ZHETRE S L TR
IERERERDETIERSRN T, YV ROBHEEKEFEEICHERVED &S IZLE. Ch
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ETORBTIE, £ROEBRRF ZHWEHEE 2L H BRI, B ZEOREOENEIZEL
DPEBENES DK BENH /. TIT, HEDF2MMTEHo0IC, HBRAEEZTRLT
HIeDTEDHBEERNCENATS. DWT, INETORAREREEZODE TREMICT S JE
OWAHEEREFEICDWTREHT S, REBIC, MRIEREOHEAEIZDNWTERT 3.

4. 2 FHUWERE
4, 2. 1 EBFS

YOV ROBMEBEERZFARLERTIE, 2ARDORORBA2AZELTEE, flaid4
DO 10%/s, 10%/s, 10%/s, 10°%/s TI0ETORABEBIRD &S 2O
HIET, EESMENMEFNERATD, RBAEOBEOBVWRRENEHESERERD L
BE Lol FIT, TNETORBHFECETOTRERSL, K4- LIRTEAFIET
EEEBIOZ &Lk
OFHERTHEDTBWEE—VHBE CEEE) O 105X TERE 107/ TEMTS. ZLT,
R —EBRBROBRSEY—7BED 03O RERATEEHBNSEBMY /£ E, 205, &
B, E—7HEED 0FEWSEWIETHNIBENELT S EELS 58, ThXDiEhzE
BT 5L, FHIZEBRY 7R EDEDLIENRERD 108 LTz,

OFRMIY 5.

@EDONEEEEde /dt TE—ZMED 505 TEM L T, 505ZHRY > VT HE, 2 b L0 5.
de/dt 12 107/s, 10°%/s, 10%/s, 10*/s DWW TNHOEEL .

@ E2RE TS OB T 5.

OB A ETHRAL T, —WMERREZH LD D,

COEIITTBEAFORBATEEER 107/s S 10Ys ETEA | MOEBN ST
HZ &l s, EREVEBLNSE ByE, 2FMONKEETEHIEICLD, BBFIEOESD
EEERTHON, CITRETLHBAEOELDHNWTHS.
ThETORBIZINTELAEOEGIZBWLT, HIUEA EREFRHA B LTz L TH,
R L AR OREEIEMARDOES DENFEETE I EMbA>THWS. £EZTHib - T,
B OMEEEZ B - TH &, HEMLLE > R EE R DHBRN A A2 HWT | HOER
EBIARSTEICLE BIELTERBRILAZTID B, SHOKBF OMBEREY, &V 27
B, #MA-2105RT. B 3EHEE 10°/s THRIMLAEEED 10KERY > FRTHD. Ih&K
DHhMAEHI1T, | B OHEREEIL 3580m/s BETHD VA VRLNIDHTH-Z. LB E
SHEOBRE, HHEEEL 3T00n/s BETH OV /RIIKZDTH . HIEBREENNLO
B TWT S, YV REINRVES DL ZEALLLN, HEERETHINLT | HOERE
BIBOBEREHLENVWAEKD.
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T, MBRECHVTHARAERES B0 2HLE.

K4-112, ZHBRIIEOKN—BHEEZTLED, BIONTESN0 OHEIDDAE
C&mbﬁé.W%Whi?Q%ﬁﬁ%$itﬂﬁmé.ﬂﬁ}%ﬁﬁ@@ﬁ@?ﬁ&tﬁD,
SN OMPa Er o2 & E X I EBEORYEBNRS.

B4-31TiF, M4-2 EFU 3MOERFICHBT S 50527 > VROBEFEEREEZ 7L
e, | HEHOERTHEALLRBK OV > FRiE, BMEEEISED - Ens THTFRAILE
iﬁﬁ,@@ZD&%ﬁbT$é#ot.@&Dbﬁ%iﬁt,%%gﬁﬂﬁ@®ﬁ®¥>ﬁ
%ﬁ%o&%$é<,£ﬁﬁﬁwﬁalﬁhtmééﬁyﬁgﬁﬁkfé.b#b&ﬁ%,%
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B CEDOREDBND D EBDNAIESDENAEDKENT E8HM S,

B4-4121, FERBEULESIEY > F#EE, % 6> THRWHEKRENE 2B L =645
T. RBMROESDOEEELH DM, M4A-3 LHET5ERBLEERENRLLNE. SHAR
HE DIz, kFEFdE, WERER, MELRS, QEDEEHNTEREB -0 K4
S LR AR TE/E b L2 L, BB EOIEXSDENMZ VERT S - LTS Shi-.

4. 3 YVUROBWHEEKEN

ZZTH, GEBIARSTZEBROAM, 1HIT(1980) L& (1995 BB IR LHDET, v
TBRDBREERERICDOVWTRAETS. £4-112, BAOSRE L TBEOERO—H]
JERTRIE &V > TV ROBAHEKFEEICET RBO - EE2TT. B, 4, RBREIEOE
BHHEELZS cm FX5 cnTHo -,

4. 3. 1 =WHBERILE

INETOF—FOERN D> EBENZHARIUAZOWTETRHATS. SWMBERILEIC
FREEAFEEL T, INEEAFN(Z FI8) QR L, 23U D AR (XA &Y HFD) O
EEET RS, #1995 OfaHERIC L UL, - WERREOZIZ N, ESEERED
S VSR 2% » THIREEAE T 2R ORI LR T 2051F & /X 4. K (1995) 13 >
TROBIEEEFEITF L TH 3 AMOEBEREEHB TS, FNEBELTRA-5I125L0
Z. —DORN, WA U EOEBEESSHT. L, BkOER HEEEBELE-HO
THO, B ZVW<DPHBEL TR ERMEE 2L AR SHBAEBIR->FHDTHS. 7t
B, BENEY—FRBRBICEREIN T EBEERICL > THEL, ZORIELEENS 5055
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SNBP-RIELBARDSHIR-ETH D, X517, 1995 IZBAIRE CREDRB 21 =
Bofz. TOMRBFAUKA-5IBBLTHD. ZhhobhsLdiz, BIERETHVYL Y
ROBIEEREEAED 5N 5. HIEIRONE L TR TORBREEN S, GE IR & Bk
BB OERLERNERETHEDTHD ERDL DT (F4-1).

SHZARGE:

Es = 0.18 log(é—i) + 104 (4.1
R
Eso = 0.25 log(j—‘:) + 10.0 (4.2)

MR DOEDIIZBERL TRl 72 50588 Y > V£ B, T, BIZ Pa THB. LUFIcBNVT
b, EPEERTELZ D EDRERITIERY >V EE:, BY—UTEE D EDHESICITER
VOUVRERT. ZHEERTEEZLEORBAIE, RBREBEN T SF L EBETLETO
EMPMNAATLUED, ERSERY > V826 S D00, MY 2 VREFRWE. @ 1),
@.DRPDde/dt OB /s THD. HHEZFHD 10.4 & 10,002, de/dt 1 /s D& =
D By &78%. K4-5ZBTHREMHROEEL, KEIRET 0.18 THD, BIYIKET 0.25
TH-olz.

B (1995) OEBFERIY, 5 EMIFEARORBREZH TR TH N 0DEREENS 2 &%
ATWDN, MIEHEBE M ORBRER SR TRENICHM T 20 ERH S, F2T, &
MBI RBHER SO (1980 OFEBER4-1ITRT. £/, M4-6 I0EBILLIBTE
Uiz, BRILLZDE, 3HBOERALAEEG 70y 7 OBERDPLE RS EDTH Y, ik
THIEREST, MMMACEDOEBEMNAL/-DTH 5. RBHEMKEIL, de/dt 2810Ys @
KD 508V > VRTE - THBIlaok. HFEL, SEBIR->ERRICDNWTIE, H2EHET
D (Bsy/By) &, d&/dt A5107Y/s DD (By/B,)) THI- T ES ZETEL .

Z4-1EK4-622RLOD, QERBICBIAERERNTZZEI0TS. HigELAY
2T B DI S HBRR r ik D X H Tk B.

AEBR:T = 0.98
de
Esn*=0.021 log Z + 1.08 (4.3)
fk:r =0.99
Es*=0.019 log d_s + 1.08 (4. 4)
dt
Wrt:r = 0.74

Eso* = 0.037 log(j—f) +1.17 (4.9

I (1980) DFERD A&, MHBEIREMNET/NEL, BHEEKEEBMIVKZDOMER - T
L, AEBEMOEREIIAS —HLTWABEVLZ LD, A HXHDLWTU DRIzEAE,
ZHARUEDOY > VRE, BREEN NSRBI I%TOERI S ks, =HE
221115 O — i EME S O A E M (1995) I L hiE, BE B0 6.2%THD,
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INEHETAEY S TROFNEN /3 Eh->TWa, BRREICDWTIE, #1995 LA
IR TBLTSHOBRBRVVETH LN, BNBICBVWTEERELDETAZD DGR
3, —HEhERRE OB RTINS ELE > T,

4. 3. 2 HMEEFEHENRD LN IAE CREDE, HTEKE, A8n6)

ZITR, VO/ROBMEEKEEIGED N, REWE, OTERIKE, Ao KeE
WE) D 3 EaAIDNTIRRS., KSR SEHZICHREB >0 THD, o 28
L3R (1995) DREREBB L 2bDTH5H.

INETO-WEMRARZ EORBICEINE, KA, ZHRHTUE EABEDES D&
ERTBEATHD. BEOHETBIR-HHEICR, BRFOESHO>ZORENAEL, &
HERGHRICDODWTHEZS ZEEES0NHEN., LML, SERELAZGETHENA-7TICRTER
-WALCToF oW sl
ABFFE T = 0.94

Es*=0.017 log(‘;—‘:) +1.07 (4.6)

INhsbha k5, ZHERIIEZHRELEZG D, G HREMRE-EHENELSN, H
BRI 0. 94 & HBRIE o Tz,
Kiz, BH4-8ITRTHTEIKEDHES, EHILLTRATHEDLTERDEDITRS.

Kzt = 0.99

Eso*= 0047 log(%‘;—) + 1.18 4.7
fZf:.r = 0.89

Es*= 0,076 log(i—‘:) +125 4.8
ZOWERRBRY, HTFEKCEDY > T ROBMEEKGFIEL, B RIa Pk aIZt
RTPROREMGRETH 272, BB —WMERARE DML, WardEES—HEnd 5
ETWAREET 5.6%, HIMRET 0. 1% TH-o7-. [EIKIBIZBIT 250E OWfsEEEEE, L
P2t TR MEER = HARILE I DD L AMS W, FEHIARELADL, BFTEKETE, &
HIRE EBEREOY D T ROENN D H A ETHB. BEOEL T, KAL) 50588
EThNEINETHEERTHD, RBEHFOBMENWEZINS ZEITR2BTTHS. Lnl,
FTOEFEZDE, BHEERERAEELARICIZEEBHTHE RS ZEPHALEY. BE
5L, BHEENAFEOHRIZIE, FHEELSENTHY, ZOIEEERIIKIIRIEL D R RE
DHEPHRICKRENWEE LGNS, ZOBAHE, BIEALANTHY J—TERBREENS
TERCRARS, 1988; KA, 2000), E—ZiREICHBWTHRNT 5 &F ORMIIBOEEZ A8
SRV FHBEIOMABICRENT E S, 1989 EBEENDHS.

M4-9 12T ABOOHKEE, ERELTRTHSDTERDLDITAS.

K[zt = 0.86
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Es* = 0.069 log(c;—f) +135 (4.9

Wi:r = 0.95

Eso*= 0.046 log(i—e) +1.21  (4.10)

t
LEXEMOXEREARTHS &, BEBEKEFEIALOAELS, SHERILECREDEL D
EEONENRITHATEREITIENE VWL S,

4. 3. 3 WWEEKFIEINERTERLN >k IHE KEREA, WUEHE, HERDE

CZTHRD SALGDEBHREEXNTET ERDE DR,
REREA:T = 0.02

]

Eso*=-0.001 log(d—j) + 098 (4.11)

FaE{ERS T = 0.34

Eso*=-0.005 log(c;—j) + 097 “.12)
HEERE T = 0.36
de
Eso* =-0.007 log(E) +095 (4.13)

X, BeaaDBRMEEZRICLAEZBDZRA4-10~1 21057,

INSD3B5AICHLTE, v VROBMMEEKEEIIRDSNAN o, DL, 4
BREOERBRBTERM D EEVAS. D2 LS ALY, FREhOEEITE L TEE
XTORBZEZREEZATPLS DX ENMATEL.

MRERBOORRIIITSDERMRDREN . BMERBEOY L VRI, £4-1h56D
MBEDTRELS, TNEUBRL T @ERBER DIV, LENST, hETL0EBEEDE
DEENERZENZDITTHS. BOWEICREEEZH DD THEH, BERFREL T,
2ind LN E OBERIIEE TER 0.

TEHAERMA OHS bHBEREIZNI W, F—F 2858, MHHEREA 2O IR
Esp* DFEWZ 0.96 25 1,01 OR& HER/NSREBICASTWS, £/, BEECBLTIE
A L SNIREEB NS WIS T, BRI BN E . TS DT ENSREMICEZ T,
FEATERE DY > VRO EEK LB/ NS WO TIRAWh SR TE 3.

RIEREEWEOS S THR RSN -BEAGRE2ED. bbb, V— VmEREsn
DI ZER > T a. EREREDDEVVEE 110.975~1. 05 BEDOMIZH D, 5
—YDELOXFIMACEE LFARETH . BEWICE AT, MEEHELRREZ, Yo u
ROWAHEERFER BN DO TRARWNEEZ LN, EENRZOEAEZHNADTHS
FEELMRMLTHEST, ZORAOREELRMICHIEL TW Wit b H 5.
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4. 4 BRABRRNIL 58N

FHE, EBERBEERICESWTHERAEREREBL TERN, KELHITLID0DF 1T
Khhhad, —DiE, BaOBRIBICE bR > TAROBEEIMRBIEML THE, ZOER
ELTEBOLBEE (O TI5A4T7 > RA)MRBIZHEIML T EEXATERELEZDBDTH S (K
ARG, 1987). &5 —Di3, FEEEE (irrecoverable strain ANREICWZ T T &2 EL
ATETFIMELZHOTHZ(UOS5, 1984). EBIZITAL TS T AL EHEHET ¢, DI
KEBEFTLUTBI > TNRB I LM (198D IFMASMILEN, WEESBEL TR I
REBRPLETHOERANTRENWIE, £, ERVWLEENBRENT 2HEICE, Eboh
—FHFDHEEZERFERNTHREZ IS RE L2805, BER—HOAEAHER IR E
ERICHL TEE.

WMEDIALTIAT 2 ANERER RN EHNT, Yo FROBEHERGFEEEE X THD
&R ATIATAEA, BE L, ShEo, ¥5i2a, n, mEERELT, £
BORBLUIHBEABRRITKOL S ICET 5.

dr =aA" o (4. 14

dt
Z DEIEER CKAR, 1992a) TRUED, FOERICLNEL, koZEBnis. QE—2#
BIZBI5a307547 ARBBMMEECE SR, QY —7REITH LT 5052 EEBDIEH
LAVIZBIFRAL T34 7 VABEHBEEICLS BN QFEBEDOB AL NI BIT 2 HERBX
VHFERY > VFRIZBAEEICE S0, @ 1) REBE I L~ & E— JmE LRI E
MEBVWTWS, E—VREDUAOHKETE DT, W IDREDZEZLLENRDS. £Z
T, P RILLEXROHEREFEREZEATHL I EIZTS.

9 _5(0) o (4. 15)

dt
ZZTIAR, ADEECHEETHS. INEERIEERWUEEREOLRLE FTHL LR
DRSNS (Appendix 4-1).

g*=Alo*)o* (4.16)

ZZTetkotld, BEEHE, ERAFEREOEFITIWo /AN Y 2T, EREEOHRAC
Rde/dDVOTTH-ABOTHS. L 1ORXLD, BWEENE(HL TS, K4-1 3@
WART R LR -ERE (o - e ) 13—l &7, Lrs b TaRaoa7/I1
FUARBITELWIENWAS. LiEdo T, ZOBEIRANREOY— 72 DHEAIC
12, HEE U BRI EE I RE LW, Tibhs, MEREFEED 1/ 0t]) FiZ LS
B, BN OER)/ CRE) THE0, BHL ) TEELZRSICE, fioO~@H
BROMDIENDLMD. £-T, G IORPL U 1) ROBERFRA T, Vo VROBAHRERK
PRV LB,

B EEZ BEABRRITIRO LD ICETS.
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£ =€ +§&,

o =k g 4. 17)
de,

= f a”
di (52)

Bla-14ZRTEDIT, &, (IR, , 1 3EBREETHD. Kk 3EETRERFIH Y
BYTHD. COWNOERFRRZERNEEORLET TR &, 08 o/ o /dD)Ve LT,
el otk o TIRES Z ENHNS (Appendix 4-11).

g, =£,(0%) (4.18)

4. 10K &D, BaEENTHLL TS, M4-13 OITRT o' ¢, RIIR—0 @R 2=,
WRTDED e, I XEITHELWIERVZS., Zhhd, P—7REEZHEDESICE, BHLA
WVBFEUCRSIEAAE e , BRI THDB I ENNZ S,
FROEZADEBREREFANNTHOENEINEEID LY, ETORXRORERZRTZRD.
9, ATIATABIRDELIITRS.
_elare) 1 e

o o k, o
BIEENEELR, AUBHL XN ToOhKEEZSE, ¢, AACTHHDTIA/b0 =
~£,/ 02 BEDTARNEES.

5

( ’LJ =_(E_z) (4. 20)

6_0 £

G

FEIT-6 A /AN, YU ROBINREASZOT, @ 20)READES ILHEITS.

(R 10 fEI2/n o & Z2 0 50% V7 > VR OBIINER) / GRE OBINR)
= (UEF L)L 505334 B JEEME) /ORI L ~UL s0%ICBIT 5 E) (4.21)

F—aRH- EH BT THEELOI ZEMERIE T, 2D RFOEMEITIRDOL SIS,
ERMEED 10 BT/ > EE D 0%y >V ROEIINER) = 0.020

(FATEEN 101510 7e > = & 20 - HEMRE OB INE) = 0.062

OB L~V 50812 BT % FEBMEE) = 0. 00066

A L ~)L 5052 BT B E) = 0.0025

B, UGB UL 50%ICBITSFEEET) ER4-1 50L&, INSOREZA
TAHEUA2DRITKRDOIDITRS.

(£230)
G

0.02/0.062 = 0. 32
0.00066/0.0025 = 0.27
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ERELADE, FTETO—H2RLTHO, G 1) RICBEL TRREZ G EERIEREHHE
B THB N5, GIARBPOERBEORTHREN B> EHECHVOR, AL RV
SORIZBITHIERMEETHAD. MA-15DLIITHEDIEDE, RO 10%IZHBT5IEHEMEE
BFESNEL, ZOBFOEENETETIND kK RIEFEELWEEAEZNSTHS. bL, HIH
NS THIFFHENRINE kK, LO/NER 1052y 7 RBNARED, TOER, BRAL)L
I BITBIEBEERITNIDICREGONAZEITRS. Z0XDIZELZNE, G XOE
WHREBXONES g5l &EaHHETES.

AL L 50%IC BT S EHEED DI —DDL LD HIR, REEOKABLZIELNWEE
ABTETHB. WAL AV HETHNL, F0%, BATS. IEHB0ICE-EROEEG
HL AN 0GB B EREEBLEALTIEINTD. ZORWIIRAHBRE THEMEEORENE
CdhEBRWAETHES., FITIOEIICLTERNETZBED B &,

(A1 L O 50%IC BT B IEFETR) = 0. 00032
(H38) = 0.00032/0.0025 = 0.13

S bhs kDI, AEIENO AT U Sy, I SERET I, RmMBRET
FEME B OEENE U T BT &N,
AT 547 ADEEE X 10 RN TRY > FROBMEEKGENRD Sbhih -k
DIZHMLT, G INKXOEEEEEZEZZEBRFBEATE Sbnk. LinLads, v U3
OBMFHERGEERH DN EZNEINL, 22T I54 T L ANER EFHEELEE X B
BROBYTIIREL, AL « OBERIKET . T4b5, L IDREAWERFA#ERT
Y ROBMNEEEEERD OO, ¢ = e, + ¢, OHFUB—TAE B _TROEMREE
RN R DD THD. G OROAL T I 7 2 A ERIRERAFBATS, HIT#imE
BN NREAECHE R RIEY VI ROBMEEEREENS SbS.
IHETEEREOENWT—YOHH5=ZMBARILA R > TREIL TERD, £ - THIE S
B RERE, WERED, MALRSE, ARBEICOWTHMRICERL THEL. ®4
112, @ 2D RPOBEOHEME, v 7RBOMWME, AL SKIZHBITSE, BHLNIL
BOSIZ BT B MR L, RROEIBXELOEZRT. RREWE OBREDHEMBIIAHAT
HAEM, VO BOBINRITENC AR S IR EN>T. L LAAS, ZHBRIlE &
ot EJEFERIL 0. 0003 BEE NS L, Ko THIDES 0.12 & b/hE<lask. D
HHEEHTHICE, BEERILETHS.
BD3IHADAAEBREAOHERST. £T, MERKBATHINIDEADAKAER
-0.00003 BBETHD, BELKABRLEARTIENELVWOTHAS. INEFLLT,
L FROBATEERERE L —HH0-0.0T% /NI, INHBELERNEHLRTONREIMN
%5, =70, B0 DT, BOMMEI/NS W EEAEPBIVABLBWOT, &, #
RODHDOERNBBELEZLS.
REAEREDOBAICIE, B<As5hTwa X3z, BROBMEIC K> O —RiRIZRED T
TR, M4-1 4R ULEAEIIRS Th D AkABIIAMEALS. £, AR
DX T ROBEEEKEEDEETH -7, Lo T, G 2DROEDIZ-0.46% &7 h, Hil
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E-0.37% LilIWMEE 72D, BRABER de /dt = 1(e) o"HD [ (e DIHFEOERTHD, v
> T ROWHEEREFENAMIIEAEAITOMEL TV, EHEOBREITIE, AROBEMEZ
REREESRDD, LObBED ETIIZOHSEBERTHED, TOLIRERE -
FeRIREtE B 5. Wang © (20000 1%, /KIEMFFEROMSIIE L CTHEKREENZED 5N, HH
EREOHTITRI Ial—a VEREEBHEREAZF-RLUAEEHRELTWS. ZHIL,
AHADHFAREREESEHOEIRELEA TS, BB, I TBREZENKRDTDERD,
EBREMFICOVWTIHAHTH Y, SBROBRNNBETSHS.

RRIZBEDATH S, hbd, AAEREMEZ->THWA. TRICHIRLTY > VRO
WHEBEERFEDAEM I TS, L Lans, Bh-BiliEa g Fiofica s -
NTRESODPRTWRNDT, IHLOERZTIICIEEREVETHS.

4. 5 E&®

Y 2 U ROBHAEERFEIIEBNRERO—DTH B0, TN ETORERER T sEEIT
FoNTWiaW. TORERIL, FHALAFORMENSRB S & &, BITHEKEEORE S L
T, B CEOESDENKEVLEDERDNS. 22T, EfLY> 72 B/, 250 T
T—YEBETHI LR AT, X, RUBBTRSSD, SHBRRLAHERETETH
% & DR 5T

ZWERINE, REFWE, KEREEG, MEMARNE QERE HTEREEAREGO 7BED
AAIDNTERHLE. ZON, ZHRERILE, REUE, ATERAEABREGIZDWTE, B
WEENERTZEY IR EML 7.

SWBERIETIE, BEEN 10 5I0k5EV 2 FRILEELRELE. BRAFRRERAE
BEHZ IS, V2V ROBMHEEKTIEILRO L D ICHBTESD 2 E0bh o /-, BEREN
PR OEETHN 0 QIEEMEENET B0, ZTHISHENL DO THEENYH 5. o1,
B EENENIZE ZOMENIIBEEIC S0 T, BB LERETONTHZEDOHT, &
WEEIENRHE, FHEBDOED2EGWNI 5. FOBE, BRY OV REEBY S
R, BATEEIC L B> TRES RS, LFL0E 2 HIC L NIE, RS S LT JERPEE &,
YO TROBMHEEREE S OMTIIEELERRRDIDRTTH S, 22T, ZHREERILE
KOWTRHUZHBETIE, SRR L 0 TRESNDEENEIERD - 7.

HTEKS ERXRBE TR, VoV ROoSMmEEEKGEERA LN, £, SEREX D EERE
TOERFENRED o, BEaMs, SEEBERER I Abhhr-E=0TIn Loz &idb
MBIRV. REEFIEIZDNWTHE, MAREEEERS SN, FEFBEEENTOKEh -2 BE
TEM SR DT REEREFENRR S TIED 2 TWARVWOTINUED T Eidbh 5.

fHEMEICBNWTIE, WH-EHBEOBION S ENVESNTIZMcAS. Jhud, RBE
NEOBRIKBIZEHEHL TH<BRENZS. HL, JOBZROEBRIERKGELEE S >
THEY, POEFEROEMALEANE TN, o FRIBWEEICE > ThEL LS
W THd, ERERTHEBZOLIERNTREY, BHZBRNEISBEDDEELTHS.
WERBAOE, FREREV VT ROBMEEKEENEBINSholz, QEBEIZ, KAE
HEMAERD, TS LTY > VROBMNBEREFESABE A2, mETICOWTI,
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SERLBRHERITIATETHS.

FE TN AR TR N BEAERIITROEBD THS.
V2 T ROBAEEEFED, (B0 L AVIC B0 2 e84 S B RHE M) ZRAHNLTE ] RE
ThHo. HBLEDITHZ2R6H, TOBRKI, EEHLNICBIF a5l s bEI DTS
RETHD, SHAELRNTBMENH .
WAREICL DY > FRIIMINT 2B ERENEREINTEE. SEIOBRN TS 7 anaf 4
OFZDEBOTH- LhL, EEREDLS WY O TRBMETI 0 eh2 L%
L=, '
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Appendix 4-1 (4. 16)RXDE8H

RAZERNHEEORET TR Z&IZT 3.
da
"
A =01ZBF 23> TS T 2 REA, T, A0 TH-7ET5. AICETREEENC,
VICBI T DA LDICE D%, A 1=005 ( ETHSTIEAREED.

() o" (4.15)

f dA _ 1 O,n+1 _ 1 o n+l
mf()L) n+l do/dt n+1|(do/det)"™"

ZIZT, 0= (do/dt) - 1 THD. TLHITKROLDIZERTS.

(n+1) d). =[ g ‘

n+l

A0 f()“) (do./dt)l!(nﬂ)
ZITo'=o/(do/dNV"VEBFE, AL TI4T7 AR OEKELTA ()DL IZE
BRTEHZ ENbhs.

EeldAolZHELW, EoT, KAMEDILD.

g _ AC
(do/de} ™ (dode )

gr=e/(do/dDVOEEIZEITHIE, #RUE1ORER5.
e*=A(0*)o* (4. 16)

DEBEWHEEORTH DA, EREEOEZOHRIFTLALEFMUTHEOTEHKT 5.

Appendix 4-T (4. 18) X DFEH
RAEEIGNEREOEZRE T TR I EIT 5.

£ =6 +&,
o=k g (4.17)
de,

? = (52) o’
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RRXI 1=0 2B D e, ¢,, e, BLU0IZLTITHoEET 5. W IFBRORITELT, €,

PITSHEEDT, L ICHT2EELLICEEDRE, B =055 | ETHRSTSERTEAE
B.

dsz - 1 0‘""’1 _ 1 - n+l
o fle,) n+ldojdt n+1 (do’/dt)”(rwl)

ZIT, o= (do/dt)  t THD. EBITKRODELDICERTS.

n+l
de, _
(n+ 1)f &) [ (do/ dt)u(nu)]

CITo=o/(do/dDV ™ EBIFE, e, o' DEKELTe (0N DESERTESL - &
Y pY TN

g, =¢,(0*) (4.18)
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..,-p-b_

Fa—1 HHERLEHEER
.y BlR/ | R RETT | YUUE [aEMmE™ € €y @nx | @ens
X |EROAE R GPa MPa | jpnsE™ % % 107° 10° | (Fi) | (i)
F(1995) LVDT EiR 10.4 93 1.9 6.2
Fk(1995) LVDT ] 10 74 25 8
WE(1980) | LvDT ] 18.2 101 3.7 6.2
FHE |[E5F—| 2E 19.1 82 2.1 6.2 2470 673 0.31 0.27
AR |E5-L| & 6.1 28 1.7 - 2400 293 - 0.12
Fk(1995) | LVDT g 42 16 47 56
F(1995) | LVDT R 3.3 9.1 7.6 10.1
£k(1995) LVDT e 35 11 6.9 6.6
$):(1995) LVDT 3] 16 50 4.6 15
FHE | FES5—-T| BiR 67 97 -0.1 36 911 -30 -0.019 | -0.033
AAE |FTHYF—T| 2R 56 198 -0.5 45 1840 ~688 -0.1 -0.37
EXGEAE i L 6.9 48 -0.7 - 3450 | -3450 - -1

* YO RIBEHEE/sETHBLI-E
sk DRRF[ZERGTER 107 /s

sk MR (T EHFHEEA0EL =2 D{E

wobokk £ &€ L, IBALAILSONIZEITLHELIFEHE
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IE5O ((HDa)
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1 10 100 1000
de/dt (x107°%/s)

K4-5 FHEHEEERLZZBHHTZILAEDOY > 74
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B4-6 Z=HHEZLSORKEEY > THE
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095 7
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u [ |
Kimachi
0.1 1 10 100

de/dt (x107°%/s)

K4-7 REFHEORBILY > F*
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M4-8 SRS ERREOHTERKEDY /&R
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Ovya
1 10 100 1000

de/dt (x107°%/s)

H4-9 SRERESREREOKBENEDY > 7#R
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