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Coupled Thermal-Hydro-Mechanical Experiment at Kamaishi Mine

Yoshiji Moro *
Tran Duc Phi Oanh *

Kiyoshi Amemiya **

Abstract

In the case of geological disposal of high level radioactive wastes, a coupled phenomenon involving thermal (T),
hydrological (H), and mechanical (M) processes occurs in the buffer materials and surrounding rocks. This coupled
phenomenon implies hydromechanical (HM) processes by heat dispersion, thermomechanical (TM) processes by
ground water seepage, and thermohydrological (TH) processes by swelling of buffer materials and deformation of
surrounding rocks.

In order to understand the deep geological condition in fractured crystalline rock, PNC initiated the in-sita
experiments in the Kamaishi Mine, where early Cretaceous grancdiorite hosts the experiments.

The coupled thermo-hydro—mechaniéal (T-H-M) experiment in situ has been planned as a task of Kamaishi in-situ
experiments in order to establish the coupled T-H-M conceptual models and to build up confidence to the
mathematical models and computer codes. The program of T-H-M experiment is divided into five phases; Excavation
of Drifts, Measurement of Rock Properties, Excavation of Test Pit, Setting up of Bentonite, and T-H-M test. The
experimental drift was opened, 5m X 10m in square and 7m in height, by drill and blast method and then forteen
boreholes were drilled in order to install several sensors.

This year we carried out the drilling of forteen boreholes, insatallation of sensors and the Excavation of Test Pit and

report the results.

Work performed by HAZAMA Corporation under contact with Power Reactor and Nuclear Fuel Development
Corporation (PNC).

PNC Liaison : Hirohisa Ishikawa, Waste Technology Development Division, Geological Isolation Technology
Section

* : Technical Research Institute of HAZAMA Corporation

** . Nuclear Power Department of HAZAMA Corporation
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SITL O emYS)IEAFE, LcmIEEARBOES, b (cm)iXEAES. n Cm)iIFHEAETH S,

B6-91- 5% S BARRBOSA % Fdo HAREI 1 emYmin LT 0 RO BAE LI 0%cm/sBL T &
%o ZORDGRITERED SIM TREICE S O — > b5 o - FEILND, H6-6IZEAISA
LEAREORFERERT . RBREEFECICLED &P, EASEOEN < RIS, E70, B
EEED H3MTHHEORHS 6 K MiCEHBE S EESh b 03, LEPr—HlBTHE, Thbb, &£
HEEMICB VTR, FEERD LM TSR ICEEAE Y — > L w4 DEFELTVEREVWI L3502,
CHRODORRID, FHETA MILSEWICESKTHY, FodIzn OPOBEKREOBREIFEEL T
WHLDLEEEINEG,

EREABRETHR, KBH2, 4. SICHBRAKES 4 BE Lz, $72, BARBOSES 5. KBHIDE X 2
mfEEILH 2 /8 7 — THEFNBEIBEAETHE O LN Shito, KBHID Sv % — VAT A
FLIZ20emBE) Lz, H6-TICKRRMILON Sy 7 —BERY . F7-. K6-8 IZRRIE L - HBRAKIESHCEH
SNUKEGHERT, CORBOLET, 2EEOEARBEER L1 A HEBIXHEIcRES N
EAROF 21— 7% v, EENEATHERYER Lo KBHTILE S2~AmDRE M EHE K T o 72728
CORBICERFBRERLRE LA H6-91C 2 HEORROZEESEN S Wi EHEEORE 4 Yo B6-6
KHEWTERAH SR TWA RS, FEETRENSATVREVRE %5, & DERELT, BNREEC
Rl SNLEART 12— 7OBAVN S Wicl, BBEKORE T +57% AN HRE 2o izHEBbhs,
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F76-1 EEHABKAROBR

E TR
EARE | RE% @J%JKEZT: iIJKBEjg E):ﬁifi H:ﬁh':%i %ﬁﬁlﬂ’aﬂ
(kaffem® | (kgflem®) | (cm¥min) | SRR BUEATE
(cm®/min)
1~2 KBHZ;1 0.05 3 9.0 10
2~3 KBH2;2 0.06 3 <1.0
3~4 KBH2;3 0.07 3 3300.0 KBH1-1 3000
KBH2| 4~5 KBHZ:4 0.14 3 <1.0
5~6 KBH2;5 0.37 3 <1.0
6~7 KBHZ;6 0.30 3 <1.0
7~38 KBH2;7 0.05 3 7.9 8
1~2 KBH4;1 0.00 3 <1.0
2~3 KBH4;2 0.00 3 700.0 |KBH1-4,5-5 700
3~4 KBH4;3 0.15 3 <1.0
KBH4 | 4~5 KBH4;4 0.14 3 6.1 6
5~6 KBH4;56 0.29 3 3.7
6~7 KBH4;6 0.48 3 <1.0
7~8 KBH4;7 0.79 3 <1.0
1~2 KBH6;1 0.00 3 2.5
2~3 KBHG;2 0.14 3 2.7 5
3~4 KBHG;3 0.14 3 2600.0 KBH5-1 2500
KBH6| 4~5 KBHE;4 0.60 3 <1.0
5~6 KBHB:5 0.66 3 <1.0
6~7 KBHB6;6 0.59 3 <1.0
7~8 KBH&;7 0.65 3 <1.0
2~3 KBH7;1 1.10 4 94 .1 120
3~4 KBH7;2 0.07 3 1470.0 |KBH1-3,4,5 1500
4~5 KBH7;3 4.10 5 1.6
KBH7
5~6 KBH7:4 3.30 4 1.8
6~7 KBH7;5 1.50 3 19.0 i8
7~8 KBH7;6 0.60 3 <1.0
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6.3 EXRTETIOEH
6.3.1 B

HEAOHTARORNORIRE, BROBRPARFOEELZ TS0, THHBLEIRE (L
D, BORFELAE—EERF STV 2, REDEZLOFETIE, BEEEROTREEFMET 2 DI,
EEMRERECTVELZD, SHEEREEE LTEFMET I EIBEALON TS, ZOLIRET
TR, AERBIERPOBITETVIEESND, L L. BRORDERELE CEENET - &
PRELL, FRBTROBNICHSTHREENFEOREZNET S Z LRATHTH L0, RALEBESEK
AROBREX YUY 7L =Y ar 352 LilLh, KEZHHAOEBIROLNTWES, S50, HERE
DROLNINER,LEREFOBEBELHEET I LI, BlETHE, 0 L) 2EEP L, Exho
ETNVICLS, FNEREDETNVIILS, S OTREEREIB - TVE0THS, LrL, BEEHR
POLERFEEHEETHSFHREDHIBERILLTVEOTH S, Z0LH X, BEERRD S ERREE
BARICHVEETVEREBTOETVNR 2o T30 THNIE, F0OL ) REXRBEISF YT
v—vaybt%ﬁ®m§$%ﬁuﬁaw5%@ﬁ%o%?muﬁmfﬁ%%&é&wﬁ@k&%o

0L I LAEEERLRENET S 2010, Barkeric X Y BEE W EHRTORNE OEFIVLFE
DERRBNOEAZT o7z, TOFETE, BRRALLZIATA—TEEIMMEZ 74 v T4 ¥ 7 &
HBILILD, MBOEERTERD, TORTICBIZBRBRLFBREEEET 2, FHIH
VT, R BarkerQERIIETE, EEFR. ERBERBOZNENIBITE A TH -T2 RD %,
ZLT, EECORBOBREL EHATOE FVICHAT 5, &2 CHLNAKTE VS bOOWEH %
BEREVCIVDOEHAS LR o TS, EAELICL 28R BEOELRURFEOMNLHREL &
HbDEEbhAS,

6.3.2 HEEH
(1) ZEAERX

BarkeriZ X D REFESNALEHRTEER LB TROESNIIKOBAD TH DB,

1on 1 a( u.lah)
1on

a o ol or (6-2)
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STy oKy Sn KERREL SRR, 0 RERRTTI1AL30ME LD, b IERKHE,
ridEAILFLP S DOEETH 5,
Elow KA EDEAIEADA * 3R 5FHT 2,

ah
H=h=Srvg (6-3)

Fero

ZIT. §; HAFVHRORTLAELE. HIEATLOLSAKHE. r, REALOEETH S,
L7 T, BAFLIBU B BERIRO LD 0k b,

aH 3mn n— lah
Swﬁ' = Q + Klb anrw —a-; v, (6—4)
CTIT, Sw RFERR. QREARTHZ, o, ERATELLAD,
o =2 (6-5)

"= T(n/2)

ST, I BAYIREL 67 aw™ R ICBY 2 EAKOBREMTH 2, H6-10I0EKTICBIT
LUNFOMEEE R,
BARSMFEE LT, EAMI VERZOBATKEO LT 2,

h(o,f) =0 o (6-6)
FEALOBREGIINMTOEICH S,

H=Ho .ZEEZRE
0=00 EREHE (6-7)

a1 Rx b) 2 &k ¢) 37T

6-10 ZEFRZTICS T IFNEBEOESH
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Tz, ARG L L TRETRICBCTKEOTHE,

h(r,0)=H({0)=0

(2) EERBOZATH-—F

RDESEBRTREEET 5,

- Q@
2 K ,ba gt

PLEDR % (6-2), {6-3). (6-)FRICRATAZLIZIWUTOREES,

Shp _n-18hy 3k,
ot rp drp,  Orpt

ok
Hy=hy—S>
D D arD el
3, oh,
Pa, =%t

ZZT. B = mHOS.b To gw ) Y = HOrw TH b,

INLEDREH/LDIC, FTIAERZITS. BPRELUTOEY TH S,

—  p-10h, 9°h,
hop = o ar,;,-*-ar‘[,2
— — ok,
H,=h,-S

p=Mo= S5

rp=1
ok,
BHp =0+

D

rp=1

EAZOEREBIROL I IR b,

==
27 p

(6-16)XD—MERIIRD L 5 12 b,

hy = C)roK pro) + DL (/ors)
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(6-8)

(6-9)
(6-10)
(6-11)

(6-12)

(6-13)

{6-14)

(6-15)

(6-16)

(6-17)

(6-18)

{(6-19)

(6-20)



CIT v LKy 3, ZEOnROBERY L VBETHD., v= 1n2TH B, (6-2004IBIT B
BEDpE) FUTORREHFOL ETII0 LR B,

Jim_ fp=0 (6-21)
LW oT, ZOBE0—HRBEROL IS,
hp = CEr KL/ (6-22)

IEROFEAILOBEEICBIT2HEBHEIIRDL I cHITL,

ok, ;
2= ~COIr K- (/P (6-23)

or,

F7o, (6-22), (6-23) A% B-1ARICRATEERD LD ICR D,
fTD=ccp)(Kv(\/E)+SMEKv-1<\/E>) (6-24)

ORI YCp) PRESND,
E72. (6-22), (6-23)RN RV (B-14RASELNzCp) 2RATEIEIZLD, (B-15)RiER OJ; 3z

25

"K,(/p) + SNPK,_ (/P) (6-25)

QZ=E{Bp+~- /PE./P) }
ERCHREH, EIORFEATSELICLD . BATEARRERO ) 1% 5,

Q_al Bp"'m \/EKv-l(\/E)
2T\ RGP + SYPK, - (p) (6-26)

BEF 7 ABEREAVDIIEICLD, EEORTICBIT B0, ¥EONE, ZOBAOREROFEE
REFREORBELETEILICIVT) . EERBICBI 2 EEEARER 2 KT EOHE. KR
DL B,

= Q,.LT(1-wr2(1-2vS))

H,_,
! 4mi VK b7y

(6-27)

G Qo ¥ EBVBILICED, ERERO L) DB EREOAD,



2
2 "'T:“%«; (6-28)
LDEFRECKIZ(E-20A PO BONIQNEL B LER. HHET 75 ARERIFEL fTbh
= LRGP E,
(6-24)ADCp) % (6-22)RITNA L. G- 1)ROEREH2EHT S L, ERTTKEIIRO L H 1B
b,

h_ - r;Kv(\/Er D)
p{&(ﬁ)wj\/i&_.(ﬁ)} (6-29)

FEERERIC BT 3 BRTLOKELEI: = 0RF Hv CEEMEE S,
(3) ERBRBOZATH—T

EREREOBE. EBRTEEEAOL S CESOAFEECEbNE DL %D,

Kp' "ar
hy= T(k,—h) (6-30)
Kij-na z—l
HD:T(Hi“H] (6_31)
9
Qp 0, (6-32)

MERBL O THD EBREIRBRET 5. $hbbhi=0. Hi =0TH3, T/, K(6-30), (6-31)& 1,
ERTTRA, Hpid. BEOBEREFEAROKEELERT LV 5P5,

(6-30), (6-31)F % (6-2). (B-3)RUTMRATAHILITL V. (6-16). BINREEMPFOXNIEL D,
E-NXED ., RAFRLNS,

3H, oh,
Ny, = oty

(6-33)

rp=1

TZT. p=rr S pa ' ThHE, (623), (6-24), B-BYREEFDEFETHD, ThHDRA%E
(B-33ADNERBIUIAATEZLICE Y, BAROERTAEIBONS,
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ome a;( VP /P ) |

NP g oY+ S oK, 167) (6-34)
ERERBOBOEREMHOGNRLERTIZ LICL . BRIICKRIEBOND,
H 2 ,np N \/EKV—I(\/I_’) )
> b " TR+ SAPK, (P (6-35)

Lo T, ERFHEF 77 ABEBRTLILICI D, EHERRO Y4 TH—THERDHENB,

6.3.3 TEHR. THEBRBOZA TH—T

(1) EEHBR

B6-1MICEERBRD I A TA—T %R T, MEIIT,. HHIEQ,TH2, 7. B=528x10°,
y=182THb, TITRAFVHRLRI NI A—=FSFIROLEL TS, ZOA—THBOEIC L 5%
BB, y OB E D ETEBH TS, 204 — 73 EERRERICEAT 32010, BOICHEA
BH,LEALOEE, D by OEEHRDTEL  FRTDFZ A TH 713y QML LTRDL N, #
WERE T4 v T4 TFTHILICED, XEAFEEINDL, FLT, BONARTOERF< v F> 7
A2 P OED S BRREK, HR(6-12DS7MHE NS o HEFERES , 3. Kn fpa £ 2 1, OEFHEN
K611 HEETE S,

(2) EFBAER
E6-12ICERBHABRD 5 4 TH — 7&K, #MiT, . $#HIH,TH2, £/, 7 3100TH2, =
DHA—-TiEn OEEEL TS, LEdoT, T4 9T 4 ¥ 7idn DER 28000 ¥4 Th —T%

BOWTTIBENSHE, Q70 RA Iy Ea—-2 07073307 LTHY, BEICHFR-TWD,
EAREY. KEFEREORDF L. EERBROBESLRETH D,
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H6-11 EERBOZS1 TH-F HE6-12 ERBABOZATH—-T

6.3.4 FEORUBHBRERADER

(1) B—HAEAR

EREFEFEAEABERICER LERER6-2, 6-310F T, RE-2PEERBROERE. K63V ERE
BROERTHAH, EREBRBRICBVTH, EAEOHMERMMEY 4 71 —-T7OEMERR-2THE 3O
WoHolefedh, 74974V FHFHETH oz, FI T, ST TCRTILA Y TFA VT TELRDOOERET
To LML, BETEL0E, EERBE B PLREBERLE. Likdo T, EERBOKET AN
T, YEEOERETE o7

EAE3kg/em* CH S NAsEERR TR b M- BRREOBMFRIE2.5X10°m/s T, In(K) DEBER
EiIBATH Do ERBKIIEE-1BIZRT L5 I, HBERSTHTH S ERETE D, oo RTOFH
i32.2, REFZEIZ0.46T, F6-14IRT LI CERSHTHS ERETE 5,

F6-151k, FEALM OEM: 2K & LTOERREOENBREE RO D0OTHE . ThiiBHBEH
MeEPTT 4 v T4 YT Liz, 208, B¥mid 1T & 2258532, T4 b bnugget effects™F o ¢
Hbo OFKR. HERIE1.54m, 1ni0.0182 Loz, T/, n=1k L4, HEEIZ0.624m &
Bolze EBLHIILA, HHEER/NSLEE o7, BRI, ATOHBREE RO bO2E6-161C
Yo ERBEOES ERHIIn=1 & LBE, HERIZ0STME R o, TRENESRETHZ, Zh
i, PEECHNOBAIMEVEROBCELTRAE I L3R LTWS, Thbb, TH—HELREAE
PEELBO I EFHEESRS,

EEFRRTid, KEKBH2;3, KBH4;2, KBHE;3IC BV THEAEYRENIC EREL T3, FREABRRE
BB T74 97 1 v TERERCAUIRT, H6-17. 6-18, 6-10IFEAE &, BAREE P KITOMLE
Thbd, INOORP G, FAECHMICHE, BRBIIIHEML, 27 ELFHOEREL > T



ILNTDE. ELIRTSEAEDHIAEVKE L o TVE I EFFH D, KITHEKE VEE,
EARRYTFECTHNTERBEIE A S BONS, T4bbh, BABRROEICE -7 EFH DI, Xk
TFBML T2 L EHFEFHLbDEEDRD, ThODERIE, DEMEL Yy FY Y7 LI#T
KEFODEFNEEZZBIERDMRERD EELZ LN,

F®6-2 EERBOER

r—2 RIC K, (vs) Sy (1/m) K4S; (m's)

_ KBH2;1 1.3 1.17x10* 1.25x10°® 9.36Xx 10
"""" KBH23 | 2.6 |  118%10° |  875%10¢ |  34sxi0% |
| KkBH2z | 21 | 8.85x10" | 6.78X107 | 13110
KBH27 | 24 | 1.83x10° |  a408x10® | . 451x10% |

KBH4;1 2.1 3.67x10™ 2.81%x10° 1.31%x 10
"""" KBH&2 | 24 | 176%107 | 650x104 | 271xi0%
"""" KBH43 | 29 | 622x10° |  120%10° |  asaxio® |
"""" KBH44 | 28 |  1.85%10° | 124x10° | 157xi0%
""""" KBH&E | 24 | 408x10° |  2.10%10° |  193%10%
"""" KBHA6 | 21 | 280%107° |  1.84x10° | 2.00%10%

KBHS6;1 1.1 2.12x10™ 7.82x107 2.71x10*
""""" KBHE2 | 24 | 8.04x107° |  5.94x10° |  188x%10%
"""""" KBHE:3 | 2.9 | 250%10° | 3.88x10° |  G.adxi0c
"""" KBH&:4 | 26 | 677x107 |  248%10° |  841x10%

KBH7;1 2.9 4,29%107 3.17%10% 1.35%x10™
""""" KBH7:2 | 24| 185x10° | 270%10% | ei1x10"
"""" KBH7:3 | 2.6 | 877x10° | 127x10% | .ee7xi0% |
"""" KBH7:4 | 24 | 864x10% |  225%10° |  1eax10%
"""" KBHT:5 | 2.9 | 484x10° |  127%10% | 842x10% |
""""" KBH7:6 | 24 | 243%107° |  1.70%10° |  1.28%10°
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#*6-3 ERBHAROER

r—2A KT K, (m/s) S (i/m) KJS; (m’fs)
KBH2;1 1.1 2.76 107 3.81x10° 7.24x10°
"""" KBH23 | 22 | 678x10° | 436x10% | 156x10°
"""" KBH2;7 | 1.8 | 408%10° | 1.47%x10° |  2.74x10% |
KBH4;2 1.9 6.22X107 8.57 %10 7.26 X 10
"""" KBH&4 | 1.4 | 687xi0™ | 8.62x10° |  681x10° |
KBHS6;2 1.7 1.40X 10® 1.79%x10% 7.82X10®
"""" KBHE3 | 1.2 | 1.44x10° | 3.96X10% | 3.64x10°
KBH7;2 2.6 5.56X107 1.28x10* 4.34X10°
"""" KBHT:3 | 1.8 | 1.70X10° |  3.53%x10° |  4.82x10%
"""" KBH7:5 | 1.8 | 226x10° | 7.83x10° | 2.89x10°
#=6-4 TEERRERIAENEROER
b—x ii)\rfz et K, S, K,isf
(kaffem®) (my's) (1/m) {m/s)
1 2.1 1.26X10° 7.25%X10° 1.74X10™
KBH2:3 | 2 | 2.4 | 135x10° | 185x10" | 871105 |
""" 3 | 2.6 | 1.48x10° | 375x10% | 3.15x10% |
1 1.4 1.36%x107 5.52x 10 2.46x10™
KBH42 | 2 | 25 | 420x10° | 7.76X107 | 553%x10°
""" 5| Taa [ Tamexier [ Taoexior | zZaoxic
1 1.6 3.63x107 1.01x10° 3.59%x10"*
B O I O IS sl
3 2.5 1.35X107° 2.98x 10 4.53x10°
""" 4 | 27 | 175x10° | 9d1ax107 | 191x10°
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(m/s)

Permeability

Dimension

----- y = 2.524e-09 * eA(3.0654norm(x)) R= 0.91631
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Kf(m/sec)

1.21 103

1.01 10°

8.1 10°

6.1 10°

4.110%

2.110%

1 -[0-7 £ 1 i
0.5 1.0 1.5 2.0 2.5 3.0
pressure(kg/cm?)

(@) BAKREEZAEDBEFR

3.5

2.7 , ; :

Dimension
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pressure(kg/cm’)

b) Rt &EAEDER
6-17 BKRE. KEOFAELOBFE KBH2;3(3-4m)
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Kfim/sec)

2.510°
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1.5 10%
1.010°

5.0 107

0.0 10° ' l !

Dimension
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pressure(kg/cm?)

(@) BARRE & EAFEDREF

3.5

1_2 1 | I

0.5 1.0 1.5 2.0 2.5 3.0
pressure(kg/cm?

(b) KT & FAEDBIR
B6-18 FEKRE. REOEAEE DR KBH4;2(2-3m)
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Kf{(m/sec)

1.41 10
1.21 16°
1.01 10
8.1 10®
6.1 10
4110
2.1 10

1107

.
N R, @

Dimension

o
o

0.5 1.0

1.5 2.0 2.5 3.0 3.5 4.0
pressure(kg/cm?)

(@) BAAM & EAEDMR

0.5 1.0

1.5 2.0 2.5 3.0 3.5 4.0
pressure(kg/cm?)

{0) R & EAEDRR

®6-19 FEAKFRE. RITDFAEL DR KBHE;3(3-4m)
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(2) fREAER

KBH2, 4, 6, 7TEERR. EMEFABELERKL TV5H, KBH1., 3, 5T AWTENRENFBES
Nizo £LT. EERBREEBL TWEHEIC, RIFLICBVWTHRRZENGEFEN S, ZOBRE
LMFEBRE LTHFMTH L FHES, BREERE-S5IIRT. TEHIBWTEAREYFER S, F

- 6201, EABEFBEN SN RO, EARHEGERENERO ZKREOREZRY, COEH LY,

BHR B ORFERRENFKE (BONTWHIEHFFH5E, HE-21 AR ICRITTISO WTHE Lk
RERT . KLV TE, PRZEFRRIESATYERY, BlREOERE 2 o0HSEILH O 70— /%
APLRIZDOTHLY, EARHORRIE L - LS (ORBOERELRT Tvd, KTWRAID L) 2H
BOPHHLHAOFAEEREL T L EHBEN L, RTREARHE LEMRE BV THRZHEI R

BNGadho/l i, KABEWT HORKAEBROGBOBEBEIZT IO LEILNS, —F,
BRBEIHEARFABOGROLE LRI THEb0OEEZ NG,

®6-5 FLERBRBR

EAXHE | KBH2;3 KBH4;2 KBHS;3 KBH7;3
BlXH | KBH1-1 | KBH1-4 | KBH5-5 | KBH5-1 | KBH1-3 | KBH1-4 | KBH1-5
BEAE (m) 2.172|  -4.383 6.056 2.242 1.642 2.932 4.486
s x| -0.0548| -0.3482| -0.4919| 0.2252| 0.2259| 0.1265| 0.0827
~7 |y| o21e2| -0a280| -0.0761| -0.1708| -0.8642| -0.4840| -0.3163
MV Il oeraz| 0838| 0.6308| 0.0504| -0.4501] -0.8660] -0.9449)
b (m) 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Qo (n/s) 0.18 0.042 0.042 0.15 0.09 0.09 0.09
KT 2.9 2.1 2.9 2.6 1.1 1.4 1.1
K, (m/s) |6.98%10°1.19X 107 [1.11X10°|6.53X 10°|4.58X10™]1.80X10™ [4.12X10°®
Sp (1/m) [1.07X10°|2.94X10° |6.07X10™|1.50X10°|1.06X 107 |3.12X10%|1.51X 10"
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Permeability at observation section (m/s)
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E6-20 ZARRE & MRARBEOBEXEROLE
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Dimension at injection section
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6.4 B/KFLVILOEE
6.4.1 SRR O{ERL

Hsieh & 4B L 2 Fiid, ILABARRERO BT SXTHREFERE (BILEE) RT3
CEREMETAFET, AUTELRARERT v VL E RESREIEETE D, RBOKEIL. B
ANCERT ¥ I VOESZ FMT HLEF L BROFAOR - Y FILEBVTERITRLIBI L
Thbo L. ¥ ¥ FLORESEFE, 2TEFLSER 3K FHFTRVEER 28T B,

WHERFIEREIC BT BXMABRIENT ORI 3,

oh
V-KVh=Ss— - (6-36)

CIT, RIIKE, KIZBEKRT VN, S T HEERYE. « dBHTHL, KIGHTHTCEETH S
ERET B FAMBEREOKESFIT ., BRIIEBRTHS LIEET %,

h(X,tf=h, ; t=0 (6-37)
h(x,t)=h, ; |x|->e (6-38)

B, SATOERBHICBVWTEEOEARM P OEAZRBLAE, BHIXBICBIT 24KE
EME*E52530TH5, BRFBRIEARHLIBIREZAIARERESOBLEETAIOTED
HAGHLEDPLERE-6OBR 4y —ADNFHEEIR TS,

#®6-6 BEELAEBREBMOMBLEDE

EAXH BRRX A
F—2A1 Ry HERLT
r—2R2 RERLT REHLT
F—23 HEAT LAY
F—24 WAy BEART

=R 1 DOHEOMEx, BE BT AKEEMNR AR OERBITIROL IR B,

_ Q SS Gxx)l &
Ak = W erfc {(4—‘,—)—?‘ (6-39)
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T, efe( W RENE. xBEASEFESL L BA0BIAONESY MV THB, TD I3EK
BT ¥V VKDITFHIR, G, 3 ABRTH) FREhRRATEDLEIND,

D =Ky KpKsy3 +2K 15 KpiK 13 —K 11K ps® KK 3% — K33K 152 (6-40)
Gy =XTAX =x,x; Ay (6-41)

COT, THEEZERL. 7YV VRRIIBMAGIHED . ALBKRET ¥ VY VKOBERFITH Y
KR TRDLEINS,

Ay =K Ky —K? (6-42)
Alj =Aji =KikKjk _Kinkk ‘ (6*43)

LROBRROERTERTTA L. BRI, & ERATAERMNE Ahyp OBEGRIEHRT 5 L AR
Bonhb,

Ahpp = erfc|—L
rp =€ c[(4tD)1/2} (6-44)

CIT ERTTKEEIME Ahpp ERTHH, RARTELON B,

4nARG,!/?

th Dt 6-46
SS Gxx ( )

ZHEOEAETIE, LTo#ich s,

K3 =Ky =K3 =0 (6-47)

K1 =Kp =K33 =K (6-48)
Lo T, D, K, AIRBRETRIZI ETALUTORICE S,

D =K3 (6-49)

K=Kl (6-50)

A =K2]| {6-51)
Tl G UEERRORRICE B,

G, =R*K? (6-52)

PEXY, (6-45), (6-48)RITLLT OBELFEICR S,
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Ahpp = M—RQK.Qﬁ (6-53)
Kt

D=5 R (6-54)

ZIZT, REBEASDPSDERTHL, FHEOBRETORIL., BEAEPLOANBTHL LALRSH
%,
=22, 3. AOBEORBIILDTOENTHI,

(r—22)
FEAXBORLERESRE L, EAREHOFHANY MV E
LT =(,,0,,05) : (6-56)

ET5E, ERTAKERIME AR, 3RNOBEIZES,

Ahip = %jw =1/ (dtp) R [_ (1- af)w]
-{:s:rf[w1 ! z(az +1/ al)} —erfiwl/ Z(w,_ -1/ al)]}dw (6-56)
1/2
AhLD = % (B-57)

:—:—T‘\ @ f~ d’z‘ix\ L o)iﬁ‘/\*? I\)L’%e\ eat?% kkﬁo)ﬁt‘:&%o

o =(2R) eTAe |’
! L/le,TAe {6-58)
eTAe
& = 172
[(eT Aeje, A e?)] (6-59)
(r—23)
BUREMoOFR~Ns P %
b7 =(b,,b,,b3)  (6-60)

&AL, EXRTTAKEEME Ahy, (ZIRAOIZR 5,
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Ahpp = %J“’ N %CXP [— (1 - 522)“’]

w=1/ (4,)
{ert{wl / 2(,82 +1/ Bl)] —f:rf{wI / 2(}32 -1/ ﬁl)]}dw o0

1/2
AEPD = @ﬁgﬂ_. . {6-62)

ZIZT, B AlEx, b DEfIRY M Re, e b T5EAROBICE D,

5, =(ZBR)[ eTAe |'"?

eTAe
B = 2 172
[(eT Aefe,TAe b)] (6-64)
(r—24)

(6-44), (6-56). (6-61). (6-65)= & V& r — A2 B H|ATAMBME L EXTCREOBGEIES L
%o

T, BREBVT o HRELRZDHE, o, 3xELEDHEDARE, £,ixtbOKE SO/, £, idxk
b DHOFEDRRERDT /NG A5 Thoo BRERINTA—F a1\ f,05KELBBIHEST
F—A 1 OEZGHBITEELTBD, 12122 ,25.0, #,=5.0%5 L EHEFMBIX 7y — R 1 OFEHH
ME—BELTwE, LA o T. Hsiehbid o ;=5.0, #,25.0L%5 %) eRBEGOBE. ¥— 21
KB AERBIEATERLRELTWS,

v P | (12 ]
LD = 2 et cay [ (1 )w
A=1
exp{ — (l —02)12/}5']2 +2(ﬁz—%0)1/ﬁ1}w
A=—1
(6-65)
w1/2a2+1/a1+,1c/51]-—en‘[w“2(a2 1/a1+lc/B])‘ dA dw
112
A =8 T Ah GPP (6-66)
) (GPPbe)l 2 .
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6.4.2 HEEUB~DEH

q. Va xR, KEARL L. nkqOFROEA 2 b
WETBE, nICET L FROERFEEEMIZqOAE S L-Vh
OnAEBEGOLE LTERSN (H6-2288) . XX

DI B, H6-22 q&-Vh O BEAR

Ll

KM = -~ (668)

Tz, —RERINVY-RIIRXNTRDbEI 5,

q=-KVh - (6-69)
(6-69)ROTBIINK ' #FE. q¥n |qlEtBEHRIZERREL D,

(nT K~ 'n)|q| = -nT VA | (6-70)

(6-68)zU L (B-7TO)R &L V. KIZRADHIZR B,

[nT K“ln) (6-71)

r—A 1B 2BRBEG-39)RIZ, APDK ' LELVE, KnTEbEND, 6-7T)RPL, 2K
x (nTAn) R O#ICL B,

) (6-72)

L2 oT, ez EARLBHRZESFENZ My, REZDEDERLTH L, G, 1

G 2 D

IR ) (6-73)

EERbEN, ZOHERG-INNIIRAOMHIIL 5,

/2
0

 4mRDY? et

b /2
R2 S,
c (4 K1) z) (6-74)
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(6-39)z & FARIC, (6-4)RDERITEER L, & ERTTKEHIE Ak DERICERT 2 &, EXTAE

HINR Ahyy JERTTREML, WRARNTE L N5,

AnRAR[ D V7
Ahp, =% 0 [ O] (6-75)
, _Kfe)t
P R, (6-76)

(6-75). (B-76)RiZr — A 1 DBEDBECHIH. F—A2~4DBETH 2 ,=5.0. #,25.0L%5
L) RBEE I OHRFIEHATE B, (6-58). (B-B)RNTEHENSNTA—F 2 ,. 81X HEEKE

HERAVE LRROBIIE 5,
K e) 1/2
ay ‘(gLﬁ)[KZ((eP) 70
K (e ) 1/2
-

CCT, e, FEARMHAMMOEMARSZ F Vv, e, IBFAIXHFAOCHEM <Y F L, eldBEARBOBLE
BUXHOPLLEESFEOBEMNY M ThHB, T2k, (0,0 Kife,) KifeiFhehe , HEOE
KEBH e, FAIDEKEE. e FHOBEKEHTH S,

(6-77). (B-78)RICHV B2 ERREIFRRATROONZ bDOTH Y, B LTOBEEFE - LT

SPHRTEIERITERV, Lo T, HEHEHRD LK, (0 ) K (e, K fe)FiERE L, Bt iH,
TEIRL. B, REBREL., BBETL ). CORBEBONABAREEBVTEEINS QLI

STV ERERT ALEND S,

BRTF—IDT74 9 T4 Y Z7HUTOFECEAHORBEIITL .
OBRF#HER T ERME L [ 1 XM HAKIClogt~log ARDBEFZELE LT T2y b T3,
@M= FTIRo T THEFMFLERSLE S, b L. BARKEF ~ETIER . BALEDH

—ETHLEDL LT, PHOAIBEZHE LIV LS AOTIOEIIERT 2,
QEEDVy Fr 7 RA Y P EBU. AR, Ahp*. t*, L,"OEEHEAIS,

@K HDIKfe,). Kfe)S; DEZHEES 5,

* Y2
D__ _| ;2
K (e j) 47 R; Ahj* (6-79)
Kfe) RPip’
S, 0 (6-80)
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®DIKfe ). Kfe)S; DN HDIS; DEEET 5,

HR LIX 6 HOBNRBRRTEKRT Y VLV D6 BRAPRESND, B-THRIB nke b BERIS
ERADBICL B,
TK-lg, =1 _
e, K'e; X (@) (6-81)
(6-81)FNOWAITSEF L.

U =85! (6-82)
EUR MYy 7 A%ERL, EBE2EBRTS LUTORICE S,
ejlell +ej22U22 +€J-32U33 +23jlej2U12 +

Sg

(6-83)
K4e)

2612€J3U23 +23j1€j3U13 =

I ZTe (i=13) ide, 0BG ThHD,
(6-8)RDEBIZ(6-80)K L VEEHMTH LD T, 6HORELZ;OMET6EDRME (Uys Ups Uss:
Upn Unps Ups) O 5% 6 BOBERIETERNIEBOND, LN TIOBEEBRESBRERLIEIIE
T UM v 7 ADEHASHEET B LWTE S,
UT My 7 AFRESNLROFIRILTOR)Y Th b,
QU=+ v 7 ADBFTREIHET %, U'=5;'K
QU OFTRIRESET 5. U |=18,'K |=Drs{
QEHBIERAY 5DISDFHE DISERD B,
@RI HSFFETE,
(m) 1/2

ST (D1s§)

(6-84)

AU (=S,'K) IS5 R LK%2ES,

BEOFERE, RBBEBICBIT 5K [e,)/S) " OEF—HT, Wi 3 RTOMAGIHET 25BE504
FHATHEL, L, BRTETHTLVWOT, 70y b SALTF— I 2 E2CBAKIC—RsE5 2
EEATMETHD, COLIBRFE. U v 7 AFEFETER Y, Thbb, EEFEELHIEMIC
FRODHBEFIRODONBVWBEFDH B, b L. BEOTRHEUSZARITR BWBERE, 635 —>
B EOILHERBBEFER S . B ZRETHEMEICK ()] DENFT 1 v 71 7 Eh5,

Ao 7 0 — % H6-23127RK T,
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643 ELENERBANER

ELQRBTETRE-5IIFRT L2, THREBCTEADEFREShTwD, Thbo7—F 2w,
EROFERICETEEKT PV VOREEF TR o ROTIHE, FESNLEXRETF VvV IVOEESE
Yo Flz, RE-BILBEMOAMERT, EEO—2FEIEoTVB I L LD, TOFER (FmFEE)
B BEKRT YV NVERDE I EFURLEWI EBFPE, COERIT, HEEF I mE)hS3nzE
PobERENDL,

#+6-7 FEKFVIOERE
Permeaility (m/s)

K1 K2 K3
0.00947132 -0.082434 0.0838627
®6-8 TEDOEM
Direction of the principal values
X Y Z
K1 0.942128 0.072194 -0.327389
K2 -0.208547 -0.638400 -0.740914
K3 0.262405 -0.766312 0.586398

8.5 £&d

BRABRORRL Y, EEFRYT M  OFRMEREE: LTREVI EF5HP 5B, LAL, 20, #
OPOB/EREDBBESFEL T D, L2 oT, ABDEREI LGP LI IL2EEX—DDOBEKT
VLR BOCERT 5 5 & ERTHRTE ), R~ R BREOTT VLR D2, FEREEF N EH D
B LAEnE, ZOBOKBEEERFERTEZVWLDOEEILRS,
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7.1 RLBIKC
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hRE{ 2T,

Fi11-3 AEHR
HlzED 18290 | 2B1H | 2A5H | 2B780 [ 28138 |2K160 | 28218 |2H27H

RIEREE 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
C—A 9.90| 1056 11.06] 10.0| 11.54| 1250 11.84| 11.85
al B—D 5.73 5.71 6.14 7.07 7.44 7.56 7.89 6.9
= | B—A 4.86 4.77 5.57 5.91 5.26 6.38 6.49 5.64
| p—a 26.89| 26.57| 2620f 2629| 30.61| 35.48 29.4|  31.44
(mm) D—C 17.25| 1757 13.75] 1372  13.92 1379 1439| 13.26
B—C 0.63 0.87 1.17 1.58 2.28 2.00 1.99 1.15
B | C—A | 1833.40| 1834.06] 1834.56| 1833.60| 1835.04| 1836.00| 1835.34| 183535
f B—D | 1829.23| 1829.21| 1829.64| 1830.57| 1830.94| 1831.06] 1831.39| 1830.40
Eﬁ B—A | 127236 1272.27{ 1273.07] 1273.41| 1272.76| 1273.88| 1273.99| 1273.14
D | DA | 1292.89] 120257] 1292.20] 129229| 1296.61| 1301.48] 1295.40] 1297.44
zi D—C | 1284.75| 1285.07| 1281.25] 1281.22| 1281.42| 1281.29| 1281.89! 1280.76

(mm); B—~C | 1266.63| 1266.87{ 1267.17{ 1267.58| 1268.28| 1268.00| 1267.99{ 1267.15

ZDAB | 89.03° | 89.02° 89.01° | 88.97° 89.11° | 89.38° | 89.08° ! 89.20°

ZADC | 89.37° | 89.33° | 89.11° | 89.17° | 89.28° | 89.44° | 89.23° | 89.27°

N

ZDCB | 88.44° | 88.47° | 8828° | 88.23° | 88.25° | 88.22° | 88.23° | 88.20°

ZCBA | 87.59° | 87.55° | 87.57° | 87.67° | 87.58° | 87.56° | 87.60° | 87.52°
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2B, Zho
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RHZEE (RE) & (FE+H1m) MOBLERT,
AREMEIE: (BRE) OMORMLETRT,

®i12-1 RE (F12-2) LAEMBOBR (B m)

K12 2DFE WET— 5 X HZEAr RREN
0 0~1 0~1 0~8
1 1~2 C1~2 1~8
2 2~3 2~3 2~8
3 3~4 3~4 3~8
4 4~5 4~5 4~8
5 5~6 5~6 5~8
6 6~7 6~7 6~8
7 7~8 7~8 7~8

Tz, BEEMERRATEE LR,

A 8=— (Z0-Z0O(0)) X0.001 (mm)
‘AX= ( (X0-X180) — (X0(0)—X180(0)) ) X0.5X0.00254 (mm)

AY= ( (YO—Y180) — (YO{0)—Y180(0)) ) X0.5X0.00254 (mm)

pAd Al DN
A I XHEEM (M)
AX I EEEN (XHE)
AY  EBEZEK (YAM)
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#z12-2 (a)

210 (HE) AR (ER7E1181088E. KBH4)

-~ WEF— 5 (FAME) HET TR fEx

m | zo | xo | vo | ziso | x180 | Y180 |X0+X180 | Y0+Y180| X0-X180 | YO-v180
1{ 867 227] -180 -4136| 2423 -3009| 2243| 4363| -2603
2l 692} -1607| 395 -2306| 1835| -3913| 2230 699| -1440
3| 9o00| -2718| 2117 -1191| 111| -3909| 2228| 1527 2006
4| s8s0| -2582| 2907 -1337| -682| -3919| 2225| -1245| 3589
5| 883| -2380| 2737 -1530| -511| -3910| 2226 -850 3248
6| 1041| -2241| 3590 -1672| -1362| -3913] 2228|  -569| 4952
7| 890| -820| 3611 -3102| -1380| -3922| 2231| 2282| 4991
8 974 1023| 3407 -4929| -1175| -3906| 2232| 5952| 4582

F®12-2 (b) HIE (FHHE) WEHER (TR7E118108HE. KBH5)

- WEF—5 (HHE) AT T

m) | zo X0 YO | Z180 | X180 | Y180 |X0+X180|Y0+Y180 | X0-X180 | YO-Y180
1|  625| -3373| -1778 -519| a974| -3892| 2196 -2854| -5752
2| 551 -2178| -1979 -1708| 4188 -3886| 2209| -470| -6167
3| 917| -1342| -1865 -2571| 4079| -3913| 2214| 1229| -5944
4|  446| -1209| -2000 -2665| 4228| -3874| 2228| 1456| -6228
5| 987 -1617| -1615 -2280| 3845| -3897| 2230 663| -5460
6| 789| -1053| -1424 -2859| 3657| -3912| 2233| 1806] -5081
7| 721| -1354| -352 -2632| 2585| -3886| 2233| 1178 -2937
8| 832| -2277| 1739 -1620| 490| -3897| 2229|  -657| 1249
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#®12-3 (a)

FREBERR (FERsE1 A108AE. KBH4)

HREE HMET—4 (THE) EEZAIR () ZIRECE (mm)
™ 770 [ x0 [x180] Yo |v180 | a2 | ax | ay | @ X | v
o | 873 344| -4017| -163] 2420| -0.006| -0.003] 0.014| 0.018 | -0.128| 0.124
1 | 693 -1475| -2169| 406| 1856| -0.001| -0.006|-0.013| 0.024 | -0.126] 0.110
2 | 9o0| -2647| -1101] 2134| 128 0.000| -0.024] 0.000] 0.025 | -0.119] 0.123
3 | 51| -2509| -1231| 2032| -669| -0.001| -0.042| 0.015] 0.025 | -0.095] 0.123
4 | 879| -2275] -1437| 2758 -493| 0.004| 0.015| 0.004] 0.026 | -0.053| 0.108
5 | 1042| -2150] -1576| 3622| -1346| -0.001| -0.018| 0.020 0.022 | -0.089| 0.104
6 | 887| -754| -3004| 3650| -1370] 0.008| -0.041] 0.037 0.023 | -0.051| 0.084
7 | 954| 1072] -4872| 3451] -1168] 0.020| -0.010] 0.047| 0.020 | -0.010| 0.047
]12-3 (b) E2ERIEBR (FRSE1 A108HE. KBH5)

PREE HETF—2 (HHE) EHEZEAR () ARETNUE (mm)
™ 7720 [ xo [x180] Yo [Y180 | ag | ax | av | @ X Y
0 | 27| -3353| -519] -1716] 4005| -0.002| 0.025| 0.039|-0.039 | -0.022| 0.056
1 | 656 2143| -1675] -1944| 4203| -0.005| 0.003| 0.025|-0.037 | -0.047| 0.017
2 | 924| -1264| -2496| -1842| 4103| -0.007| 0.004|-0.001]-0.032 | -0.050] -0.009
3 | 448| -1123| -2582] 1985| 4230| -0.002| 0.004| 0.017|-0.025 | -0.053| -0.008
4 986 -1_502 -2175| -1599( 3852| 0.001| 0.013| 0.011}-0.023 | -0.057| -0.024
5 | 796 -005| -2765| -1428| 8678| -0.007| -0.046|-0.032| -0.024 | -0.070] -0.036
6 | 731| -1286| 2465 -344| 2594| -0.010| 0.001|-0.001|-0.017 | -0.024| -0.004
7 | s839| -2189| -1512] 1737| 490| -0.007| -0.025|-0.003| -0.007 | -0.025| -0.003

A 0= Z0X0.001

AX= (X0—X180) X0.5x0.00254
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+12-4 (a)

HIERERER (F8E2B168AIE. KBH4)

PREE HET—4 (GRAE) EXMHIZEAIE (mm) BEETMUE (m)

® 720 T xo [x180] Yo [vi80] ae | ax | av | o X Y

0 | 855] 203| -4084] 176] 2696| 0.012| -0.020] 0.105| 0.067| 0.008| -1.074
1 | 683| -1507| -2211| 788| 2175| 0.008| 0.006] 0.067| 0.055| 0.028| -1.180
2 B9Q9| -2645| -1119| 2432 473| 0.001| 0.001:-0.060| 0.046| 0.022| -1.247
3 848| -2474| -1242( 13231 -222| 0.002} 0.017}{-0.173| 0.045{ 0.020| -1.187
4 878| -2237| -1443| 31086 -30| 0.005| 0.071i-0.142( 0.043| 0.004] -1.015
5 1041 -2241| -1673| 3901 -834| 0.000| -0.126}-0.276| 0.038| -0.067| -0.872
6 883 -683| -2970| 3940 -826| 0.007| 0.0061{-0.286| 0.038| 0.058| -0.597
7 943| 1143 -4850| 3741 -586| 0.031] 0.052;-0.311] 0.031} 0.052} -0.311

w12-4 (b) EIMAERR (TR8F2H16ARAE. KBHS)

R AETF—2 (FAE RKREZAE (m) RETHE (m)

@ 720 T xo [x180] vo |v180| ag | ax | av | o X Y

0 621 -3223 -371| -1655| 3915| 0.004| 0.003]{ 0.231| 0.013] -0.034] 1.219
1 535| -2033| -1618| -1900| 4120| 0.016| 0.070) 0.187| 0.00¢| -0.037| 0.988
2 919} -1211| -2372| -1778] 3995| -0.002]| -0.086} 0.216| -0.007{ -0.107| 0.801
3 443| -1146| -2560{ -19471 4108] 0.003| -0.053! 0.220| -0.005]| -0.020 q.585
4 986 -1453| -2173| -1557| 3754| 0.001] 0.072) 0.189| -0.008| 0.033| 0.366
5 780 -953| -2738| -1390( 3581| -0.001| -0.027] 0.140| -0.009| -0.039| 0.177
6 723| -1265| -2437 -344| 2539 -0.002] -0.0081 0.069 -0ﬂ08.-0013 0.037
7 838| -2191 1712 488| -0.006]| -0.005|-0.032! -0.006| -0.005| -0.032

-1530
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