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Abstract

In order to achieve the geological disposal of radioactive waste in safe, it is necessary to ensure the
stability of the engineered barrier system (EBS). One of the most important factors for the stability of the
EBS is the emplacement technology of the EBS. It is considered that the stability of the EBS is secured by
the properly emplacement based on the design requirement. In this research, the methods filling the gap
between buffer and rock or buffer and over-pack were examined. Bentonite pellets were tested as the filling
materials. To research the time-dependent phenomena of bentonite pellets after swelling, permeability tests
were conducted with different period. Furthernﬁore, to clarify the effect of test fluid, perméability test was
conducted with synthetic seawater to compare the result with that of the test with distilled water.

After emplacement of the engineered barrier system, it is expected that the near-field environment will
be impacted by phenomena such as heat dissipation by conduction and other heat transfer mechanisms,
infiltration of groundwater from the surrounding rock in to the engineered barrier system, stress imposed by
the overburden pressure and generation of swelling pressure in the buffer due to water infilfration. In order
to recognize .and evaluate these coupled phenomena, it is necessary to make a confidence of the
mathematical models and computer codes based on the information about the in-situ experiments regarding
the engineered barrier system. In this research, technical investigations about the in-situ full-scale

experiment (called Prototype Repository Project) in Aspd HRL facility by SKB of Sweden were performed.

Work performed by Hazama Corporation under contact with Japan Nuclear Cycle Development Institute (JNC).
JNC Liaison: Waste Technology Development Division, Geological Isolation Technology Section

*: Hazama Corporation
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4.1 TAAMTHZMER (AHRL) OFIE

R w7 T RSB S O ER R R B L USRI £ A RES T
A, 20 EiThieo T, BART—F PERB I VR B 5 EHMEEDEE U TN
E£INTND, SKBIT. BEBLNTWAHBEEZE LD, FHBLASB TEAZNLIFEEER
DEHREHDO T TEIET 272D, Asps BICHITEBRER (Asps Hard Rock Laboratory (AHRL)
TARHM TSR 28RLE (B 4-1 28). TARMTHRMRIL. Oskashamn FFHF
BRTODIELIZH D, TOEEITHN 460m T, VIEDOKIEEEL 3600m TH 5.

 The Aspd HRL facility

4-1 Aspé Hard Rock Laboratory*?

IARMTHERDR OB, U THEESNIEEDIL TN TN TESEIC, s
EFEVARL—arDBEEERBIERCHB. DED.

® Y- NAEFREOBRE

® TEFINOKIE

® FR. BEUAINY 7 OHEEEOHER

o NHEROTESANL—ar
PRBOERTH D, 1986 FLEROXL S REENERINTNS,

TARHTHERFICBIT SR IBRE (U1 NEERNE, BRREM, Sl a5
NTWB, T MRAERME (1986-1990) IZBWTH, ¥ MEES L UFHHRHEREICHT S
BARBEENRTAPENTE . £y INS50F-F2A0, BESEEF I OER. BRE
BB 5 ABREOBLPRSHERE N, BB (1990-1995) 121%, HEHT 460m £C
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OIECHEH], NFL—a ODOATHEMEIENER SN, XA, S6R5HHE
REBEMEIN/. £, HTROLFNEFECHTRESOEES AN, IOL TR
SNAEBRIT. MEEERNCEREINATH, Tbs, ABOSM. WRHOSME, HTAD
LB OE ., HTARRENCETSFHSOF v ZiICAWS e, BREEMET 1995 F4T
no@hEe. BT, &7 1 —X0OHUEERT,

4.1.1 Y MEHE  (1986~1990 &)

TARE TR TIE, U MEED L UM ERE I ET 284 R FENT X b
ENTER, INSOFERSE. BEAMEEHY 1 FOBERECERINB &Itk
%, . ZOLERECED. BRORIFNREEICENELS S EEA S E 5 HEICHE
THERS, ERASBEORETMEICE > TEERF— Y bATEANS, HEBIVORT K
—WAEDREREN, TARETFTHEEINERINERANOEL REHEEEFIET S
DICFFINTWS, INSOEFNIZ. ABOSM. Bl OMBRLUR#H, HTFKkD
fL2eBT e, SR T A OBERIH T AOBBICRIFT EFRINSBEREELE
BEBHOTHB.

4.1.2 EREHRE (1980~1995 &)

- BRI, JUERR & T LU TUAESRENER S N, ﬂﬂm@»ﬂﬁﬂﬁﬁ’a@iﬂﬁ‘dﬁ
BOZER,. BERPEFBIUCHMECREINE. TLUTIS UTHERB S NBR.
EEEISEESMCAINALTE, bbb AEOL, W, fmemrz#E‘JlﬁE:&;w& |
TAEEBET S TFHOTFz vy 7 iAW S,

ZOBR. —BHOCET, FHEENTERI N EROBEOMICIX R —AH5h
7. AHRL OEBEFINLY R0 73— ASMTFARKICET B ZRTEFINETFA ML, Thb5
DEFIVIREBOEHFEZRFIIRLTNE I ENREINTHRS,

4.1.3 B (1995 F~)

TARHEMBOBERIL 1995 FITETL. ORI SERAEREOEBICERSNSHN
OEFE. ABBLUHEEEENE UEIENRBENE. oM EZEMBNSE TER T 5
12, TARBTHFEREROBRENZRBICB W TRA REBRNER N .

T AR TRz R b R ERELEED TS, 207 0Ty MAOSMERIC
ZELTWBEELT, HF¥, 7425208 7524, B4, BFE, ART, A1 AB
X UEENET 5N D,

ZOZARHTHIFEER TOEER. STREL LA > T3 Stripa SFAAHLLT 1977 FiC
B S N BRENRZERASERECB T IERGE N L BBEROEREZZITHODOTH S,
BETHIUTWBHZE & Prototype Repository Project  (PRP) TD 4 DD —2 /Sy —3 (WP)
2R 4-2 1ORT.

BREBREOHARBROEMILITORED TH S,
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B MEBBRRIC BT AREFRORE
< EBFINOREE

KABLCATLNY 7 OHEEORS

WHRERDTE AN V—ar

AZBBOFECA ML —a YENOREDZEIEADERICEAL TRRETROLEND S,
INSOEREMBT 57201 AHRL KB W TEHMTORBAEREE N TS (B4-3158).

Prototype Repository

Demonstration of Deposition Technology
Canister Retrieval Test

Backfill and Plug Test

Long Term Test of Buffer Material (LOT Project)

Aspé Hard Rock Laboratory Tracer Retention
Understanding
Experiment (TRUE)
\ Canister
Retrieval Test
Long Term Test of Prototype Baclkfill and Demonstration
Buffer Material Rewnositorv Plug Test of Deposition
(LOT Project) |- Technology
WP1: we2a: WP3: WP4:
Design and Design of Emplacement of Conceptual modeling of
construction of instrumentat bt_entomte buﬂ'e'r‘ 1 the function of EBS and
canister with ion and dl.SI]’IO]ial of canisters application and
heater. manufacturin ;‘: t] E]e] ‘aterosi: tunnel development of
bhentonite blocks, g of sensors and const%uction of mathematical models
backfill and plug nhis for describing important
EBS processes and
integrated EBS
performance

E 4-2 HRL B2 & Prototype Repository Project (PRP) (OHERR
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Redox experiment .
(REX) Do Tracer retention understanding

- experlment {TRUE-1)

Two-phase o
flow  @f*

 Assembly hall
Pilot

Resin
injection
{TRUE)

Elevator "
& shaft ™

Backfill a and
plug test

Long term test 7
_of buffer material g Canister retrieval

tesis

1 Demonstratlon of

- Long term test _deposition technology

o of buffer material
Prototype . . ‘.
reposﬂory TRUE i "

Block . -RNR TRy
" “Scale CTRUE - Mmoo
' Block
Scale

B 4-3 a“ﬁi’ad)l/479 k42

“Prototype Repository” 1. EEOMS BB LAEERROERTH Y. ADTEARLT 6 FD
BELS 2585, CORBOEMNE. 408 0BAKEIIETEITEA N —a v &Fh
EFMCEBMFRREOHBRETRS L THB, ZORBICE. MAYRHOBEET VIR
FHROBER., LOTLOWEITEOMR. BEH - v 25— - BOR L OEBEROER.
757 O, FHEIgEO REZNEENTNVS,

Demonstratlon of Deposition technology i 4 ii@%ﬁﬁ@ﬁﬁﬂﬁﬂ BN TERENS.
QODﬁﬁ@EE@@ %F’:“@Mﬁk%blf%%mﬁﬁﬁﬁ ﬁﬁﬁﬁ%%ﬁﬁ%%i@ﬁﬁ;ﬁ?% &
THb. %CD?'L&NM CORBRTI. RNSREEETD &LED%#Q‘E}&T%ﬁH%iU#-\’_
Ay — Eﬁ%j—éfh@@%%%%ﬁﬁfﬂ{iﬁj—éo .

“Canister Retrieval Test” 1Z ibbl'ﬂi ZZF@%ﬁﬁ@ﬂﬁ?L’éﬁﬁﬁ L. EHT{VJ HL O7=Dl5
FEOEDELFRbRN. TORRO EE?Pi ﬁfﬂbtﬁ@ﬁﬂ)qﬂﬁ\bf’r-\’-—xﬁ EWD
HE R ERET B2 ETH B,

“Backfill and Plug Test” IZBW T, ASHEOHEDRELBLOT 77 DBENERENS.
ZORBROBINT, BxOEOELHOLE, BORLBEVT T THERNOMER. BIT,
HWHRLM., 737, BBRORAEECHETIHREERT L ETHE. COBRTHESN

7= Ee 13, “Prototype Repository” IZBNTHERIND,

“Long Term Test of Buffer Material (LOT Project)” 1. ERRE D IZ/NMEED Y1 X BN TEE
INHRRTHD. CORBOENE. AINUTFOEMOEFHIIOWTEHATSIETH S,
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4,2 Prototype Repository Project D=

4.2.1 HBROWE

AHTIE, ChSORROS S, BHEETERT SERAMRTHS “Prototype Repository” 1
SNTEDORBOFMEEBT 5.

ZOBBROEREMIZ T OB TH 5,

KBS-3 3 >t7 hOABRE
PHBDELZENVORREETI @EBIUER) L3 FHEOLE
TEMRAE S REREFEORR. #8. FEA M —2ar

Moy ERE. BRFIEOBRE

R 20 FICB X REHOF R —rg ¥

SINEHBIDEF )V IZH T S Confidence building

Prototype Repository & A TFEHE - #EHHR ¥ ® FEBEX™ 2 & LN, CThETIE
VW & UTTERE B REE TO—HOEENERETITbNS 2 &1, THADZEEFEE].
MbZ. MEHORERR) E0h 3. £ B 44 IR TESICASENICE 6 F0F ¥y =
A —%REL. TNOOHEEAZFIDODWTOEED TS, &8BEy FTRE 4-5 ITRT
E5BBROF¥ AT —BIUOR M1 Ty IR EIND, BBEAVNFT BT
w7 EOBBIZIEAY P MRV Y FBFREING, UAWEIRR 4-4 R TEIic2D20E
Z7alREZTENTED, 72 a2 N OBBHREKSE, a2 1 ORBHRBN
20 FTH 5,

Bentonite O-ring

ssm| [

gl Plug (Reinforced
Concrete)

B H7.8m

BN SRR

B!
B .
b

$175m

'13m ,6mJ6mJ6ml9m,9m

) ) il T ) T
4-4 HERILEOHIE Y

6m ‘Sm
T

FroZAF—13. H/ REFHETES 4830mm. BEE 1050mm. EE 21.4ton TH D, F/=. b
—& =, b= —OEBMBEN 1000CEBRZ Maty GEEHERE 90T) K3 IcHIfEnB, X512,
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L= —REDRPEZER TELLDLREFEINTNS,

Fy A —EABREOBICIEEBEEICERINZF MU DTLABRN S M1 (MX-80) 7O
w I WRREENS. BEERBOEZERFEN - LR IS THHON bra T Oy 7138
HEINTBY, FOHR. F¥yZRAFV—0LEEBIETHONRY b b7 0y 7 ORI IRE
Bl 166g/em’s F¥ XY —ABEONS M1 T O OUHERTE 1.78gm’ &0 T
W2, £k, IHOSKER 17%E735 TS,

RBUEEAY h 4 R EBRAEEAVELBETIC & 0EOREND, HEDEER 20cm T,
35° OEHTRMEBHEDNEREIND, N2 MM MNEBAORERII0: 70 THD, Ei,
HRBRITETIE 22027 — NS 7PBEENS, a7 ) — TS5 45MPa OKEE
100kPa DD R L OFREICH A 2 X 5 ICREEN 5.

5m

Deposition hole
@ 1750-5/+50mm,
. R =0.2%, '
175m ' REMN=S 10mm
backfill mix 30/70 i 1m
: A 3@05
=1.5m
Canister Buffer —
$1.05m highly compacted Na-bentonite
height, 4.83 m material _0@0485
weight, 21.4 ton Dry density 1.74 t/m* =som
weight with fuel, void ratio 0.67
25.0 ton @1.65m,
) height 0.5 m
S0 mm slot, filled with ~ __, Density in hole after saturation 2.0 t/m®
bentonite peliets (w=10%, dry density 1.57 t/m?
dry density1.9t/m?)
/ i 3
:: 05m
10 mm slot rr

~ leveling bed of sand of congrete
H4-5 HEBEY OEES
4.2.2 Fhilgss 0
RN HIIEEA, BEMRBLCEDRELMAIICENWT THM KT 284 OFHRAIRERS

N5, Fiz. HAEE. FRAOEEESL. MEDEHECHETIRELTDONS. THM OZEH)
BB RBEE NGRS THEEN S, TARBTHEHRIIIBE T TH20MT
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KOBRE 12905 1.5%THD. £z, BEFR—F—A<TOCELICETRD L. H#
7178 15MPa 28, RIBUKEN sMPaBELBWI &, BLY RBRAMMNENICES L S%%
BUCEHBROBERENThN/. SrEBSROMEICEL TR, AF VA, 12ax)l (v
T 80%. 70 14%. & 6% 5RAEIR. BRISBVWESR), F¥, T5FF. TIAFv
IEOEL OBRBHEORNS, BRO LZORRBEZZRL TF I eERATIEER
oz, FTaA-1ICHE. FHAMSESIC L BRHAIEE B L UREERT,

£ 4-1 PRP TREASNBEHHIBROKE O

SHRIER SRl B -
Section 1 Section 11 &t
“ EAL ) 113 72 185
REE :
FETPAN - 16 10 26
e :
4 %h.a’ 56 35 91
HKTAN - 56 35 91
RERL 37 23 60
FHﬁB%:)kE N »
TN - 37 23 60
TDR 45 27 71
=y BESH 84 56 140
$4h0x-4 50 24 74
g 493 304 797

BEE T, . KOS TOREHICE VRIS NG, £ XTI 7AN—AF A B
REESSEBFERENS, IS OIS L5 EHIGEIE 0~200C TH 2. SHUMLE A&
HOMB TESNEAED S — A TRESNRES NG,

 EABIUEREKER. MEROAEEC LD EEMICEEE NS, EAGHCE D BRI
SEIENG, EHFICIUEHER (Vibating wire) BEOESREAROTENR NSNS, EF
ORI, FIRUKED 0~5MPa. FEHA 0~15MPa TH 5. Fie. EHSHITORER
255 &5 CREENTVS, i
BORLUMMA : 0~40C
BEMA : 0~120C

SAEOREE. LTOHFETITDN S,
- BRAERALIY-RIHENEBEEOHE
TDR iZ X B ETESKEORE
A 7O A—FIZXBHEBEORIE
ERR oo X 348 EkEORIE
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YA OA—FIEDRLMADSKLEDREEIZEELTEREND, £ 1D A—F
RIEEH AT B TIHBEMEMICE DWW TE &, SEHEBSRORREEILT
DEDTHS,

BEREEREZY— 1 0~100% (FESHBEE)

TDR 1 0~100% (FFEEAKEE)
YA 7O A—F 1 95~100% (FEXHIRED)

Rt Y- 1 0~100% (FEXHEE)

. INSOFEMEESTEHEFEREOBEICHASZLIICEFTESNTND, 51T, E
NBIVHEBEKREICHUTOLIITHBL TWD,
- HEDHELMAN : 0~40TC
| : 0~120C
EF : 0~15MPa
FEIEAKE : 0~5MPa

7= 4-2 KRER S NS AR O—EERT. £ BRICBAFHESROEET. 550,
sHANSER O A 2B U ARBRARE L EBEE B RL TN D,
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2% 4-2 PRP RSB REHNESROEETH 3 TR ET O

FEEE REFiE BETTH B WIS BT E]
EEHEA Geokon FAUA
Roctest i
Geokon TAVA
P Pentronic ATz —F
Glotzl | R4
- Fisher-Rosemount AT T—=F
BICC Thermoheat AFY R
SRS Rotronic A1 A
, Gliotzl R4
Roctest ' ArE
HETPAN - . | BICC Thermoheat AFUR
York Sensors AFUR
S Glétzl _ R4y
Geokon TAUR
BRIEHTH Kulite Fo¥
- Roctest arad
EABET Geokon FTAUA
el AE . Roctest AFE
Glotzl N
Geomor . IV z—
— Gltzl RA
Roctest a4
Nagra A1 A
TDR Environmental Sensors Vbl
Soilmoisture Equipment TAUA
=774 - Rotronic . A1 A -
Vaisala . J4 2072 F
Y4y0)-4 Wescor TAUR
B Clay Technology and ITH ATz —F

.32-
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4.3 Prototype Repository Project OOfEAF

BRORA P a—VRIEAFR &I DOED THSH. BT PatA & LT, HEFL 1 RiTH L ToOM
WEfTRS. ATV R TR L. %12 Buffer. Backfill. Canister. Concretes Rock T B,
FEFEIBRIIKRTE A RS 11m T, SREF R 74m TH 5. PRP B B EIATIIEEH A8 LD
BEEEEDEIREFIMETEINNEETH S, Lithio T, TTTHE 46 IRT &5 el
r—ARRELETIEDOUBETZ D ERIZT—2 3IFRT LD REMICIZAL v Mt
ENBN, COEXIRT—AEEBEXFETERETHORELL. FIT r—2A 18X —
A2DEIBRT —ABRET D, ZOXDITWOED Z LIV, EROBEREKERIIENT
REOBOFIZAS T BEOLERIND, BEHEE. SATETEEHET D, ZOBEE. 2
AORBILERRICETIMEL. 2 RORBILOBMERIIEROY1 XICAbhE 5,

- 43 BRRTOa-)
1fz2]3]4]5]s]7] 8] s 10]na{rz[13]14[15]26]17[18] 19]20]21] 22| 23] 24 [25[ 26] 27] 2820 [30[ 31| 32| 33 [ 34 | 35] 36| 37] 38 [ 30 [0 a1 [ 42
Year 2000 2001 2002 2003 2004
Month sfwlufez|1[2]3]4]|s]sf7{slofwofufsz|1[2|3[4]s]s[7]s|o]mw[urz[1]z2]3]4]s]s|7]8]9w]nf1z[1]2

PartA
Analysis
Report
Review
Calibration
Report

Part B
Analysis
Report

Review

Calibration

Report

Case 1 Case 2 Case 3

N

Case 3 (Pellet)
Case 2 (Ain)

Saturation

Elapsed time

Bentonite Bentonite Bentonite
pg=1.57g/cm3 p4=1.74glem> pg=1.74g/cm’
(After filling the slot) (Block) (Block)
|
py=1.74g/cm>
(Block)

B 4-6 BERIOERYHWGEICET 5

.33-
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4.3.1 2XFEHMHETI &R WERR

(1) BHRETN

ATV OBEREE 4-7T IK7T. @IBEFVEEERTHD. ORAINY TEHIOF
MR TH D, EBAERIIEH 1ln, ETHEIC Tin THD. £ B 4-8 [T WESE
REFRAY ¥ 22RT,

—
A
5.0m
38m
1.0m .
* Buffer material 1.5m
Caﬂistel‘--_____
36m 48m
w ; 0.5m
H Concrete
11m 0.875m (50mm)
(a) &=H (b) YiE A OEE

1 BEEFLEER

.34-
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48 BREEAyLaHE

(2) BICAWZ4EE
T)Bentonite MX-80 [CRAT B/ A—#

Prototype Repository Project iCEd 5/, SKB TId Bentonite MX-80 O¥pttAER = EM L
TG 0 499, BERElHELEAS M FONMSHEUTORED TEHS.

PR« p, = 1.67 g/cn®
K = 0.17
fEfEE e = 0.77
gafnEE  : s = 0. 61

EFir, BRBRICKDBEEINAENTA—FIEILTOERDTH S,
(a) sl |

BEERIRNEOEEELUTRAIESNTWS, B4 ICHIERRERT. AHT—FELT
1. JAAAIFRTEER NS,
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14
< - m
E” T
2
[ |
= o -}
S oy
-go.u o
[ =]
(&
EIM
_go.z
o
0
-] 10 20 R 40 50 B0 Ta 80 %0 100
Sr (%) -

4-9 BAGELEE - SIMEOBRR

= 4-4 BMEEEEA AR S 0K

S, A (W/mK)
0.0 ‘ 03
0.2 0.3
0.3 0.4
0.4 0.55
0.5 0.75
0.6 0.95
0.7 11

" 0.8 1.2
0.9 1.25 -
1.0 1.3

H#te ke FHAEREERTOERRP SARICKVFETE S,

oo 80.0+4.2w
100+

(4-1)

g 451, RU-DPSHEENEERT.

Fz4-5 B ¢ E2KkEORE

w (%) c (kI/kgK)
0 0.800
10 1.109
20 1.367
30 1,585
100 2.500
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(b) skIB4FE

MO EZ D HEAICTH L T B4 ORERET TEREROAEMTDON TS, B 4-10
WRRO—flZ5RY., RN EBAEROBEEERLTNS. Ihizd &I KB TIEF
Fioa— R ABAQUS A"DAATF—F ELTIRE 46 KRTHOMRERINTWDS., I T, BAKE
AT BEOEEELTTF—7IVTEALNTVS, & 4-6 KD, HHEERILICBT2EK
F CRERFORGRERDDEE -1 OEIITRE., TNLD, BEOLRITHFN., BKBREK
RAEL S TNB T EMhR 5, FIT. BAEE L () MEARIREVEEELEE K ()
EEHLESTSERA-120R51ER2S.

_ku | | (4-2)
08

TZT p (Pacs) RROMERE. o kgm’) W KOEE, ¢ (/s?) ZENIEETH B,

kD, BRRETREBEAEESRESNEN EEEREL L TERYT S EBRERK
AEWFELBY, EREOAOEKE L TEBETES Z DS, H4-13 ICEEEBRE
EEMEEORGRERT. ALY, EESRELEBELOBEHE L TRTERKXDOLIITR
5,

K =181x107*{e)*" ' | (4-3)

Lo T, BCIEAERELL TRE-DICRTH OEANVS I &L,

1.E-07
— i ' : =

E
>
=
O
pue |
O
5 o Mx80
.?_;_. 4 Ca-bentonite
E =
= 1.E-12
3 =
= I

1.E-13

1.E-14 A FHIT |

0.1 1 10 100

Void ratio *

410 BAEROMBLLEEY
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% 4-6 BARRHk SRE T BLUBEL c OB

-38-

T[C] e k [m/s]
20 0.4 0.035X 10
20 0.6 0.200X 10°
20 0.8 0.650X 10
20 1.0 1.750X 107
40 ‘0.4 0.050X 10"
40 0.6 0.310X 107
40 0.8 1.000X 10"
40 1.0 2750 X 1078
60 0.4 0.070X 107"
60 0.6 0.440 X 10783
60 0.8 1.450X 102
60 1.0 3.850X 1072
80 0.4 0.100X 10
80 0.6 0.550X10™
80 0.8 1.800%X 107
80 1.0 4.900X 1072

A A
—o—e=0.4

— —d— =06

"E" 10'12 — —o— e=0.8

gl —k—ea=1.0

% [k 1 ‘

T 101 i | -

§ ] 1 %

“3:; o ]

5 101 .

e /<T,;——<>——' T3
el

10 20 30 40 50 60 70 80 80
Temperature (°C)
411 FkBEEOBREKFNE
118 Er”,i,,,.‘.....:..'.. r 3
: -—0— 8=0.4 E
—4&— 2=0.6 E
“; 101 || —e—e=08

; —a—e=1.0

s

E10%®

E,. ] &

'-‘_-E 102 E . E
10 (I ....... T ..... ,r ....... T....-

10 20 30 40 50 60 70 B0 a0
Temperature (°C)
E 4-12 BREBEBREOREXKFRE
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L . 2

Intrinsic permeability (m )
3 3 & 3
] 8 @ B

2
®

Y = MoxxM
MO 1.8132e-20
M1 4.2972

R 0:59964

/‘0/’

//

|||||||||||

06 07 08 08 1 1.1

Void ratio

B 4-13 BEEEEE &RBELEOREER

o ER, AREMFBKFREICEAL T, SEBBIIMTOL D ICAMEOREE L TEHELTWS,

r

K, =(5 YK

(4-4)

ZTUT, NIA-FRERBRPOSUTOIICAEL TWS,

6=3

(4-5)

U=hio T, {BEE 20T, [BIBRE 0.4 OB OARBENEKGEEIEIR 4140 L D510k 5,

3.5E-15

3.0E-15

2.5E-15

2.0E-15

1.5E-15

1.0E-15

/

Unsaturated permeability (m/s)

5.0E-186

e

L

0.0E+00

_

0.2

0.4

06

BDearee of saturation

0.8 1

4-14 TEIAEKGRE (GRE 20°C, BRRLE0.4)

Fim, KAEEEHIZRE 415 ITRTB0EANE, 73 a3 VREKERICE VEEEINT

Wb,

-39.
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Suction (kPa)
2 =
w L

- =
o (=]
- [}
TRRTETY

0 0.2 0.4 0.6 0.8 1
Degree of saturation

B 4-15 kISR

7, BEARKSHERERD SRENRRSEEREEZREL TWS. AREEOHREZH
4-16 1R, SEEEOTHEIZER 50, & 50m THS. FICRT LD ICHRAEDO LT OIRE
2EEL. fRAKCEBENREELSA S, LT, BRI SRR, FREORRRRE,
HREEZROHEL, BHFCAST AT 25,

Cooling flanges

Sample

Heat wires

416 REARKHEEGIREE O

SKB T3, BEAERSESHRE Dy 2R TOLD CHAMEOHBELTRELTWS, TL
T, B 416 o R ERER 2 WEINT DT EICED /T A=Y Dy a. by EEELTNS,

Dy, =Dy, 03 =5 =07 (4-6)
S -07 &
D. =D._. -cos’| = - 07 = S, 4-7)
v T'Vb ( 0.3 2) ( )
D, =D, -sin® S—’J—L: S = 03) (4-8)
v v 03 2 .

o, EBRO— K THAMES 2AV., REAEXRSEHREOBEOBRERZITR 7. BB
WEEITIIRABRSE (BESE) S0FMEHHAORBNZWZD, #HHAGOEEEESRGEZS

..40-
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BE: T0°C, BB ; 20C &L, BEAERS 10C/cn D75 — A DWW TIREARRSIIEHHRED
FIE 2170 7.

1.00

T
~&— B hours
< 0.80; ——1 day
2 —a— 4 days
g 0.60 ) —— 16 days
w® L T
» K oo - = S s e e g < e
S 040 o Y
% . RiEE %&-._. , O
---@--- 6 hours ey @
Q g20 4 ---o--- 1day oA
----@--- 4 days
----&c--- 18 days
0.00 7
0 10 20 30 40 50

Distance from cold end (mm)

4-17 BREARKMGEEROERER LBITBROLER

17 IR RBOER EMITOBREO KR ERT. HEAFOHHBEMEI DWW TR, 0507
—ZEHWr, BFOER, AESNEEEIUTOEDITHS. I IT. BEHIASTEBRE
OREERIL SKB TRELAZDBDEFMU &L, RE Dy CEOBREL .

Dy =2.0%X10™"° m%sK _ ‘ (4-9)
a=6 (4-10)
b=6 . (4-11)

= OEA DR E ARSI SR - BHEOBRIZE 418 DX 5125,

1E-12

1E-13 /

N
NIREE

0 0.2 04 0.6 038 1
Degree of saturation (=)

Thermal vapor diffusivity {m?/sK)

B 4-18 REARASEEARKEBMEORNR
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() EEiEeiE
IS 5/85 A-F AL T UTO&STREERICH T 5ETERBLRET 5.
SR ; B S0mXEE 50mn '
FIARATNEE 5 0. 4
T ORR. BENEWHEORBALER 4-19 ITRY, ZOROEEICET 2/835 A—
& Fi30.180 TH 3.

.
43/

il
0

0 10° 2 108 410° 6 10° 810°
- Time (s)

4-19 EEEOHEER

/

" Swelling pressure (MPa)

2) BORULHICHT BN A—%
Prototype Repository Project T, HHELMEL TN bF1 k& Crushed rock QR
+ (B:R=3:7) AUV 515 O L AHZFIEA TRROICEE & N, T OEEH L 1. 15¢/cn’
(REBREE 0.57, fEfn=7KkE 20.7%) TH 5.
BICAVDEDR UM OPEEIZEITOED TH D,
(a) B4FH
HOELMOESHER—FEL. LLTOEZHNWE.

EMREER ; A=1.5W/mK (4-12)
B # e=120/ksK (4-13)
(b) KB

SR LT OIMEKFEERIILTOED &Lk,
BRI ; k=2.0X10"m/s (4-14)
i, KORHEHERELTIE, RATIORTHOEAVE. £, B 4-20 1T13F 4-7 O8N
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-7 a3 AGE/OY FLAEDOERT. FEMEAREKICEAL T, XU-0BEIUK
U-BDIFRTHDER N,

%41 BORULHAORME-Yo 3 %

SIFIE Sr () B3 Sw(kPa)
(.01 400000
0.28 50000
0.33 ' 20000
0.40 12000
0.43 : 5000
0.48 3000
0.58 1050
0.67 500
0.77 230
0.87 : 110
0.92 80
0.97 50

0.995 40
1.0 0

10° \

-
o
o

o

-
[
(2]

Suction (kPa)

RN

ry
L=
]

-t
<
—

o

‘0.2 0.4 0.6 0.8 1
: Degree of saturation

4-20 EBHR U DK

(c) HZEEE '
BRICAWEED R LM OBEEREBITURT Y Y HEBUTOED TH 5,

BHEREK  ; E=30MPa | | - (4-15)
wY U v=03 (4-16)

NAIDERICETBNRSIA—S

(a) BiSE
BROBIMEI—ELL, UTOEEANE,
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BREER ; 4=3.0W/mK (4-17)
ke #: e=0.8kI/kgK (4-18)
(b) kIR

EHBITRE—TH 5D, BINERRERE U TRUTOL S 6B TRITZ21T20., 208
i Z TR .

FEAARE ; k=10""~10"m/s (4-19)

Fiz, KOSEERELTIE R4BIZRTHOZANE, T2, B 4-2112135K 4-8 Q-
B a EGRETOY NLEDOIRLTH S, FMEFEKREIEAL T, RNé-DBITR
(4-5) IR T HDEANE,

FA-8 EROBHNE-YS 3 B

RUFIEE Sr () B a s Sw(kPa)
0.01 20000 '
0.1 10000
0.2 9000
0.3 8000
04 . 7000
0.5 L 6000
0.6 5000
0.7 4000
0.8 3000
0.9 2000
0.99 1000
1.0 0
10° pr——
10 SC‘«)——-—O_____O_\O_\(

Suction {kPa)
2,

—y
o
[

—y
o
"

0 0.2 0.4 0.6 08 1
Degree of saturation

4-21 EHBROKH R

(c) N2
FAICRA W EROHEGR. A7V Y IEBLUBEEIUTORY TH 5.
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IR E=1850MPa
WPV v=03

ree

7w E ; p=2.6g/cm’

HDE—F—ICHETBINSA—%
BRCRAWEL— Y —OPHEIILTOED TH 5.

BEER  ; A=200W/mK
e # 1 ¢ = 0.4kT/keK
WL ; E=210000MPa
BTV v=03

o

3 B ; p=7.0g/cm’

(3) iRt
RN OFMEAEB L EREFIR 4-22 IR TEY TH S,

ﬁ

 H (Constant)
T (Constant)
20C
H, =400m
Backfill
Spo =60%
Buffer A4
8o =60%
H (No flow)
T (Adiabatic)
eater

H (No flow)
T (Constant)

B 4-22 RRRMH
(FIFASH)

- BB L/KEE : 400m
< EEATERARTOE ; 60%

.45.

(4-20)
(4-21)
(4-22)

(4-23)

(4-24)
(4-25)
(4-26)
(4-2D
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- DR UATHRIRREE : 60%
2 20C
(R4
- bE  KEEE. TOMOE ; FEK
- PEBEOTE ; BEEE. A5 ; WEER
& ; AT RER
by BEREE (90C) HBVIEEREEE (18000

R4&-9 BRI—R
7)) BEA
J—_ e—&—# | FBEHMO E%ﬂiﬁ . EER &L ﬁzggiﬂ;i;ﬂe -
OEFSMt | AAERL & DR

, (n/s) Dyg, @/sK)
Case0-1 | BREEESE 0.77 1g10 239 2.0X 10713 TH, THY
Case(-2 | BEEREE 0.77 1710 7zl 2.0X 1078 TH
Casel-1 | BEBEE 0. 64 1079 7zl 2.0X 1018 TH, THM
Casel-2 | REREE 0. 64 10712 AQ P 2.0X10713 TH
Casel-3 | REEE 0. 64 1071 izl 2.0X10713 TH
Casel-1 | BEEE | 0.64 1071 HY 2.0X10°3 THM
Cased-1 | BIEREE 0.64 10710 ZL 4.0Xx1013 TH
Case3-2 | BEREE 0. 64 10710 2L 6.0Xx1013 TH
Cased-3 | WEEE | 0.64 1071 2L 1.0X 107 TH

@) mRIFr—2

A — AR 4-9 DD &F 5, Casel-1 BXU Casel-? b —F—HWOBAFHEOENE
HAEDIERTr—ATH D, ZIT, BEMOMMERILIZ0.77T 2L T, BEHLE
— =3 L OB & S ORI B, BELTWa., T OBEM DR O ER.
Prototype Repository Project IzBv s THIRIAEEH OB & 0 &< fzo 7R OB ORI
 HTHB, T, EREOBKEET 10%/s &Lk, Fiz. Casel-1, Casel-2, Casel-3 iXAE8O
BAEOBWIE L BREOERZ AL EDICERT 25— A Th 5. HROBRGEIITNEN,
10m/s. 107m/s. 107Mn/s & Uiz, $ie. SEMOMRRIEIZ0.64 &Lk, ZRUE, N2 b
T Oy 7B ORBE TS S, CNEDr—ARBW TS, Bl &b —F —5 I OEEN
L OREEIEN £, ZEL TN, $hbb, Casel-1. Casel-1 A3zhEh, N> hF
4 ROy ZEERBOAY M b, BESEEIC X 0 ERNEEBONY M hORE (EE)
THBEDH. COHMEOMITEBORESIIMET DO LERIND., 8. U LOFREES
Bz TH T 0. SEM OB 2BBEEEL T, THhik. BEHIFEREOREEED
BALOHIERER S TRAFATH BT &, & TOMFIBNBERNEENIC 52 5 HBICE
BLTWS T L w R /ed TH B, Cased-1 1HEEH & b —& —B L BREH & B2 O
R L. ZEELEF—ATHD. O BESSORMEE L TRKkOEEEAT. TO

.46-




JNC TJ8400 2002-023

TSR EM OFEIC X SBHOBHEEZELITNS R, T THENET-2, £k, RBO~
DIT Casel-1 BLI Casel-1 iITEAL TH THM TOMBHT 2T o/, T 51T, Cased-1~Cased-3 1348
EHiOREAERIHBRROZEICHL TRt RTRoETyr—XTH D, Cased~] IEARER
WEOEEESNED 215D ME, Cased~2 1 X 3 5DME. Case3-3 1X SEDEERNTNS,

2. EEHMOMIEEICEL TR, BKGER (AFERE) OANHBRLOE#EKE > TS
7o, THH AT OBRICIZEKGEE O A EE OBl ., ZoMoEIZREEoz
ETIEZEL RN,

(5) BREE -

BT, Casel-1 BXL Casel- OB ZITRN. b—F—DOEHEEOBNC L HSHERER
DU ETR . TORER. Casel-2 IFENBBR T TEEHFRN- . 2hid, SEOME
WICAWERBABOENKRETELDOEADND, TIT. I I TH Casel-1 DERETRT,
4-23 {TiX Casel~1 @ TH I BT B L —F —OLBE I TOEEHAORIEORBEL 2R
T, X=54. 95cn S —F —ITHRBILWLE. X=81.05cn NERICEDFEWMIBTH S, E—F—IT
ﬁbiﬁﬁﬁ'@#;ﬁﬁiﬁkg’:-é’aﬁﬂfﬂE@ﬁTﬁfﬁ 5. T OEIZFEELELAN 51 300 BB/ (B 40%)
LizoThd, ZOBIL. EMERERLUTED. BKNIC 6000 BREEREBICAI S o TN
5. B 4-24 TR EORERZELERT, AFLD. BHEMAVBENE - BEIEBNTD, B
BIEER Lo ThWianI &40 5. BREIFEHBRBL DI 10000 FETEE EZ->TWAS,

BA 4-25 1243 Casel-1TH 10 B1F BIBEHM A ORI DRI ZHE 279, Caseld-1TH IZ R, b—
F—RBIIBTAMAECETENKEL E->THED. B/MEEW 0ITHS, £ FOED
BERAE Case0-1TH ICHE~GEL Ao TH Y, F 1000 BB TH D, T, ZORE. SEEHI8mIc
 BZETOEMS Casel-1TH RESEL 2o TH Y. # 20000 BEELTWS, [ 4-26 izii.
Casel-1TH {Z BV DIREDERFELEZRT. REOEIFZEMIZIX Cased-1TH LEFUFEAERE
WERShzhoiz, Cased-1TH 12k, %ﬁﬁéﬁ@ﬁ@%nﬁﬁfﬁht@?&ﬁﬂ)tﬁﬁgﬁﬁﬁz
Case0-1THIZLE~EL B T2 HOD, %X&B@ﬁﬁlfibﬂirﬁlutf;bfhéo

B 4~27 12k Casel -3TH i BT 2 FEH AN OBEMEORREL 2R T . Casel-1TH L H~RTERZ
Bohizn, £z, B 4-28 {713 Casel-3TH T BT 2REOERELEZRYT. INbHENESRE
Casel-ITH L DEWIZR SN2 T7ab 5. SROBKBHA 1079~10"0/s OEEIZBNTHE.,
BROBAM IR OBEABEDL L CREAHIC X DBBIAI DD EH L 5N,

B 4-20 i7i Case2-1 o THM SATIC BT 2 BEMAORIME ORERELERT. BBITEVLE
CBWTIREMED EFIZ Casel-1TH ITHAREL Ko TWB A, BRI &7z 5T
Casel-1TH LIFERACTH . Fix. 4-30 ICINBEORERERTH. DOV TH,
Casel-1TH & K ERZREBWIRSNZWER 2o /2.

H 4-31~[ 4-36 IR EARASL IR O BRI BRI 52 BB EL TRM LR
£ (Cased-1TH~Case3-3TH) %RT. BEARRSEEBREOERKE L 2SI, BEMO
WERES TH 5 b —F —EEHMI BV THAEDETRNAE < 2o THY, BRI
RRETERRBICEL TS, REARERKLERROBEZEREENSRESNAED 2 %
LG T, BEM2EBEMCIZELRNERER-STEYD, 5ERT3EE—F—FEHD

-47.




JNC TJ8400 2002-023

B ORMERSENICETTARRELZ>TWS, CORELD. BEMOREKERZF
W2 ETi. BESRICLZKDOBECET ¥ (EFV. YEES) FAEETHZET
x5, '

4-37~E 4-43 121X, =24, Case0-1TH, Casel-1TH, Casel-2TH, Casel-3TH. Case2—1THM,
Case3-1TH. Case3-3TH icB1F 2 REAEMN 5 30 A, 1 £, 5 FROMUAMVIEFLOMMELS
BEOHERST. REERED 5 30 BRIEBVWTRLASTTERLOEBROMERETETLT
WBEHOO. | EBRICIIAMEDT 1003ICEEL TWA I ERbMN5., XEEROBKERR
1070/s~10"Mn/s OEEICBN TR, BROMMEETICEAZBKECEEIDITNT &0
M5, e, AVI—EHEH. ALY 7ASIIAYERDIC B 58 EPRE DR
IR EORERSERGROEENR b RENI ENDMS.

B 4-44 TS EOBAREOEVIC L AEHEHNOBINEORBRELOLEERT. BDD
KL ORFADEEEM OIS CREOES KB 2RNECEMELTHY. BREDAH
TEEM ORARES (E—F—0iEE) KB 2EMEORKENLTHD, £, B 445101
ZOBROEBEOEEBELE KB LUARBEERT. Bhd, AROBRBROBVWICXSEMES
BEOAMMIOERELTRNT &b h5s, HEL. T TORMTSEOBKRE 10"/s
~10n/s QEFHICBNTDATH S,

4-46 BLUE 4-47 1713, BEAEARIBEHAROBNC X DHROLEBZEFRT. E 4-46
HEEHNIC BT A RMEORRTLORETH Y. B 4-44, B 4-45 EFEHKIC. BV DRLO
FUADSEEM OIMIES (BBOEE) BT sENEORRELTH Y. BkE O AFAIEE
MORMEIES (b—¥—0REE) TR 2EREOREELTSHS. B 44 LT, &7
AL BBRLIAE L, BENEESHBGROBENAZEIRBIZIONT. BEMORMEDK
TRAEAZL B TNE T ENDNS, B 4-47 HREARRSERREOENWIZ L HRESHD
REDILORETH D, B 4-46 L 0. BEAERKBBEFRENAEZ <R3 ONTEREH O
EOETFERAEZ Ao TWSZ ENbMNEN, BEIR. ZORENEOETROKX/NMIBREL T
B, BEARRGHLEEEIAE RS I LKL VEBHHHNORREEOETIREDET N
BIETOBRBENMELS B0 TS, 2T TR b—F—2RERFHER & UTHTEREL e,
B 4-47 KR T £ 51, BEARKSKBHEROENRE BBV, BEHAOREIINS <
5 ENSREERSN, EROASBESZEFIVUETSRICIE. BEFORREEZ—E (b
BONERRELERSLEES) EUTENEENT 5720, TORIE. RESERIILHR
BOEDRAE < ABICHN. BEFRORERERL TN bOEEX NS,

B 4-48~8 4-51 13 Bk EERRAAT (TH BN S #|—k-IRIERkmEsT (T fEfr) & DLz
T, E4-48 BIUE 4-49 1 Casel-1 DFERTH V. B 4-50 BXOE 4-51 i Casel-1 DFER
TH b, Thbb. - TROYOEREEEHORRZEEL THARWESO TH R & TN #
FEDHEERLTNS, X 4-48 BLUE 4-50 & 0. BRISEWRIOEEH L T B T3
Z Ll kD HHOEMED LN THEFICHR TR B> TWA T L5805, ZHIEEHO
BEEICE D ZOBSOEBEKRE RV EOBRE L TEBKBENRE R LD TH S,
. Bl b—F —IGEWAIOBEH I ERIGENVIOBEH TORBEORECHEVEREN
ZEREAUNE < 735 7 & & D BRI E < 7D, ZORSE L U TR 2R TH BT

-48-




JNC TJ8400 2002-023

IHA TIN BT OHINEL 2o T B, Tz, BEOEIRZRICHEN THY B 545 TH g & D
K<z T3, JTTOENTIRIEBREOREIZED EEMOTREEOELI+2ICHET
ETWEWED, BMICBEEOEL TWAERIIEA GER KL VEENIKRELZD., TOM
DI T OHETERICEI D ERANET RLHLENIFEREB > TS, ERICIIBEOEL
TWABEMIBETOBDDICEIVEEINE LD EEDNZOT, KDEHTRNHELT
3EEL5N5, |
4-52~%] 4-55 K’.{viﬁféff'@@%ﬁ‘—ﬂ)wl:@ﬁhl&k%ﬁﬁ%@tﬁ?fé’&ﬁi'ﬂ‘o 4-52 B X UE 4-53
I Case0-1 BL X Casel-1 D THHFEHT & Casel-1 O THM AR & 2L - RETH Y. E4-54 B
K TVE 4-55 1 Case0-1 BX K Casel-1 o THM #BHT & Case2-1 @ THM AT 2 LB L =558 TH 5,
4-6 L IEEET B &, B 4-6 ICBIT B Casel H5E 4-52~[ 4-55 [ B1F 5 Casel-1 7N Casel-!
12, B 4-6 {281 5 Casel AR 4-52~[F 4-55 [2B1T 5 Casel-1 BT B, B 4-6 i2BW T,
BEMORMORLAMICET 2OMEL B2 B 5N oOEMECRRELEL T,
Case2~1 OFERIZ Cased-1 BX Casel-1 ODBEROBIIMNBTEZTHAIEEELE. LML
M5, EEICE Case2-1 OFERIT Casel-1 SIFFR L EVWSERICE o 2. Casel-1 @ THREHT &
HEsd 5 &, Casel-1 OFEROFHD Casel-1 ITHRTRAMICETIOIREBEZ2EL TSNS
HREZo TS, THIRE 4-50 IoRT &5 12 TH OREEH T QRS RIC TR
BEWeDThsEEAENS, Casel-1 @ THY D#EFR & Casel~] DR ZHET S & Casel-1 @
ERETREBAFOENEDENNE <A TERWEHE, FEESRRACERTHS. Thbb,
& B DRRHT T IEEN ORREOEBELE LT, BEZ2EFIMELARNESR. BEtod
MOBELLTRIOy 7 EEROBWEEZRWESN, BEZ2EZELEEFVOERICE
EEAS, LML, ZHEEBAREROEAOETIVMEDAZFT o HBEORETH 320, &
O FZTFMO DI RIBEREROEFEBEDEILE L UZNITHS BkEE 0SB ORI
EERLTEFIMLETORERSEDEbDEEX NS,

-49-




JNC TJ8400 2002-023

100

80

—O— =54, 85cm
-—gi— %=57. 85¢cm
—{— X=60.75¢m
—O— JI=63. 65¢cm
—a—— X=66. 55cm
—d—— X=69. 45cm

40

Degree of saturation (%)

20
—— X=75, 25cm
~—5— X=T78. 15cm
—— X=81. 05en

illEl!lllil

oL L (11}l

—8— X=12.35cn |t

[ IIII'

Output line

v 1
1 II|IPIII 1 Illllll‘ 1 rt13s]

0
t0° 10!

4-23 EEHHAORMEDERZ/L (Caseld-1TH)

10° 104 10°

Time (day)

102

CERRALEL IRNLLLLALEL I LML IR IR |
] ' ' H '

T T |-|n'|'|'!_'i'-|'rﬂ'nT

- g |
5 : :
- : ¥
o : : ; ;
= : ! :
K : : : Qutput line
20 ' i : ;
3 l —O— X=0.535m —— ¥=0.375m f]
3 —A— X=0.622m —— X=1.463n I
o i uJ —— e %=0.738m —h— ¥=11.00m H
0 Lot L4 alit 1 1
107 107 10° 10' 102 10 104 10%
Time (day)

100

E 4-24 BEHHSIVEBRAOEBEOEEZET{L (Case0-1TH)

T T

80

60E

—Cr— %=54. 95cm
——— X=57. 85¢m
—{%— X=60. 75¢cm
—&— %=61. 65cm
s @ X=B8, S5cm
—&—— ¥=69. 45cm

40

‘Degree of saturation (%)

™Y % ] ¥ T F ] T T T

T lltlllll
‘

e

® 4-25 ZEHAOBMEORELEL (Casel-1TH)

20 H —B— X=T2.38cm oo -
—¢— X=T5. 25cm i
—— %=78. 15cm
~—— X=81,06em m

0 ] IIIHIII 1 |lllllli i !IIIIHE ] |II|1||i i) L.t 11t
100 10 10° 108 104

108

Time (day)

-50.




JNC TJ8400 2002-023

Degree of saturation (%) Temperature {°C)

Temperature {°C)}

]00 T |||||n! T llllill! rllilTI'l'I_I_I‘FFI'nT]'"_T-H'rmT'
- 80
60 L=
40 :
: Output line
20 4 ;
i : : —O— K=0.53m  —O— ¥=0.875n [|
B 0 | —— X=0.622n —8— X=1.461m [
- H . —{— X=0.738m —A&— X=11.00n H
0 voagapnl o vyl gy f
1% w10 100 108 0t 10°

10!
- Time (day)

4-26 BEVABSLIVEEBAOREOREEBZT (Casel-1TH)

100

o

T T ATy
]

L=
o

50%
M| —O— ¥=54. 95¢m :
40 H —ar— ¥%=57.85¢n f
= T
H e ke S : : : - Output line
| —a&— ¥=63.4scn : : : .
204 —@—Xe72.35em Bl R Fererreaeans -
| | —— X=75.25cm ; : , ]
—&— X578, 15cm : ! .
| —&— X=81.05cm : . E
0_ 1 ) Il!!l!I ] i Illllli Il ] IIIlIIi i 1 lillllf 1 1 Ill‘l:
10° 10° 10° 108 104 10°
Time {day)
B 4-27 @EHAORMEOREZE{L (Casel-3TH)
!GD T ¢ 7T

T IIIIIIII [ Olilln.l T IlIIIIII T |ll|l||| T IIIIIIII T IIIIIIII
H \ i : H .

; Output line
20 f ’ - .
5 ' l —O— ¥=0.535m e ¥=0. 875m
H H —— X=0. 6221 —8— X=1.461m
E I I e X=0, 738 —h— $=11. 001 E
0 [T [EEEREIT i 111
1072 107" 10 10" 10° 108 104 108

Time (day)
4-28 BEEHNBLUVEBRAOBEDEREZ{L (Casel-3TH)

-51-




JNC TJ8400 2002-023

too

30

40

Degree of saturation (%)

§0 ==

T T T T T _§ T T 3

T T T T Y ===

w—— X=54. 85cm
—~——— X=57. 85cm
—{— %=60.75cm
—— ¥=63. 65cm
—@—— ¥=B6, 55cm : . :

—efie-— %259, 45cm : H : E

20 H —8— %=1 35m foo Frovammnnmananss e eeeans -
——&—— X=75_25¢cn : ! : ]
— o ¥=78.15¢R : P :
——— ¥=81. 05¢m ' "
0 ] 1 II'IIII ) ] ||I!|Ti 1 1 IIlll\i 1 1 IIlIlII 1 lllllll_
10° 10! 10° 108 - 10 10°
. Time {day)
4-29 EEHANORMEDOEEZE( (Case2-1TH
100

Temperature (°C)

LG I LR | LRI RALLL N N LLLL IR LERELRRLLE I R R

r

Quitput line

—0— ¥=0. §35n
wmrry—— X=0. 622m
—— ¥=0.738m

IR L] IlIll!II 111

——— ¥=0. 875m

——@— X=1.4635
—i— X=11.00n

0
107 107" 10° 10 10

10 10!

10

Qutput line

Time (day)

E 4-30 BEHASLUESERN0REDRELT(E (Case2-1THW)
100 =i g =

80

60

Pegree of saturation (%)

40 §
20 [| —e— #=75.25cn
—g—— §=78.15cm [ . H :

M| —#— %=81.05cm : : : : o
0_ 1 ||n|||| 1 llllllli 1 I[I|1I|i 1 IllL]IIi [] l||s|v|i [l III!II:

10° 10! 10° 10! 10 10° 106

Time {(day)
E4-31 SEEHRORFMEDERZL (Case3-1TH)

-52-




- JNC TJ8400 2002-023

Degree of saturation (%) Temperature (°C)

Temperature (°C)

100

80

[=1]
o

S
=

208

y

LEBLLELLE L ilHII' T IDIIIJ| TT l|iill| T &I\IIIII TT NIIH' 3 illlml T 1T
: : ! : ‘ : :

| I Illm!

0 : :

|| —0— #=0.535n
i —— %=0.522n
¥ I %=0.738m

—&— ¥=1.463m H
—— ¥=11.00n 4

10t 10" 100

Bl 4-32 BEHABLUVEBRAOBEORIZEL (Cas

10'

10° 10¢
Tine (day)

102

108

100 T I IIIIIlI T 1 |I|lll' () Illilll‘- T IlllllI ¢ T TVTITT
| H Il & - T o5 2 &.“ A A,
10 _...........§ ..... . SREEEE yare s onmgy
go! =, S G IOUUUUR SR W U O A0 N SO -
L : >
| —O— ¥=54,95¢m |: : b
40 H —&— X=57.88cm RN dn e N —
|| —— X=60.75em :
—O—— X=63, 65cm
| —8— X=66. 55cm
F| —&— X=63. 45cm
20 b —-—n—ﬁg.ggum O U SO WIS Srry vty o
—p— X=75, 25cm ||: S ; . "
| —o— x=18 15 || N otgepino—2 888
| —&— X=81.05cm : == > =
0_ 1 IJHIII| ] IIIIIIIi 1 III‘IIIi L lIlIIlIi 1 !Itlllli 1] ‘IIIHT
10° 10' 10? 10° 0* 10° 10°

1-33 BEAROBMEDEBL(L (Cased-2TH)

Time (day)

Illlbllll llllllll! |||§|]l
Ko
E 1 —0— x=t. H
- : : i —— X=.622m ~@—— X=i.463n H
- : ; i e l— %=0.738m —4&—— ¥=11.00m H
O lconm ool el . |
(L D [V AU [/ L {1 L T L {1 LS [ A T/ R 1

Time (day)

10°

QOutput line

e3~-1TH)

Output line

butpul line

4-34 BEHASIVEBAOREDORIELEL (Cased-2TH)

.53.




JNC TJ8400 2002-023

100

¥ 1 FIrnd T+ 1 TTTI¥
Z . H

80 toet /A TYSw IR PR SR E . B R PPRY tewiemraaarrey nnra s -
LF ] H '
i 4 ' H

I} e - .J‘ ..... RN R R . T W : ............. ' .......... !

—O— %=54.95cm |:
— o X=57.85cm - peeees i
o X260, 75Cm
—O— X=63.65¢em
—@— J=B66. Boen
—A—— X=69. 45¢m
e B— X=T2.35¢m
——— X=75. 25em
—&—— X=78. 15¢m
——— X=81, 05cn

40

Qutput line

Degree of saturation (%)

20

T T T [ 7 ¥ T ] T & T

vl ool

—_
=
=

T T T T IO T
Time (day)
4-35 BEAPOBEMEDRIFE/L (Cased-3TH)
100 ] I‘llll‘ll T |||““! T IIII‘II‘I TT |l||||“ L ||llll! L |||‘||! TT |t|l|l! ELRREL

Temperature (°C)

: ¥=0. 535m —O— X=0.875m
: | —a— x=0.822n —8— )¥=1. 4630

Vo | —— ¥%=0.738n ———k— ¥=11. 00n |
0 R NI R

102 107 10® 100 102 108 10 10° 1t
Time (day)

[ 4-36 BEARNELCEBBENOBEORKEL (Cased-3TH)

-54-




JNC TJ8400 2002-023

Case0-1 EFnEE [%] BE [Cl]

30 Ak

B 4-37 BEHABSLUVEBRAOENES LUBEDOSS (Case0-1TH)

.55-




JNC TJ8400 2002-023

Casel-1 fafnpE (%] EE [C]
30 H&

14F#% é
b 18

H4-38 EEAABITERBNOBMNESXCREOSH (Casel-1TH)

.56.




JNC TJ8400 2002-023

Casgel-2

faFnE (%)

mEE ['Cl

LOde+0],

B2 4-39

BEHAD L CERAOBIES L CEEOS (Casel-2TH)

-57-




JNC TJ8400 2002-023

Casel-3 SUEE [%] B Cl

30 Efﬁj-

5AE

.Qoe+0L

e+ 01

4-40 BEMABSLUTCSBRORTMES L TEEDDH (Casel-3TH)

-58-




JNC TJ8400 2002-023

Case2-1 FAFNEE (%) BE [C]

L0+

Q0+
e+
Qe+

Qe+

LO0e+0L
04

441 BEMARIUVERNORMES L UEEOSH A (Case2-1THW)

.59.




JNC TJ8400 2002-023

Case3-1 FaFnEE (%) BE [°Cl

30 BE

1 %E4%

T ~ {0

442 BREMABIUVERNOBENES L VEEOS (Cased-1TH)

-60.




JNC TJ8400 2002-023

Case3-3 fafnE (%) WE [Tl
30 B

14F%

5 fE4%

-61.




JNC TJ8400 2002-023

]00 T T TT1TTIT T IIIIIIII

—~ 80
=
=
2
= B0
|
_E .
(1]
o . +
Cu= 40 d
o d - . i
. —O—- X=54, 95¢cm (Casel-1TH) : i Qutput line
2 —@— ¥=E1.05co (Casel-1TH) i 4
by o I} ~—— x=54.05c0- (Caset-2m) fereaieieaieanad eeeemnieean .
a ——de—— ¥=31.05cn {Casel-2TH) : i
[ =T ¥=54. B5em {Case]-3TH} . ]
—— ¥=81.05cm (Casel-37H) i . 3. R
.. 0 1 1 Ilillll' ] l‘lll]ni — I.II‘HO -
- 10t 10 - 102 10° L[
e - Time (day)

]UU L T IIJIiIiI T IIIIIIII T IlIlIIII T illtlll! T ‘Il‘ili' T Illllltl LINCLLILLEL!
| | —o— ¥=0.8750 {Casel-1TH) ; : ; il
ST R e X=11.000 (Casel-1TH) : ' : i
27 g0 b A x=0.875n (Gaset-zihy |...... [ S R ]
D L —a— x=11.00m (Case)-2TH) A Y i 4
Py S| —E— ¥%=0.875n (Casel-3TH) Vit ViUt e
D4 ¥=11.000 (Casel-3TH)
Bt 1] - " "
@ )
BT ;
- 5
=40 ;
B '
o : Output line
20 :
S :D v i'ln'l'ini L |||m|i' .: od v d |.|1m|| i ||r|m|_| vt -
C10E et 108 10! 102 108 104 105
Time (day)

I 4-45 Eﬁﬂ)iﬁ?kﬁ:ﬁ@:@t\ CLHBEFEHAE LVERADBEDRIZE(LOLE (Casel)

]00 . T llll‘lll T I.II|III| I IIIIIII| T IIIII|I| T TT3

[ R
=R
H
H
H
H
:
B
H
!
H
H
H
!
H
}
!
H
:
H
:
H
H
"
R
!
H
i
H
,
H
!
H
:
H
H
i
H
H
H
)
H

o
:
:
:
H
H
a
;
:
:
:
;
:
:
:
:
:
"
:
H

'
i
i
i}
.
.
.
i
i
‘
‘
]
H
H
+
H
N
*
Ve
.
.
*
T
‘
v
'
v
'
i
Il
i
.
A
i
.
]
'
.
1
'
1

"~ =54, 95ca (Case3~1TH)
- ——@—— ¥=31.05c (Cased-1TH)
:—--A—-—' %=54.95cm (Cased-2TH)
—h&—— ¥=81.05cm (Cased-2TH)
= ¥=54.95¢n {Cse3-3TH).
o + X=B1.08co {Cased-37H),
0 (et y————
10 107 100 10‘ 1 10° 1t 105 10f
Time {day) ’

" Output line

N L

Degree of sauration ()

llrlll! 1 III[Iui 1.13¢t]

B 4-46 BEARES Eﬁiﬁ%ﬁt@;&t\h—&éﬁﬁﬂl’q@ﬁﬂﬁﬁﬂ)ﬁﬁﬁ'ftwktﬁ (Case3)

-62-



JNC TJ8400 2002-023

100 R 21 | B L R R ) ||uun'| LR M e A LLLE N MR ELLL
r| —o— X:0.875n (Cased-1TH} { : : ; : ]
[| —e— x=11.000 (gase3-17H) { : : ; i
g0 [~ b o asorzm RE GG
| —a— %=11.00n (Gases-z1e) : : i
|| —— %=0.875m (Case3-3TH} :
g}‘ | -— B8~ X=11.00n (Cased-3TH}
— 60 0
@@
;
;
o 40
(=) f
e .
Pt Output line
; 20
0
10 107 10° 10' 10? 10 104 10° 106
) Time (day)
4-471 REISRFTHMEROBVICLIEFEHABLUVERAOREOZEBE/LOLLE (Cased)
100 T T llanl' LEURL AL | UL - s N, NI N m— :
H L X o F) -
R 1| — :
=
=
2
= B0
; -
= ]
w 40 o -
(=] - ¢ 4
2 L : - Qutput line
Eﬂ 20 || —0— x-sa.5cmiCasen1m) 1 L . i
a [| —&—- x=b1.05m(Caset-11 | A 7]
[| —A— 1=54. g5em(casen-1THI)
| ——a—— ¥=81.05cm{Case0-1THW : i
D i — X  — Il vl:nui L |||||ui £t g

10° 10! 102 109 10 108
) Time (day)

B 4-48 TH 8247 & THY fB4F & IC L B EFEH A OB EOBETLOHE (Cased-1)

100 T T 7 3T0I T VPO F Teaem) & T LN S R R L

| | —o— x=0.875u (Casa0-1TH) |
| | —o— %=11.00n (Casel-1TH) : : : i
80 | ~—sr— X=0.875m (Case0-1TiM) [..... HESRTURN SUNS SUOR -
-}k ¥=11.000 (CaseO-1THN) : : § 1

60

40

Temperature (°C)

Qutput line

20
0 [ 1 Illll!(i i Illlll!i 1 III!JIIi 1 Illlllli 1 Iillllli 1 IFIHIIi Il I!IIII:
107 107" 10° 10' 10 00 104 10°
Time{day)

E4-49 THEH & THHER S TS 3B8ERAB L UEBRADREORIFZLOLR (Case0-1)

-63-



JNC TJ8400 2002-023

100 T lllull! T

80 —--oeeeieenns

5

=

2 :

= 60

- -

= |

=t :

©“r : -

w 40 .- ~

o L H .

@ L : i

@ : : |

[ L : i

& 90 H —O— ¥e54.SSenlCasei-1md O e eeeeenns -

e || —@— ¥=81, 05cm (Case1-1TH) ; ]
|| ———— X=54.95¢cm (Casel-1TEHY) J ]
|| ——&—— X=B1.05¢m(Casei~1THY) ' i

0 p— — | TR | Lo
10° 10! 102 10 10 10°

" Time {day)
4-50 TH AT & THW B4 & (C L B EFHAORMEOZZE(LOLEE (Casel-1)

Iﬂu T TFTTHI] T Iilllill T TTITHY T T T T lllllll' T FIIIIIII LR LLE]
[ | ~==Crm- %=0.875n (Case1-1TH) : 1
L| —e— x=11.00n (Case1-1TH) : E ; N
80 | —aA—— ¥%=0. 8750 (Casel-1THW) §----- ....... ......... -
M| —a— %=11.00n (Casel-iTHW) : : : ]

60

40

Temperature (°C)

Quiput line
20a

0 11 II!IIIi $ 1 ||u||i 11 IIIlIIi 11 |I?Hli [ Illllli V | !ll‘l!li Lo bt i111t
107 107 10 10' 10 10° 104 108
Time (day)

B 4-51 THERHT & TN B L ICL HEEH B LUERROREORE/LDLLE (Casel-1)

-64.



JNC TJ8400 2002-023

]00 T i|¢lll|! T $l|llll!

80 F------eeeee ‘

50k

—O— ¥=54. 95cm(Casel-1TH)
—8— =81, 05cm{Cased-1TH)

Output line

Degree of saturation (%)}

20 H =-esipm %=64. 95cm{Casel-1TH)
gy ¥=81. 05cn{Casel-1TH) N
s e X254, Y5cm (Casel~1THH) i
—8— X=31. 05cm{Case2-1THI 1 ; i
0 METEITT BRI B AR AT
10° 1w 10° 10* 108
Time (day)

B 4-52 TETIHEOENCLIEHFFAAOBREOEEET{EOLEE: (Caseld-1, -1, 2-1)
(Casel-1 5L TK Casel-1 (3 TH 247, Case2-1 (3 THM £&4F)

100
O X=0. 875m (Casel-1TH) i
— @ ¥=11.00n (Case0-1TH) ]
——A— ¥=0.875m (Casel-1TH) 0. i S A _

—h— X=11.00n {(Casel-1TH)
—{}— X=0.875m {Case2-1THM}
el ¥=11. 001 {C2s02-1THM}

(=3
(=]
T T [ 7 T 1

=
0=

E -
o=

Temperature (°C)

Qutput Jine

20
D [ 1 II!I!I!:I 1 IlLIIl!i 1 Illlllli 1 IIHItIi 1 Illlslti 1 Illlllli L llll!l’]’
1072 107 10° 10! 16° 10° 10 10°
Time {(day)

B 453 EFAMMEOBNCLIEHFHABLIUVEBENOEEOREI(bOLE: (Case0-1, 1-1, 2-1)
(Case0-1 &5k TK Casel-1 [ TH f4F. Case?-1 {3 THM BB4T)

-65.



JNC TJ8400 2002-023

100 T T T TTITT

80

N e — ........ ..............

40

—O— X=54, 85cm{Casel-1THW
—@— X=81.05¢a (Casel-1THK)

Qutput line

Degree of saturation (%)

20 ———— ¥=54, 95cm (Casel-1THW)
——d—ee %=B1.05¢m (Case1=1THY) ]
l| —— ¥=54.95¢m(Case2-11hM} i
|| —m— %=81.05cm(Case2-1THE) ; ' i
0 Lo rinl b osaaal L1
10° 10’ 10° 10 1w - 108

Time {day)

B 454 EFIALDRNC &S EHHACENEOERE/LOLE (Case0-1. 1-1, 2-1)
(Case0-1, Casel-1, Case2-1, £7T THM f&#f)
]00 T l’ll#lll T IiHIIlI T llllllll T Ilillil! T Illlill! L) IIH"I! T T T TTT

[ | —o— #=0.875m (Case0-1TH)
| | —&— X=11.00m (Case0-1THM)
80 || —>— ¥=0,875m (Casel-1THH)

—— ¥=11.00n {Casel-1THN)
—{— ¥=0.875n {Case?-1THM)

= —3— ¥=11.00m (Case2-1THM)

B G0 | ——

«

S

=

N

SO0 s

=

=

2 Output line

0 i I|li||li 1 llllllli ) Illll"i i I?Ilnii 1 ‘IYIII!i 1 I'IIllli A L1l
102 10” 10° 10’ 10° 10° 10 108
Time{day)
[ 4-55 EFIMEOBVNICLIBEHAS LUERROBEOEBE/OLE: (Caseld-1. 1-1. 2-1)
{Case0-1. Casel-1. Case?-1. &£7T THM f&4%)

.66-




JNC TJ8400 2002-023

4.3.2 B3RTEFIERWN-KE

CSKTEFIMM. 2RORBILENSREL. 2 AORERILOMEREEIIERO Y1 XIS b
TEFIET 5. B 4-568 IKBHET N OBE LR, iy :t"ﬁ%ﬁi'“l_ IZifo té&ﬁ%ﬁﬁf%ﬁﬁ'@“é,
l 4—57~l 4-60 } %iﬁﬁmﬁ WBHREEA v /:.%Tﬂ“

25m.

-

C9m

 mew mpeeumen

.67.




JNC Td8400 2002-023

L Eh

__%-—:—_—_‘.ﬁﬂ R

AMLLURARAEY VLN L W L T RS BT A
ST LU DR RO R vl
—————-—5————)——5”"‘!

T U
A Y e

v (BEE)

FBAw

4-57 HEE

(L REED

ra

A

=3

2 4-68 HERE

.68-




JNC TJ8400 2002-023

(WD)

59 HRE

‘,‘J“/'J.

£

7

Z

o (BEHERED

FA Y

E4-60 FHEE

-69-



. JNC TJd8400 2002-023

4.4 E£&O

- &, 2&75%?]‘%’&7)]/%‘:)1%!1' Prototype Repository Project @ﬁ*ﬁ‘%%)ﬁ@bto )
ﬁ*% U\'FCDHEZ’)“?%E:%'LK_,

%ﬁﬂﬁ@ﬁﬁﬂ%ﬁ%iﬁﬁﬁwﬁﬁﬁmﬁaﬁmﬁﬁﬁﬁﬁIWMAW%@@ﬁ@k
WTIREOEBEE ST,
;-%ﬁﬁ@ﬁ?ﬁﬁﬁﬁ%ﬁﬁmﬁrwm(@%ﬁ@m)L&Dﬂtém mmamezwm
. HOmiEAoR.
A OBEREARBIIEF LI L D BB H00, ﬁﬁﬁﬁkﬁbf@.%hik%im
. Rehloik. o
#%ﬁﬁwﬁﬁméaéﬁﬁ?atrm.ﬁﬁ@mmxémﬁoﬁﬁmﬁiéﬂﬁ(ﬁﬁw,
. UMEES) NEETHELERS. .
4ﬁﬁ@%r»ﬁ@ﬁmkx5@@M@ﬁﬁmﬁﬁ®w&ﬁﬂ%ﬁoL#% @mé%rwm
bmm%Auﬁﬁﬂwmﬁwﬁﬁabfjujﬁﬂﬁﬁ@%mﬁgé%mtﬁmIﬁﬁé%
;iﬁbt%rwmﬁﬁkﬁm%%amé UL, ZhidBERERORH DEFIMLOH %
TFoltBaDWRETH B0, LD EMATEO LD ICIIERES OSBRSSO LB X
DS BAEEOMEEOBLEZERL TEFIMEET I BERHEHDEEL S
ns. -

- SEOEITTI. 2&75%%%%7)%% W BB ORI O 5 2 5. Eﬁ@ﬁ?ﬂé@

%%l”é:%%@@ﬂ%%ﬁf&oto ST, SJKJE-ETJI/%“:H%M %‘Eﬁzli@t_ﬁ @#EL
%%%%LE@L’C@“‘IEJ@@TDK?E’CEB%:.-__ R

P

4%

4-1) Swedish Nuclear Fuel and Waste Management Company : “Aspd Hard Rock Laboratory 10 Years of
Research” , (1996) _ o i
42) 1. Puigdomenech and K. Pedersen : “Asps Hard Rock Laboratory -Prototype Repository- Test plaﬁ for

| subtask, Sampling and monitoﬁ.ﬁg of microbial activities and chemical conditions during 20 years
of operation” , SKB IPR-99-34, (1999)
-3) TLAIER. fl : "EARMERRIBICS bj‘%:*ﬁ:t?ﬁﬁ REMRBRR" Y17 )Hﬁi%&
_ &R JNCTNB400 99-024. (1999) S
4-4) enresa: “FEBEX Full-Scale Engineered Barriers Experiment in Crystalline Host Rock, Pre-Operational
Stage, Summary Report” , (1998)
4-5) C. Svemar, and R. Pusch : “Asp6 Hard Rock Laboratory -Prototype Repository- Project description”
SKB IPR-00-30, (2000)

-70-



JNC TJ8400 2002-023

4-6) M. Collin and T. Forsmark : “Asp® Hard Rock Laboratory -Prototype Repository- Instrumentation of
buffer and backfill for measuring THM processes” ,- (2000)

4-7) L. Borgesson, et al. : “Modelling of the physical behaviour of water saturated clay barriers, Laboratory
test, material models and finite element application” , SKB TR 9520, (1995)

4-8) L.Borgesson, et al. : “Heat conductivity of buffer materials” , SKB TR 94-29, (1994)

4-9) L. Borgesson and J. Hernelind : “Aspd Hard Rock Laboratory -Prototype Repository-Preliminary
modeling of the water saturation phase of the buffer and backfill materials” , SKB IPR-00-11,

(1999)

4-10) L. ‘Borgesson and L.-E. Johannesson : *Thermo-hydro-mechanical modeling of water unsaturated

buffer material” , SKB Arbetsrapport AR 95-32, (1995)

-71.



JNC TJ8400 2002-023
5 BHUYIC

FRETIE. ATN) 7OREBICBWTEELRERO—D L2 BEEHOBIEROS 5,
EBEHE 7Oy 7 THILASESZIZ2A 5270y 7R BRS VA —N—Ny 7 D
BEOFIEEICHET AR EEB L. XM MLy FOFEEBICIEREICEAT 2%
HETRSERE, BRSO L S RERTH - Th, ToREEREOND I &S ho.
BEEEO L S RBIROBE, <Ly FREBICBEW TIRIEBR OSBRIz <Ly MIRET
FTWEW, LALARS, HITANREL, v hAEEL TW Z Eick DA IO
RN A PEFEHEINTWE, FRICHEN, IERESREI N TN, BEOHE. &5
BIZBIFBRY 4 NOBEREND, BHORBEEDIEHBEREFLTHE, BRESKIC
BOTEEEEN TR O LERINDS, £ BEAKBEEATIIEZLS, ATBKTHSE
EORY MFA FRVYy FOREERBXUIEKEICET M ITRo 2, TOBR, BENA
THKIZIS Z EI2& 0 ARERPRDETT B 08890 o /z. Ziud. ATHAMNEK S
BIEEITEoTARY M4 FEEOEHEENECZ>TLEDI LR LB BDOTH D, R
M1 FOADEES THHOZEBREARZNGES, X2 M1 MEROATHHOEERE NS
BT EAEOETIAE LY. Lo T, #TFKROERIZE->TiE. BEOALBEL TAY
b1 RRLw bR M MIRERA NS EIIREYNE R 2AEENH LI BDEEZI BN
%, S®IE, BEANOFEMEL TR MUy F2ERT S LTI REROBRRES
ALy FOTHEESEFRH L TOIBERS D, i, BFRKERZEICE> TRV Y FOLS
AT T, EAERESNENESBIH T 50T, TORIZ., WHCREZT
BLUTWIHIRWOD, BHEEDTHBENSHBDEEZIBNS, '

iz, BILEINREMRICIE. A58, BEEISORR. HTKORE. RALEEN5D
HEREEM OBE & Wo RERETNFERTLEEI NS, CNHOHRKZEE, FHMETS
Bk, AINU T &5 E LB TOERERBROFRICEIE, BORETNERE
THEUENHD, TIT. BEMBIUOEREEDEAINY THBEZBIT2ERBRRKICET 2
BRTHBATz—FT 2 Asps ZIZHT 5 HRL IZBWTEBEEZN TS Prototype Repository
Project IZEMM L. RROBIEMEEEL /. FORKE. UTOMRMEL N,

EEM O EEASEE D LR EORRELIZER OB KGN 101~10" /s OERICH

WTIEDEZEEZZT RN,
- BEH OBEARMEITEENOTT L @HREL) Tk D ER555 6000 A5 20000
HomMERo .
- BEH OBEAREIZETIMEC LV ELRSZ D00, BESHICELTIL. ThFEERIT
Renzhoiz.
- I OB RS E T 5 L TR, BEVRICEZ KD OBECET AFE (EF.
HHEES) NEETHBHLEAS.

SEOHEFTIX. 2 KTWEFRTTIVERY. EEodPRELo 525, FROFEKED
EZRXHFEOBEE TR . 5B 3RTEFINERAN, H#HEFOL—F—-DFEICX
SEEBEVCEUTHRHNEED T BHEND S, ‘ '

..72—



%

f#% -1 Prototype Repository Project HWEicHEE BRFEE)

f14#% - 2 Prototype Repository Project OHP &%}



fTex - 1
Prototype Repository Project

dim

HREEEE (REHER)



JNC 'TJ8400 2002-023 Prediction analysis A for the PRP with the numerical code THAMES
JNC

Aspé Hard Roék Laboratory |

Prototype Repository

Prediction analysis A for the PRP with the numerical code
THAMES

Yutaka SUGITA
Akira ITO :
Japan Nuclear Cycle Development Institute

Masakazu CHIJIMATSU
Hazama Corporation

Hiroshi KURIKAMI
Kyoto University

-1 (1)



JNC TJ8400 2002-023 Prediction analysis A for the PRP with the numerical code THAMES
JNC

Abstract

This report describes the prediction analysis results performed by JNC as one work package
(WP) for the prototype repository project (PRP). INC has the numerical code THAMES for
analysis of the coupled phenomena in and around the engineered barrier system on the high

level radioactive waste repository.
JNC has performed the WP3h of the prediction analysis of the coupled Thermal, Hydraulic and
Mechanical (THM) behavior in and around the test holes of the PRP.
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1. Introduction
Prototype Repository Project (PRP) is one project performed at Aspé Hard Rock Laboratory

(HRL) to demonstrate a deep repository in crystalline rock under natural and realistic condition.

The PRP has many WP. ) ‘
IJNC takes part in WP3h of the PRP. JNC contributes the prediction of the coupled
thermo-hydro-mechanical behavior in and around the engineered barrier system (EBS). INC
will perform two kind of the prediction of the coupled behavior. Prediction A is analyzed with
two dimensional analysis model, prediction B will be done with 3 dimensional analysis model.

This report summarized the results of the prediction A.
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2. Description of the numerical code THAMES

JNC has developed the coupled thermal, hydraulic and mechanical numerical analysis code.
This analysis code considers the behavior of a saturated-unsaturated medium. This code has
validated with the data of the laboratory tests (Chijimatsu, et al, 1998), the engineered scale tests
(Chijimatsu, et al, 2000a) and the in-situ experiments (Chijimatsu, et al, 2000b).

2.1 Analysis objective

Analysis of the coupled thermal, hydraulic and mechanical process is carried out with the
computer code named THAMES (Ohnishi, et al, 1985). THAMES is a finite element code for
analysis of coupled thermal, hydraulic and mechanical behaviors of a saturated-unsaturated
medium. THAMES is extended to take account of the behavior in the buffer materials such as
the water flow due to thermal gradient and the swelling phenomena. The unknown variables are
total pressure, displacement vector and temperature. The quadratic shape function is used for the
displacements and linear one is used for tota] pressure and temperature.

2.2 Governing equations of coupled THM process

The mathematical formulation for the model utilizes Biot’s theory, with the Duhamel-Neuman’s
form of Hooke’s law, and energy balance equation. The governing equations are derived with
the fully coupled thermal, hydraulic and mechanical relationships. '

1) Assumption
The governing equations are derived under the following assumptions:

(1) The medium is poro-elastic.

(2) Darcy’s law is valid for the flow of water through a saturated-unsaturated medium.

(3) Heat flow occurs only in solid and liquid phases. The phase change of water from liquid to
vapor is not considered.

" (4) Heat transfer among three phases (solid, liquid and gas) is disregarded.

(5) Fourier’s law holds for heat flux. _

(6) Water density varies depending upon temperature and the pressure of water

2) Equilibriam equation
The equation of motion for 2 medium in a static case is known as an equilibrium equation. It is
written in a total stress expression as

Oy + ob; =0 (1)

where oy is the stress, p is the density of as soil-water mixing medium and b; is the bbdy force.
Terzaghi defined the effective stress principle. Bishop and Blight extended his definition and
proposed the following equation for a saturated-unsaturated medium:

Y
Oy =0y +x5,-jpfg1p (2)

where o’ is the effective stress, d; is the Kronecker’s delta, P is the unit weight of water, g is
the acceleration of gravity and 1 is the pressure head. Subscript f means “fluid”. Parameter x1is

H-1 (D)
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defined as
y=1 (Saturated zome), x=x(S;) (Unsaturaied zone) 3)

« is a ponlinear function of S, (the degree of saturation).

The validity of equation (2) is not definite and is still under debate even now. However, here it
is assumed that equation (2) holds and that y is approximately equal to S .

Substituting equation (1) for equation (2), the equilibrium equation for the effective stress isa
saturated-unsaturated geologic medium is obtained, namely,

(o7 + x6;08w), + o =0 @

where (xd;0r gW) is a term which means that changes in the pressure head influence the
equilibrium equation.

The effects of temperature can be implemented in a constitutive law for a sold medium. For an
isotropic linear elastic material, Duhamel-Neuman’s relationship can be used and the following
- constitutive law is obtained:

a; =C;‘jk££k1 -ﬁéij(T"Ta) | (5)

where B = (3A+2p)ar. Cyu is the elastic matrix, & is the strain tensor, T is the temperature, A
and p are Lamé’s constant and oy is the thermal expansivity coefficient. Subscript o means that
the parameter is in a reference state.

The infinitesimal strain-deformation relationship is

&1y =%(uk’, +u1,k)

(©)

where u; is the deformation vector.
Substituting equation (5) and (6) into equation (4), the stress equilibrium equation is obtained. It
takes into account the effects of temperature and pore pressure change, namely,

1
[Ecijk[ (”u g an )— B3y (T-1,)+ stsjpfgil’] +pb; =0
. 0

(-B;(T-T,)); is a term which stands for the influence of heat transfer on the equilibrium
equation.

3) Continuity equation for ground water
The equation of continuity for ground water in a saturated-unsaturated zone is derived from
Richards’ theory as follow:

alo,6)

P =—(pfvi)’i

(8)
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where #is the volumetric water content, ¢ is the time and v; is the velocity vector.
The equation of motion for ground water can be explained by Darcy’s law. That is,

v, = —k(@)--h

) (9)

where k(6); is the permearbility tensor that is a function of . £ is the total head.
The total head can be expressed as the sum of pressure head 1 and elevation head z.

h=y+z (10)

The volumetric water content & is a function of the degree of saturation S, and porosity n, which
is expressed as,

G=n Sr (11)

Substitution equations (9), (10) and (11) into (8), following equation is obtained.

J
b ko) b +2),}, =20, n s,

(12)
The right-hand side of equation (12) is expanded to
d . 9P5 o as,
Epf nsS =n S'7+pf S’;t—+pf n—a— 13)

The first term at the right-hand side represents a density change in the pore water. The second
term means a change in the skeleton of the porous medium. The third term stands for a change
in the degree of saturation in an unsaturated region.

Considering the compressibility and the thermal expansivity of water, the density of water can
be expressed as,

o =ppli= B 0-T)1 5,(P-B)] (14)

where P is the pore water pressure and py, is the reference density at P=P, and 7=T,.
Prand fp are the thermal expansivity and the compressibility of water, respectively,

1 dpy
ool ]
Ps (P = constant) . (15)
and
1
crar '
Pr (T = constant) (16)
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Eaton assumed that buoyancy could be ignored in an unsaturated zone due to its insignificant
effect on the fluid flow. Adopting this assumption, A is set to be zero in an unsaturated zone.
A combination of the first terms in equations (13) and (14) yields

s ar aP
n Sr7=pfo n Sr(—ﬁr}t—‘*ﬁp'—‘)

i (17)
Pressure head v is related to the pore water pressure as follows:
P
»‘p = ——
Pr & (18)
Taking equation (10) and (18) into account, equation (17) can then be modified to
Py a o
nS,——=ppn Sr(_ﬂi"__"'pf g ﬁp_)
ot ot o (19)

Assuming that the strain is infinitesimal, the second and third terms at the right-hand side of
equation (13) are expressed as

n s
S —= hY :
pf r& pf r a
e, s 0 0w
P B Ty TP TP G a (20)

Equation (12) is modified by using equation (19) and (20) as follows:

dy 88 dy o ; oT
{pfk(e)ijh,j},i _pfonsrpfgﬁl’g_pf a—%D“E“PfSr7+Pfa”Sr5T¥=O

21)

Equation (21) is an equation of continuity for ground water which takes into account the
compressibility of the ground water and changes in density by temperature change.

4) Energy conservation law

In general, the ground consists of materials with three phases, i.e., solid, liquid and gas. It is
not easy to understand the behavior of heat transfer through such a composite material,
because the way in which heat is transported is difficult for each phase and a heat transfer may
occur between phases. However, the state of the gaseous phase in a ground is too complicated
to be modeled. For simplicity, 2 pore in a porous medijum is assumed to be filled with only a
liquid phase here. This means that the ground water does not change in phase from liquid to
gas or vise versa and that the thermal conductivity of the gaseous phase is disregarded. Since
the heat conductivity of the gaseous phase is smaller than that of liquid and the solid phases,
the heat conductivity of the composite material is not affected much by the volume of the
gascous phase.

An energy conservation law, based upon the process proposed by Bear and Carapcioglu, is

-1 0
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derived for ground water from the above assumptions without the effect of viscous dissipation:
Consideration the existence of an unsaturated zone, the equation of energy conservation is
written as,

aP

T
f o;

(22)

where C, is the specific heat and J is the heat flux by conduction. In equation (22), the first
term at the left-hand side shows the time dependency of energy, the second term shows the
change in energy due to heat convection. The first term at the right-hand side express the
change in energy by heat conduction and the second term shows the reversible energy change
caused by compression.

Similarly, the energy conservation law for a solid phase is written as,

aTs + == - -\1-"
(1-n) c( ~ stz;) Vi-n), -(1-n) 23)

where subscript s means solid. In equation (23), the second term at the right-hand side
indicates the reversible energy change caused by deformation.

Faust and Mercer proposed that the movement of water through porous media is so slow and
the surface areas of all phases are so large that it is reasonable to assume that a local thermal
equilibrivm among phase is achieved instantaneously. This means that the heat transfer
between phases in the ground can be disregarded. If this assumption is permitted, the
following equation is then valid:

Using this assumption, equations (22), (23) and (24) can be combmcd and an equation of
energy conservation for the ground can be obtained by

brs.osCy +-mlp.C JE +S, 0,07 +G-nlo,Cv, T

Vs, 7, +Q-n), |-ns,7( L) vy, -(-
f (ﬂ)”’ f * (25)

When it is assumed that Fourier’s law is valid for heat conduction, the following equation are
given:

J f = —KTfVT

‘IS = —KTSVT (26)

~ where K7is the coefficient of heat conduction.

The term (ap/ar) in equation (25) can be modified by applying equation (15) and (16) as
follows:

-1 (1)




JNC TJ8400 2002-023 Prediction analysis A for the PRP with the numerical code THAMES

JNC
(ég )
Py

Disregarding the velocity of a solid, equation (25) is rewritten using equation (6), (9), (26) and
(27) in the following form:

br
By

py=constant i ’ . (27)

T
(pcv )m ';.,'E— + nSrpf CvaﬁT,i -Kp, Ty

_ Br. ol erily  wuw. e
nS,T o ok + 2(1 n)BT at(”‘” +u;;)=0 o8

where (0C,).» and Ky, are expressed as follows:

(pCv )m =nS,prﬁ +(1-"'n)pscvs (29)
and
Ko =05, Ky + (1 - n)KTs . (30)

Equation (28) is an energy conservation law in which the effects of stress-deformation and
ground water flow are considered. The first, second and third terms at the right-hand side
express changes in energy due to heat conduction, pore water pressure and reversible energy
caused by solid deformation, respectively.

5) Governing equations

Equation (7), (21) and (28) represent the governing equations for a coupled tharmal, hydraulic
and mechanical problem proposed by Ohnish et al. This model was verified with the available
analytical and experimental results. These equations are used by means of a total head
expression such as, ‘

1 —_—
Ecijﬂ(uk,l +“1,k)-ﬁ5ij(T“Ta)+X‘5ngg’p +pb; =0
. ’j

oh 30 ok o, aT
Er__pf _"—_pfsr—i+pfonsrﬁfja?=0

{pfk(a)g’h,j}’i —pPphS, prghp 3w ot %

€2V

(PCu ),,, %:— +n8,0;C VaT; —KpnT,

i

1, .8
—nS,T% (@0 +—£(1—n)ﬁTE(u,-,j +uy;)=0

where 7~ (-ro. -5, f ) and p; is the density of a solid phase.

2.3 Governing equations of extended coupled THM model for buffer material

f-1 (12)
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The behavior of the buffer material is influenced by the interdependence of thermal, hydraulic
and mechanical phenomena. To treat the water/vapor movement and heat induced water
movement, the continuity equation used in the extended THAMES code is as follows;

36 2K
{é’ﬂzDe 'a—(h,.- —z, )+ (1~ E)p—"&— ’ } + {p!DTT:i}’i
Y Hy

dh 36 oh ou; aT
- nS _— e S —_— nS _._..=0
L1, 0186 o Py oy o £19; ot P18, Br o

(32)

where Dgis the isothermal water diffusivity, fis the volumetric water content,yis the water
potential head and K is the intrinsic permeability. The symbolZis the unsaturated parameter so
that £=0 at the saturated zome, £=1 at the unsaturated zone. The symbolgy is the viscosity of
water, pris the density of water, g is the gravitational acceleration. Dy is the thermal water
diffusivity, » is the porosity, S, is the degree of saturation, fpis the compressibility of water, Sr
the thermal expansion coefficient of water and z is the elevation head. u; is the displacement
vector, T is temperature, / is the total head and ¢ is time. The subscript 0 means the reference
state, This equation means that the water flow in the unsaturated zone is expressed by the
diffusion equation and in the saturated zone by the Darcy’s law.

The energy conservation equation has to treat the energy change by evaporation. The equation is
given as

' oT 20
(PCv )m "é}'” +08, 01 C VT i Ky Tz +L{Deu @ (h:i ~Zsj )}’i

+ns,rﬁ—f gpeﬁg—(h,,.-z,,.h(1-5)%{(—h,,.+nrr,,. y
Bp dy Hy

1 d '
+5(1—n)ﬁT¥(u,-,j +uj',- ':l'=0 (33)
where (0C,) is the specific heat of the material consisting of water and the soil particles, Cy
is the specific heat of water, V}; is the velocity vector of water, Kny, is the thermal conductivity
of consisting of water and the solid particles, L is the latent heat of vaporization per unit
volume and Dy, is the vapor diffusivity.

The equilibrium equation has to take the swelling behavior into account.

1
{Ecijic[ (uk,I Tl )‘“ Frd; - Boy (r-1,)+ X‘SyP:g(h —z)|+pb; =0 (34)
where Cyy is the elastic matrix, p is the density of the medium and b; is the body force. y is
the parameter for the effective stress, x =0 at the unsaturated zone, y=1 at the saturated zone.

The symbol F is the coefficient relating to the swelling pressure process and g = (3A+ 2u) o,
where Aand u are Lame’s constants and «; is the thermal expansion coefficient. '
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The swelling pressure szzcan be assumed to be the function of water potential head (1) as
follows;

7(6;) = pig(bw ) = p,glwl0,)-v10,)) = 018 8, a—‘;da (35)

where 6 is the volumetric water content at the initial state. This is based on the theory that
swelling pressure is equivalent to the water potential.

2.4 Initial and boundary condition
It is necessary to establish the following initial and boundary conditions in order to solve the
governing equations.

Initial conditions:

u,(%,¢) = ,(%,0) | (36)
W)= iz0) -
1(2,1)=7(5.0) | (39)

Boundary condition:

-displacement; (%)= i, (%,1) (39)
or traction; o (Eth; (f)= g8 (40)
*total head; h(’:‘r Y ) =4 (ft) | (41)
or flow rate; {k(ﬂ B }"" = -0 (42)
-temperature; T(.e)=16.1) (43)
or heat flow; KTy =—0r(%.1) : (44)

where, * is the position vector, »; is the unit normal vector, ¥ is the known displacement,

~

h s the known head, T is the known surface traction, Q is the prescribed flow rate and

Or is the prescribed heat flow.

2.5 Numerical techniques

The Galerkin type finite element techmique is employed to formulate a finite element
discretization. In order to obtain stable solution, linear isoparametric elements are used to
represent the behavior of total head 2 and temperature 7. Quadratic isoparametric elements

fi-1 (14)
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are used to express. displacement u;. In order to integrate time derivatives, a time weighting
factor is introduced, and thus, any type of finite difference scheme may be applied.
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3. Parameters for Analysis

3.1 Parameters of bentonite MX-80

For the simulation of Prototype Repository, SKB carried out many laboratory experiments
about the bentonite MX-80. The initial conditions of bentonite MX-80 at the laboratory
experiments are as follows.

Dry density: pz = 1.67 g/cm®
Water content: w=0.17

Void ratio: e = 0.77

Degree of saturation: S, = 0.61

In this chapter, we show the parameters of materials for simulation by THAMES. Almost
parameter except for the hydraulic conductivity, thermal vapor flow diffusivity and swelling
pressure parameter are the same with those used for the simulation conducted by SKB
(Borgesson and Herneilind, 1999).

1) Thermal property

The thermal conductivity A of MX-80 is obtained as a function of degree of saturation S,.
Figure 1 shows the measurement result. For the simulation, we used the relation as shown in
Table 1.

14
& =
é 12 = By
=
g,
[
5 e
2 By
08 £

8
T ™~
E 0z
|

o 0 0 30 40 0 o ™ a0 L] 1w

Sr (%)

Figure 1 Thermal conductivity of MX-80

Table 1 Relationship between thermal conductivity Aand degree of saturation S,

S, A (W/mK)
0.0 0.3
0.2 0.3
0.3 . 0.4
0.4 0.55
0.5 0.75
0.6 0.95
0.7 1.1
0.8 1.2
0.9 1.25
1.0 1.3
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Specific heat ¢ (k)/kgK) is a function of water content e.
~ 80.0+4.20
100 + w ' (45)

Table 2 shows the relationship between specific heat and water content calculated from equation
(45). '

Table 2 Relationship between specific heat and water content

(%) ¢ (ki/keK)
0 0.800
10 1,109
20 1.367
30 | 1.585

100 2.500

2) Hydraulic property

The hydraulic conductivities (k) of MX-80 are measured with different void ratio (e) under
the different temperature (7)) conditions. Figure 2 shows the example of measurement results.
This figure shows the relationship between the void ratio and the hydraulic conductivity.
From these experiment results, SKB used the tabulated data shown in Table 3 for the
simulation. In this table, hydraulic conductivity is a function of void ratio and temperature.
From this table, the relationship between the hydraulic conductivity and temperature at each
void ratio is calculated as shown in Figure 3. From this figure, it is known that hydraulic
conductivity mcrease with temperature increasing. Therefore, we estimated the intrinsic
permeability K (m?) from the hydrauhc conductivity & (m/s) by using the equation (46).

i
rg (46)

where, w(Pa s) is the viscosity of water, p (kg/m>) is the density of water and g (m/s°) is the
gravitational acceleration.

Figure 4 shows the relationship between the intrinsic permeability and the temperature at each
void ratio. From this figure, it is known that the intrinsic permeability is a function of void
ratio. Figure 5 shows relationship between the intrinsic permeablhty and the void ratio. This
relationship is expressed as following equation.

K =1.81x1072(e)** (47)

For the simulation by THAMES, equation (47) is used as the intrinsic permeability.
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Figure 2 Measured hydraulic conductivity with different void ratio

, I
Table 3 Tabulated data of hydraulic conductivity & with function of void ratio e and

1 10

Void ratio

100

.

temperature T for the SKB simulation

T [°C] e k fm/s]
20 0.4 0.035X 107"
20 0.6 0.200X 102
20 0.8 0.650X 10"
20 1.0 1.750X 10"
40 0.4 0.050X10™
40 0.6 0.310X10™
40 0.8 1.000% 107
40 1.0 2.750X 108
60 0.4 0.070X 10
60 0.6 0.440 X 1078
60 0.8 1.450% 10"
60 1.0 3.850X 10
80 0.4 0.100X 10
80 0.6 0.550X 103
80 0.8 1.800X 107"
80 1.0 4.900X10™
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Figure 5 Relationship between intrinsic permeability and void ratio

The unsaturated permeability is defined as shown in equation (48) by SKB. In this equation,
the unsaturated permeability is a function of the degree of saturation.

(48)
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where, k, is the hydraulic conductivity of partly saturated soil, & is the hydraulic conductivity of
completely saturated soil and d is the parameter (usually between 3 and 10).
And the parameter in equation (48) is obtained as follows.

§=3 (49)

Therefore, the unsaturated permeability when the temperature is 20°C and the void ratio is 0.4
is calculated as shown in Figure 6.

4.0 107

Unsaturated permeability {m/s}
bt
(—]
=

0.0 10 r 4o oy
0 0.2 0.4 0.6 0.8 1
: Degree of saturation

Figure 6 Unsaturated permeability of MX-80(Temperature 20°C, Void ratio 0.4)

The water retention curve of MX-80 is shown in Figure 7.

10°

108

104

108

Suction (kPa)

107 |

10!

0 0.2 0.4 0.6 0.8 1
Degree of saturation

Figure 7 Water retention curve of MX-80

The thermal vapor flow diffusivity is determined by temperature gradient test conducted by
SKB. Test apparatus is shown in Figure 8. The size of specimen is 50mm in diameter and
50mm in height. The temperature of top and bottom side of specimen was controlled at fixed
different temperature. After the several time, specimen was picked up and measured the water
content distribution in the specimen.
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e
==
——]

" —— Cooling flanges

B -
;;I Q\s\\{\ Sample
Heat wires

Figure 8 Test apparatus for temperature gradient test

SKB used the equation (50), (51) and (52) as the thermal vapor flow diffusivity. In these
equations, the thermal vapor flow diffusivity Dy, is a function of the degree of saturation.

Dy, =D, 03 =5 = 07) (50)

0.7 = §) (51)

S = 0.3) (52)

The parameters D, @ and b were determined by back analysis of temperature gradient test. We
" re~determined the Dgyp by our analysis code THAMES.

1.00 | l
N —4—6 hours
- o.so--n%\ﬁm.\ —o—1day ————
K n\\;\: B —a—4 days
g 060 a. o ‘A-‘:‘r +16days
T e — G2 0
2 040 ' i =S
g O ‘ ey T
---4--- 6 hours .. @
Q 0204 -3+ 1 day —p A
-4 days
---Ae--- 16 days
0.00 : ‘
L1 10 20 30 40 50

Distance frorn cold end {mm)

Figure 9 Comparison of saturation distribution in the specimen between measurement results
and simulation results of temperature gradient test
(straight line; measurement results, dotted line; simulation results)

Figure 9 shows the comparison of saturation distribution in the specimen between measurement
results and simulation results of temperature gradient test. Initial degree of saturation of the
specimen is 50%. The determined values are shown in following equations. Here, the parameter
Dy is only determined and other parameters @ and b are the same with SKB values.
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Dy =2.0X 107 m%/sK (53)
a=6 (54)
b=6 | (55)

Figure 10 shows the calculated thermal vapor flow diffusivity as function of the degree of
saturation.

10_12 T T T T T T T T T T T T T T T T T T ¥

T T aTiT
i L1 1 814l

]043_.............1 .............. e LA S —

0"

T T T T TTT
L1l

Thermal vapor flow diffusivity {m/sk)

]0-15 I
0 0.2 0.4 0.6 0.8 1

Degree of saturation
Figure 10 Thermal vapor flow diffusivity as function of degree of saturation

3) Swelling property _
The parameter for swelling pressure (F in equation (34)) is determined by back analysis of
swelling pressure test conducted by SKB. Initial condition is specimen is follows.

Size: diameter 50mm, height 50mm
Degree of saturation: 0.4

Time history of calculated swelling pressure is shown in Figure 11. The parameter F is
determined as 0.180.

10

Swelling pressure (MPa)

0
0 10° 2 10f 4 10° § 10° B 108
Time (s)

Figure 11 Calculated swelling pressure
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3.2 Parameters of backfilling material

In the Prototype Repository Project, mixed material with bentonite and crushed rock
(B:S=3:7) will be used for the backfilling of drift. Backfilling material is compacted in situ
~ and dry density is 1.75g/cm” (void ratio 0.57, saturated water content 20.7%).

Parameters of backfilling material for the simulation are as follows.

1) Thermal property

The thermal properties of backfilling material are constant as following values.

Thermal conductivity: A=1.5W/mK ' (56)
Specific heat: ¢=1.2k)/kgK 67
2) Hydraulic property

Hydraulic conductivity & of backfilling material is as follow.
Hydraulic conductivity: £=2.0E-10m/s (58)
The relationship between the suction and the degree of saturation for the simulation is shown

in Table 4. Figure 12 shows the water retention curve of the backfilling material. The
unsaturated permeability is calculated by equation (48) and (49).

106

LIS RLLL

10°

.........................................................................

T T TTFrH]

104 L .............. ............... , .............

10° £

Suction (kPa)

10 ...'.. ............... ........... : ..........

10'

0 0.2 0.4 0.6 0.8 1
Degree of saturation

Figure 12 Water retention curve of backfilling material
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Table 4 Relationship between the suction and the degree of saturation of backfilling material
Degree of saturation Suction
Sr (=) Sw (kPa)
0.01 400000
0.28 50000
0.33 20000
0.40 12000
0.43 - 5000
0.48 3000
0.58 1050
- 0.67 500
0.77 230
0.87 110
0.92 80
0.97 50
0.995 40
1.0 0

3) Mechanical property
The Young’s modulus and the poison’s ratio of backfilling material for the simulation are as
follows.

Young’s modulus: E=30MPa _ (59)
Poison’s ratio: v=0.3 ' (60)

3.3 Parameters of surrounding rock

1) Thermal property

The thermal properties of surrounding rock are constant as following values.

Thermal conductivity: A=3.0W/mK _ (61)
Specific heat: ¢=0.8kJ/kgK (62)
2) Hydraulic property

Hydraulic conductivity of surrounding rock for the simulation is constant. However, because
the hydraulic property of real rock is heterogeneous, some values are used for the simulation
and the effect of permeability of rock on the simulation is examined.

Hydraulic conductivity: k=10" to 10m/s (63)
The relationship between the suction and the degree of saturation for the simulation is shown

in Table 5. Figure 13 shows the water retention curve of the surrounding rock. The
unsaturated permeability is calculated by equation {(48) and (49).
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Table 5 Relationship between the suction and the degree of saturation of surrounding rock

Degree of saturation Suction
Sr(-) Sw (kPa)
0.01 20000
0.1 10000
0.2 9000
0.3 8000
0.4 7000
0.5 6000
0.6 5000
0.7 4000
0.8 3000
0.9 2000
0.99 1000
1.0 0
3) Mechanical property

The Young’s modulus, the poison’s ratio and the density of surrounding rock for the

simulation are as follows.

Young’s modulus: £=1,850MPa
Poison’s ratio: v=0.3
Density: p=2.6g/cm’

3.4 Parameters of heater

Parameters of the heater for the simulation are as follows.

Thermal property: A=200W/mK
Specific heat: c=0.4kJ/kgK
Young’s modulus: £=210,000MPa
Poison’s ratio: v=0.3

Density: p=7.0g/cm3

f1-1 (25)
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4. Analysis of prototype repository

4.1 Analysis model

Analysis is carried out by two-dimensional model. Figure 14 shows the model geometry.
Figure 14 (a) is a whole geometry and (b) is geometry of engineering barrier. Analysis region
is 11m in width and 74m in height. Figure 15 shows the finite element mesh for the
simulation.

r
Rock
i 5.0m
38m
r
F
y 1.0m
* Buffer material *_I.Sm
Disturbed zone
(10mm)
10mm slot
36m 30mm slot
4.3m
h A 0.5m
0.525
I‘ o Concrete
11lm 0.875m {50mm)
(a) Whole geometry (b) Geometry of engineering barrier
Figure 14 Model geometry
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Figure 15 Finite element mesh

4.2 Analysis condition
Initial conditions and boundary conditions for the simulation are shown in Figure 16.

(Initial condition} :

Water head of surrounding rock: 400m

Degree of saturation of buffer material: 60
Degree of saturation of backfilling material: 60%
Temperature: 20°C

(Boundary condition)

Hydraulic: upper; constant, other; no flow

. Thermal: upper and bottom; constant, other; adiabatic
Mechanical: fixed to the normal direction

Heater: temperature constant (90°C) or heat flux constant (1,800W)
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H (Constant)
T (Constant)

20°C
H, =400m

Backfill
S0 =60%

Buffer l
S, =60%

- |H (No flow)
T (Adiabatic)

Heater

H (No flow)
T (Constant)
Figure 16 Initial and boundary conditions

4.3 Analysis case

Table 6 shows the analysis case. Case0-1 and Case(-2 are the case to research the difference
between the boundary condition of heater. Case0-1 is temperature constant condition and
Case(-2 is heat flux constant condition. Here, the initial void ratio of buffer material is 0.77
and it is not considered the gap between the heater and the buffer and between the rock and
the buffer. This void rafio value of buffer material corresponds to that after saturation. The
hydraulic conductivity of rock mass is 10™ %m/s. Casel-1, Casel-2 and Casel-3 are the case to
reseaich the effect b g difference of permeability of rock mass. The hydraulic conductivity of
rock mass are 10*°m/s, 10'12111/3, 10'14m/s, respectively. The initial void ratio of buffer
material is 0.64. This value corresponds to bentonite block before installation to the test pit. In
these cases, it is not considered the gap between the heater and the buffer and between the
rock and the buffer. Because the bentonite of Casel-1 corresponds to that before the
installation and bentonite of Case0-1 corresponds to that after saturation (after swelling), real
phenomena will be occurred between these two cases. Above simulations are carried out by
TH analysis. The reasons are that structure change in the bentonite due to the swelling is not
clear and these simulations focus the effect by the external factor, e.g., boundary condition of
heater and permeability of rock mass. Case2-1 is a case that it is considered the gap between
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the heater and the buffer and between the rock and the buffer. The thermal property of gap is
the same with water. This simulation is carried out by THM analysis because the closing of
gap must be considered. Furthermore, we carried out the comparison between the TH analysis
and THM analysis when the gap is not considered in the model by Case 0-1 and Casel-1.
Case3-1, Case3-2 and Case3-3 are the case to research the effect by difference of thermal
vapor flow diffusivity of bentonite. The thermal vapor flow diffusivity of bentonite are 4
10Pm%sK, 6 10"°m%sK, 10 10°m%sK, respectively. These values are two, three and five
times of determined value from the laboratory test shown in section 3.1.

Regarding the parameter of the buffer, only hydraulic conductivity (intrinsic permeability) is
a function of void ratio (see equation (47)). Therefore, in case of THM analysis only
hydraulic conductivity changes with the change of void ratio, other input parameter is not
function of void ratio.

Table 6 Analysis case
Bounda Initial void Hydraulic Thermal vapor
neary yatio of | conductivity of | Consideration flow o
Case condition of P Analysis
heater buffer rock mass of gap diffusivity
material {m/s) (’/sK)

Case0-1 | Lemperature | g 7y 100 No 20410 | TH and THM
constant

Caseg.p | Heat flux 0.77 10 No 2.0 107 TH
constant

Casel-1 | Lemwperature 0.64 10 No 2.0 10 TH and THM
constant

Casel-p | Temperature | 4 oy 102 No 2.0 10 TH
constant

Casel-3 | Temperature | g oy 10 No 2.0 10 TH
constant

Casez-1 | Temperature | oy 10710 Yes 2.0 10" THM
constant

Case3-1 | TeMperatuze | 4 oy 10710 No 4.0 10" TH
constant

Case3.p | romperature | oy 101 No 6.0 10 TH
constant ‘

Case3-3 | Tomperature | oy 1010 No 10.0 103 TH
constant

4.4 Analysis results

At first, we carried out the analyses of Case(0-1 and Case0-2 and compared the difference due
to the boundary conditions of heater. As a result, we could not obtain good result in the
Case0-2. This will be because the heat flux of heater was too high in that simulation. Figure
17 shows the time history of degree of saturation in the buffer at the center level of heater
(along the output line as shown in the figure at right). The degree of saturation near the heater
became low due to temperature gradient and it showed the minimum value (approximately
40%) after about 300 days from the start of heating. After that the degree of saturation
increased gradually as a whole in the buffer and the buffer became saturation after about
6,000 days from the star of heating, Figure 18 shows the time history of temperature along the
output line in the right figure. It is known that temperature did not become constant after the
saturation of the buffer. Temperature became constant after 10,000 days from the star of
heating.

Figure 19 shows the time history of degree of saturation in the buffer for Casel-1. Decreasing
rate of saturation near the heater in the buffer in this case was larger than that in Case0-1 and
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minimum value of the degree of saturation was approximately 30%. Furthermore, it needed
more time to reach the saturation in the buffer compared with Case(-1. Re-saturation time
was approximately 20,000 days. Figure 20 shows the time history of temperature along the
output line in the right figure. It is not seen the large difference between Case0-1 and Casel-1.
As compared with Case0-1, the speed of temperature increasing for Casel-1 was a little slow
because the degree of saturation in the buffer for Casel-1 was lower than Case0-1 but final
temperature distribution for Casel-1 was the almost same with Case0-1.

Figure 21 shows the time history of degree of saturation in the buffer for Casel-3. There was
no difference between Casel-1 and Casel-3. Figure 22 shows the time history of temperature

.along the output line in the right figure. There was also no difference. Therefore, it is

concluded that re-saturation phenomena in the buffer are not dependent on the permeability of
rock mass if the hydraulic conductivity of rock mass is in the 10 to 10™*m/s range.
Figure 23 shows the time history of degree of saturation in the buffer for Case2-1. As
compared with Casel-1, degree of saturation increasing near rock mass in the buffer was
faster but the re-saturation time in whole buffer was the almost same with Casel-1. Figure 24
shows the time history of temperafure for Case2-1. There was not seen large difference with
Casel-1. '
Figure 25 to Figure 30 show the simulation results with different thermal vapor flow
diffusivity. The degree of decreasing of saturation in the buffer is great with increasing of
thermal vapor flow diffusivity. The effect of thermal vapor flow diffusivity is great and it is
said that it is important to evaluate the thermal vapor flow diffusivity exactly to estimate the
re-saturation phenomena in the buffer precisely. :
Figure 31 to 37 show the distribution of degree of saturation and temperature around the
disposal tunnel after 30 days, 1 year and 5 years of Case0-1, Casel-1, Casel-2, Case2-1,
Case3-1 and case3-3, respectively. After 30 days, degree of saturation of rock mass around
the disposal funnel decreases slightly, however, it recovers to 100% after 1 year. Furthermore,
it is known that the effect of permeability of rock mass on the decreasing of saturation of rock
mass is little if the permeability of rock mass is in the range between 10*°m/s and 10 *m/s. It
is also indicated from these figures that the thermal vapor flow diffusivity of buffer exerts the
most influence upon the distribution of degree of saturation and temperature in and around the
engineered barrier.
Figure 38 shows the time history of degree of saturation in the buffer with different
permeability of rock mass. Black legend is the results of outer side of buffer (near rock mass)
and white one is results of inner side of buffer (near heater). Figure 39 shows the time history
of temperature at the same points with Figure 38. It is also indicated from these figures that
the effect of permeability of rock mass upon the distribution of saturation and temperature in
the buffer is small. Figure 40 and Figure 41 show the results with different thermal vapor flow
diffusivity. Figure 40 shows the time history of degree of saturation and Figure 41 shows the
time history of temperature. As compared with Figure 38, it is much different between each
case in Figure 40 because of different thermal vapor flow diffusivity. The degree of
decreasing of saturation in the buffer is great with increasing of thermal vapor flow diffusivity.
Figure 41 shows the time history of temperature with different thermal vapor flow diffusivity.
Because the degree of saturation in the buifer decreases with increasing of thermal vapor flow
diffusivity, temperature at the outer side of model decreases because of decreasing of thermal
conductivity of buffer. In this simulation, the boundary condition of heater is temperature
constant. Therefore, the maximum temperature in the buffer becomes low as the thermal
vapor flow diffusivity of buffer is high as shown in Figure 41. However, real waste is heat
flux constant rather than temperature constant. At that situation, the maximum temperature in
the buffer maybe increases with increasing of thermal vapor flow diffusivity.

Figure 42 to 45 show the comparison of degree of saturation and temperature between the
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TH analysis and THM analysis. Figure 42 and Figure 43 are the results of Case0-1 and Figure
44 and 45 are the results of Casel-1. In these figure, we carried out the comparison by the
effect of coupling when we did not consider the gap in the model. From the Figure 42 and
Figure 44, it is known that the increasing speed of degree of saturation near rock mass by
THM analysis is earlier than that by TH analysis. This is because of increasing of void ratio
due to swelling and it caused the increasing of hydraulic conductivity. On the contrary, the
void ratio of buffer near the heater decreases by compression due to the swelling of bentonite
near the rock mass, and then the hydraulic conductivity of bentonite near the heater decrease.
By the decreasing of hydraulic conductivity of bentonite near the heater, the re-saturation time
by the THM analysis is longer than that by the TH analysis. And maximum temperature in the
buffer by the THM analysis is lower than that by the TH analysis. In these analyses, the
structure change due to the swelling is not considered. In these amalyses, pressure due to
swelling is only considered. Then void at the swollen part becomes to be expanded by the
tension stress of swelling. However, it is considered that the void in the bentonite is filled by
the swollen montmorillonite minerals (Pusch 1980a, 1980b, Kimine and Ogata, 1994) and the
' properties will be changed by the change of void during the water uptaking.

Figure 46 to 49 show the time history of degree of saturation in the buffer and time history
of temperature with different model for gap between buffer and rock mass. Figure 46 and
Figure 47 are the comparison between TH analysis of Case0-1, Casel-1 and THM analysis of
Case2-1. Figure 48 and Figure 49 are the comparison between THM analysis of Case0-1,
Casel-1 and THM analysis of Case2-1. At the inner part of buffer that will need the most time
to reach the saturation, the re-saturation time of Case2-1 is closed to the results of Casel-1
compared with that of Case0-1. In the Figure 46, re-saturation time by Casel-1 is longer than
that of Case2-1, but it will be considered that re-saturation time by TH analysis is shorter than
that by THM analysis as shown in Figure 42 and Figure 44. Re-saturation time by THM
apalysis of Casel-1 is the almost same with that by THM analysis of Case2-1. Therefore, it is
concluded that when gap is not considered in the model] it is better to use the property at the
high density of bentonite before installing into the disposal pit. However, these are the results
when we did not consider the structure change inside the bentonite due to the swelling in
detail. In order to achieve the more detail evaluation, it needs to consider the structure change
inside the bentonite and the parameter change during the swelling.
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Case0-1 Degree of saturation [ %] Temperature [0C]

After. -
30 days
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1year -
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Figure 31 Distribution of degree of saturation and temperature in buffer and rock (Case0-1)
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Figure 32 Distribution of degree of saturation and temperature in buffer and rock (Casel-1)
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Figure 33 Distribution of degree of saturation and temperature in buffer and rock (Casel-2)
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Figure 34 Distribution of degree of saturation and temperature in buffer and rock (Casel-3)
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Figure 35 Distribution of degree of saturation and temperature in buffer and rock (Case2-1)
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Case3-1 Degree of saturation [%] Temperature [0C]
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Figure 36 Distribution of degree of saturation and temperature in buffer and rock (Case3-1)

-1 (42)




JNC TJI8400 2002-023 Prediction analysis A for the PRP with the numerical code THAMES
JNC

Case3-3 Degree of saturation [%] Temperature [0C]

After
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After
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Figure 37 Distribution of degree of saturation and temperature in buffer and rock (Case3-3)
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Figure 43 Comparison of temperature between TH and THM analysis (Case0-1)
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5. Summary
In this report, we carried out the pre-analysis of Prototype Repository by two-dimensional
model. From the pre-analysis, following results are obtained.

1) Re-saturation phenomena in the buffer are not dependent on the yermeability of rock
mass if the hydraulic conductivity of rock mass is in the 10" to 10™*m/s range.

2) The re-saturation time of the buffer is between 6,000 days and 20,000 days. It is
dependent on the initial void ratio of the buffer.

3) There is not so large difference about the temperature distribution between the some
cases for modeling of the gap compared with the distribution of degree of saturation in
the buffer. :

4) It is important to evaluate the water movement due to thermal effect in order to estimate
the re-saturation phenomena in the buffer mass.

5) It is concluded that when gap is not considered in the model it is better to use the
property at the high density of bentonite before installing into the disposal pit. However,
these are the results when we did not consider the structure change inside the bentonite-
due to the swelling in detail. In order to achieve the more detail evaluation, it needs to
consider the structure change inside the bentonite and the parameter change during the
swelling,

In this report, we investigated the effect of void ratio and thermal vapor flow diffusivity of the
buffer and the effect of the permeability of surrounding rock on the re-saturation phenomena
in the buffer by two-dimensional model. Next stage, we will investigate the effect of exist of
adjacent boreholes by three-dimensional model.
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