TUNNEL & UNDERGROUND SPACE Vol. 25, No. 6, 2015, pp. 556-567

http://dx.doi.org/10.7474/TUS.2015.25.6.556

TUNNEL & UNDERGROUND SPACE

ISSN: 1225-1275(Print)
ISSN: 2287-1748(Online)

Decovalex-2015 Task B2& <Igt THM of{Ad7[H Il 3 HE
HAT|*, 012, HaE

THM Coupling Analysis for Decovalex-2015 Task B2
Sangki Kwon*, Changsoo Lee, Seung-Hun Park

Abstract The evaluation of THM coupling behavior in deep underground repository condition is essential for the
long term safety and stability assessment of high-level radioactive waste repository. In order to develop reliable
THM analysis techniques effectively, an international cooperation project, DECOVALEX, is carried out. In
DECOVALEX-2015 Task B2, the in situ THM experiment planned to be conducted by JAEA was modeled by
the research teams from the participating countries. In this study, a THM coupling technique combining TOUGH2
and FLAC was developed and applied to 1 dimensional THM modeling, in which rock, buffer, and heater are
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considered. The results were compared with those from other research teams.
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EA2H O] dA] &Eolr] Qslixle s Wy ¢
ko] A7) g-4=2l- g5k EAFY olsiE da=
SFcKTsang et al., 2012).

HEAH 7= AFH S sk AlA Zh=rollA
= AstATAIoA 9] dAIET AFA AY, 17
T HEE Aol B dlEv1He] AL Sl
wEsal Qlok g-40e]-HE-31eA(T-H-M-C) 454
ol digh iAol A==E =o]7] 3] 199215 E
DECOVALEX(DEvelopment of COupled models and
their VALidation against EXperiments) =485+
7} Z=pElo] AA7ER] A=Al Qi Hudson and Jing,
2013).

2 AFtois AEHTIEY ASAHE Al A
FHoA ] D-42]-A3H(THM) EHA5S ol&s)
7] 18t siA7IHE skt skeit. B4 THM
A5 Ao Wil gatr o walsly] s g-4g] A
T Aol Wol ARE-E]AL §li= TOUGH2 =9} &%)
A Aol A de] A=Al Qs FLAC ZRIHS
FA71E 7S JfEsldct ©]5 DECOVALEX-2015
Task Bof| Z-gsto] thE Ao A}t 45wt
o2 84 7IHe S HEskalxt sigick

2. DECOVALEX ZHZSH7

21 e
DECOVALEX TA| 35+ WA E7]&Eo] A&
= A3} eEtellA o] THMC 84 719 7ieke $i3)
1992 0] Z=pElo] AA7ER] FPE L Q= 71 diE
2l A TEAT 5 shto|ck ZhtollA] sk
TR EAT A4 Aoy AR o=
ot BARLRS Az AS 18ste] blind test W
RdEgS =35t o]F wid 23] fHEH=
. Al S ATl o
ot A7 sf4] Aol digh A% Bl i AAA
e & 53 Polxl et vl zH
s Z1del e B A5 S gl 719E 7t
#7 =t} DECOVALEX ZAEEoE 1992d
0]Z, 44 t+9]& DECOVALEX-I, DECOVALEX-II,
DECOVALEX-III, DECOVALEX-THMC, DECOVALEX-
20110] ¢2k=2E]9la 2012do]= DECOVALEX-2015
7b 2pElo] 20154 WkA] Y Qick Table 1-&

DECOVALEXOJA 4234 Task 52 Hoj&r}. skt
£ 2008 HHE] A]2FE DECOVALEX-2011¢] XL&-0
2 QA o s Fofstg o s A de
FHOE ATEE st SRS ST HE A
shRaL 7S] S-S B8l AFEE wols AT
£ 43519t} DECOVALEX-20119] #-$, 3l=e A
el Asps A|3FATA o)A 4230 Pillar Stability A
&(Andersson, 2007)2 tAtO & &= Task Bof 2tojs}
HriKwon et al., 2013). 37} 21842291 DECOVALEX-
2015 A 2= Task A, Bl, B2, C1, C2 2 74
T R o3l DECOVALEX-2015 Task B29oj 3t
A0 & Task B2oj= 57 dqtelo] Zhoidbar Qir). 2015
Y DECOVALEX-20157} upg]=lo] wle} DECOVALEX-
201920161 d~2019) 0] tfgt Alglo] =9 Fof Qlrk

2.2 Decovalex-2015 Task B2

DECOVALEX-2015 Task B2+ Y+ JAEA(Japan
Atomic Energy Agency)”} &3}l Q= Zvlol= F
2ot oo $A]gF Horonobe URL(Underground
Research Lab.)ol|A A &5}l Q= full scale ¥4 EBS
(Engineered Barrier System) A§2 g jitoz
Shek APA R chpet AAE B SlEl7t B2
% overpack, HIEUO|E &), HA-2AY(backfill),
2|3l QoA 9] F-e]- A5k AsS WESHA €
t}h Task B2of &ofslal 9= 7138 BGR(Germany),
CAS(China), DOE(USA), KAERI(Korea)2} JAEA(Japan)
ou] 7t Aol 1T AH| Ei 9lgt ATEBGR,
CAS, LBNL, 0l3}t), JAEA)S LA51o] Zolslar )
t}. Task B20| F7}el= AE2 =2 AHEgo] AX|
H EBS YFe} FHof|A 9] THM(C) A5 oAI5skaL
ol2 o 1t} oju] gl ARATS Slat AlAe]
AA)of| gk AIjks sh 29 ASE AHAIE Anet
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Horonobe EBS A3 AR 1EQ] AX|Z A&
NS HAlsl7] 95t Ao R diEo] AHEINg2 HI2
HuAo] AAI5] 7]&E o] JTHING, 2000). H12 11
Aol M= feskE 1EYHrES g o R gt
E01%1 overpacko] HolA A&} Overpacks A4t
= 4= ¢E Kunigel HIELO|ELL RS T3t
T ugeg 7igdste] Ak 2sh 4=l wjEle] 9]
Aok= A B Higo] ofg] 7o) 4 AESS
HFL At A7 1SS AXsh Zdo] drH A&

g2 Kunigel RIEUO|EQ} mbafjols Sste] S
=oHA Hr

Horonobe EBS A&9] 7 2 AIHEEe] A 3}
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Table 1. Tasks covered in DECOVALEX international cooperation projects

Phase Task Tasks
(Period) name
BMT 1 Heat source in fractured rock
BMT 2 Heat source in hard rock with 4 fractures
BMT 3 KBS-3 concept in fractured rock mass
TC 1 Shear-flow test on rock core
(199]2)__11995) TC 2 Field experiment at Fanay-Augeres
TC 3 Large-scale test of bentonite
TC 4 Laboratory stress-flow test on fracture
TC 5 Shear-flow experiment of a single joint
TC 6 Hydraulic injection test in a borehole
Task 1 Numerical study of Nirex's shaft excavation
D-11 Task 2 In-situ THM experiment in Kamaish mine
(1995-2000) Task 3 Review of constitutive relations for rock joints
Task 4 THM processes related to design and PA
TC 1 FEBEX full-scale engineering barrier experiment
TC 2 Yucca mountain drift scale test
Q@ O(])DO-_I;; 03) BMT 1 Implications of THM of near-field safety
BMT 2 THM in fractured rock for large-scale repository PA
BMT 3 THM response to glacial cycle
Task A Influence of near-field THM and PA
Task B THMC studies of the EDZ
D-THMC Task C EDZ in the argillaceous rock
(2004-2007) Task D Property change in EDZ and near-field due to THC and THM processes
for volcanic and crystalline rocks
Task E Long-term climate change
Task A HMC processes in argillaceous rocks: the ventilation experiment
(2(])?)-82- (;)111) Task B Aspo pillar stability test
Task C HMC studies of single fractures and fracture networks
Task A The SEALEX In-Situ Experiment,
D-2015 Task B .B1 : HE-E Heater Test, Mont Terri
(2011-2015) .B2 : EBS Experiment, Horonobe
Task C THMC of single fractures

a7 HI2 Bade] Al Bosht A~
Ho] A7 7o g2 =L = S5l X
2% 100°CE 1185}9] overpack?] FH 2% 100°C
olkz fASHER Gtk e AL AAVIE
2 AL2ofA AffEl= S5 Bhek Hol& QIgt A}
¥ A5 AsHE 97] %t Aolt}. Fig. 12 Horonobe
URLIA AZlska gl @4 THM Alge] Aawe
7t 8459 4 9 PAFS HojEa gl ol 9

3l TR0l AIFE Y2 X3} 350 m Aol x|}
v 271 oF 5 m x 55 m olch. el vielo] HgEhe
42 m Zole] AEF A7 2.5 moju] AEzel A%
= %3 overpack 2] 2172 0.82 mo|th(Fig. 2). Fig.
3+= Overpackd] Al7te]| e 2% WHILE HojEr) =
7] €% 15°C oA 10 =<2 100°C 2 2%=7} A3}
= 202 7SIt Overpack sHitol ol 254
9] A= 0.7 mo| ZHoll= 0.72 m FA 2] &A
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_ Borehole for tilt meter

Simulated overpack

Buffer

(b) Conceptual design of in situ EBS experiment

Fig. 1. The Horonobe EBS experiment (provided by JAEA)
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Fig. 2. Planned layout of the in situ THM experiment at Horonobe URL(provided by JAEA)

Rock
| Backfill
-350m
T
L
| ouputine

Temperature of the surface
of the Overpack [0C]

=N
o
(=]

-
&)

041m 113m
0m

Overpack »
(Heater)  Initial condition 15°C Boundary conditions
if thick Bfter Rus Fixed temperature [15°C]
R HEGHOGES I [ 2|5 Fi Hydraulic pressure [OMPa)

T T T
| | |
1 | 1
| | |
1 1 1
1 1 )
| | |
| 1 |
| | |
| | 1
| 1 |
| | |

12 5

1030 60 100 200365500730 (day)

Fig. 3. Boundary conditions for the 1D THM analysis(Provided by JAEA)

Table 2. Modeling approach of each research team for DECOVALEX Task B2

Country Germany China Japan Korea USA
Funding Org. BGR CAS JAEA KAERI DOE
Research team BGR CAS JAEA Inha Univ LBNL

Code OpenGeoSY's EPCA3D THAMES TOUGH2-FLAC TOUGHREACT-FLAC

Model Continuous FEM Continuous Continuous Continuous Continuous

Coupling THM THM THM THM THMC

M(E]:;ll:?g irc)al Elastic Elastic Elasto-plastic Elasto-plastic Elastic
Hydraulic . .
(phase) Single phase Single phase Two phases Two phases Two phases
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Fluid and heat transport

| TOUGH? element node |

/
*lolo

"} | FLAC3D node

Stress and strain analysis

Fig. 4. Schematic of linking TOUGH2 and FLAC3D for a
coupled THM simulation (Rutqvist et al., 2002)

Coupling module

Coupling module
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o] el S-pelalale] A dodl 7 UL
of|A19] -F=Mpore pressure)= FLAC3DOA 3 ==
slae] QR 2g¥m FLACIDOIA 2oj2)
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Act. o]t F-42], JsefAe] WES F5i THM
e sash) Bk
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o
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7} 2493 Aa

B oLoflA] 7jdkE TOUGH2-FLAC 314 7]¥9] 7]
Aol EELL Rutquvist] 3141 7| M7} SAFSEAIRE
A= 758 71AILh 7129 4 7oAl FLAC
oA &2} ajARkE AAISk=t] Wl & Aol A AN
F 2ERoA= FLACO|A E-SHTM) sfj4& AAl
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Fig. 5. Modeling process for the THM analysis using
TOUGH2 and FLAC3D
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Al e FE W3l 5 TOUGH29 7|3 la2
Aled 4= A=S sielck F-2faiA(TH)-S TOUGH2
EOS3 Z&5& o-83I3lt) Fig. S& & dAgtolA 7
H, £ IZ=F ]85 THM 3j42] 35=F HolErh
o|2fgh =2HAQl THM 84l 7R AZE 7o wh&
A, 24, gy As WL o1& 4= Sl i
o] SIS ARt oR WP 4= Sl ARlo] Sick
THM <5 a4l fls 5d3 AArda 242 A
3}9).o1 TOUGH2-FLAC 7} Ak& 362 93 g
o] A5 AE 4= =T siglen ol flsf of
2 7§¢] Fortran ZZ I3} Fish ZZ o] A E]

At

U =g A

H 7o) A= TOUGH-FLACS 0|83t 1344 s)4]
& AABHITE Fig. 62 1219 si4jo] ARSE AR
Hojzrh g2 THM 7ol 2L g0
Bl 4= Qe Task B2o| WE ATHe Ao}
Qhat Afolo] mafZe wefsiA] QIkrk. AHF Fwio)
AR} 4R 2UsHA| 1o A@Lol|A W 7S
AHos & AL ¥Y 4 QIES 513 Dirichlet
AAZAE AP S8 A 0.1 m FAS] A=}
£ w319 boundary f4ofi= 1e20 m'e] 3] S
agsiol 2ol Yejo] A fA1E 4 =S 5
Ak sialell ALgE Ao 824 = 617Ho|th.
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Fig. 6. Model mesh for one-dimensional THM analysis for
Task B2
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Table 3. Material properties of buffer, rock, and overpack

A7 e 2 Ae

%7] Z3e 1.002 Tk
Aol Aedl

Overpack, =AY, & 1}% ZEFst A 720 I-48)-od
3}2) BAC JAEA ATE] o8 Al2E20 Table 3
T} Zh ) overpack BERAUA R 118513 o
2A4AE0] A== 4E A= Mohr-Coulomb =25
ARESHRITE 2 Ao A= B WS}l wE Y 1L
H5}7] Qs At g F ZIFEO] Wlof| whE G4,
o5tz EA4J0] Hat x|&F o7 uidE 4= Qe 2 5}
%irk Table 43 JAEASIA 2155 gilo] e gt
3} gl o] B4 WS wojEck Azke] AT
of wa} 3u|7t Wslsh ofof whel E/do] W3kt
5= Q7] el e o Ali= Table 49 A& o]|-§5}]

buffer rock overpack
Model type M-C Elastic Elastic
Bulk modulus (Pa) 9.08¢7 2.33el0 1.67¢l1
Shear modulus (Pa) 4.19¢7 1.07e10 7.69¢10
Mechanical Cohesion (Pa) 0 - -
Friction angle 16.6 - -
Density (kg/m’) 1,600 2,480 7,800
Poisson’s ratio 0.3 0.25 0.25
Dry thermal conductivity (w/m-K) 0.44 0.579 53
Wet thermal conductivity (w/m-K) 2.0 1.231
Thermal Specific heat (J/kg-K) 767 833 460
Thermal expansion coeff. le-6 1.34e-5 1.64e-6
Permeability (mz) 4e-20 1.33e-15 -
Hydraulic
Porosity 0.403 0.386 0.001
Van a (U/m) 8e-3 9.928¢-3 -
Genuchten n 1.6 2.01 -
Table 4. Variation of material properties with the variation of water content
Material Properties Equation
Thermal conductivity(w/mk) * 0.579+0.0197w
Rock Specific heat (J/kgk) * (62.6+3.2w)/(100+w)
Relative permeability* st
Thermal conductivity(w/mk) * 0.44+0.038+6.14e-3w-1.69¢-4w’
Buffer Specific heat (J/kgk) * (34.1+4.18w)/(100+w)
Young’s modulus(MPa) * 84.34-3.744w
Relative permeability* s/

(*) material properties adjusted during the iteration
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Shevlo] M2 B4 WEE agske Aol "asith

A B Rl A 9] P Wigh= TOUGH2 S ©)&-

3k TH sl&ol| 4] dojz|n] FLACS] FISH §H4-2 o] &

ato] AlAb Al 24 W3} RHgE 4 Ql=E Sl
AFAe] B2 ot 2k

a. A AsHA 24

3210l 4] €1Al= Mohr-Coulomb 24 R El-S- AR
sto] siAlstct WAL 00 7Pgsiglon it}
27E2 16.7°, Biot A= 1.00.8 7FA48Hch

b. Aol 44 E4

Ao BHEE(KT)= gHHl(w)oll whet EebA]
o FHpHob AEE] A ok A (D} e

KT=0.444+0.038w+6.14e-3w*-1.69e-4w’ )

A9 27] el 12.5%0]H, ek 7] 4
AEEE 1.2458 wmko|tk. 94 AR Abele] 927
HHEEE 0.44w/mkolw 2Hd3] EZ3ME Alejof A2
oA dAEEE 2.0w/m k2 AR

c. A e

z27] Aol DAY ESAlg(permeability) =
4e-20 m*o]™ HAJTN(capillary pressure)e] - Van
Geuchten §%-2 ol-§3to] Thex} o] Atk

P =P[5t =1 @
1

P, = ©)

a = I-1/n %)

o]714] Se= 98 E3lroltl Table 394 a=
8e-3(1/m), n 2 1.60|5.2 Po} al ZH2F 1.22 MPa%}
0.375=2 AR siAoll = 2 =ZAIRYE 10 MPa
2 7Hgsialet. S5Aie) A FAla(relative per-
meability)= Corey =2 71935l o231} o] AAk
Hrt

RP, =8* ®)

lig -

RP,, =(1-5%(1-5?% 6)

S=(S,—S,)/(1—8,-8,,) @)

714 RPyqe} RPgsi= BAIC} 714|9] At F=Al,
S E3IE, S 9 ZHE ESkE(residual liquid
saturation), S 7}A9 AR EZ S E(residual gas
saturation) 2 Ju]3ieh. B HHoA $,-5,~005 7}
Hasick

2,

o] AAFEl Bulk modulus®} Shear modulus = Z-
7} 1.046 GPa 9} 765 MPao|t}. ¢tAo] Ax A W=
1,354 kg/m’ o] ZIE-2 44.82% o|t}h x7| A
Al ke ds] oE|o] Qe AoE 7PgEiglom,
oFite] Biot Al 1008 AA3}%r)

oAl ¢hke] AEEE 0.579 w/m-Ko|H
b xsptejol A= 1.231 w/m-Koloh Fhg=n|o] ¥
Sl whet ¢hile] dAEEE Ao Wilsle A
o= 78kt

. Qhabe] 42 24
kel 27] el 33.1%0|th oEke] s
T 28e-8 m/sec 2 ZAE Qo mulgloi o
e AREE1TE 20°Col|A E29] dynamic viscosity 7}
0.001002kg/m" O]HZ Ao E4Al4= 2.858e-15m’>
2 ALk ¢HEe] Van Geuchten parameter a+=
9.928¢-3(1/m) ©]E.& Po = 0.987MPaz AAFEICE 9
A 23R S 7Pshe 27] 204 ke A
el oojck
1

P, = 5 oose—3~ 100.7m = 0987 MPa ®)

Overpack?] /42 o} Zth

a. g B4

BB e 471 BAAIR 71 sk B4
2 JAEA©|A] A3 §/37|5= 200GPa, 3ZolEH] 0.39]
AREE QLY

g4 =4
719l dHEEE 53 wm K, B]EL 460 J/kg K,

oo &

AP 1.64e-6% AE39IcE. TOUGH? 340
A §719] SEE AP fAtES 317 915 &

715 FHAdshe 8429 Fulof 1e20& Hoto] ARSSIY
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th. Fig. 30]412} o], 8719 2&=& 10%(864,000%)
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Fig. 7. Variation of stress from FLAC calculation
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