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ABSTRACT

In deep geological disposal of high-level radioactive waste, the surrounding rock at the
immediate vicinity of the deposition hole may experience localized changes in permeability
due to in-situ stress at depth, swelling pressure from resaturated bentonite buffer, and the
heat generated from the decay of radioactive isotopes. In this study, experimental data on
changes in permeability of granite, a promising candidate rock type in South Korea, were
obtained by applying various confining pressures and temperature conditions expected in the
actual disposal environment. By conducting the permeability test on KURT granite specimens
under three or more hydrostatic pressure conditions, the relation in which the permeability
decreases exponentially as the confining pressure increases was derived. The temperature-
induced changes in permeability were found to be negligible at temperatures below the
expected maximum of 90°C. In addition, by establishing a relation in which the initial
permeability is proportional to the power of the initial porosity, it was possible to estimate
permeability value for granite with a specific porosity under a certain confining pressure.

Keywords: KURT granite, Permeability, Confining pressure, Temperature, Porosity

SHE Al AES FH ZAYLS =2 ASSHY MEStE HELIOIE 2
YEY, YA HL S B FeS YOt TRHLZ E4AH 57t HalE 4 UL =2 S0
A| Z &

o [y
OUF Z0| BHLIOl 2Y FYORMO| SYUS (YO, M| XE B

o
S0| VIO et FaARIt AeH2 2 Uashs 2AHIE ZESIRACEH ol 2|
90°C 0|5t +Z0f| M= 20 5t T4 H3l7t FA| t
J|FAR7E 2718582 HEAIE0 HiEllots SHBAHE S22 =M

—
20| YUY DAY B10] U U 7R B4 S RET 4 UICH

SHAOL: KURT 3129, E474, 742, 2, 338

® @ (© The Korean Society for Rock Mechanics and Rock Engineering 2024. This is an Open Access article distributed under the terms of the Creative Commons Attrib-
—— ution Non-Commercial License (http:/creativecommons.org/ licenses/by-nc/4.0/) which permits unrestricted non-commercial use, distribution, and reproduction in

any medium, provided the original work is properly cited.



72 - Donggil Lee and Seokwon Jeon

1LME
AT AR YA A F Patzol AEE Sl WA B QI5t e Auh WAL BESHE So

AE 84S Zolshal Qlct. ufehA ol=fet A=A H| 7 [ E(High-Level radioactive Waste, HLW)-2 A4 0]l QEdsHA|
Tesl7] SfgtHieto] @5, =LA A2F3 71 K International Atomic Energy Agency, IAEA)oA1= 4152 5 (deep geological
disposal)2] 7I'd-& P15} QTHIAEA, 1981). AE2E-2300 ~ 1,000 m4 A ko] FRARY @ JUS Qe gt o2 R
B Zg|eho 24, HAFs-5-d(radiotoxicity) O] HA-92hE FA] ofot 02 AASHES 107 H oo A7 P2 74
SHAA ARk o ok ME AV = A AAIE 1ol 22 ]‘3] HE, TRpA AN ml= i Foll e R Y]

o AstA7AV S 2/ dstod 71491 P SHEE A%t S Sl AT Lee etal., 2012). ¢2|Hzt HA] LE AV H|
71E 213 A2 95l 7 g EA]AE](Korean Reference HLW disposal System, KRS)= @404 HESIIAL =
—?:1_7\]'3ﬂ ﬁ:rL?:J_ H2 ] LH SIS Ao EATAS(KAERI Underground Research Tunnel, KURT)= 71445}, thiid 37d¢ete]
A 2 AHA S =8 Fo|TH(Lee et al., 2019).
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Fig. 1. Concept of THM coupling behavior in a near-field (Lee et al., 2020)
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2 A7) 542 AS Sl A A 7S Rt o 25 W A9 2748 IAfeto] ZF QIZFKURT 3o B4
Alg=ol| v|2= FFE melsk= Aoloh o714 5% (confining pressure)© |7t 4=l (hydrostatic pressure)y} 22 o=, A
=

= S gl E ok 5A2 38
Tl P AIAIE mEshe A 0E, T o] dEs] o= sht FAleet Yt YA 7AW S4o] K&
ofgHEA) BB ol 85to] EAAK G 5T 4+ Gl A1 Aletekad sict,

David et al.(1994)= AJ9Fe W0 2 fa-geof 2 E4ARRE 245191, Evans et al.(1997)2 Bt 49] 3P39ke
olgsto] FERte e FpAldS sl oH, FA% S AlRE tVdorE fARE A7t 8% 3t (Brace and
Martin, 1968, Kranz et al., 1979, Bernabe, 1986). T3, ¢F4o] 11.20] \LZE|H of2] 714] &, 402, 95}, 35k E4do] JS
HE=rh= oheFet A7t 435 B QITK(Chaki et al., 2008, Yuetal., 2014, Chen et al., 2017, He et al., 2018, Jiang et al., 2018,
Sunetal., 2019, Li et al., 2020, Tian et al., 2020, Yang et al., 2020, Deng et al., 2021, Gao et al., 2021, Kang et al., 2021). ©|=
2 AP e A2 obd et Xt Alek 71t X DefUR] I Fo] AR kS B8ohe TR RofellA, Z7te] 2k |
Lol 5HA| 243 Hslof] thet A5 Fe¥st3irt. T8, Aol 358 Tl 7] datAlol TRt A A vt A7t
Y= v} QIci Adler et al., 1990, Saar and Manga, 1999, Bernabé et al., 2003, Nelson, 2005, Schén, 2015, Ghanbarian and
Male, 2021).

QM(lateral pressure)} 5Lt %2 (axial pressure)= -F-A|SHH F=rA

2. KURT &jzHeh A|gim
2.1 QA AIEH 2+

B AFME AR AT Holl $xIeh ZSHAEATAIE(KURT) 2] DBI, DH1 Al5goll4] 355t 3PQt Fo|(Fig.
2(2)) Z5E A@HES Atoto] BAIRS 38619ITE. KURT F-2] Yofli= 2 H o] A4 B2 spleto] 714 Qs &
x5t glor, A SIS RIS QIth(Kim et al., 2004). B85 SPI9te F3 2] AlgidolH, 4] FE-2 4]%9(66.4
~75.0%2] AMdeh), AP, mIAPEA], S0, W@ -5o] 1 Ao ZolE, 584, Q19]A] Fo| Tt oA AlddH> et
= T FETkS Adiet gl A9l 74 sPde] EAla= 2 107 m? B2, BF Rl vlal At o2 o o
2 EpARE 7RI 28R R 54 3Pere] FrAIEE @7 AlTto] A QEH o= A|FH F7of H]Felo] Hofdt] mebA
AlFHE Fig. 2(b)2t o] 27 2F50 mm, 57 ©F20 mm 2] ¢F T A= e = A2t Table 12 KURT F2] W] 5|85 5
HOJ T A5=521 OB1, OB2°lA G531 spdel AlFF o= e AUl Aol Fdll S5 =247kl

VAT |5 A AR 22 Alsks g ol Wt 52 7 AlE 2k o8]t it 22 i o] WA o], o] 3¢,
Hrujeleo] ofsff QR &5 & Wt opet Z&to = Qo) -3 Aal7t dojur] wiizoll 71&9] 248 = the 5= 1
ERf = 2254 S(Excavation Damaged Zone, EDZ)©| @A4J=7] FIthLee et al., 2019). KURT JAA S Fofl A 2Eld &
o = RE O] Ao T} e o] ot FaES S 2 22 V=0 2.4 mE FAE R oW, =50
1= et 1.0%, Fo 1.5%011A] & 3t 2.4%, 2 6%7F] 5753
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(a) (b)
Fig. 2. KURT granite, (a) DB1, DH1 cores, (b) Permeability test specimens

Table 1. Properties of KURT granite from OB1, OB2 cores (Lee et al., 2019)

Property Mean Minimum Maximum
Density (kg/m’) 2,650 2,500 2,720
Young’s modulus (GPa) 54.3 444 62.8
Poisson’s ratio 0.25 0.20 0.28
UCS (MPa) 164 124 204
BTS (MPa) 114 9.2 13.3

il

2 AT AR oA Al E O] FEE2 Rk s ole] EEAATAH(KSRM, 2006)°fl whet 2] v iHS ARgsto] 2
ST AT H o] 52 37K S 2] AR5 Fekolo] Fofsialnt. A Pt ]—rLO)Hl 2-2DBI1) AH, FHE2 4l

) ARBES 7H7] gt Azt Table 223], Hq e
[e]

ofl |
mh K

o7} 8 Alte(m), MR} -2 Sioj e Al

T FIEL 0,58~ 1.07% 2. 3] Z71eh SIS 22 2 4 gk Wb olefel e 2B ] Mgl

710l w2 EA 0] et TSI ofelgo] Sk olot 2SS SRtk B Aol 28 "J%’Mﬁi%ﬂ
'ET_

AZ17] Slell AleEe 22 PR & Yste] 350] FuliigS ol 85k 5280l Alde Alesl] H3tt

Table 2. Porosity of the specimens

Sample No. Sample location Diameter (mm) Length (mm) Porosity (%)
1 DHI1-14.5-1 50.47 20.24 1.06
2 DHI1-14.5-2 50.47 20.22 1.06
3 DHI-14.5-3 50.47 20.52 1.07
4 DB1-403.0-1 50.51 17.42 0.72
5 DB1-403.0-2 50.51 21.34 0.58
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Table 2. Porosity of the specimens (continued)

Sample No. Sample location Diameter (mm) Length (mm) Porosity (%)
6 DB1-403.0-3 50.51 15.94 0.88
7 DB1-491.1-1 50.29 18.04 0.87
8 DB1-491.1-2 50.28 18.52 0.95
9 DB1-491.1-3 50.27 19.78 0.99
10 DB1-491.1-4 50.29 20.38 0.74
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Fig. 3. Changes with the F-T(Freezing-Thawing) cycles, (a) Porosity, (b) P-wave velocity
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Table 3. Changes of the porosity and P-wave velocity according to the F-T cycles

Sample No, Porosity (%) P-wave velocity (m/s)
F-TOCycle F-T10Cycle F-T20Cycle F-T30Cycle F-TOCycle F-T10Cycle F-T20Cycle F-T30Cycle
1 1.06 1.26 1.38 - 3367 3156 3061 -
2 1.06 1.24 1.29 1.36 3367 2971 3156 2941
3 1.07 1.22 - 1.32 3596 3060 - 3077
4 0.72 - 0.72 0.92 4244 - 4047 4255
5 0.58 0.70 0.77 0.94 4532 3944 3944 3571
6 0.88 0.97 1.13 - 4543 3789 4444 -
7 0.87 0.87 - - 4000 4000 - -
8 0.95 1.14 1.17 1.31 4302 4111 4111 4082
9 0.99 1.04 1.12 1.25 4829 4378 4125 4082
10 0.74 0.86 0.91 1.09 4000 3923 3849 3704

3. E4AIE

3.1 &7k 24Y

2 @7A= Brace and Martin(1968)°1l 2Jall AIoHe <159 a ARgsto] frdo] ofd ARTel whe i=Hisls 4o
BN B2 TRl e @S] ol Al o] AFRel sl woll 42t Fig. 4(a)2t 2ol 87 I(reference
volume)7} A2 el A 871 5 Shtell 744 02 371 902 7RIt ARto] A AldEE & 1
] = Aol Fig. 4(b)e} 2ol S0t HaL, ol ARkl mhg =K A P2 Hsle]| 7|xslo] FpAl7E 24t oS
Brace 2jof wiet A o0& HAs A () Ak o71A, p= 350410 A E(Pas), B 340 Y5EEPa ), Ve &

P
V14
Reference Volume 1
Vi —— Pressure
® Pyy 4
i
[¢5)
: A
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2 et
& 2 Intensifier AP AP = (P, - Pvy)
w P Pv, = Pressure of V,
Pv, = Pressure of V,
Differential
D
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V, -
T T
Reference Volume 2 815-APC-01 t —at—t B154PC02

Time
(@) (b)

Fig. 4. Concept of transient permeability test, (a) Diagram of transient permeability test, (b) Pressure curve of transient permeability
test (MTS Systems Corporation, 2004)
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28719 Ful(m’), AP= 27] 2R (Pa), APz T7] ARk (Pa), Ati= Z719H U719 AREAK(s), A, A9
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Table 4. Constant values (MTS Systems Corporation, 2007)

Reference volume (V, cm?) Viscosity of pore fluid ( «, Pa‘s) Compressibility of pore fluid (5, Pa™)
238 0.001 4.59x10™
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A2l o2 FHAT 4 J9dL). o714, k= dlld &M Q] BAlmM?), ko= T-E5940] §l= AElolA O] 27 |S5 A5 (m?),
0 conr= T5U(MPa), v= 43 HI7H=(MPa)olct,

(@)

10-18 : - 10-18 " .
DB1-403.0-3-10C DB1-491.1-3-20C
< &5
E E
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& &
10-19 1 L I L L 10-20 L ! L L L
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@
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(b)

Fig. 6. Permeability change according to the increase in confining pressure, (a) DB1-403.0-3-10C specimen, (b) DB1-491.1-3-20C
specimen

AAHER HA2RGH o2 J]ole] 27 |E4AGE APoral, 11 A3t KURT 3PSl 27 |54A15= 1.94x10™" ~
1.03x10"¥ m* 2] BEXE B o] W 352 4.86x10™"° m?, EFHAF=2.41x10"°0]20C} Lee et al.(2019)]] 2J5H, KURT 2] A|
2 TR A7 ol A 81 QP AR HES] BE4Alr WS- 1.94x107" m? o], FEHA=2.02x107"70]Q]ch £ o]
AFSRT AR E LREAR1 54 SPete] B4l Hi el ARtE]w, 7P LR 2/ WALE drefob AP Aot Akt 472

EFASE 7T & 4= QU Fig. 7(a)= 5% 4, 6, 8, 10 MPaollA] S8 ARIBE] E4-AlG-5 25 EAIRE ol o=
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. ° o
.
g $ : . -
— ° - |
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£ p S
Kpyg = (3976 107195011037, (R2=0.9315)
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Fig. 7. Permeability at different confining pressures, (a) Distribution of permeability, (b) Average permeability
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Fig. 7(b)°ﬂ/\1 5o FpAE Btsto] BT A (kae) Z HEH AT Table 5+ slid 23S et oo o] ¢
o= BFrATE 15Ul SRl met el o2 fashs A RAeH, olme] Ak A (3)a £tk

Kopg = (3.976 107 19) s 110700 (3)
Table 5. Permeability at different confining pressures
Confining pressure (MPa) Specimen Permeability (m?) Average permeability (m®)

DB1-403.0-3-0C 2.74x107"
DB1-403.0-3-10C 2.95x107"

A DB1-491.1-2-20C I.SOXIO':: 57510
DB1-491.1-3-20C 2.05x10"
DB1-491.1-4-10C 2.49x107"°
DH1-14.5-3-10C 4.49x107"°
DB1-403.0-1-0C 2.35x10™"
DB1-403.0-3-0C 2.05x10™"

. DB1-403.0-3-10C 2.65X10‘Z 5 12x10"
DB1-491.1-2-20C 9.64x10"
DB1-491.1-3-20C 1.32x10™"
DHI-14.5-3-10C 3.37x10™"
DB1-403.0-1-0C 2.32x10™"
DB1-403.0-2-10C 1.61x10™"
DB1-403.0-3-10C 2.29x10™"

8 DB1-491.1-2-20C 6.72x10%° 1.86x10™"
DB1-491.1-3-20C 8.43x107%
DB1-491.1-4-10C 2.07x10°7"
DHI-14.5-3-10C 3.19x10°™"
DB1-403.0-1-0C 2.26x10°"
DB1-403.0-2-10C 1.39x10°"
DBI1-403.0-3-0C 1.53x10™" o

10 o 1.34x10
DB1-403.0-3-10C 1.95x10
DB1-491.1-2-20C 3.81x107%
DB1-491.1-3-20C 5.10x107%

David et al.(1994)= 5714 £572] Al tio &2 AUAIe-S S35l 2ol 400 MPa2] 5-8-22 slolld E4AleS 274511
2, Fig. 8—“4 ANE g0 2 o5t o] o] FrIele|| wet BpAG TS A1 el R Aok A Xﬂ"}o}"”‘t} A (4)011*1
K-8 2] P} 288 m] 471 Ko 7191 Poslollife] E47A5o0] 11 52 2] wigteolet. 3139he tho ol
2] AP AN T FA BAS T 4= IS0 H, o= 2 AoflA] et WA LRl

K= Kyexp[—~(P,;;— P,)] @)
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Fig. 8. Permeability of five different sandstones at various effective pressure (David et al., 1994)

3.3 Cl¥st 25 Z7i0jMe] 47K
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= AsHAIE 4= ATH(Cho et al., 2019). ©F5 *§ABE] sl ol W=t B pafu=telde Jf‘l 12} eFEAfe] I H T2

(maximum peak temperature)”} 100°CE _I_J—I-O]-Z] R = 5L ULt Cho et al.(2019)= SH=rP HFAIARKRS) 22
A0 2 TOUGH? 51 o} gato] ol 12 $10 47 el Aeisic) o) sk 23 2 445 A3 Al ele 25,

Ao 95 BACIAE] S5 4] BASHEl 9 7 5. 3 Ll EStores] 1400l oS - o5 Colgic
AR AR AR T ARRATHG AT 21 1) 1*1454 - SIS sietsl] ST, S Algwe 2]

ol #3121 90°C2FA(25°C), B ARIZE]1 50°C, 371 &= A8 242 G A6 BE4A1 88 4=a051 99Tt Fig. 9=4t
FUFA] 25 S5 RIS TV AR Rgolnt AlH 25 d5E 95l A5USaE vlw s ekt 2 o]
2°C/min S22 7FASIAL, AlAH WHR7HA] 257} 5-25] A== Fig, 109] i 2 U5} S8 2Ieo)A 14K O]
& ARt 5 T e s

Fig. 9. Permeability test with an additional temperature sensor installed in the triaxial compression cell
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Fig. 10. Triaxial compression cell temperature monitor and control panel
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Fig. 11. Initial permeability at different temperatures
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Table 6. Porosity and initial permeability of the specimens

Specimen Porosity (%) Initial permeability (m?)
DBI1-403.0-1-0C 0.72 2.51x107™"
DBI1-403.0-2-10C 0.70 2.83x107"
DB1-403.0-3-0C 0.88 3.81x107"°
DB1-403.0-3-10C 0.97 3.94x107"°
DBI1-491.1-1-10C 0.87 1.94x107"°
DB1-491.1-2-20C 1.17 4.72x10™"°
DB1-491.1-3-20C 1.12 5.23x107"°
DBI1-491.1-4-10C 0.86 3.00x107"?
DH]1-14.5-1-10C 1.26 3.27x10°"°
DH1-14.5-1-20C 1.38 7.13x10™°
DH1-14.5-2-10C 1.24 8.48x10™"?
DH1-14.5-3-10C 1.22 6.08x10™"°
DH1-14.5-3-30C 1.32 1.03x10-"®

1974 , '
® Gao et al. (2021)
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Fig. 14. Relationship between permeability and porosity of crystalline rock
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Table 7. Permeability at near-field and far-field conditions

Location Condition Permeability
Near-field $=2.4%, 0 ~ 0.1 MPa 1.830x10™"8 m?
Far-field 6=1.0%, o ~ 13.25 MPa 9.568x10™ m?
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