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For design and performance assessment of a high-level radioactive waste (HLW) disposal system, it is necessary to understand the char-
acteristics of coupled thermo-hydro-mechanical (THM) behavior. However, in previous studies for the Korean Reference HLW Disposal
System (KRS), thermal analysis was performed to determine the spacing of disposal tunnels and interval of disposition holes without
consideration of the coupled THM behavior. Therefore, in this study, TOUGH2-MP/FLAC3D is used to conduct THM modeling for per-
formance assessment of the Korean Reference HLW Disposal System (KRS). The peak temperature remains below the temperature limit
of 100C for the whole period. A rapid rise of temperature caused by decay heat occurs in the early years, and then temperature begins to
decrease as decay heat from the waste decreases. The peak temperature at the bentonite buffer is around 96.2T after about 3 years, and
peak temperature at the rockmass is 68.2°C after about 17 years. Saturation of the bentonite block near the canister decreases in the early
stage, because water evaporation occurs owing to temperature increase. Then, saturation of the bentonite buffer and backfill increases
because of water intake from the rockmass, and bentonite buffer and backfill are fully saturated after about 266 years. The stress is calcu-
lated to investigate the effect of thermal stress and swelling pressure on the mechanical behavior of the rockmass. The calculated stress is
compared to a spalling criterion and the Mohr-Coulumb criterion for investigation of potential failure. The stress at the rockmass remains
below the spalling strength and Mohr-Coulumb criterion for the whole period. The methodology of using the TOUGH2-MP/FLAC3D
simulator can be applied to predict the long-term behavior of the KRS under various conditions; these methods will be useful for the design

and performance assessment of alternative concepts such as multi-layer and multi-canister concepts for geological spent fuel repositories.
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Fig. 1. Principles of final disposal of spent nuclear fuel according to the KBS-3V method [1].
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Fig. 2. Concept of Korean Reference HLW vertical Disposal System, KRS-V1 [4, 5].
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Fig. 3. Sketch of the thermo-hydraulic, geochemical and transport
processes that are believed to undergo in the bentonite buffer of a KBS-3
repository [9].

185



Changsoo Lee et al. : Numerical Analysis of Coupled Thermo-Hydro-Mechanical (THM) Behavior at Korean Reference Disposal System (KRS)

Using TOUGH2-MP/FLAC3D Simulator
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Fig. 4. Mutual relationships between THM processes in a porous medium [10].
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Using TOUGH2-MP/FLAC3D Simulator
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Table 1. Input parameters for the numerical simulation

Parameter (unit) Bentonite block Backfill Rockmass Canister
Density of solid particle (kg'm?) 202,740 2,630 2,650 6,577
Porosity (-) 200.41 "0.40 20.01 *0.001
Thermal conductivity (4,,) (W-m™-K™) 0.72 "1.09 2.853 "49.02
Thermal conductivity (4,,,) (W-m'-K™) 1.20 2.149 3,165 "49.02
Specific heat of solid (J-kg"-K™) "966.0 "981.0 "820.0 *1,000.0
Linear thermal expansion coefficient (K!) 2.5 %107 2.5 % 10° %75 10° 1.7 % 10°
Biot coefficient (-) ‘1.0 1.0 ‘1.0 1.0
Intrinsic permeability (m?) 1.5 %102 1.6 x 10" "1.0x 1018 0.0
ninEq. (3) () 1.9 1.9 3.0 -
Ay I Eq. (6) () 300.2941 0.5 0.6 -
1/Py in Eq. (6) (Pa™) 302.6 x 107 3.3 %107 5.0 x 107 -
Klinkenberg parameter (Pa™') 1.0 x 10° "1.0x 108 "6.86 x 10° -
Tortuosity (-) '0.67 "0.67 0.8 0.8
Young’s modulus (GPa) 20.59 '0.59 "33.34 "155.0
Poisson’s ratio (-) 20.20 '0.20 0.3 "0.285
Maximum swelling stress (MPa) 5.0 3.0 - -
Friction angle (°) ®37.0 37.0 "46.66 -
Cohesion (MPa) 1.0 1.0 104 -
Tensile strength (MPa) 3.0 3.0 "3.75 -
Dilation angle (°) *10.0 10.0 10.0 -

Note : The number in a parenthesis means the reference number in the references list. The value with symbols of * and ™

assumed value and estimated value from equations listed in the Table 2.
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Table 2. Suggested empirical equations to estimate rock mass properties in the previous studies

Property Equation References
= E[100 x (0.0028 x RMR? + (0.9¢fF2242)] [31]
E, = 10®RMR-2038 [32]
RMR
E,=E[05x(1-
W= B0 (1= cos (> AEED) [33]
Deformation modulus, E,,
(GPa) E,=0.1 x (RMR)’ (34]
E, = 0.3228¢0 04500 (35]
(RMR-100)(100-RMR)
Em :E1 x 10 4000 FMR100) [36]
E = [(0-0185RMR-0.322 [37]
0, = g,eRME-100)18 [38]
6, =0, (RMR=100)/18.75 [39]
Rock mass strength, g, 0, = g,e 1002 (40]
(MPa) 0, = G, RMR-10020 [41]
RMR
O™ RMR + 6(100 — RMR) ”' [42]
4,,=-0.086 +0.7891RMR — 0.031RMR* [43]
¢, =025RMR +27.5 (44]
Cohesion (MPa) & ¢,y = 0256050 = 0.5RMR + 5 [45]
friction angle (°) 4, =200, [46]
w (1= sing,
o= g, (1—-sing,) [47]

cos ¢,

Note : E,, ¢,, and ¢,, respectively mean deformation modulus, cohesion, and friction angle for rockmass. And E; and g, respectively mean Young’s
modulus and uniaxial compressive strength for intact rock. 50 GPa of E; and 100 MPa of ¢; are assumed in this study.
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Fig. 10. Monitoring points for presentation of time-dependent results.
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Using TOUGH2-MP/FLAC3D Simulator
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Fig. 11. Relationship between UCS and specimen size plotted as dimensionless values [48].
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Fig. 12. Evolution of power and temperature at Korean reference HLW disposal system.
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Table 3. Thermal conductivity for thermal analyses of KRS

Using TOUGH2-MP/FLAC3D Simulator

Thermal conductivity (W-m"-K")

Materials

Test case 1 Test case 2 Test case 3 .
. . THM analysis
(minimum value) (average value) (maximum value)
Bentonite block 0.72 0.96 1.20 0.72-1.20
Backfill 1.09 1.6195 2.149 1.09-2.149
Rockmass 2.853 3.009 3.165 2.853-3.165

Note : Thermal conductivity of test case 1, 2, and 3 mean minimum, average, and maximum values of the thermal conductivity for THM analysis,

respectively.

Table 4. Summary of the thermal analysis and THM coupled analysis

Test case 1 Test case 2 Test case 3 THM analysis
Peak temperature (C) 115.8 101.75 92.97 96.19
Time at the peak temperature (years) 432 4.87 6.71 3.21
Years at or over 90T (duration) (0. 1531i9572. 1 (0.323-'23.34) (1.7158l2§o.0) (o.slzglgso.S)
3.1.2 AEA2He IAEE} LEdsle] uHE 93 130 —
ARA2EE AART A e WA ), o 9 — THM oy
Mg 55 AR 2PN e APERE Azl o ] h=o72
2 wshl gk Sk, 9l datd BYAFE Y g 101
So] Sj412 SR WELolE 934 2 RS AE A g ST Temperare
grol Aol whe} Eahwr} Wakste] Zzte] AT EE W 5] TN
shaicy, Eshe Wshol b2 Al 2d ol o] dAEE W .
3p7h AREAIRE AL e Rt miAe 9FS A
Bz GHEEE Table 3% o] 7Pkl F71 dj4S o y = A{zm 10 100 1000
Ty}, Test case 1, 2, I3 304 AFEH A= Time (Years)
T k& 717 Table 19 e Q& dAEE Zhe] H A%k Fig. 13. Temperature evolution at WB3 for three thermal analysis and

Gay), H 236 H gkl Htzk, 2122 k() oIt
Fig. 132 Table 3¢] g e]= o] Q= T34 o] A=,
Ak 2 87]9F HELO)E AHWB3) A 9] &&= ¥
shE g-F8-95Hy s A Ao} § e Zloltt. E-F
g-o8t B s ol ARS-E dAEE ] HAgs o]
23} &f| A (Test case 1)Z} H3ES AFR-3F 3l A (Test case 2)
2% 7]l 100CE 2Hehe ZoR YEe
], HgkS o] &3k dlX (Test case 3)olA &= Hi &x7}
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THM coupled analysis.
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Using TOUGH2-MP/FLAC3D Simulator
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Using TOUGH2-MP/FLAC3D Simulator
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Using TOUGH2-MP/FLAC3D Simulator
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Using TOUGH2-MP/FLAC3D Simulator

198

80 80 80
oo e bR ey e - bre
60- ™~ 60 60 ] .
2 2 g
‘E’ 407 : 100 years g 40+ 10years 10years \E/ 40
o) 10 ears&_ 1[09ge(grs ion) ) <)
=0 Excapton PN 1000years < #1005 190years
20+ 1000‘;1ear;"‘~ 20+ tf 0 (Excavation)a - .“ 1000 years 20 110(2%)}:;;5 Sears 100years
2., 1000 years 0 (Excavation)
0 . . "Iff“a' CO"di“IOn . 0 . . I‘ni(ial conditlion ' 0 ' ' I?itial cnditi(;g (Excavat"on)
-10 -5 0 5 10 15 20 -10 -5 0 5 10 15 20 -10 -5 0 5 10 15 20
0; (MPa) 0; (MPa) 0; (MPa)
(a) Points at BR1 and BR2 (b) Points at BR3 and BR4 (c) Points at BRS and BR6
Fig. 21. Principal stress path in relation to Mohr-Coulomb rock-mass failure criterion near the deposition hole (see locations of monitoring points in Fig. 10).
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