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ABSTRACT
Received: August 18, 2021 This study conducts coupled thermo-hydro-mechanical numerical modeling to investigate the
Revised: August 26, 2021 maximum temperature and conditions for securing mechanical stability of the high-level

radioactive waste repository when temperature criteria of bentonite buffer are 100C and 125<C,
respectively. In case of temperature criterion of buffer as 100T, the maximum temperatures
at the interface between canister and buffer are calculated to be 99.4C and 99.87C,
respectively for a case with disposal tunnel spacing of 40 m and deposition hole spacing of 5.5
m and for the other case with disposal tunnel spacing of 30 m and deposition hole spacing of
6.5 m. In case of temperature criterion of buffer as 125¢, spacings of disposal tunnel and
deposition hole could be decreased to 30 m and 4.5 m, respectively, which reduces the
disposal area up to 55% compared to the disposal area of KRS*. According to analysis of
mechanical stability for various disposal spacings, RMR of rock mass for KRS* should be larger
than 72.4 which belongs to good rock in RMR classification to prevent failure of rock mass. As
disposal spacing is decreased, required RMR of rock mass is increased. In order to prevent
failure of rock mass for a case with disposal tunnel spacing of 30 m and deposition hole
spacing of 4.5 m, RMR larger than 87.3 is needed. However, mechanical stability of the
repository is secured for all cases with RMR over 75 considering the enhancement of rock
strength due to confining stress induced by swelling of the bentonite buffer and backfill.

Accepted: August 26, 2021

Keywords: High-level radioactive waste disposal, Temperature criteria of bentonite buffer,
High-efficiency repository, Coupled thermo-hydro-mechanical behavior
22
=
2 AP0 M g-p2-detd SEHE £2[cHME 28610 I DELAMGH Y |E H2E2] 2&

Aol 2A 7| 2=7H100C 2 125C2 B2, AZ A0 TGE AHTAILHO| 2(10 28 Alttst,

® @ (© The Korean Society for Rock Mechanics and Rock Engineering 2021. 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

A any medium, provided the original work is properly cited.



290 ° Kwang-Il Kim, Changsoo Lee, Jin-Seop Kim, Dongkeun Cho

ZUS ZESIAUCE FSA| 24| 7|E 2= BALt 20|
=EE ZHH0[ 40 m, MES HH0] 5.5 mQl et =282 ZHH0] 30 m, &
2tAH0] 6.5 m2l B2, A2 E7(2t &SAU Got= FolM 21 2= 242 99.4TC L 99.8T=

= A 712 255 125C2 YA 3R, M2HE A4S 30 m, 2SS UHFS

(i

= 18
S Jo

X
HUS
0 on
Tl,o?.:
= Job
M
o o
m N
L 4o
™ o

o

T

2 oW

IrE A > XA
ul
3 n
%8
N
e
>
+ To

22 HAS KRS* 7|8 H 2A| AR B 55%7HR| ZEAA|Z 4= QURACEH CrAsH A
ZHA0|| Clisl QEHOAM Q] A5t oty HS HIISH 21}, etmbn|Jt YHEsER| 9F7| 2|slA= KRS 7|
2 ZA|AEE 2ol RMR 288 9] Good rockd]| sfE6t= RMR 72.4 O] 42] Z2710|0{0F gLt X
2tAH0| ZASH-E ol RMRO| O &=010F 3o, A 2E{d 7tH 30 m, &5 2tH 4.5 m?l &
o

$ 0

i e |
0= RMR 87.3 0|4J0| £[0{0F fEto| IS HAIE 4= ARUCE. J2iLt, A& Ol Aot 7Y Al Hl
ELIOIE &3 2 FASAe| Yol ThE 75 0] et L8t ZEo SIHE 1

ot 2 HF 2HA40] Chis Eke| RMRO| 75 0| &40|H S5t oty /S stE el 4= QUUCEH

=7 e

£

Joi g>

Of: NELLAGHZ|Z 22, MIELIOIE &3A 2 7|& 25, 128 HEALH, 2-+2-
24

3 2BIS

19 J%

1LME

[

o .
o of Ao E Lo | E b5l A9l Rte =he] -Frd=l= Alskret
ASH2Ql FA 0 2 HE] A8V 5 ot AR E2 HIEYo|EQ o] SoE= H SRS AN g2 Hiafeich o
FHHAILEE A8, A 2 FRiEAlE 3 19 A9 SR Al 2"l (Engineered Barrier System,
EBS) g W7} Sl P S Rl A A A 2R (Natural Barrier System, NBS). 2.2 1M =|H, tj2] 0= A9l
SKBZ}AIRTRFKBS-3V 7E(SKB, 2010)°] AR (Fig. 1). = 2] -, KBS-3V 7'ES Hig o & =fjo] A 2710f g5
o] A4St k= 7|5 A A A’ (Korean Reference Disposal System, KRS)©] Lee et al.(2007)°1] &Jaf] AlSH=]|21A1, 2020

H
;
2
>
@,
o

]

Fuel pellet of Spent Ductile iron insert Bentonite clay Surface portion of final repository
uranium dioxide nuclear fuel

500m

Cladding BWR fuel Copper Crystalline Underground portion of
tube assembly canister bedrock final repository

Fig. 1. Schematic diagram of KBS-3V multi-barrier system (SKB, 2010)
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O\I

+ ARSFAARS] TR 9 A0l weh A A A2-8719] HAS ARReRRt FE d 71 ARAIA Rl (Improved
Korean Reference Disposal System, KRS")©] AlSF=] AT Kim et al., 2021, Lee et al., 2020b).

HELO|E 2527177t 120 leEE 79 Hd = 16l -3 oHAHE 0 2 419] A5 Alsp7t Uk 4= QLo B & (Posiva and
SKB, 2017) KRS % KRS" 7]k 22 A A8l A A 2b5A00] AA| 71 255 100°CE A7g51o] 2 1H S 4Pgs13o ™, A
A2 Z7) 5,98 km’ 7 4.89 km® 2 AT ATHLee et al., 2020b). 019t Zo] MEATAVIHZ & A 22 S WS
O] O] FF-& S oh= A2 e 0] F2 = E WA =2 QI WS v o] wil- of2E 4 Qlrk wiepA, AR aes
1A e HAof o] H2 O AT AR E AR Q= 18-S HRAAES JHEste] tis -8/ =& 0|89
8848 3ES E Q71 QI Cho and Kim(2016)-2>KBS-3V 7HE.0 2 thi = o= 1 Tl A 7E-87] 7§ (Single-layer and
single-canister repository)= 2P0}l tha 45 Multi-layer repository) W T ZE2-87] A (Multi-canister repository)7i'd
= AlQtekal, oAt alsto] thefet ala-a A AH] O] A8 71 d2 45131 Lee et al.(2020a)> KRS 7]HF ZEA| 2~
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Fig. 2. Coupled thermo-hydro-mechanical (THM) processes in the high-level radioactive waste repository by decay heat and water
inflow (Lee et al., 2020a)
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& A2 A A 7| 2 100°CE 7502 9859 O LK Lee et al., 2019, Lee et al., 2020a, Kim et al., 2021), &
2] I7folA] A8 S 16l 100°C o] a2of|x9] ehaAe] B4 Halel] Tet A-E Sa¥otal glom, dykdos
150°C oJste] 2rofxl= eHaAe] Az, 22 9 FESH Qbdge] n|xl= gafo] A7 -2 A o2 YeRthKim et al.,
2019, POSIVA, 2008, Pusch et al., 2003). TEHA], 2 A-tollxl= 7P S22 A7 715 25 9 100°C oVd<] al-2of|4 <] ¢
Sl =4 Bishol TRt 7E A8 HESHL S50 A 7% REE 125°CR IS A KRS 719 HRAIARLS 715
O & A& 7S AT 188 HEAIARIO| THM E375 4358715 Falioto] At 7+ 9 5k oF/dS Sist ol x

e Aot gk

2, A3 2| 7| 2%

2.1 =718 A3 2 7 IE 2%

HELo|E o] tre u| G ot Ea S A Wool= We 5442 8718 58 ltollA f-d=h= 2Jola-=5 e st
1, AEE Hlo] ARG Tl =L oI Aol o] hS w20 24 875 H ookl Aeteirt. 3L A E-87]2] FAL0 = ]l
AR 7hA QF e 0 = kAol o] A4 E Al A4 AE(plastic behavior). 0 2 w82 B85|= 27 P8 (self-sealing) *352%
WAVISHEO] SfobA] ¥k 0 =2 QIgt 2 9l §5 52 ol A&7V EE IS A v EE 4 S HAMIEE L] ol 5 &
AlR¥e = Sk IEUo| EVE a-2o| A 7|7 eZd A] o2t d'50] 2161 4= Q17| whell A=A =7 [ 22] A4
< efoh= o] 7 =2 ZAke] At 2ol wiE el 9 A ARIS] A 71 RS A7kl Qltk(Table 1).

Ao A ARG S AARE A7 olttol] HET AllolH, e5Afjo] Azt Fe] AR-8719] FAlo] w5k dAgs)
-8 W25 el A 715 252 100°C 2 AASISITHPOSIVA, 2008, SKB, 2003). 9] NAGRA = 125°CollA] HIE
Lol E o] B 2517} njn]sichk= A A(Pusch et al., 2003) S HIEHC & HIE U E AA)2] Z4(Fig. 3)oA 2] A7 7]
TREE 125°CE HoIITHNAGRA, 2002). 592 HE 0] 2520 9 S o] ARS- glo] A-8715 Sl Aol o
Hto] ZHAnrs o 2 0] kS 4=efolH oA ] A 715 255 200°C 2 117gotal JITH Graf and Filbert, 2006). H7]oi=
AGFAAR S TA7F -87](Carbon steel overpack)©l] B o5 ZH2E ZAeF AH|IRIR|AZYO 2 B o6k 41 XH|o]H
£ & HEZ(Boom Clay)°ll Aish= /g o= g7} 8719 HTolxo] 2571 100°CE HA RS AR Wickham,
2008). AHQle AT} 875 o= HIE Lo |EQ A 7|& 25 100°C 2 53t Alonso and Cormenzana, 2005). 71
U= CANDU @ AR AARE TR AE-87]9] FA HEU|E 25A)o] M-S Wz]slr] flof] hafol A1) X 2
T7F100°C otz F-2] = =5 51 tHJohnson et al., 1994). Pl=-2 HE 0] 227 9 F2A] glo] ARl A=E Aol H.
o} ol A7 14 ohe A 0 =2, A § A5 5001 T2 AR SRR 0] 2571 300°C O[5k, ©]99,500'd -52E2200°C k=
AA =S Y THHSNL, 2007). Y270 wt.% FIEUOIELL 30 wt.% HefE St SSAHE ARSshH, A4 7|5 25
100°C 2 SFITHING, 2000). $H=12] KRS E KRS* 7]9E A5 A AR A E-87]9F 2H5A7F 3ok T4 9] &5 100°C
oo} H &5 1dotal QIthLee et al., 2007, Lee et al., 2020b).
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Table 1. Temperature criteria for bentonite buffer and radioactive waste repositories in countries considering subsurface

radioactive waste disposal

Country Temperature criteria (°C) Feature Reference
Finland 100 Disposal in crystalline rock POSIVA (2008)
Sweden 100 Disposal in crystalline rock SKB (2003)
Switzerland 125 Disposal in clay rock NAGRA (2002)
Germany 200 (at salt rock) Disposal in salt rock without buffer and backfill materials Graf and Filbert (2006)
Belgium 100 Disposal in Boom Clay with concrete buffer Wickham (2008)

Spain 100 Carbon steel overpack as a material for a canister Alonso and Cormenzana (2005)
Canada 100 CANDU spent nuclear fuel Johnson et al. (1994)

United States ?agor:ndii:gi)ve waste packages) Disposal without buffer and backfill materials SNL (2007)

Japan 100 Mixture of 70 wt.% bentonite and 30 wt.% silica sand JNC (2000)

Korean 100 Cast iron and copper as a material for a canister Lee etal (2007)

Lee et al. (2020b)

Host rock
(Opalinus Clay)

Temperature criteria of 125°C

SFHLW
canisler

Emplacement tunnel SF/HLW

Fig. 3. Temperature criteria of bentonite with a possible layout for a deep geological repository in Opalinus Clay in Switzerland

(modified from NAGRA, 2002)
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PR wh2] oigtom, SRt el i Wasdsol AokE]R] A9kt Allen et al.(1984) E Cho(2019)= 212} 2%
300°C 2 200°C ols}eli=HIELo|Eo] 134 Qb Alo] A2 ogke W] gh=rtal B rstgith. A9140] FEBEX(Full-Scale
Engineered Barriers Experiment) T2 A Eof| x| 52|71 DAIA 0 2 200°C oPde] ko e E %=, S5A oA o H]
71924 el x4 Mspr} dhAsle] ehEAfo] Moo AskE A 02 H %9tk Martin and Barcala, 2005). FIEU|EZ}
150°C opgo] 37100 leZ=3kS o, Hef7KSi0,)2] HHd o2 AHESK cementation)”} HAYSH] HIEL | EQ] B84 750]
AAI5] A= Zo] ERlw| It Couture, 1985, Pusch et al., 2003). TEE7A] 2, Wersin et al.(2007)°] W2, 110°C 7141 =
HE Lo EO] 2 qQlir 2] Ak & o] ]Sk} L] §Gk oL, 130°Celkt= AIRIESE @/do] o A5, 150°C ool
A dget o2 Yepich ZF Aatct oielst Ad 270 =2 Qle|| AT APt 23 thEA YEfA|TE, A9k 0 2 150°C
olete] o= Ao A, 24 d FE5HA Hst 37] ¢ 202 mjolHtkKim et al., 2019).

3. 522

3.1 7261 2=

TOUGH2(Pruess et al., 2011)+= vl= 28X HZ2] = A74(Lawrence Berkeley National Laboratory)oll 4 7 T,
Vg fAle] 94 D 28 A2 BAFE 4= Qlie T2 1o, FLAC3D(Itasca, 2012)+= A5He] &Jokd A5-2 siAlsk=3
A4 FRERHE 4ex]olA 2 TI5io]ok TOUGH29FLAC3DZFE3M TOUGH2-FLAC3D AlEz|o|El=THM 5375 ol
Alo] ezt NEIAMIHIE HATAR, olhtelea A5, A9 T 50 Eoell 28511 {lth(Jeanne et al., 2014,
Rutqvist, 2020, Rutqvist et al., 2002). & Aol4= 7129 TOUGH2-FLAC3DS} 5235t &1a]=S 7]Hko 2 TOUGH2 S
HEs0] 7Fs3 TOUGH2-MP(Zhang et al., 2008) 2 HH735}10 d4 &5 3F4AIZ1 TOUGH2-MP/FLAC3D AlE|0]EH
(Fig. 4)S 2835 THM B985 25142 438519t} FLAC3D= BH4 eS8 2185197, TOUGH2-MP= AHEA| 28] ]

25l 5= 112ol7] $1oll EOS3(water, air) I-&(Pruess et al., 2011)= A-8-5FSIT

| Linux system ‘ Windows system
TOUGH2-MP Matlab FLAC3D
TOUGH2-MP input data file FLAC3D input data file
(mesh, properties, ipitial and h cor::r'::er - (mesh, properties, i_n!tial and
boundary condition) boundary condition)
T.Pp.Sp TPy 5
T.Pg.5p T.Pp.5;
B e
Run 2 ’ : Bl Coupling ' Coupling [Tl Run
TOUGH2-MP : : module : module  [Rauragll FLAC3D
T.Pg.Sp (Fortran) TPy St (FISH)
= ==
T.Py.S, T.P,.5
A AK APy @

N : Number of processors

Fig. 4. Algorithm of TOUGH2-MP/FLAC3D simulator (Lee et al., 2016)
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F=PWR R-SNFZ 7]& 07|22 AF85151.0™, Lee et al.(2020b)-2 PWR R-SNFE 4587 AU 214 & A B2 KRS 7]
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= Altetol(Kim et al., 2021) B4-2Q1 B7HE 4-35talz} e}, 7159] A7-5olA ARAIAR ] 2|11 27 = Al o]
A7 5100 o2 LFERFE2(Kim et al., 2021, Lee et al., 2020a), AFE-FHAT 215 0]5 100F7 SlA-S o851 2H5A)
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Fig. 5. Schematic diagram of the disposal tunnels and deposition holes from top-down view

Table 2. Properties of the numerical model (Kim et al., 2021)

Properties Rock mass Bentonite buffer Backfill Canister
Density (kg/m’) 2,650 1,600 1,600 6,577
Porosity (%) 1.16 41.0 40.0 0.001
Thermal conductivity in dry condition (W/mK) 3.05 0.521 1.00 401
Thermal conductivity in saturated condition (W/mK) 3.31 1.234 2.00 401
Specific heat of solid (J/kg-K) 820.0 1,061 980.0 390
Linear thermal expansion coefficient (/K) Eq. (11) 5.0x10° 5.0x10° 1.7x 107
Permeability (m?) 1.0x10"® 232 %102 1.0x 107" 0.0
ninEq. (2) () 3.0 3.0 1.9 -
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Table 2. Properties of the numerical model (Kim et al., 2021) (continued)

Properties Rock mass

Bentonite buffer

Backfill

Canister

Si-inEq. (4) () 0.01
Avan in Eq. (5) (-) 0.6
1/Poan in Eq. (5) () 5.0 x 107
Klinkenberg parameter, b (Pa™") 6.86 x 10°
Tortuosity (-) 0.8
Biot’s coefficient (-) 1.0
Young’s modulus (GPa) 32.8
Poisson’s ratio (-) 0.3

Maximum swelling pressure, ¢ maxsw (MPa) -

0.2941
2.6 x 107
5.0x 10

0.01

0.67
1.0

0.59

0.20
5.0

0.01
0.5
3.3 x 107
1.61 x 10°
0.80
1.0
0.59
0.20
3.0

0.01

155.0
0.285

¥4 tunnel
spacing

Rock mass

3 km

Canister

@)

Fig. 6. (a) a quarter symmetric model and (b) initial and boundary conidtions of the KRS™ numerical model (Kim et al., 2021)

0 km

3 km

Surface

- Temperature : 10 °C (constant)
- Pressure : 0.1 MPa (constant)

Backfill and bentonite buffer after installation

- Temperature : 15 °C
- Pressure : 0.1 MPa

- Saturation : 0.507 (water content : 13%)

Canister after installation

- Temperature : 15 °C
- Pressure : 0.1 MPa
- Decay heat model

Rock mass

- Temperature : 10 + 30 *C/km
- Pressure : 0.1 + 9.81 MPa/km

- Saturation : 0.999
- 0, : 26.5 MPa/km

- 0, 1 20.2 MPa/km + 1.5405 MPa
-0, :35.2 * MPalkm + 1.5759 MPa

Bottom

- Temperature : 100 °C (constant)
- Pressure : 29.5 MPa (constant)

(b)

Table 3. Cases of numerical simulations with various disposal tunnel and deposition hole spacings

Case Disposal tunnel spacing (m) Deposition hole spacing (m)
Case 1 (KRS") 40 7.5
Case 2 40 7.0
Case 3 40 6.5
Case 4 40 6.0
Case 5 40 5.5
Case 6 40 5.0
Case 7 40 4.5
Case 8 30 7.5
Case 9 30 7.0
Case 10 30 6.5
Case 11 30 6.0
Case 12 30 5.5
Case 13 30 5.0
Case 14 30 4.5
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E 1.5 —’%‘, 1.5 4
5 T 10
g 104 § .
T o054 0.5 -

0.0 T T T T 1 0.0 T T T T 1

0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100
Time after disposal (year) Time after disposal (year)
140 140
Temperature criteria = 125 °C Temperature criteria = 125 °C
120 120 - S
1 e
100 Temperature criteria = 100 °C - R 456 Temperature criteria = 100 °C  —

——— Hole spacing = 4.5m
——— Hole spacing = 5.0m

Hole spacing = 5.5m
-Hole spacing = 6.0m

Temperature (°C)

Temperature (°C)

~— Hole spacing = 4.5m
——— Hole spacing = 5.0m

Hole spacing = 5.5m
~—— Hole spacing = 6.0m

—— Hole spacing = 6.5m . —— Hole spacing = 6.5m
—— Hole spacing = 7.0m —— Hole spacing = 7.0m
(KRS+) Hole spacing = 7.5m —— Hole spacing = 7.5m
0 T T T T 1 0 T T T T 1
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100

Time after disposal (year) Time after disposal (year)

Fig. 7. Evolutions of decay heat and temperature at the middle of the interface between canister and bentonite buffer (at Point A)
from 0.001 year to 100 years after the disposal of the PWR R-SNF with various disposal tunnel and deposition hole spacings.
Disposal tunnel spacings are (a) 40 m and (b) 30 m, respectively as deposition hole spacing varies from4.5mto 7.5 m
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Table 4, Maximum temperature, time of the maximum temperature, and disposal area compared to KRS* for cases 1 to 14

Case Maximum temperature (°C) Time of the maximum temperature (year) Disposal area compared to KRS" (%)
Case 1 (KRS") 87.3 14.4 100.0
Case 2 89.3 15.6 93.3
Case 3 92.1 15.8 86.7
Case 4 95.3 19.7 80.0
Case 5 99.4 223 73.3
Case 6 104.1 21.6 66.7
Case 7 110.5 22.0 60.0
Case 8 93.1 28.0 75.0
Case 9 96.0 27.5 70.0
Case 10 99.8 29.3 65.0
Case 11 104.0 31.0 60.0
Case 12 109.2 324 55.0
Case 13 1155 36.6 50.0
Case 14 1235 35.0 45.0
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Fig. 8. Horizontal distributions of temperature from the center of the canister to the rock mass at 0.0001 year to 100 years after

the disposal of the PWR R-SNF. Disposal tunnel spacing is 40 m as deposition hole spacings vary from4.5mto 7.5 m

TUNNEL & UNDERGROUND SPACE Vol. 31, No. 4, 2021



300 ° Kwang-Il Kim, Changsoo Lee, Jin-Seop Kim, Dongkeun Cho

< Disposal tunnel spacing = 30 m & Deposition hole spacing=4.5mto 7.5 m>
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Fig. 9. Horizontal distributions of temperature from the center of the canister to the rock mass at 0.0001 year to 100 years after
the disposal of the PWR R-SNF. Disposal tunnel spacing is 30 m as deposition hole spacings vary from 4.5 mto 7.5 m.
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Table 5. Empirical equations to estimate cohesion and friction angle of rock mass based on RMR and rock mass strength

Properties Equation Reference
Friction angle (°) ¢ = —0.086+0.789 1RMR—0.0031 R MR* Bieniawski (1989)
¢ =025RMR+27.5 Kim (1993)
¢ =0.5RMR+5 Trueman (1988)
¢ = 20002 Aydan et al. (1993)
Cohesion (MPa) S, =0.25 ¢(0-05RMR) Trueman (1988)
S, = I (1=sing) Aydan and Kawamoto (2001)

2 cos(¢)
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Table 6. Average values of ¢, and ¢ in terms of RMR of rock mass calculated from empirical equations in Table 5

RMR G (MPa) a()
20 335 2.29
40 8.98 3.18
60 2151 442
80 55.16 6.33
100 170.23 10.37
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Fig. 10. Evolutions of the temperature and maximum effective stress at rock mass for cases (a) and (b) 1, (c) and (d) 6, (e) and (f)
11, and (g) and (h) 14. Ranges of the Mohr-Coulomb UCS based on RMR classification suggested by Bieniawski (1988);
Very poor (0 < RMR < 20), poor (20 < RMR < 40), fair (40 < RMR £ 60), Good (60 < RMR < 80), Very good (80 < RMR < 100)
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Fig. 10. Evolutions of the temperature and maximum effective stress at rock mass for cases (a) and (b) 1, (c) and (d) 6, (e) and (f)
11, and (g) and (h) 14. Ranges of the Mohr-Coulomb UCS based on RMR classification suggested by Bieniawski (1988);
Very poor (0 < RMR < 20), poor (20 < RMR < 40), fair (40 < RMR < 60), Good (60 < RMR < 80), Very good (80 < RMR < 100)
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X 7 Total stress, o. in the buffer and
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Fig. 11. Schematic diagram of the compressive stress around the disposal tunnel and deposition hole by the swelling pressure
(Rutavist et al., 2005)
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Fig. 12. Evolutions of the maximum and minimum principal stresses for cases 1, 6, 11, and 14 with Mohr-Coulomb failure criteria
for RMR of 70 and 75
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Fig. 12. Evolutions of the maximum and minimum principal stresses for cases 1, 6, 11, and 14 with Mohr-Coulomb failure criteria
for RMR of 70 and 75 (continued)
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Case 1421 73-9oli=RMR©] 70 w= 2 E'd 55 Rock]1) oA mhu]7F S, RMRO] 75 ws= RE =2 7ol A ot
7HAsHA] o= A F U F59t0] FRke eiolA] g2 AT dTiA 0 & o 9I5kH 7] kS Tl o= §F R

AP

o

1 Aol TR AR E RS Tl ol IS 0] elEAe] AA| 71 25 1 100°C o)ike] 204
o] giAjle] B4 Wsls AEste], T 4] §5A10] A 715 LEE 125°C R AT Al AR 7] whE A RAI 2~
o] 23 22 AR, el SHgAe shashy| Siak elute] 27e mEstelty $EAle] A 71 Lwg @Alet 2ol 10
0CE -SAJBH= -0, HREY 7FA0] 40 m, AET 7F80] 5.5 mQl Z-09F JEES 7HA0] 30 m, HET 7FH0] 6.5 mel AL,
AE8719} A} s Hol A 212571 212499.4°C W 99.8°C 2 ARFEIIEE. o] W, 215 A2 KRS' 7|5t A EA| 28]
o1 26.7 % B35 % HASHTE T A-8719k0] 727} dopdas kg Aol o] L1 avhwhEA e Aeg 3t
AL 77105 m 4 571402 71417 S olle A 2] 16-17 %] Sigets Joluh A /e L8 Zaelo) 9%
O] A 7)1% L2 1250CE AFFAIZ] A, ARED 7HAS 30 m, AL 7VAL 4. 5m7HA] ZH4AA KRS' 7|9t 54| 2]
OfH] 282 #2255 % 71K ZAA1Z 4= ek

KRS" 7]9F ZRZA| 2] (Case 1), A 719] 16~17 %E Al 2fstal= AA| 71 25 100°C oI5tz FAIA2 4= = Case 6
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2 Case 11, A 7% 22 125°CRSEUS A 7P 52 At B85 E 5 = Case 14°] TSl 10,000 7HTHM 5217
& Al alste] Aot QPYAdS W tsEIT. 11 Ax, iRt FEAESER] 9471 Il = KRS 7| A RAI AR ot
OS] RMR £-599] Good rock®l] SIE5H=RMR 72.4 o] Z710]0]ofF Jitt. Case 67} Case 112] 73--0l= Good rock™} Very
good rock 2] A 40l SdsH= RMR O] 79.6 & 81.2 Hr}=olof o, Case 14+= || 5-8-3210] 80.7 MPa & 1} =7
LR Very good rock] S 6H=RMR 87.3 o}go] Eojof ohte] mpa} 5 {2k 4 QUQIrh. 1o, 2 o] Aok -4 Al
HE o] E o W Gof| mhE F1&5<tof| ofet IRt B O] S7HE AleohH, shAlS 43t s A HA 0] tisl HHe] RMR©] 75

olioldl a4 QS g 4 Qlairk

2 Ao AR SR R 0] E48-2 AT FIEVO|EQFKURT 339k 7[5Ee & 438 AJdlol| A S Bt 283 AMS-
stetz, 2 4o wet s Aupr Eebd 4= k. 53], A5 HIEURIES] 7% 100°C ol golke] &, 2, Job] 24
o] SHHE AR A ] @17 tizell €542 271 100°C oVl -0l thisiide HlEH e EQ] 274 HehE HEgah] 25t
TP, 55 25 IR E Q] Aol ] /4 HSHE A1efdt AREAI2R]S] THM Hetrts 54 A5 4-a8sto] A2t 9
AR A IR eE SOl B8 B 7t Itk QL KRS 719E A ZAI AR QAT TS SR Ala-a A28 ffofe &
AL B o A28V AR T TRt AlaE AEALH 0] A5 7IE st 2F ) 2 EEshe Aol vl e
= ekt
AF AL

O] =2 20218 AR SR EA o Aol o M SR A7 e AT 2] 21912021 M2E3A
2041312) I ARS-FHARTR A [ HEARAT B o=l 2] 2] 22021 M2E1A1085193)= RloF el AARA Y.
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