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A Numerical Study on the Response of Jointed Rock
Mass Due to Thermal Loading of Radioactive Waste

Hyun-Koo Moon and Kwang-Sue Jue

ABSTRACT

Thermomechanical analysis is conducted on the radioactive repository in deep rock mass considering

the in-situ stress, excavation and thermal loading of a radioactive waste. Thermomechanical properties
of a discontinuous rock mass are estimated by a theoretical method so called sequential analysis.
Using the estimated properties as input for finite element analysis, the influence on temperature
distribution and thermal stress is analyzed within the scope of 2-dimensional steady state and transient
heat transfer and coupled thermal elastic plastic behaviour. Granitic rock mass is taken for this analysis.
The analysis is done for two different rock mass conditions, i.e. continuous-homogeneous and highly
jointed conditions, for the purpose of comparison. In the case of steady state, the extent of disturbed
zone around the storage tunnel due to the heat production of the spent-fuel canister varies depending
on the thermomechanical properties of the rock mass. In the case of transient analysis, the response
of the jointed rock mass to the thermal loading after radicactive waste disposal varies significantly
with time, resulting in dramatic changes in the both size and location of disturbed zone.

1. M B2

AErg o] F7ieh AAl Az F WAHo| 27|
st B gAE 7R Qo A H7E
o] Fx Ha Frbsle FAldl dok VA dH F
BAslE A #7182 A FAEe] FE,
WAbs A Soll et HES, TES, 2EA
B H@71g2 vE £ Aok FAES G
#H71Eel NZE el Fele 7IA =

* 1994 7¥ 269 He

oA H7ES B &7, ko] olATEL 4
WESt 37| ukstol 54870 AARY F A3
10~30moll JA| Agsta Qle}. 53], £ LIE
Azt AbsE o ditel Bilte] ofEie AR
ddg(nEy] WA #7948 s o
A Az QM4 B Qleht?

Az Sehviele 8719 Aeay Az 179
FrE8 HAYE 7Hesta e, 279 HAANE
Z7 AAF Qrk £ 97| UztH A Lol A
uhlsle ARE - dlg s @7 230~270 o o]
2o, - AES) w7189 A A7 F 6250 =l

*o] Qi 1991-1993W % SFoeb ed7u]l Aol o) AT,

A % 911-0508-005-2
1) B34, dgoigta AH9Fee Fas
2) Y, A 2A-F sk

102



ubgstn glek oledt FAIZ £ o) A dAL
WA AL 7k Al AS E3Hdelo
ol& Zo|rk'? elol] AR HEell APl AL
sle AT A wﬂﬂ-‘%ﬂ AS ol 5~10
m9 AFYHS °J~a—°1 ZFoll T AEsrz 2
Aaich. A Pl A %‘— skl e HA o)
NE AL w-ﬂq—rfl #7158 2Bl Aut 7t
Aol 29 #H7|1E9 Ha)EAst TR Ao

o ro

HJ*P‘* H7185 A% hiblol HEdctn 7Y
o, WA SI71E HEAALY Yk FE2E A
A A2 HE] < 300~1200 me) AAAETR G237
EE AR YTF F $HeR AYed A
Fe)dE FHeh AAEdS BE WA 800 hag]
Ay Qe wE g L5km 88l el FHHeR
gl Ao ube e FHdl YA
Mo g kel 8-7)#A-E(canister borehole)S F
Zsto] L7115 “‘341*}7!] gk, o] A&EA A4
AES) A€ 25 oF 3001, nEH ATEL oF
109ha F<F A *°l TAEEE AAEojo} 3’?“1
olF A4 °‘”‘7l7‘} ok 251 el 4 304, 35E o
v ZA 7|7k oF 508 st 1 o]F ‘Eh:
LA AAAE Ade
28} AEQhbol| WA #H|7)E HEAS AAle
A= 7 NS s71Ee] wdE5Ade] FHet
Hhol] wjx|& <dgk WA #HEo] S vix=
S FPAoE RAelolol o Fled 54
AU gk gk AR AL v S ne{E o
X5 dAse s
A9 A%zl & & drk B AFE
sl

to ot

ok, oﬁ.

P
A

M b
2 Ao
ol

e

di

slol AR H71E AREIA Tl % SHz
2712 ARE Dol Fuichioll wAE FgE
spetels] SisH s
cheel Bt EAeks #od4 oht
stetel7] Sl Baid ghit
57 DAAARE 2ARE ol2H PUE
Aok, $i% kel EAHEAS AU 4N
Ageled gAY HANEE AR $ANEE F
wohibe) SERTE A4 % HolYeiold HAe
dek. 45 el A dvad KR4S

%
ao of wE o

Eld# AetEzk 103

AHgstel 27159, AREd X 43 & 7
ool A e FHHE EAH A
Bzl olule od& FAoML 4749) He|Fo| EAlsli
it 5 27kA A5 27 vlaegich

2. DFE YAKY EHIPIE MEHl it

s

7H

t'd

Z9 B AABCI WA HAEe
29 A4 W78 APe) NEL Al
9 ZAAZL 23 AN Fo B Bt o
FEHT AR HEA olstz fAsk] A
ARG oAl G mNA BES shoiol
ey, QibdoR mAEE WA A71E AEReE
AUAR 1ETAS A4 2L FRA TAIE iR
W Aok ¥ AR HEE Adoz ded ge,
del FAAAL Aok Aokl HAE MR
e AAsHE ALS AFol) olzid Aokl
AR 97158 HdslA AEelrl aiale kel
AW oA 54 aedla ddwd, Qg
W, 713 WSS s 5o FRR B
ol 2.7%ch

!J

Q
o

p)
of of

etk A H71E A B
244 2ok (1) 49 g A o] A 2
FAEA, (2) WA HF9 o)F-E AAAII7] AR
< F44E, Q) Askrdde) AHeA, @) E°‘94
< A, O A FRE Gole sl &
£AEA, (6) vl M Ths Aol R by, (7)
7178l FAA A 913 upd P WHE
Ve 9 5AS aeistoiof drh ojgh 2 g
&5E 1A% of A HVE e meke
des, HES 8l ek AFeh dHuieh A3l
o

B e AL Aok Al S Yok
[e]

roige w9 e Aske e Avm o
e QA % SRS AUz gon] FHo|
Fol@ AHE Aux Yok HEe A9 ¥ &
HEAT & $HAE AL glow] WEel F3
Hol £ AL Avn Uk zelt FH=Ael

Sl vl oF 2~4w) Yz, sH7|Eol WE=



104

e GslFe AL WS AL AR A}
glen) FAAY olelge sidsiolol sk wak
HEQte] $EA 0] F2 AERToNY ENshEe
WA H71Be] AR AEgont Aukebx ol
AAYe] A ool BAAel AT Asks F
Boll Qe Wout A Aol MRS ALY
B9, 5 Askel % BeisUTel Aol 2@
Aok 55 SAATE DT ke Ay
5o Adow Qs AU B & & dopon

2.2 132 (engineered barriers)

TEH WA H7E HEA AAA nesEe W
Heol AAbNEE B (multi-barrier) sldo] 2
ubA ook, By Aol HEAL et EAS
7R AddHa Qlguo g pAs|ojof ghoh=
Adelck ol HEA FAFA AT HAAGE
B7EA Wl 9Esl7] Mk vhpe] el o9&
o 24 WA shedE AEAE Folv] % Aol
dutdo g WAy A7lE AEA] AHEsEe IF
o gzl (buffer), H-F-l(backfill), *]¥-8&7],
a8 ol Utk

2.2.1 FHzH

SR A FANTAE TS Bojoln
AN ATl HE-§7)(canister) & W& ¥ A
e AN FHolch HFAN AT (1) HE
719 ®lo Al HIH FAE AR,
(2 PAA WFo] FuHo g shiwle AL W
2549, (3) #71Eo] Wk dol Fuigule) n|
X dire HAidstn, @) dsHd g% 3
Fo2HE AFEIE BIske Holrh 3o

F8 FAEEL WMEYE HEoY E2 %
vrxlﬂﬂ 93 YutHo g JfAl, Y, ek, HE
1 Hazzt S Eited AARs|a 9ok ﬂ*ﬂ
ME AHREE B4 duldeg A9 7
AE Agsl elde) hRAE FAstn 116Fr4
2 WAl ol F E Aok

i

oﬁ
»
1o

e

mQ fl
0 oo =9 v

m{

222 AL 2287
AEEAE DE AR AR $Eole
doll AY AFAEE A DY APAL AhHol

s, A7[7ke] S AFe 3t WIS whx|¥v]
Al =2 A5 EAE Aol 3o} 2gdle] A
H 715 A3 AHSKB)7F 712 ¢k KBS-3(Nuclear Fuel

Table 1. Design properties for selected disposal pa-
ckages.'®

Package type KFADP KCRDP
Outer diameter (mm) 727 501
Total length (mm) 4360 4020
Empty weight (ton) 4.60 2.26
Loaded weight (ton) 7.02 4.67
Thermal load (W) 901.2

KFADP: Korean Fuel Assembly Disposal Package
KCRDP: Korean Consolidated Rod Disposal Package
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Table 2. The Rock laboratories and related national disposal systems.®
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Repository .
Rock Laborat
(High Level Waste) ock Laboratonies
First
Countries Operation Host Rock Name/Location Host Rock
(year)
ASSE/Wolfenbuttel Saltdome
West KONRAD/Salzgitter iron ore, clay
Germany 2000 Salt dome GORLEBEN salt dome
GTS/Grimsel(CH) granite
Granite, schist
France 2000 clay, salt Fanay-Augeres Granite
(decision 1991)
Japan 2020 Crystalline Akenobe Mine Granite
Canada 2020 Granite URL/Manitoba Granite
L/Si
Sweden 2020 Granite HRL/ @pevarp Granite
Stripa
Yucca Mt/Nevada Tuff
Hanf
Tuft, Salt NSTF/Hanford . Basalt
USA 2003 (decision 1993) WIPP/New Mexico Salt
cast Avery Island/Louisiana Salt
Salt Vault/Kansas Salt

NSTF: Near Surface Test Facility, WIPP: Waste Isolation Pilot Plant, HRL: Hard Rock Laboratory, URL: Underg-

round Research Laboratory
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Tabie 3. Thermomechanical properties of granite and buffer material.
E (GPa) G (GPa) v C MPa) T MPa) R (MPa) k (W/mC) a (107°/C)
ki A 4 60 25 0.2 150 10 22 2.6 1
A 19 7 0.3 - - - 0.6

E: Young’s modulus, G:
o« BAAAG

Table 4. Geometric data on joint sets.?"

Ak A A, v: Poisson’s ratio, C: gt&7k%, T: AUAZ4%E, R:

A=, k: AEAS,

Joint set Number of Mean joint trace Standard deviation of Mean dip
number joints length (m) joint trace length (m) (degree)
1 666 2.190 2.269 66
2 872 1.113 1.039 85
3 427 1.607 1.852 52
4 744 1.378 1.125 5
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Fig. 5. The realization of joint map from Stripa geo-
logic data.
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Table 5. Volume fraction of each joint set.

Joint set number Volume fraction (X107 2%)

1.69
221
1.08
1.88

B DN

Total=6.86 X 10 *%

Table 6. Elastic and strength properties of jointed
rock mass.

Elastic properties Strength properties (MPa)

E; 14.6 GPa o 3.6
E; 10.6 GPa G, 74
E 59.9 GPa C 150

Gy, 38 GPa T, 0.6
G, 4.7 GPa T, 0.6
G, 7.0 GPa T, 10

Vi, 0.2389 R 0.7
v, 0.0355 R, 06
v, 0.2 R 0.6
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Table 7. Equivalent thermal properties of jointed
rock mass.

Thermal conductivity Thermal expansion

(W/mC) coefficient (107%/C)
o k& q
2.53 249 12.61 1197

Tharmal Expansion 5o
Thermoslastic
Stress - strain relation
Equilibrium - Continuity [§
condltion

Thermal Conductivity
Fourier equation .
Equilibrium - Continuity |
condition

« Joint orientation i

+  Joint density

« Thermal conductivity of [
foint - intact rock |

Fig. 6. The scheme for estimating thermal proper-
ties of jointed rock mass.

+ Thermal sxpansion coetf. N
ot joint - Intact rock
+ Compliances ot
Jolnt - intact rock
+ Equivaient compliances
of jointed rock mass
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Fig. 7. Flow diagram for thermomechanical analysis.
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Fig. 10. The principal stresses due to excavation
and thermal loading(jointed rock mass).

Fig. 11. The safety factor contours around the wa-
ste storage tunnel{continuous isotropic
rock mass).
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ste storage tunnel{jointed rock mass).
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Fig. 14. The disturbed zone around the waste sto-
rage tunnel{jointed rock mass).

Fig. 13. The disturbed zone around the waste sto-
rage tunnel(continuous isotropic  rock
mass).
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Fig. 15. Evolution of isotherms with time around
the waste storage tunnel.
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Fig. 16. Variation of temperature with time at 5 dif-
ferent locations around the canister.
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Table 8. The temperature distribution between cani-
ster surface and rock-buffer interface.

Time (year) Temperature range (C)
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Alzboll whE 25 5-F = Fig 167 2}

ol4e] A7kl WE AAEd FLldute] 25
o Wshs 1 Al7)el] el 2744 FHol A ghitel
Agol] B FEFE v Ak A, HEE710A
sk g Aol oJell Fhite] 250 §43]
Assle B AEE7] F9 hite] doll o3t 5§
oz Q8 2E-E7)dlA ez Hel x|
bl #de 7€ Hile 9¥E T 4 Uk
olidt HANE ghibel AU} XEE7|e Hell
ot WS AMAZ xR I ookd xAeld
FoIqhdte] Fgkdide]l AgkE wA el EA,
2871l A s ol "AS] il 717t
T4 BT S ke 22Xl 93 4
A F=3(contraction)@8 A2 AE-8-7)o] TH3 <
vhy FEE daAdl 8§ 5 ik 974 G+
ZEAAL delFe Zhaed o3 BAAAL 74Y
ARg oju)gieh

olgidl 27k ZEol % hh Fhe 73
she AE871Wel el HFo] el ) A
EUeE olgd F v WA HAE opr|F &
ek A9dlel KBS-3, VLH HE4-8 didez A
o4 223 UDECe 93 $A4A# o) waw
B2 AFll T3 dilel] Es FH ke
227t A % ¥Rl hee A B
ojtirt 274 J17HESt WY S dEse
AE HolAql d¥ Y] 7528 3854
v AEE Btk olElgt A= HEE7A
WS ol dulell mix= Ad Wak ofel &



114

7 ;

< g/—_ e

N

Fig. 17. Safety factor contours in 1 year after dis-
posal(Hatched area indicates disturbed rock
mass).

Fig. 19. Safety factor contours in 100 years after
disposal(Hatched area indicates disturbed
rock mass).
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Fig. 18. Safety factor contours in 10 year afters di-
sposal(Hatched area indicates disturbed
rock mass).
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Fig. 20. Safety factor contours in 150 years after
disposal{Hatched area indicates disturbed
rock mass).
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Fig. 21. Variation of horizontal displacement with

time at 4 different locations around the ca-
nister: Outward displacement is positive.
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Fig. 22. Variation of horizontal strain with time at

4 different locations around the canister.
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Fig. 23. Variation of shear strain with time at 4 dif-
ferent locations around the canister.
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Fig. 24. Variation of vertical stress with time at 4
different locations around the canister.
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Fig. 25. Variation of horizontal stress with time at
4 different locations around the canister.

Aol wel Gl ol ool Aol Sl
Ygol WP S BT B HEEl0l4
ol Ae) WHE L AR AE AujHow
o 7| gl Akl el ZHelo] 0] 27
s P B FekEe) 7ol e W W
G 3¢ HEE7) QAR oA A F 201377
UMY 37H Belw) 2 olFollE Faehd oh
#¥E B ckFig. 23).

2.50

2.00 4

1.50

Safety factor

0.50

Canister Radius(r) = 36.35 cm

0.00 +—+——1—+ T+ T T T T T T
0 20 40 60 80 100 120 140 160 180 200
Time (year)
Fig. 26. Variation of safety factor with time at 4 dif-
ferent locations around the canister.
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