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ABSTRACT 

\t.ce*-> t o a g r a n i t i c r o c k mas.* in an i r o n 
>re mine in Sweden h a s p r o v i d e d a u n i q u e 

" p p o r t u m t v f o r a s c r i e s o f i n v e s t i g a t i o n * 
on p r o p ] en:* i n v o l v e d i n g e o l o g i c s t o r a g e 
-M r a d i o a c t i v e w a s t e . I m p o r t a n t r e s u l t s 
h a v e b e e n o b t a i n e d t h a t wou ld n o t h a v e 
e m e r g e d i f t h e s e e x p e r i m e n t s had n o t b e e n 
c a r n e i ou t u n d e r g r o u n d a t d e p t h s c o n p a r -
ihK- * i t h t h o s e e n v i s a g e d f o r a n a c t u a l 
r e p o s i t o r \ . I t was o b s e r v e d t h a t a s t h e 
r o c k mass v>as h e a t e d , t h e t e m p e r a t u r e v a n -
it i o n s o v e r t ltae and s p a c e c o u l d be r e a s o n -
.u ' lv w e l l p r e d i c t e d u s i n g a v a i l a b l e t h e o r y 
..n.i . i p p r e p r i a t e v a l u e s o f n a t e r i a ! p r o p e r -
'• ie*-. Howeve r , b e c a u s e t h e rock i» 
: r t e i i n - i . p r e d i c t i n g t h e t h e r n o - ^ c h a n i c a l 
" i - h j i i i i much -iiore i n v o l v e d . The r o l e 
-i t h e J i M . - n t i n u m e s i s a k e y f a c t o r 
• n.i i - not >et w e l l u n d e r s t o o d . The fra*.* 

l u r e n e t h o r k i s a l s o t h e d o m i n a n t f a c t o r 
m c e n t ro 11 inc. r o c k n a s s p e r r a c a b i 1 l t y . A 
'-.ev» method of m e a s u r i n g a v e i a g e p e r n c a b i -
J11 v on a e e r y l a r y e s e a l e i s r e p o r t e d . 
\ nvi 'v i i c a t i o n s on t h e g e o c h e m i s t r y and 
i--oto{U ' i w l r o l o g y o f g r o u n d w a t e r s a m p l e s 
\:.t\c a i ..• n e e n c a r r i e d o u t . T h i s work h a s 
r e i e a l e d a number of g e o t c c h n i c a ] p r o b l e m s 
t h a t must be p u r s u e d and h a s a l s o deraon-
- t r i l i d rhv v i t a l i m p o r t a n t ; * o f b e i n g a b l e 
l o t a n . nu t l a r g e s c a l e i n v e . t i g a t i o n s 
u n d e r g r o u n d in a f j e l J ( e s t f a c i l i t y . 

T h i s w r k . . . s u p p o r t e d by t h e A s s i s t a n t 
Seen* ta r* , • : N u c l e a r E n e r g y O f f i c e o f 
l » j s t c I s . ' on of t h e U . S . D e p a r t m e n t of 
I . ne ru i u n a e r c o n t r a c t W-7405-ENG-48 . 
F u n d i n q f o r t h i s p r o j e c t i s a a m . n i s t e r e u 
by t h e O f f i c e of N u c l e a r W a s t e I s o l a t i o n 
a t B a t t e l K> Memor ia l I n s t i t u t e . 

a v o i r pu a t t e i n d r e 
• g r a n i t J a n s une n 
f c u r n i u n c o c c a s i o 

;s r e c h e r c h e * 

vo lume .le 
J e f - r en 

n i q ue .It t 
J e p r o b i 

c o n c e r n a n t l e s t o c k age geo legi>*ue .)< 
d t f e h e t s r a d i o a c t t f ^ . On a . u n ^ i ot> 
•It > r f i s u l t a t s impor t an t - *jui n ' ,iur - r 
c t r e giJntfrds s i ce-- e t p e r UTILC- . n ' a 
e u l i e u s o u s t e r r e I une pi>ifi>ndeiii 
c o m p a r a b l e a c e l l e J ' u n v e r i t a b l e .f 
On a note" q u e NOUS 1 ' i n t j u e n c e de I 
c h a l u u r ]c« c h a n g e me nt n Ac t e n p e r . i t 
f o n c t i o n du t emps u i t 1 'c*.pa*.e pei 
e t r e p r d v u s a s s c : i .ic i letnent i-n -e 
de l a t h f o r i e acce . - . - i h l i et . I t - v 11 • 
a p p r o p n e e s d e s i o r . c t i o n . s m a t e r i e l 1. 
J 'our t a n t , o a r c e que 1 a r o c he e - t 1 I 
i l e > t b e a u c o u p plu?- i i i t n i l i .It p 
l e compor t erne n t t he rr>o lac" c mi >iu . li 
de> o i s c o n t i n u i te"s t*-t p r i r n i . l i i l , • 
e n t e n c o r e a s s e ; a e \ . nnii . ! i i t i 
t M S u r e s e**t l e t r . . n J•.••SITI-JIII , U ; 
c o n t r o l c l a permtfafci 1 i t t" .it i t :-i i -i 
rochi-UM' . On c t u d i e i L. I utse :i> m • i 
mc"thode p o u r a t i u r c i !.< p i M n ' . i i u i j t i 
m o v t n n t en g r a n d . On i m*»-i i i : i • 
r e c h e r c h e * >ur l a g c ' o c h i m n i t 1 ' i •». 
de 1 ' h y d r o lot; i t J e s o ' lhant i I !•»»- -.>>i 
t e r r a i n s . Ces r e c h e r c h e - , ut t o n . h i 
un r o m b r e de p r a b l e m - &6otechra j u t 
d o i v e n t c t r e e tud id* - e t »nt au*»- I .!( 
i\u' I 1 e s t a b s o l u m c n t f s ^ ' i i t i*-1 a t p> 
p o u r s u . v r c d e s r e c h e r c h e s -. u ! < i r , : -
g r a n d d a n s un v r a i champ d ' e ^ - a i . 

-S 
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INTRODUCTION 

S a f e d i s p o s a l o f r a d i o a c t i v e w a s t e away 
from t h e b i o s p h e r e h a s become a t o p i c o f 
much c o n c e r n in t h e U n i t e d S t a t u s , p a r t i ­
c u l a r l y w i t h i n t h e p ; i s t d e c a d e . Ove r t h e 
p a s t f o u r y e a r s , t h e Lawrence B e r k e l e y 
L a b o r a t o r y h a s been r e s p o n s i b l e f o r c a r r y -
i ng o u t a c o m p r e h e n s i v e s e r i e s o f f i e l d 
t e s t s t o s t u d y c e r t a i n a s p e c t s o f t h i s 
p r o b l e m i n an a b a n d o n c d t i o n -o r e mine a t 
S t r i p a , S w e d e n , a b o u t 150 km w e s t o f 
S t o c k h o l m . I.e.iJ n r g a n i s a t i o n s f o r t h i s 
work a r e t h e N u c l e a r Hue 1 S a f e t y P r o g r a m 
I KI'S 1 f o r Sweden ;ind Lawrence B e r k e l e y 
l a b o r a t o r y fl.RI.) u n d e r t h e U a t t e l l c O f f i c e 
i l N u c l e a r h ' a s t e I s o l a t i o n f o r t h e U . S . 
Hepur t inen t of LIK r ; v ( I V i t h e r s p o o n and 
liege ''man , I'.TS l . 

Mm it St i p.i ( e g n n in 1-185 and c o n t i n -
i n t e r m i t t e n t Iy u n t i l l a t e 1 P " 6 . The 
r g r o u n d I S . T K I ng.s a r e - 5 0 km i n l e n g t h 
T> l e v e l s down t o 410 m b e l o w t h e s u r -

r h c banded h e m a t i t e o r e a t S t r i p a 
; t u a t e d a l m o s t e n t i r e ly i n l e p t i t e , 
• u n i n a n t 1 y a s i 1 i e a - r i c h , r - * g h - g r a d e 
morphosed v o l c a n i c r o c k of P r e c a m b r i a n 
( O l k i e w i c : e t a l . , 1 9 " . , ) . The l e p t i t e 
s u b j e c t e d t> e a s t - w . c o m p r e s s i o n , 
ng which t he n o r t h - n o r t h e a s t - 1 ro-nding 
rn -.vm. 1 m e , c o n t a i n i n g t h e o r e d e -
t , ts.is fo rmed . L a t e in a s e c o n d 
od n! I o l d i tic . c a u s e d by n o r t h - s o u t h 
M"i> i " i i , t J,, p h i t o n i c r o c k at S t r i p a 
tided t h e l e p i i t e . The p l u t o n i c r o c k , 
S i l l i i ' i i yc;ii-> e l d , i s p r e d o m i n a n t l y 
l ; m o m o n ; t e . \ . - e r i c s of p e g m a t i t i c 
. i p l i t i c d i k e s t r a n s e c t t h e r e d d i s h , 
inn g i . i i m d ma-.- iv t q u a r t ? m u n z o n i t c , 
h lias been t r i*. l u r e d in a t l e a s t two 
v -. s T i e >l t h e w o r k i n g s f o r m i n i n g 

r e i tit e i .-eel ed t h e i | u . i r t r m o n ; o n i t e . 

Y i . 
h i ; . 1. Map s h o e i n g g e n e r a l g e o l o g y a t 
S t r i p . i - n i n e , l o c a t i o n s o f i n c l i n e d h v d r o l -
egy h o r e i v l e s (SUM- 1 , SBH-J , S B I I - 3 ) , and 
u n d e r g r o u n d t e s t rooms ( d a s h e d 1 i n e s ) a t 
3.TS m l e v e l . 

h e n c e t h e e a s y a c c e s s f o r t h e s e i n v e s t i ­
g a t i o n s . 

The g e n e r a l g e o l o g y a t t h e S t r i p a a u n e 
and t h e l o c a t i o n o f t h e e x p e r m e n t a l i n ­
v e s t i g a t i o n s f o r r a d i o a c t i v e w a s t e 
p u r p o s e s a r e shown i n F i g . 1 . A c o o r d i ­
n a t e d s e r i e s of t e s t s were c a r r i e d ou t 
on two key p r o b l e m s t h a t a r i > e in u s i i i g 
g r a n i t e f o r u n d e r g r o u n d wast*. ; - l a t i o n . 
One of t h e s e p r o b l e m s i s t h a t e f p r e d i c t ­
i n g t h e t h e r n o m c c h a m c a l K h a v I O I ot i 
h e t e r o g e n e o u s and d i s c o r n inuou.- rock l i a s - . 
T h i s was accompl i shed u s i n g ^ >cr i*-> of 
e l e c t r i c h e a t e r t e s t s t o s m u l a t e t h e 
e n e r g y r e l e a s e d bv t h e d e c a y el" n u v h i r 
w a s t e . The o t h e r p r o b l e m i r . w l v e s i r a e -
t u r e h y d r o l o g y , t h a t i s , p r e d i c t i n g t h e 
movement o f g r o u n d w a t e r t h a t *. in t r a n s p o r t 
r a d i o n u c l i d e s t h r o u g h t h e g i a n i t e . * com­
b i n a t i o n o f b o r e h o l e measu i •.ment.- and 
g c o c h e n i c a l s t u d i e s formed i h e b a - i * i 
t h e s e h y d r o l o g y t e s t s . A new n e t h o d o i 
m e a s u r i n g t h e p r - n o a b i l i t y of v e r y l a r g e 
r o c k m a s s e s i n a s e a l e d - o f f l e n g t h o f 
d r i f t was a l s o d e v e loped t o e e m p a r e wi t i. 
r e s u l t s by c o n v e n t i o n a l m e t h o d s . Impor­
t a n t f i n d i n g s h a v e been o b t a i n e d in t h i s 
w o r k , and t h e p u r p o s e o f t h i s p a p c i i* t c 
d i s c u s s t h e i r s i g n i f i c a n c e fr->m t h e g e o -
t e c h n i c a l s t a n d p o i n t . 

THERMOMKCIIAN 1CAL 1 NVLS 11 i;AI 1 ON.s 

I m p o r t a n c e o f I he rmomec l i .mica I I I 1.1 -

After a gcologic s i t e su i t ab l e for a 
rad ioac t ive waste repos i torv has been 
i d e n t i f i e d , the >i te wi l l be subjected 
to two princ ipal per turba t ions. I i r s t , 
i t w i l l be necessary to sink ?!i • to 
the depths of the proposed repos i tory 
and then make the requi red eAcav.it ion.-
to hold the waste c a n i s t e r s . it sheu' i 
be pract icable to accompl i-.li t h i s i>i theut 
impairing the a b i l i t y of tin s i t e to 
i so l a t e wastes from the hii.-pheie l i any 
s ign i f i can t degree. 

Second , as a re MI It of the r.id loact i ve 
decay of the h a s t e s , the subsurface media 
in the v i c i n i t y nf the repository n i l 
undergo a t hernial pu l se . The sy-tem wil l 
be heated to a maximum temperature at the 
depth of the repos i tory within a century, 
depending upon lhe waste form, and subse­
quent ly wi l l cool over a much longer 
period of time. To insure that the re­
pos i tory wi l l provide adequate i so la : son 
of nuclear wastes from the biosphen . <-r 
these long periods of t ime, i t is neci 
sary to assess the e f f ec t s oi t h i s therr • 
pu l se . An es t imate of the magnitude of 
these e f fec t - can be ca lcu la ted readi ly 
using a l i n . a r theory of t he rmoe la s t i c i t y . 
This requi res a p red ic t ion of the te-nperi-
turc- l i e Ids .ind appropr ia te values of ro^k 
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prope r t i e s to ht* used in determining ther ­
mal induced displacements and s t r e s s e s . 
Unfortunately, the required material pro-
pi 'r t ie? are nornal ly measured only on 
small cores , and i t _s ••ell known that the 
heh.iv i-"- of a large rock mass is seldom 
the s aw .is that of small samples of rock 
iMoek, 19~9). Accordingly, i t is irapor-
lant tii develop an J ver i fy models for 
p red ic t ing the thormnmecnanical response 
• 1 .in un k rground waste repos i t o ry . 

riie .tv.u l.ihil i ty of the t e s t f a c i l i t y 
i a the St r ipa nine in water - sa tura ted 
g r a n i t i c rock provided a unique oppor­
tunity for conducting thermomechanical 
experiments. By instrumenting these 
experiments so as to obtain comprehensive 
•in .isiiivrnents of temperature f i e l d s , d is • 
)i. a <. erne hi ? , and st resses as functions o! 
t ine and >pace, he have iden t i f i ed the 
J.it .i MI e.k-J to pred ic t the thermcinicchan-
ic.i! re^j'. nse of a r epos i to ry . These 
n MI] t - have shown that i t i s necessary 
if t.ikt- into account the geologic s t r u c ­
ture of the rock mass and the functional 
dependence of the coe f f i c i en t s of thermal 
expan^ion, Poisson*s r a t i o , and Young's 
ni*du]u> if p red ic t ions are to provide an 
-ic^uratv descr iyt ion of the response of 
.i rock mas-; to the heat produced i>v the 
ieca • •! r.idio.ict i \ e waste-*. 

Ui l l -Scale Heater l.xperiments 

! n | ] - - i . i l i - h e a t e r experiments were desit;n 
ed 11' p e m i t the inves t iga t ion of the 
••hurt - tei-i e f fec t s of heat in g r a n i t e . 
[ l i ' i i r u ' heaters housed in a can i s t e r 3 ra 

!>' f t ' in length and ii.3 m (1 ft) tn 
i i .mete: here u<ed To s imulate the power 
• •-litput of l ad ioac t ive waste. Two such 
t , in i> tvr - , each containing four heat ing 
eleme:it^, were posi t ioned in -106-mm ver­
t i c a l hules d r i l l e d to a depth of S.a m 
u\ tht Hour of the full s ca le heater 
.11 i ft as >hown in Fig. 2. 

I i g . 2 shows a cutaway drawing of the two 
l u l l - s c a l e heaters and some of the hori -
.:iMir.i I boreholes that were instrumented 
from an adjacent lower level d r i f t . The 
fni heater holes were spaced 22 m apart 
so that the c a n i s t e r s remained thermally 
isolated from each other for the durat ion 
o f t he experiment. This enabled two se­
parate experiments to be conducted in 
p a r a l l e l . Power output for one can i s t e r -
heater kas adjusted to 5 kK' to represent 
a typica l power level of reprocessed fuel 
a f te r some three years . The other can i s ­
t e r - h e a t e r was set at 3.6 kW to represent 
s imi lar waste products approximately five 
years old at the time of emplacement. 
These power levels were se lec ted four 
years ago; cu r r en t l y , somewhat lower 
levels are prefer red . 

9 3 
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Fig. 4 shows the s p a t i a l d i s t r i b u t i o n oi 
temperature measured on th<. midplane pass 
ing through the center of ilie 5 kK heatet 
compared with the predicted J sothern.N at 
190 days a f t e r turn on. A:» wi l l be des-
cribed below, t h i s g ran i t e rock mass is 
ex tens ive ly f ractured and l o m t c d . Care­
ful examination cf Fig. 4 reveals that 
desp i te the presence of these d iscont in­
u i t i e s and the water that f i l l s then, 
there is l i t t l e if any t f f ee t .n t -• 
thermal f i e l d . Note the excel lent agree­
ment between predicted a::.! *.l,1bun.-J 
values in a l l d i r e c t i o n s ,n..iy iron the 
axes of the hea te r . This n typica l •••i 
the r e s u l t s that have been obtained 
throughout both fu l l - s ca l e heater 
exper inen t s . 

.Sc,Tl_e_J_ ik- i t e r I-Xpe rime nt 

In the , , t . i leJ heater c x p e i i x n t .JI Str ipa 
times were conpres-cd in O.i i .it ie vi 1:3 
hy u : inc lahs of heat cundui I ion. i.ach 
year of data i s there fort. e M ui valent to 
ten years Jl" data from the lulI-inZ-ile 
system. The l inea r s c i l e . which must be 
reduced to l / . l ^ a . j : of the full scale 
s t i l l allc-h- fur r e a l i s t i c f ield dimen­
s ions . \n array .if 8 he.t t i .rs , -.paced "" -:i 
apart ilong the a.\i s pi i i •••••<. ><.a I eJ 
hcatei roer. a::.! 3 m apart .:. tin ..thur 
I I I | - ( I : M I , .,.,*. ISI-J tr. tl.i i n i - t i ^ t u i . 
• I i... r . \p; l up r i a t t M . . . n.g - t l he 

2 0 10 

I ,g. I. j - redicteJ ' 'nshed] isotherms and 
Tiei.-ined tenpera tures in a horizontal plane 
through the e n t e r of the S.u kW f u l l - s c a l e 
heater I'JU diys a f t e r s t a r t i ig experiment. 
1'istance.- a t e in meters and .emperutures in 
degrees cent i e r a Je . 

Fig, 5, Experimental rcu;n~ in .(iiartz 
raonzonite rock mass showing Jet i l l of 
scaled heater d r i f t with eight I , U Kh" 
clect r i c h e a t e r s . Heaters are 1,0m long 
and have been p l a c e ' so that the heater 
Riuiplitnc i* 10. s m below the f loor . 
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power o u t p u t o f t h e s e h e a t e r s shows t h a t 
1 kh' i s r e p r e s e n t a t i v e o f an i n i t i a l power 
o u t p u t of 3 . 12 kh'; t h i s power l e v e l was 
J e c r e a s e J d u r i n g t h e s e t e s t s t o s i m u l a t e 
t h e d e c a v in e n e r g y o u t p u t o f r a d i o a c t i v e 
h a s t e . 

The c o n f i g u r a t i on o f t h e h e a t e r s i n t h e 
a r r . i v phi 1 MI in F I R . 5 was c h o s e n t o e s t ; i -
bl I . -II a i hi e e - d i m e n s i o n a l p a t t e r n o f 
t h e r m a l i n t e r a c t i o n b e t w e e n h e a t e r s .md 
- u r round iiL, r o c k , s u c h as may he found in 
.i p i \ i c t n . . i l r e p o s i t o r y , h e c a l c u l a t e d 
ih . i t t h e n n . i l i n t e r a c t i o n would o c c u r w i t h ­
in a few mon ths of t h e s t a r t o f t h i s 
e \ p e : i m e n t , and t h i s was c o n f i r m e d by 
f i e l d o b s e r v a t i o n (Hood e t a ! . . 1 9 7 9 ] . As 
in t h e c a s e of t h e f u l l - s c a l e h e a t e r e x ­
p e r i m e n t s , r e m a r k a b l y good a g r e e m e n t was 
found b e t w e e n m e a s u r e d .inJ p r e d i c t e d r o c k 
T e m p e r , i l u r e s . We c o n e l u d e d t h a t t h e domi -
n.ml mode ot h e a t t r a n s f e r in a d i s c o n t i n -
iioii.-. ru i l i m.i>s i s c o n d u c t i o n . The 
t L uper i t u i ' e f i e l d i s t h e r e f o r e a m e n a b l e t o 
p r e d i c t i o n bv r e l a t i v c i v s i m p l e s c m i a n a 1 v -
t i c . i l m e t h o d s (Chan e t , i l . , 19" 8 ) . 

Rock D i s p l a c e m e n t s and St r e 

•', - . L X.. r. L \ 
-Hor.jontoi E I'ensomerefs* 

L, "_ntenso'neter-."i 

H o r j o n i t l E«len3ame'e 

F i g . o . D iagram t l l u s t r a t i n g a r r a n g e m e n t 
.) f ful 1 - s c a l e h e a t e r s , l o c a t i o n s o f e x t o n ­
c o m e t e r s in b o t h v e r t i c a l ar.i h o r i z o n t a l 
b o r e h o l e s , and l o c a t i o n s o f p e r i p h e r a l 
h e a t e r s s u r r o u n d i n g 5 . 0 kh' f u l l - s c a l e 
h e a t e r . 

b> t e n s o m e t e r m e a s u r e m e n t - in t h e : o 
j a c e n t t o e a c h f v i l l - - c i ; e ho i t e r re 
"the c o m p l e x i t y of a t t . - m p t u i K t o p r e 
t h e r n o m e c h a n i c . i l b e h a v i o r in a d i s c 
o u s r o c k mas.- . U n l i k e I he t e m p e r it 
r e - u l t - , t h e r o c k d i - p l . u ^ i - m <i-
c o n s i s t e n t w i t h l a l u e - j - n I n t . I pi 
h i M t c i t u r n on u-n>>: i m e i r i hi i"; i 
t h e o r y (Chan and t Y e k , i ' . - ' ^ . . -1 .•, 
c.i l l y o r i e n t e d nol l i p ' • t "d - i t i n • 
n e t c i s , e a c h w i t h " "IT i rvh . : p o i n t 
moun ted i n 'mi eho le - .1 .<• i,l l> < < 
f t : l i - s c a l e hea t - , r .it li ' ' > i v n t i i li 
t a n c e s . In a d d i t t ' M m m h - i i : . M . 
moun ted ex t i -n -o r i i l e i 1 - l i i i l . u ! 
e x t e n d e d i n t o i h- r e u V K n u t • • i 
he . i t e r t h r o u g h h. i . h ] . , i i : u - t i 
)J1 I If-. 6 . Met (l J ! !) , i ' l | . , r 
t i on . i re . I t - ^ r i h t . ! • Mn I HI ! ' . 

1 he e x t e n i o m e t e i i i > '• i u^- • n ', i• .i i 
p u : : 1 i n g r e s u l t - i»l i d . 11 u i" t In i. p i t > 
p r o b l e m one f a c e - c it 11 m| t , N - X-- ; n i L 

t he rmomechan ic.i 1 beh i w u • t i • ! i • i nl I mi 
CJU* r o c k m a s s . \< i : i i - t i p p i v . i c h , t in 
1 l til i t i IIJ* Cas t of h e n o g e i u - e u - i lit a t t i "t.k 
was a s sumed and J i - p i acemen t - v.ere p i e '• n 
• '• p r i o r t o h e . i t t " Tut: ; n ••, i n ; t l.< 
l i l l n n n q c i i i M mt . n t : i i i p r ^ . t l n 
t h e r m a l e x p a n s i o n , - ' ! . i v H i * 6 ( . 
l o u n g ' s m o d u l u s . 1 - -1 . ^ " P i . ; • i <:i* 
r a l i n , = 0.:?•••. a:i . I ht : 'i i " . r'.liic t : v i ! . 
k = . i . 2 rt/'m I.. flu • v ' 1 i- i n ;• p n . i *i 
t . i t i v e o f a v e r a g e s e - u l l - - \ e i i Tei- iper i -
i n r e r a n g e of 1(1''- 1 :• ! ' • 

Hie rock d L - p l a c c i : ! . ! . : !-• - r.*'j :- ' •" i ' 
t >'l>e> of b e h a v i m . !".ii MIL, ! In. t i t l :•••.-
h e e k - , t h e me i s u r e . l i i - p ; m . mi nt • i.ei-. 
vt ry much l e s - t h a i . That \*v . I n t . ! !> r!. 
t h i ' o i y ,n ' . n e a r t h«- r -u-. 1 . i m t . - , \ - t - r 
t h i s t t i i t . . | l p e r i d ! , I in i.ie.i -til t .1 i i • 
p l a c e m e n t s i n c r e a s e ! n i i i H ' n l . hut ' t i 
more o r l e s s c o n - t a u t pir«.i-!i] i^. •! i ri< 
p r e d i c t e d - . . i l u e s . l o i -, ,to. • t ht . •! • 
-oraeTt-r>, t h e r i l n •: ' . t - i ' i i t i . ! t ;<: • 
d ic te^ l d i - p l a c e m e n t ~ iur i TU * h i • e t u '. 
pli i - e was II. 1 filooii et i : . . ] 'i " . 

A-; e x a m p l e ol nie.i--m'*l "• ' t i t i i e t i : !i 
p 1 a come nt s f o r i v e r t i t . e \ t i n '•'.',!.• i i it 
a i . i d i a l d i s t a n c e > : ! . ' - r i e - i i In ". t. k 
h e a t e r i s shown i n I i . . " . •.. t- t l it t h . 
e x p e r iment :i 1 r e - u l t ? I. .- t u it - - i w k 
movement t h a n one would pi e . l . i.: i i -.i.i i IK 
t h e o r y o f 1 i n e a r t h e rnc i 1 •-1 11. . t : n i n-
t a c t r o c k ["Chan and Cool , 1 L<" I1 i . '.;. i > -
p l a n a t i o n may be i h i t e m p e r a t ur e , . i | n : i -
d e n c e of t h e rock p r o p e r t i e s . i ' i - ] i . . . i 
n e n t s p r e d i c t e d from tempi-1 at u n d e p ' -i. < ti 
v a l u e s o f i , [., , and k f--r i n t a c t r e c k 
and b a s e d oi, l i m i t e d l a b o i ' i t o r y t e s t s 
(Chan c t a 1 . , 1980b) i n shown in i i g . 
A l t h o u g h mui h . s e t t e r a g r e e m e n t w i l l : f i e l d 
<Jat» h a s ht>e?i o b t a i n e t i , t h e h'tborxtory 
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values are too few to be regarded as r e ­
present ing the p rope r t i e s of the rock a t 
S t r ipa s u f f i c i e n t l y wel l . Accordingly, 
laboratory measurement of the thermomecha-
nical property of cores from the S t r ipa 
i]u:irtz monzonite i s receiving high 
p r io r i ty . 

o ". J J.'t .-halting measured rock d i s -
in-'iii-nt.- in i v e r t i c a l d i r e c t i o n between 
ehor points 2.1-i in above and below the 
.iter midp Line for ;>» extensoineter at a 
J:.i I .1]-i.tiii.-i- Di J - <> m from the 3. to JcK 
! ! • sL.t' i- he.it t-r. AI so included arc d i s -
jec:-iei>I .. predicted using constant as 
i i .(:. t • :i|'i i t tur. .Impendent propert i e s . 

'•le.oun merit.-, i J" . - . t ro^ changes in the rock 
;I . I-- nil!* vi ' i r . , t ini ;- i , i re Creare gauges 
sh.-u in.-n.l-. -IHIM.II- to thos? of the cxtcn-
. . • i i U ; UMil:-. . I'hc observed s t r e s s 
..mi-.- i.iiu n ,-mst ti.ilf of those p red ic ­
ts J : ion tin- .neia.^ed thermomochanical 
pi |u it i'.-.- (.-1 t t J ;ibi v\ . Predicted s t r e s s e s 
.in- Xi\\ viiiiM.AcT.iblY higher than measured 
i i; in IJHMI : lu1 temperature dependence of 
ilu- ! LI ;u\>peri. U-S IS taken into account 

cii.ii, vi .i i . , I'jSDb ), Never theless , the 
-tii---; rcMiits .-.upport the conclusion t ha t 
liic-.iiionculi.uin-.il e f f e c t s Induced in the 
;.^». i,,ts> ;ire s i g n i f i c a n t l y less than pre­
dicted (Chan .mi! Cnuk, 19"9) from publ ish­
ed i.il-ies i n iU- p rope r t i e s of in tac t 
! M'.>:-a M\ :.[>..•(. linf.is yf rock. The role of 

tk '> in con t ro l l i ng the thermo-
bi'Vi.iv ioi df rock masses needs 

l eve l of d e t a i l a t which f rac ture geome­
t r y must be inves t iga t ed to understand the 
behavior of the rock mass. A comprehen­
sive program of f rac ture mapping was i n i ­
t i a t e d at the beginning of these exper i ­
ments in a n t i c i p a t i o n of the need to 
answer t h i s ques t ion . 

The methods employed in studying the f rac­
tu re system in th*> scaled hea te r exper i ­
ment have been described (Thorpe, 1979). 
F i r s t , major d i s c o n t i n u i t i e s were i d e n t i ­
fied so t ha t they could be modeled as 
d i s c r e t e e l euen t s (Goodman, 1976). 
Second, a l l f rac tvrcs were defined through 
careful measurement of o r i e n t a t i o n , spac­
ing, and j o i n t l eng th . At p r e s e n t , i t i^ 
impract ical to model such ubiquitous 
j o i n t s as they a c t u a l l y e x i s t ; techniques 
are being developed to represent them 
s t o c h a s t i c a l l y (Glynn et a t . , 1978; Hudson 
and P r i e s t , 1979). 

Since hea ters for the scaled experiment 
were placed 10.S m below the floor of the 
d r i f t , only the most prominent and con­
tinuous features arc l i k e l y to pe r s i s t 
from the floor through the heated region. 
Accordingly, only the major features 
s t r i k i n g t r ansver se to the d r i f t were ex­
t rapo la ted downward and cor re la ted k i t h 
d i s c o n t i n u i t i e s found in the boreholes . 
Four shear surfaces probably pass through 
the heater a r ray {Fig. 8) and offset cr 
t runca te o ther d i s c o n t i n u i t i e s , which are 
f i l l e d with c h l o r i t e , c a l c i t e , ep ido te , 
and c l a ) . The most prominent and well-
defined fault of the set apparently off­
se t s a pegmatite dike some 20 en wide. 

S t a t i s t i c a l analyses of jo in t geone t r i c s , 
based on r e s u l t s from logging of under­
ground boreholes and comprehensive 
s u r f i c i a l mapping of the underground 
d r i f t s , show four d i s t i n c t se t s of joint ; , 
[Thorpe, 1979). The d i r e c t i o n s of th ree 
of these s e t s can be co r re l a t ed with the 
d i r e c t i o n s of the current p r t i c ipsL 
s t r e s s e s (Carlsson, 197B). Detai led frac­
ture mapping such as t h i s cannot bc 
accomplished by conventional methcls with 
boreholes d r i l l e d from the surface ->"ly. 

:au.-h 

re Ma ip i njj 

I hi- d i s p a r i t i e s between measured d i sp l ace ­
ments .nid those predicted from the l i nea r 
theory of therraoe l . i s t i c i t y ind ica te t ha t 
the q u a r t : monzuniLe, when subjected to a 
thermJ! pu l se , does not behave in a l i nea r 
i so t rop ic manner with constant thermoelas-
t i c p r o p e r t i e s . D i scon t inu i t i e s in the 
svstcm probahl play a major ro le in con­
t r o l ! ini; thermomectunica 1 behavior, and 
t h i s l i i i s i s the d i f f i c u l t quest ion of the 
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• • r f i c a l p r o f i l e of m a j o r f r a c t u r e s a l o n g c e n t e r l m e 

111M r union t i ' roll l ems 

i In.- lio.it L-i o x p o r i m c n t s a t .St r i p a c r e a t e d 
M-'inf s i ' u r e n p e r . i t ing cond i t i o n s f o r tiiC 
i n.-t ruiiit nt t h a t were i n s t a l l e d and c x p c c t -
• ! t o o p e r a t e o v e r a p e r i o d of o n e ami a 
li.U-' y o a r s ( B i n n a l l c t a ] . , 1 9 7 9 ) . Mea-
- u r e d h e a u - r s k i n t e m p e r a t u r e s a p p r o a c h e d 
?0l\ C, r o c k t e m p e r a t u r e s i n t h e i m m e d i a t e 
\ i c i n i t v of t h e h e a t e r s e x c e e d e d 5 n o ° C , 
and m e c h a n i c a l r e s p o n s e had. t o be m e a s u r e d 
K i t h r o c k t e m p e r a t u r e s e x c e e d i n g 15U a C. 
l eh of t h e a v a i l a b l e i n s t r u m e n t s f o r mea­
s u r i n g m e c h a n i c a l r e s p o n s e a r e d e s i g n e d t o 
o p e r a t e w i t h a c c u r a c y and r e l i a b i l i t y 
u n d e r s u c h c o n d i t i o n s . 

Tour t y p e s of i n s t r u m e n t s w e r e u s e d a t 
S t r i p a : 389 t h e r m o c o u p l e s f o r t e m p e r a t u r e , 
35 rod e x t e n s o m e t e r s f o r d i s p l a c e m e n t , 50 
U . S . B u r e a u of Mines ('JSBM) b o r e h o l e d e ­
f o r m a t i o n g a u g e s and 26 IRAD ( C r e a r e ) 
v i b r a t i n f c - w i r e g a u g e s f o r s t r e s s d e t e r m i ­

n a t i o n . T h e s e c e n s o r s ui ii- i n s t . i l l o . l in 
v e r t i c a l and h o r i z o n t a l b o r e h o U - - . t i . i t o -
g t c a l l y l o c a t e d a r o u n d i h o \ t t t n . . i l h o . i t e 
b o r e h o l e * f S c h r a u r e t a l . . Ii>~'.»l. I I K 
s e n s o r s i g n a l s f>~50) hen.- d i g i t i z e d m J 
t r a n s m i t t e d t o a Mcdcomp IV compu te r 
(Mcfcvoy, 1979} l o c a t e d in a n e a r b y b u i l d ­
i ng u n d e r g r o u n d . 

The m a j o r i n s t r u m e n t p r o b l e m u.is w i t h t IK-
US BM g a u g e s , w h i c h tit i 1 I =e p .u i > o I up pe­
ed c a n t i l e v e r beams t o s e n s o ch . inyo* i n 
b o r e h o l e d i m e n s i o n s from w h i c h stn-.-..s mty 
be c o m p u t e d . The g a u g e was o n g i n.i 11 v do 
s i g n e d t o o p e r a t e a t a m b i e n t tempi, i .it u r e 
{Hooker e t a l . , 1 9 7 - i ) , .imi i t u.t* U n ­
n e c e s s a r y t o i n c o r p o r a t e h i g h t L-mper.it u: •-• 
c o m p o n e n t s f o r o p e r a t i o n up t o J f i n T . 
S i x t e e n o f t h e t w e n t y g a u g e s i n s t a l l e d m 
v e r t i c a l h o l e s and two o f t h e t e n gaugo.i 
i n s t a l l e d i n h o r i z o n t a l h o l e s f a i l e d in 
s e r v i c e , some o f t h e s e more t h a n o n c e . 
The f a i l u r e s were c a u s e d by w a t e r e n t e r i n ; 
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t h e gauge h o u s i n g s , c a u s i n g s h o r t c i r c u i t s 
and open c l / c u i t s due t o c o r r o s i o n - T h e s e 
l e a k s o c c u r r e d in s p i t e o f a r e g u l a r d e -
w a t e r i n g o p e r a t i o n w h i c h i n s u r e d t h a t 
w a t e r l e v e l s in t h e i n s t r u i r . n t b o r e h o l e s 
r e m a i n e d be low t h a t o f t h e g a u g e s . C o r ­
r e c t i v e m e a s u r e s were t a k e n t o p r o v i d e 
s o l d e r e d i n t e r n a l c o n n e c t i o n s and improved 
K r m e t i c s e a l s a t c a b l e c o n n e c t i o n s . 

The rod e-xtensomet c r i s a common d e v i c e 
f o r m e a s u r i n g c h a n g e s i n t h e a x i a l l e n g t h 
of a b o r e h o l e . B a s i c a l l y t h e s e i n s t r u ­
ment-; p e r f o r m e d w e l l w i t h i n t e r i m m a i n t e ­
nance ami mi rinr : i c l d mod i f i c . i t i o n s . The 
ma jo r e l e m e n t s of t h e s e e x t e n s o m e t e r s 
l l ' i g . 9> a r e : ( \ 1 t h e a n c h o r s y s t e m , ' 2 ) 
t h e a n c h o r - t o - c o ] I .ir rod c o n n e c t i o n mount -
i d i n s i d e of a w a t e r p r o o f f l e x i b l e 
C o n d u i t , i'3) a head a s s e m b l y w h i c h 
inc l u d e s t h e re . ! t e n s ion in , J s y s t e m and t h e 
.1 i so l . iLenient *ien.Tin's , and (J ) s e v e r a l 
t h e m o c n u p l e s (•••r m e a s u r i n g t h e t e m p t " a -
I u r e p i n f i l e .i I • m; t h e c o n n e c t i n g r o d s . 

~rscs^zy^% 

. b l W i l l i H.L 
1 -,ell 111.: 

!);• i m e t e r s 
i iei |Ui iv a t t e n t i o n . 
n i n t e r n a I f r i c t L o n 

i l i * i . ; IUM'J • t cpwKO d i s p l a c e m e n t s o f up 
! s I ' .O.S 'inn. Jhi~, i n c t i o n c r u l d be r e -
',. I M - J I-. . i ininK t a p p i n g of t h e c o v e r s 
li i ^ . in , and .i r . i u t i a e >M n i e a ^ i n g t h e 
• . t i i ' , . J ,i i sp Li t o r i en t s s e v e r a 1 t iities p e r 
u: -A i a i li i > fa-, hi on was found n e c e s s a r y . 
^ •" t he r ;>roM e ii i> l lie pri-L i s i o n of t h e 
i n.- r rumenr 11' 'Measure v e r y smal ! d i s -
P i tCk'i'ienl s . The p r e s e n t l o v e r l i m i t i n 
i he p r e c i s i o n of t h e e x t e n s o i n c t o r i s a b o u t 
n. 1 mm, and * i n c e h e a t e r e x p e r i m e n t s in 
t h e f u t u r e m-iv . i p o i a t e a t s i g n i f i c a n t l y 
lower t e m p e r a t i n e : . , a much g r e a t e r a c c u ­
r a c y u i l 1 in- re i ju i r e d , 

IRACTURK HVimni.OdY INVESTIGATIONS 

Ass e :>sing !' i r e c t i oiiii 1 Perineah i 1 j t i e s 

M i g r a t i o n of r a d i o n u c l i d e s away from a r e ­
p o s i t o r y may o c c u r by s o l u t i o n i n g r o u n d ­

w a t e r s e e p i n g t h r o u g h t h e s i t e . The r a t e s 
o f n u c l i d e m o . ' c i c n t d e p e n d on t h r e e b a s i c 
r o c k p r o p e r t i e s : ( 1 ) p e r m e a b i 1 i t y , 12) 
e f f e c t i v e p o r o s i t y , and (3 ] c a p a c i t y f o r 
s o r p t i o n . R e s e a r c h a t S t r i p s was c o n c e r n ­
e d o n l y w i t h t h e f i r s t o f t h e s e 
p r o p e r t i e s . 

E v a l u a t i n g t h e p e r m e a b i l i t y of a r o c k 
a s t h e q u a r t z m o n z o n i t e at S t r i p a i s 
s e n t i c l l ) * a p r o b l e m o f undc r s l - m d i n g 
h y d r a u l i c b e h a v i o r o f a complex netwo 
f r a c t u r e s . A p e r m e a b i l i t y t e n s o r f o r 
r o c k mass c a n be d e v e l o p e d from r . easu 
o r i e n t a t i o n s and s p a c i n g s of f r a c t u r e 
an a s sumed model o f a p e r t u r e • • i s t r i h u 
t i o n s . T h i s a p p r o a c h h a s b e e n u s e d b 
number o f w o r k e r s (Romm and I ' o z i n c n k o 
1&63; Snow, 1965 ; P a r s o n s , 1 9 " : ; I.aui 
P c r n o t , 1 9 7 2 ) . 

s u c h 

t h e 
rk o f 

r e d 
s and 

f i g . 10 . I r a c t u r e h y d r o l o g y r e s u l t s !rum 
SBH-1 s h o w i n g g e n e r a l g e o l o g y , i"j a c t u r e 
z o n e s , RQP v a l u e s , and b o t t o m h o l e h y d r o ­
s t a t i c p r e s s u r e s m e a s u r e d d u r i n g d r i l l i n g . 

B a s i c d a t a on f r a c t u r e o r i e n t a t i o n s , s p a c ­
i n g s , and c o n t i n u i t y were obt a i n e d by 
mapp ing t h e f r a c t u r e s i n s u r f a c e o u t c r o p s 
and u n d e r g r o u n d rooms ( T h o r p e , 1 i»7Sl . 
Da ta h a v e a l s o b e e n o b t a i n e d from t h r e e 
b o r e h o l e s ( s e c F i g . 1) t h a t were d r i 1 l ed 
from t h e s u r f a c e down t o l h e l e v e l of t h e 
h e a t e r e x p e r i m e n t s a t a n g l o o f 58*" t u 4 5 c 
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frur i t h e v e r t i c a l . An exampi . o f r e s u l t s 
from SBH-! i s g i v e n in T i g . 10 . 

l.ach h o l e i n * c u r e f u l l y c j r e d so t h e r o c k 
>.iT,pie:- c o u l d be o r i e n t a t e d and t h e f r a c ­
t u r e g e o m e t r i e s r e c o n s t r u c t e d . B o r e h o l e 
i n j e c t i o n t e s t s u e r e made t o o b t a i n hy-
d r ' n i l i c m e a s u r e m e n t * o f t h e e f f e c t i v e 
f r a c t u r e a p e r t u r e s . A l l o f t h e s e d a t a a r e 
Li-mi; cocibnu-d i n an a t t e m p t t o d e f i n e a 
pe l me a!i i l . n t e n s o r ior t he r o c k mass 

; . .U et -.\.. 1 9 7 9 1 . I h i s u o r k ^ not yet 

•••' ''J;1' •?*•' ' ' l ' ' '9'*'ieali 11 i iv_ Measu remen t 

Mil- in i ' t - i . i i i j . i t ion.-; d e s c r i b e d a b o v e r e p r e -
-L 'it i l e co in e n t i»n.i 1 a p p r o a c h t o f r a c t u r e 
In I ro lo i -v fo r a d i s c o n t i n u o u s r o c k na>» . 
hut t h i ' i M i i k p e r m e a b i l i t y o f t h e S t i i p a 
. i i u ' . • . : . : . v u U ' i* not p a r t i c u l a r ! ) l o u . 
Hi; ' . ! . e i ' - i ' i l \ of t h e rock :nj.s> it a 
i ' h i u i d ; i j ' t - s i t o r y - i t e Could ne t h o l o 
i ; . i . : . ' i i •- ol" m a g n i t u d e l e s s t h a n t h a i 
at •>: : • : ; • . . lo nht 11 ti m e a n i n g f u l m e a s u r e 
•ie-a • " i u^h low p e n u e a b i I i t i e - in a 
' . i . l . i i ; . - r>ck ina: .s , s p e c i a l t ochn i .p ies 

K i ' holes 

10" t o I 0 6 m 3 ] o v e r a r a n g e oi a i r l i m p e i a -

R0« I 6 

Bel -re the : l is t a l I at I e-1 t t u kei • , M l 
• „ . ! • s h i d been d r . l T i i n r I ..•• I •> . M ' re l iMe 

9 l 



other boreholes. Note that the pressures 
increase with distance from the drift and 
are all about 1 megapascal (145 pounds per 
square inch) at a distance of 30 a from 
the drift. These unusually low pressures 
are the result of the effects of drainage 
into he adjacent mine workings over nany 
years. 

After all the boreholes were packed off, a 
narked increase in drips and wet spots in 
the drift was observed. The temperature 
and mass flow rate of the circulating air 
were adjusted to evaporate all incoming 
water, aid an initial seepage rate of 
about SO milliliters per minute was mea­
sured. On the basis of this rate and the 
observed pressure gradients, a preliminary 
value for the average hydraulic conducti­
vity of the order of H " 1 1 ra/sec has been 
calculated. This new method of measuring 
permeability in situ is an important ad­
vance in fracture hydrology. 

Geochemistry and Isotope Hydrology 
Geochemistry and isotope hydrology provide 
an independent approach to the problem of 
the overall permeability of a rock system. 
If there is rapid communication of surface 
waters to the 338 m level where the heater 
cxperiir ,:ts were placed, similarities in 
chemistry and age between shallow and deep 
waters should exist. On the other hand, 
if the deep waters entered the groundwater 
system many thousands jf years ago and 
have percolated downward at very low velo­
cities because of inherently low hydraulic 
conductivities in the rock mass, there 
should be significant differences between 
waters at different depths. This approach 
musi". of course, take the geochemistry of 
these systems into account because changes 
in the envirorjnent of groundwaters can 
also produce significant effects. 

A comprehensive program of investigations 
on the geochemistry and isotope hydrology 
of the Stripa groundwaters was carried out 
by Fritz et al., (1979a). Water samples 
were collected from the surface, shallow 
private wells, and in boreholes drilled at 
the 338 m level where the heater tests 
were carried out. In addition, a deep 
borehole drilled by the Swedish Geological 
Survey from 410 m (the deepest operating 
level in the mine) to about 840 m below 
surface provided a further opportunity to 
examine the concept of whether evidence 
can ha gathered for an increasing isola­
tion of thi> groundwaters with depth. 
Analysis o.: the results has provided im­
portant information on the geochemical 
evolution, origin and age of Stripa ground­
waters (Fritz et al., J979a, 1979b). 

Geochemical analyses of the groundwaters 
show an increase in tutal dissolved 
solids with depth, "."his increase is dut 
to a few elements only, notably calcium, 
sodium, and chloride. Bicarbonate (or 
total inorganic carbon) decreases drama­
tically below 100 n depth, and both mag­
nesium and potassium contents drop from 
higher levels (2-10 ppm) in the shallow 
groundwaters (>100 m) to below l ppm in 
the mine waters. Especially remarkable, 
however, is the rise in pH from around 
7.0 in the shallow waters to as high as 
9.8 in the deepest groundwaters (601-858 
m ) . This rise in pH is probably linked 
to the dissolution of primary silicates 
such as feldspars and formation of clay 
minerals. These processes release cal­
cium whi-h causes continuous saturation 
of the mine waters with respect to cal-
cite. 

•JO / 
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Fig. 15. Corapari-3>' of 5 1 8 0 and 6 2H 
values for S:ripa groundwaters. The ana­
lyses are reported as 6°/eo values with 
reference to standard mean ocean water 
(SHOW). A 6l8o of -lOVoo signifies that 
the sample has 1 0 ° / o o (per mil) less I8o 
than the reference standard which closely 
reflects average seawater. 

The abundance of the stable isotopes 0, 
2 H , and 1 3 C were determined to obtain in­
formation on the origin of these waters. 
The results of the 180 and 2 H analyses 
are shown in Fig. 13, which illustrates 
that all groundwaters sampled except the 
surface waters fall close to the global 
meteoric water line. They are thus "nor­
mal" groundwaters for which * B 0 and 21I 
contents reflect climatic conditions in 
the original recharge area. 

As a general rule, lower heavy isotope 
concentrations signify lower average an­
nual temperatures at the recharge area. 
Therefore, the deep "saline" groundwaters, 



which have the lowest l a0 and -H contents, 
must have recharged at lower average an­
nua] temperatures than the shallower 
groundwaters. This has been confirmed by 
rare gas analyses performed o^ all samples 
(Frit: et al.', 19^*)a). One must therefore 
conclude that the deep groundwaters have 
an origin different from that of the 
shallower ones. 

Thi^ conclusion is further substantiated 
hy comparing 180 with the chloride con-
wentratiins aj shown in Fig. 14. Here, 
it is apparent that the d*.ep groundwaters, 
especially those at the bottom of the 410 
m hole, are distinctly different from the 
shallow ground waters. In other words, the 
different fracture gvstcms in thj granite 
.it Stripi carry different type- of water 
because thev are isolated from each other. 

I:ii,. 14. Comparison of chloride with il^O 
values show that the different fracture 
systems in the Stripa granite carry dif­
ferent types of water. Oxygen isotopic 
values are referenced, to standard mean 
ocean water (SMDW). 

The most difficult and inconclusive part 
of this jjeochcmical investigation was the 
at*.empt to date the groundwaters From the 
Ji fferent mine levels (Fritz ct al.. 
19"9a). Tritium levels approaching 100 TU 
were found in all shallow groundwater 
(<100 m) and, interestingly enough, even 
in the mine waters of the old workings. 
However, tritium was not encountered (<0.5 
TU) in any of the deep groundwaters from 
the granite despite the drainage mentioned 
above that has decreased water pressure 
below hydrostatic (see Fig. 10). This 
lack of tritium indicates that deep waters 
do not contain any surface water component 
younger than 30-40 years. 

r o r o b l 
ing * C Jge da t ing bet luse of the ver> 
lo*-" content o* dissolved mcrg. ' i iic c.i rh ii 
This required the t r e t t i e n t of - . ' ")» to 
5,000 l i . *rs of water to obta in sul i i c u n 
carbon for a n a l y s i s . Lie r e s u l t s obt.utie 
i nd i ca t e t ha t waters -it the »?u n l e v e l , 
and probably a lso fron the H ' 1 a borchoK 
exceed 20,UOO years m .^-. '"-wit mm.it io 
problems with *»dte*- .-.a—pie-, ir*^ tin -1H1 

Itoreholc prevented a N-tt«.-r u - u l l . 

Three d t f f ^ r en t appr^.wh-. - i** .>£•.• d.itmt-, 
b a s e d on ; h e u r a n i n n d< .; ty - I ' l i i ' - w r e 
a l s o i n v e s t i g a t e d : ( I ) a r m i i u ' a t t n i t v 
r a t i o s . ( 21 h e l i u m c o n t e n t : 

s a l i n e " v o t e r s (1 - ig . M 1 a t t h 
o f t h i s h o l e . T M S J e e r . - i n a i t n i t y 
r a t i o c a n h e u s e d t o d . i t e w a t e r a c c o r d i n g 
t o a m e t h o d p r r p o s e d bv B. i r r and C a r t e r 
{19~&). A l t h o u g h t h e n e t hod i> - - t i l l 
u n d e r d e v e l o p m e n t and . u b / e c r t o s e n e 
u n c e r t a i n t i e s , a g e s e x c e e d i n g lt>n ,ui>« 
y e a r s w e r e o b t a i n e d f o r t h e g r o u n d w a t e r ? , 
frora t h e 410 ta b o r e h o i v 

Somewhat l o w e r a g e s ««-re k t v ^ t n e d from 
t h e He c o n c e n t r a t i o n s . The . u n o s g h e r i c 
c o n c e n t r a t i o n .it 5 r C i - 4. 'J x 1-t-fi era"1 Hi.*/ 
e n ? HjO, h !ie r e a s t h e concen t , r a t i o n s in t h e 
g r o u n d w a t e r s a t S t r i p a tr*. f i v e o r d e r s o f 
m a g n i t u d e . h i g h e r r a n g i i ' U i m a 0. .i x II)"- 5 

c m ^ . H e / c a - 3 H j O . a t t h e ->>0 ?-. l . -ve l t o 1.4 x 
\0-* c m 3 He/era-^ H T 0 hi t h e 41U i: b o r e h o l e . 
B:.scd on J m e t h o d ' p r o p o s o . ; nv l i n n c 
( 1 9 7 6 ) , a g e s c a n be conput t - . l f ixm t h e s e 
d a t a t h a t r a n g e from t e n - . t.< h u n d r e d s ol 
t h o u s a n d s o( y e a r s . 

A l l o f t h e e v i d e n c e f r . - t h o - e H I M J I I ^ . I -
t i o n s o n g e o c h e m i s t r y ir. I i s o t o p e i i . ' d rn -
log>" s u p p o r t t h e c o n c e p t t h . i t '.. «t<-r -
p r e s e n t l y found in t h e d i c p gi a m t<. r JC- . 
m a s s a t S t r i p a a r e ci.'iiv t h o u s a n d s of >e . i r s 
o l d . I t i s a p p a r e n t t h a t .i c a r e t u l i n v e . . 
t i g a t i o n o f t h i s k i n d p r o v i d e s an i n d e p e n ­
d e n t and p o w e r f u l a p p r o a c h t o t h e c r i t i c . i l 
p r o b l e m o f e l u c i d a t i n g t h e d e c r e e o f is< ' -
l a t i o n t h a t h a s d e v e l o p e d in t h e g r o u n d ­
w a t e r s y s t e r a a t S t r i p a . 

SUMMARY AND CONCLUSIONS 

A d e f u n c t i r o n - o r e mine ;it s t u p a , Sweden 
h a s p r o v i d e d a c c e s s t o .i l a r j , c i - i n . i t i c 
r o c k m a s s f o r a s e r i e s nf i n v e s t i g a t i o n ? 
o n p r o b l e m s i n v o l v e d in g e o l o g i c s t i t - ' i r e 
o f r a d i o a c t i v e w a s t e . A c o o r d i n a t e . ! . e -
r i e s o f t c s t i w e r e c a r r i e d o u t on two key 
p r o b l e m s . One o f t h e s e p r o b l e m i s t h a t 
o f u n d e r s t a n d i n g t h e t hc rnu i J i ech . i n i c . i ] 
b e h a v i o r o f a h e t e r o g e n e o u s and d i s c o n t i n ­
u o u s r e c k m a s s . Th i s h J S i nvi s t i g a t e d 
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using electric heater tests to simulate 
the energy released by the decay of radio­
active waste. The other problem involves 
fracture hydrology, that is, measurement 
of the transport properties of a discon­
tinuous rock mass. A combination of bore­
hole measurements and gcochemical studies 
were made as part of this approach. An­
other part has led to a new method of mea­
suring in situ permeability of very large 
rock masses. 

Important results have been obtained from 
these investigations that would not have 
emerged if these experiments had not been 
carried out underground at depths compar­
able with those envisaged for an actual 
repository. Experiments at such depths 
give rise to unexpected and sometimes 
difficult problems which must be resolved 
if deep geologic disposal of radioactive 
waste is to become a reality. 

From the gcatechnicil standpoint, a key 
issue is that of developing a method for 
predicting the thcrmomcchanical behavior 
oT the rock layers in which the repository 
will be constructed. The results from 
Stripa provide iapi'-tant input to this 
problem. It has bee.' demonstrated that 
the temperature variations over time an^ 
space within the rock mass C3n be rcasca-
ably well predicted using available theory 
and'appropriate values of material proper­
ties. The mechanic:! 1 displacements , 
however, were significantly less than that 
predicted from an application of linear 
thermoclasticity for intact ,*ocfc. The 
reason, of course, is thai the effects 
of the fractures, which are not yet well 
understood, were J s ignificant factor in 
reducing rock movements. 

Discantinuit ies .ire prevalent in alt rock 
masses. This is certain!-, the case on the 
scale of an underground repository, which 
will occupy an area ot .1 few square kilo­
meters. Thus, the geotec'.nical problem 
arises of mapping the discontinuities ir. 
sufficient detai1 for the purposes of 
underground storage. UihtmgS some pre­
liminary studies fKendorski and Mahtab, 
1976; Raven and Gale, 19"*?1 >f t^est that 
fracture orientations between surface and 
subsurface are similar, there are still m 
data to demonstrate that the important 
characteristics of length and continuity 
of such features cir tu> nredictcd reliably 
from surface measurements. SiKilar diffi­
culties exist in predicting the geometry 
.ind "ropertics of other kind* of discon­
tinuities in underground rock masses. To 
overcome these difficulties will probably 
require access to underground workings 
where the required mapping can be carried 
out. 

Closely related to this problem is the 
much tougher question of the role that 
discontinuities play in controlling the 
thcrmomcchafiical behavior of a rock nas>. 
Calculations, of temperature effects 
reveal the lfory large rock volumes thst 
will be hcaljcd to varying levels over 
long periods; of time. Many investigator* 
arc now developing numerical methods to 
predict the effects of such temperature 
increases. But a major obstacle that .ill 
such efforts; must face is to be able to 
predict how the discontinuities in the 
rock nass affect its thcraal response. 
This is a prjoblea of scale. How large a 
rock mass mulst be instrunentcd a'd tested 
to provide the data to validate these 
computer codes? So one really know* be 
cause this kind of underground testing in 
different rock types has never been done 
before. This is a gcotechnical prcMc-
tf first order importance. 

The fracture hydrology prog*an vas e^cn-
tially aimed at understanding the hvdro-
logical behavior of a complex network at 
fractures, the three most important com­
ponents of this program involved: \1 
assessing directional permeabilities, >2) 
development e-f a large-scale in situ 
method of measuring permeability, .ind ' 
geochemistry and isotope hydroiog%. 

The investigation of directional pcrs<abi­
lity required the . japilation of a . •. r\ 
large data b^se on fracture gnnetr* m d 
fracture aperture. These data Sad tr hc 

obtained from the surface dr> — .wa J tiring 
the inclined boreholes (F'j,. 1) ar.d. ci 
course, are augmented by the ^i.ulii 
napping per forced in the undcgrounJ 
rooms. The analysis of these result? t. * 11 
provide a measu.'e of thf complexity rr t ,.t-
problems in evaluating the perncahi:; t-. 
tensor for a rock mass extending fr*a the-
surface down to a depth of almost -J0C rj. 
An inherent problem in such an an.ilv.-i> 
is to develop evidence to support t>.i con­
clusion 'hat for flow purpose* the is«-k 
system can be treated as though 1: kef.. 
porous media. Long et al., *l!»sii -irt 

currently examining thi> problem to <.M.t-
blish the criteria that iu>t bv ».iti-jici 
in establishing porous media equnal.-nte. 
This is another important geotechnic. I 
problem. 

The large-scale pcrncability test has -ie -
nonstr.ted that in situ aeasureacnts o:' 
the hyd-aulic properties of very large-
rock nasscs can easily be carried out in 
the underground. A 35 a length of dritt 
was sealed off .ind the oass ot water see-p­
ing intD the room 1.3s measured using an 
air ventilation scheme. Pressure gradi­
ents in the water saturated net- 01k < -. 
fractures in the rock halls oi the ^-j:t 
were aeasured, and a prelimnar} . J ] U 
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for the avciag? permeabi l i ty of 10* ra/s 
was obta ined . The method should be app l i ­
cable to rock masses with pe rmeab i l i t i e s 
several orders of magnitude lower than 
t h i s . Int roduct ion of non-sorbing t r a c e r s 
would fur ther enhance t h i s new technique 
by providing information on e f fec t ive po-
r o s i t v . Data on the c r i t i c a l parameter 
.tf f lu id v e l o c i t i e s throunh large rock 
ia.is>i-> could be ve r i f i ed in t h i s nanner. 

The propram on geochemistry and isotope 
hydrology was ca r r i ed out a t S t r i pa using 
groundwater samples co l lec ted froo the 
>uri.ice. shallow w e l l s , and undergroun.1 
boreholes . The r e s u l t s provide an inde­
pendent and powerful approach to the 
c r i t i c . i l problem of e luc ida t ing the decree 
of i s o l a t i o n that has developed in the 
Strip.t groundwater systems. The impor­
tance o( such data ra i ses the geotechnic.il 
prcblcr. of the procedures t o r>e f.'Mowed 
in gather ing groundwater ->anple-.. 

Ihv conventional approach to t h i s problem 
i-> I.- co l l ec t water samples in v e r t i c a l 
borehole*, t r i l l e d from the surface . 
,»r i 11 in); procedures normal Iy contaminate 
na tura l Haters because the pressures re-
.1U11-.J t\ i c i r c u l a t i o n of the d r i l l i n g 
fluid.- often exceed those of the f lu ids in 
the rr^cks nemg d r i l l e d . This is usual ly 
owrcosi ' (>efore sampling by producing 
•-.lie- fr T. -uch rocks u n t i l the contaa i -
- ints .it'.' removed. In rocks with very low 
perneatw ; 11 y thus nay not he p r ac t i c ab l e 
because the influx of groundwater into 
iv rch^ le - - iv be very slow. 

vl-d i v.- it S t r i pa has *>hown tht. ^upt-ri -
: i [•> i c i i ivct int; groundwater sanples 

.: .»n boreh'K-s d r i l l e d from underground 
! i f t - n.i ruc,:^. The hydros ta t i c water 

"ri.--.i--f i\ rock is about 1 MPa per 100 a 
: Jc | ' t : . . whereas the pressure within the 

nined i p m m g s is only about 0.1 Mra (1 
i t n c - p h c i e ' . Thus, a borehole d r i l l e d 
• ton ;;n underground excavation into the 
;. (.V T-M .v iround the opening encounters 
i i-.\.ii - : i t*t pressure th.it far exceeds 
* ht ,*• rer-s.ure ncCessary to c i r c u l a t e the 
b i l l i n g -"luid. This c rea tes an a r t e s i an 
n ' n J u i o n t hat taint nines cotitanin.it inn 
mJ grea t ly s impl i f ies the coll : t ion of 
j . r n unJi i . " f r r-amplcs for geochenical and 
. -ot .>pic s tud ies . 

T*u n.-u^t.- : f the S t r ipa invest ig.it ions 
havi revealed a nunber of geotechmcal 
p io t ' lo r j th.it must he pursued further in 
.developing ,i full understanding of the 
technology required for the geologic d i s -
pns.ii j ; rad ioac t ive waste. The r e s u l t s 
have also demonstrated the v i t a l impor­
tance c! neing able to carry out large 
- t j i c inves t iga t ions underground in a 
: i e l d t es t f a c i l i t y . 
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