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PREFACE 

T h i s  r e p o r t  1s one  o f  a series documen t ing  t h e  r e s u l t s  o f  t h e  Swedish-  
Arnrrican c o o p e r a t i v e  r e s e a r c h  p rog ram i n  which  t h e  c o o p e r a t i n g  s c i e n t i s t s  
e x p l o r e  t h e  g e o l o g i c a l ,  q e o p h y s i c a l ,  h y d r o l o g i c a l ,  g e o c h e m i c a l ,  and  s t r u c -  
t u r a l  e f f e c t s  a n t i c i p a t e d  f rom t h e  u s e  o f  a l a r g e  c r y s t a l l i n e  r o c k  m a s s  a s  
a  g e o l o g i c  r e p o s i t o r y  f o r  n u c l e a r  w a s t e .  T h i s  program h a s  been  s p o n s o r e d  
by t h e  Swed i sh  N u c l e a r  Power U t i l i t i e s  t h r o u g h  t h e  Swedish  N u c l e a r  F u e l  
S u p p l y  Company (SKBF) , and t h e  [ J .  S ,  Depa r tmen t  o f  Energy (DOE) t h r o u g h  
t h e  Lawrence B e r k e l e y  L a b o r a t o r y  (LBL) .  

'The p r i n c i p a l  investigators are L. B. N i l s s o n  and 0. Degerman f o r  
S K R F ,  a n d  EJ .  G .  W. Cook, P. A .  W i t h e r s p o o n ,  and  J .  E. Ga le  f o r  LBL. O t h e r  
p a r t i c i p a n t s  w l l l  a p p e a r  as a u t h o r s  o f  t h e  i n d i v i d u a l  r e p o r t s .  

P r e v i o u s l y  p u b l i s h e d  t e c h n i c a l  r e p o r t s  a r e  l i s t e d  be low.  

S w e d i s h - A m e r i  c a n  C o o p e r a t i v e  Program on R a d i o a c t i v e  W a s t e  S t o r a g e  i n  
Mined  C a v e r n s  by P .  A. Withe r spoon  and 0. Deqerman. (LBL-7049, SAC-01) . 

L a r g e  S c a l e  P e r m e a b i l i t y  T e s t  o f  the G r a n i t e  i n  the S t r i p a  Mine and  
T h e r m a l  C o n d u c t i v i t y  T e s t  b y  L a r s  ~ u n d s t r b m  and ~ i k e n  S t l l l e .  
(LBL,-7052, SAC-02) . 

T h e  M e c h a n i c a l  P r o p e r t i e s  of the S t r i p a  G r a n i t e  b y  Graham Swan. 
(LBL-7074, SAC-03). 

S t r e s s  M e a s u r e m e n t s  i n  the Strips G r a n i t e  b y  Hans C a r l s s o n .  (LBL-7078, 
SAC-04) . 

Boreho-Ze D r i l l i n g  and  R e l a t e d  A c t i v i t i e s  a t  the  S t r i p a  Mine b y  P .  J .  

K u r f u r s t  , T. Hugo-Persson , and G .  Rudolph.  (LBL-7080, SAC-05) . 

A P i 2 o t  H e a t e r  T e s t  i n  the S t r i p a  G r a n i t e  by Hans C a r l s s o n .  (LBL-7078, 

SAC-06). 

An A n a l y s i s  o f  M ~ a s u r e d  V a l u e s  for the S t a t e  o f  S t r e s s  i n  the E a r t h ' s  
C r u s t  by Dennis  B. Jamison and N e v i l l e  G "  Cr. Cook. (LBL-7071, SAC-07).  

f l i n i n q  I J e t h o d s  Used  i n  the u n d e r g r o u n d  T u n n e l s  and  T e s t  Rooms a t  
S t r i p a  by B .  Andersson and P .  A .  Halgn.  (LBL-7081, SAC-08) . 

T h e o r e t i c a l  T e m p e r a t u r e  F i e l d s  f o r  the  S t r i p a  H e a t e r  P r o j e c t  b y  
T.  Chan,  N e v i l l e  G .  W .  Cook, C. F. Tsang.  (LBL-7082, SAC-09).  
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SYNOPSIS 

Two f u l l - s c a l e  hea t ing  experiments and a t ime-scale hea t ing  
experiment have r e c e n t l y  been s t a r t e d  i n  g r a n i t e  340 meters below 
sur face.  The purpose o f  the  f u l l - s c a l e  hea t ing  experiments i s  t o  
assess the  n e a r - f i e l d  e f f e c t s  o f  thermal load ing  f o r  t h e  des ign 
of an underground r e p o s i t o r y  o f  nuc lear  wastes. That o f  the  t ime-  
sca le  hea t ing  experiments i s  t o  o b t a i n  f i e l d  data o f  t h e  i n t e r a c t i o n  
between heaters and i t s  e f f e c t  on the  rock mass d u r i n g  a p e r i o d  of 
about two years, which corresponds t o  about twenty years of f u l l -  
sca le  operat ion.  Geologica l  fea tu res  o f  the  rock  around each exper- 
iment have been mapped c a r e f u l l y ,  and temperatures, s t resses  and 
displacements induced i n  t h e  rock by heat ing have been c a l c u l a t e d  
i n  advance o f  t h e  experiments. Some 800 d i f f e r e n t  measurements a re  
recorded a t  f requen t  i n t e r v a l s  by a computer system s i t u a t e d  under- 
ground. These data can be compared a t  any t ime w i t h  p r e d i c t i o n s  
made e a r l i e r  on v ideo  d i s p l a y  u n i t s  underground. 

* This paper was presented at the OECD Seminar on 
In Si tu Heating Experiments in Geologic Formations, 
Stripa, Sweden, September 12-15, 1978. 



I. INTRODUCTION 

Pursuant  t o  t h e  o b j e c t i v e s  o f  i n  s i t u  h e a t e r e x p e r i m e n t s  i n  h a r d  rock  as des- 
c r i b e d  by  Cook and Wi therspoon [I], a t i m e - s c a l e  and two f ~ l l - s c a l e  h e a t e r  t e s t s  
have been des igned and i n s t a l l e d  a t  a  dep th  of  about  34C m below sur face i n  d r i f t s  
excavated i n  g r a n i t i c  r o c k  a d j a c e n t  t o  an abandoned mine a t  S t r i p a ,  Sweden [2]. 
The l a y o u t  o f  t h e  e x p e r i m e n t a l  d r i f t s  and a s s o c i a t e d  e x c a v a t i o n s  i s  as i l l u s t r a t e d  
i n  F i g u r e  1 .  D e t a i l s  o f  t h i s  expe r imen ta l  l a y o u t  were agreed up011 i n  J u l y ,  1977 ;  
t h e  t i m e - s c a l e  expe r imen t  was sw i t ched  on on June 1,  1978, and t h e  f u l l - s c a l e  
exper iments  on J u l y  3, 1978, and August 24, 1978. Due l d r g e l y  t n  t h e  d e c i s i o n  t o  
use a  d i g i t a l  computer undergro t icd  t o  r e c o r d  and p r e s e n t  t h e  Cat;  oil a c o n t i i ~ i ~ o u s  
b a s i s ,  some p r e l i m i n a r y  r e s u l t s  f rom t h e  t ime-sca le  t e s t  a n d  t h e  f i r s t  f u l l - s c a l e  
t e s t  a r e  a1 ready a v a i l a b l e  f o r  s t u d y  and cornparison w i t h  L h e o r e t i c a l  p r e d i c t i o n s .  

F i g .  1. A  p l a n  o f  t h e  t e s t  s i t e  underground a t  S t r i p a  showing t h e  
t i m e - s c a l e  and f u l l - s c a l e  d r i f t s  and t h e  extcnsometet* 
d r i f t  f o r  t h e  l a t t e r ,  wh i ch  i s  l o c a t e d  d t  a l o w e r  
e l e v a t i o n ,  as w e l l  as o t h e r  d r i f t s .  

11. EXPERIMENTAL LAYOUT 

The two f u l l - s c a l e  t e s t s  compr ise  e l e c t r i c a l  h e a t e r s  w i t h  a  aaxilnum power. 
o u t p u t  o f  20 kW, i n  s i m u l a t e d  h i g h  l e v e l  r a d i o a c t i v e  waste c a n i s t e r s  measur ing  
0.3 m i n  d iame te r  and h a v i n g  a hea ted  l e n g t h  o f  7 . 5  111. These heit l .ers ha .w beer! 
i n s t a l l e d  i n  v e r t i c a l  bo reho les  0 .4  m  i n  diaroetev by 5 . 5  m  deep d r j l  !!id i n t o  t h e  
f l o o r  o f  t h e  f u l l - s c a l e  t e s t  d r i f t ,  and separa ted by a i i i s t a n c e  of ii In 

The f i r s t  o f  t h e  f u l l - s c a l e  h e a t e r s ,  nmresl the  (iiltrar~cct c i P  i b i s  dr  ii't, i s  
o p e r a t i n g  a t  a  power o u t p u t  o f  5 kW, co r respond ing  t o  t h a t  From a  c a n i s t e r  o f  
reprocessed h i g h - l e v e l  waste  o n l y  3 ?/2 y e a r s  a f t e r  removdl  o f  t h e  f u e l  From ii 

n u c l e a r  r e a c t o r  [3]. T h i s  i s  c o n s i d e r e d  t o  be t h e  h i g h e s t  pc~wcr o u t p u l  of  any 
c a n i s t e r  t h a t  may be b u r i e d .  To s i m u l a t e  t h e  e.ff'ec1.s o f  interast:ioij b e b e e r ,  
p r o x i m a t e  c a n i s t e r s  i n  an underground reposi to i - ,y i  wh i ch  wo! i l i f  r e l i l l l  i r '~  a  tenl- 
p e r a t u r e  o f  t h e  r o c k  mass unde rgo ing  a  thewr~a' l  ptll;e a5 d e s c r i i ~ e d  by Cook and 
Withpi-spoofi ;his f u l l - s c a l e  h e a t e r  i s  ri!rv,oi/qcjed by F: pi;ri!;h+-..a1 he.ife;-5 on 
a  r a d i u s  o f  0 .9  m, each w i t h  a  l e n g t h  o f  4 . 3  m and a power o u t p u t  o f  abou t  . ! . I  kH. 
A t  an stage in experiiiieiit, +h-.-- LIICJC -A..;-h-v.- PC# ~ ~ I ! C I  u I i l - - - .b , ' . . -  rlco L C I  > .,;l? m I I I C.- vc  

sw i t ched  on t o  i n c r e a s e  t h e  tempera tu re  o f  t h e  r o c k  around t h e  main  h e a t e r  by 
a b o u t  10O0C, so as t o  measure t h e  response o f  t h e  r.o::k t o  t he  tenipt . raturc g r a d i e n t  



necessary t o  enable heat  t o  f low away from the  main heater  b u t  a t  a  g rea te r  
abso lu te  temperature. 

The second f u l l - s c a l e  heater ,  a t  the  end o f  t h i s  d r i f t , i s  opera t ing  a t  a  
power l e v e l  o f  3.6 kW, corresponding t o  t h e  t h e m 1  ou tpu t  o f  a  c a n i s t e r  o f  re -  
processed h i g h - l e v e l  waste 5 years a f t e r  removal of t h e  f u e l  from a nuclear  
r e a c t o r ,  [3]. 

These two f u l l - s c a l e  experiments have been designed t o  assess the n e a r - f i e l d  
themo-mechanical response of the rock c lose  t o  these heater  c a n i s t e r s  t o  heat ing 
i n  the shor t - term,  and under s imulated cond i t i ons  o f  rock temperature i n  the long- 
term. To f a c i l i t a t e  the study o f  the i n t e r a c t i o n  between adjacent  heaters and t o  
measure the  response o f  a  l a r g e r  volume o f  rock i n  s i t u  then can be done i n  these 
f u l l - s c a l e  experiments, a  t ime-scale experiment i s  a l s o  being conducted i n  a 
separate d r i f t .  Using the  quadra t i c  r e l a t i o n s h i p  which e x i s t s  between leng th  and 
t ime i n  s o l u t i o n s  t o  t h e l i n e a r  conduct ion o f  heat,  the  l i n e a r  scale o f  the t ime- 
sca le  heaters has been reduced t o  0.31 of t h e i r  f u l l - s c a l e  counterpar ts ,  so t h a t  
t ime i s  acce le ra ted  by a f a c t o r  o f  10.2. To ma in ta in  s i m i l i t u d e  o f  the tempera- 
t u r e s ,  the power ou tpu t  has been reduced by the  same amount as the l i n e a r  scale.  
The t ime-scale experiment comprises 8 heaters 0.8 m i n  l e n g t h  placed i n  v e r t i c a l  
boreholes on centers o f  7 m x 3 m d r i l l e d  t o  a depth o f  about 11 m below the f l o o r  
o f  the d r i f t  (see F igure 3) .  I n i t i a l l y ,  the  power output  o f  each heater  was 1 . 1  
kW corresponding t o  the 3.6 kW, s i m u l a t i n g  the  reduc t ion  i n  heat output  by 
r a d i o a c t i v e  decay over  a p e r i o d  o f  20 years from c a n i s t e r s  o f  h igh  l e v e l  waste. 

To assess the  i n  s i t u  response o f  the  rock t o  these experiments, th ree  
d i f f e r e n t  se ts  o f  measurements, each p r i n c i p a l l y  dependent upon a d i f f e r e n t  
p h y s i c a l  p roper ty  o f  the  rock,  a r e  being made as a f u n c t i o n  o f  time, namely, 
measurements o f  temperature f i e l d s ,  measurements o f  displacements and measurements 
o f  s t r e s s .  

The ins t rumenta t ion  used f o r  these experiments i s  s u m a r i z e d  i n  Table I. 
D e t a i l s  o f  t h e  inst ruments a re  g iven  by P r a t t  e t  a l . ,  [4],  and the  exact  l o c a t i o n  
o f  each inst rument  h o l e  f o r  the  d i f f e r e n t  experiments i s  descr ibed by Kur fu rs t  
a l .  151. S i m i l a r  measurements a r e  made along d i f f e r e n t ,  sometimes orthogonal,  - 
d i r e c t i o n s  i n  an endeavor t o  d e t e c t  an iso t ropy  i n  t h e  rock  mass. To enable mea- 
surements o f  r a d i a l  displacement t o  be made around the  f u l l - s c a l e  heaters, an 
extensometer d r i f t  has been excavated t o  t h e  s i d e  o f ,  and below the  f u l l - s c a l e  
d r i f t .  From t h i s  extensometer d r i f t ,  3 se ts  o f  r a d i a l  extensometers each a t  3  
d i f f e r e n t  e l e v a t i o n s  have been i n s t a l l e d  i n  d i r e c t i o n s  perpend icu la r  and a t  + 1114 
t o  the a x i s  o f  the  d r i f t  (see F i g u r e  1). In the  t ime-sca le  experiment on ly  v e r t i -  
c a l  extensorneters have been i n s t a l l e d ,  as t h i s  experiment i s  in tended t o  be 
v i r t u a l l y  una f fec ted  by t h e  p r o x i m i t y  o f  the  excavations. 

111. THEORETICAL PREDICTIONS 

Where heat  f l o w  i s  e n t i r e l y  ( o r  p r i n c i p a l l y )  by conduct ion t h e  development 
o f  the  temperature f i e l d  depends upon the  d i f f u s i v i t y  o f  t h e  rock and the  power 
and geometry o f  t h e  heat  source. 

I n  a l i n e a r l y  the rmo-e las t i c  m a t e r i a l ,  thermal ly- induced displacements a re  
a f u n c t i o n  o f  t h i s  temperature f i e l d ,  the  boundary c o n d i t i o n s  and a fac to r ,  D, 
g iven by 

where v = Poisson 's  r a t i o ,  and 
a = c o e f f i c i e n t  o f  l i n e a r  thermal expansion. 

S i m i l a r l y ,  the  thermal ly- induced st resses a re  a f u n c t i o n  o f  the temperature 
f i e l d ,  t h e  boundary cond i t i ons  and a thermo-mechanical f a c t o r ,  S, g i ven  by 

where E = Young's modulus and t h e  o t h e r  terms a r e  as d e f i n e d  above. 



TABLE I 

INSTRUMENT LAYOUT ADJACENT TO EACH OF THE EXPERIMENTS 

a. Inst ruments I n s t a l l e d  V e r t i c a l l y  from the F l o o r  of t h e  F u l l - s c a l e  D r i f t  

Inst rument  type 

Temperature measurements: 
Thermocoupl es 

Displacement measurements: 
Extensometers 

Stress measurements : 
USBM Gauges 
I r a d  Gauges 

Number 
Used 

30 

6 

i 0 
2 

Comments 

Thermocouples a re  i n s t a l l e d  i n  6 holes 
a t  r a d i i  from the  hea te r  center  vary ing 
from 0.4 m t o  0.9 m. 

Each extensometer has 4 anchor po in ts  
va ry ing  from 7.5 m below the heater  
mid-plane t o  2.25 m above t h i s  plane 

A l l  o f  the  extensometers, USBM gauges and 
I r a d  gauges have thermocouples associated 
w i t h  them which a r e  i n  a d d i t i o n  t o  the 30 
l i s t e d  above. I 

b. Inst ruments I n s t a l l e d  H o r i z o n t a l l y  from the Extensometer D r i f t  

Displacement measurements: 
Extensometers 

Stress measurements: 
USBM Gauges 
I r a d  Gauges 

A l l  o f  these gauges have thermocouples 
associated w i t h  them. 

c. Inst ruments I n s t a l l e d  V e r t i c a l l y  from the F l o o r  o f  t h e  Time-scale D r i f t  

I n  p r i n c i p l e ,  s u i t e s  o f  such measurements should enable severa l  impor tant  
p r o p e r t i e s  o f  t h e  rock  mass t o  be i n f e r r e d .  F i r s t ,  t h e  temperature f i e l d s  should 
p rov ide  i n f o r m a t i o n  on t h e  c o e f f i c i e n t s  o f  thermal d i f f u s i v i t y  ( f rom shor t  term 
da ta )  and c o n d u c t i v i t y  ( f r o m  long  term da ta )  t o  be der i ved ,  and thermal aniso- 
t r o p y  and depar tures from conduct ive heat  f l o w  t o  be detected.  Second, measure- 
ments o f  thermal ly- induced displacements should p rov ide  i n f o r m a t i o n  on the 
c o e f f i c i e n t  o f  thermal expansion o f  the  rock mass t o  be derived, making reasonable 
assumptions about values f o r  Poisson 's  r a t i o .  The e f f e c t s  o f  geologic  discon- 
t i n u i t i e s  on t h e n a l l y - i n d u c e d  displacements should be ev iden t ,  e s p e c i a l l y  as 
the  o r i e n t a t i o n  o f  these d i s c o n t i n u i t i e s  has been measured and i s  a n i s o t r o p i c  
[ 6 ] .  F i n a l l y ,  measurements o f  thermal ly - induced s t resses  should prov ide 
i n f o r m a t i o n  on t h e  i n  s i t u  va lue  o f  Young's modulus f o r  the  rock  mass, al though 
s t r e s s  i s  i n f e r r e d  f rom displacements on a small s c a l e  r a t h e r  than measured 
d i r e c t .  

Temperature measurements: 
Thermocouples 

Displacement measurements: 
Extensometers 

P r e d i c t i o n s  of t h e  temperature f i e l d s ,  displacements and stresses as 2 
func t ion  o f  t ime have been made f o r  each experiment, us ing  t h e  l i n e a r  theory 
o f  t h e r m o - e l a s t i c i t y  and l a b o r a t o r y  values f o r  the  thermal and e l a s t i c  coef f ic ients  
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I n s t a l l e d  i n  an a r r a y  o f  the holes. 

A l l  extensometers a r e  v e r t i c a l  w i t h  4 
anchor p o i n t s  v a r y i n g  f rom 3 m below t o  
7 m above the  hea te r  mid-plane. 



of t h e  g r a n i t e  a t  S t r i p a ,  i n  advance o f  t h e  a c t u a l  expe r imen ts  [ 7 , 8 ] .  The l abo ra -  
t o r y  va lues  used a r e  as f o l l o w s :  

Thermal c o n d u c t i v i t y  = 3.2 (W/m°C) ; 
S p e c i f i c  hea t  = 837 (J /kg°C) ;  
D e n s i t y  = 2600 kg/m3; 
Thermal d i f f u s i v i t y  = 1.47 x  1 0 - ~ ( m ~ / s ) ;  
C o e f f i c i e n t  o f  1 i n e a r  

t he rma l  expans ion = 11,l x  1 0 - 6 ( / 0 C ) ;  
P o i s s o n ' s  r a t i o  = 0,23; 
Young's modulus = 51,3 (GPa). 

I V .  PRELIMINARY RESULTS 

i )  Temperature f i e l d s :  

P r e d i c t e d  and measured tempera tu res  i n  t h e  m id -p lane  o f  t h e  t i m e - s c a l e  
h e a t e r s  a t  a  r a d i a l  d i s t a n c e  o f  0.87 m a l o n g  d i f f e r e n t  d i r e c t i o n s  a r e  shown i n  
F i g u r e  2, f r om t h e  t i m e  t h e  h e a t e r s  were sw i t ched  on t o  103 days. Measured 
tempera tu res  a r e  s l i g h t l y  l o w e r  t h a n  those  p r e d i c t e d .  In p a r t ,  t h i s  i s  a  r e s u l t  
o f  w a t e r  i n  t h e  h e a t e r  h o l e s  w h i c h  causes t h e  hea t  t o  be d i s s i p a t e d  o v e r  a  g r e a t e r  
l e n g t h  o f  h o l e  t h a n  used i n  t h e  c a l c u l a t i o n s ,  by e v a p o r a t i o n  o f  w a t e r  a t  t h e  
h e a t e r  and condensa t i on  f u r t h e r  up t h e  h o l e .  I n  F i g u r e s  3 and 4  a r e  p l o t t e d  
p r e d i c t e d  i so the rms  i n  a  h o r i z o n t a l  p l a n e  th rough  t h e  m i d d l e  of t h e  t ime -sca le  
h e a t e r s  and i n  a  v e r t i c a l  p l a n e  ac ross  t h e  s h o r t  a x i s  o f  t h e  room c o n t a i n i n g  t h r e e  
o f  t h e s e  hea te rs ,  r e s p e c t i v e l y ,  t o g e t h e r  w i t h  measured temperatures  90  days a f t e r  
h e a t i n g  had s t a r t e d .  Aga in  t h e  comparison between measured and p r e d i c t e d  va ldes 
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F i g .  2. Curves showing t h e  p r e d i c t e d  (dashed) and measured ( s o l i d )  
temperatures  as a  f u n c t i o n  o f  t i m e  a t  a  r a d i u s  o f  0.87 m i i o f i  
t h e  m i d - p o i n t s  o f  t h e  two i nne rmos t  h e a t e r s  on t h e  y - a x i s ,  as 
shown i n  F i g u r e  3 f r o m  w h i c h  t h e  h o l e  l o c a t i o n s  can be found 
a l s o .  The nea r  v e r t i c a l  e x c u r s i o n s  o f  t h e  measured va lues 
r e f l e c t  m a l f u n c t i o n s  i n  t h e  d a t a  c o l l e c t i o n  system. 



I Heater ho les;  a Thermocouple holes.  

F ig .  3. P red ic ted  isotherms and measured temperatures i n  a h o r i z o n t a l  
p lane through the  middle o f  the  t ime-scale experiment 90 days 
a f t e r  hea t ing  had s t a r t e d .  (Scale f o r  b o t h  x  and y axes i s  
g iven  i n  meters. ) 

i s  c lose,  a1 though t h e  e f fec ts  o f  heat  t r a n s f e r  up the  h o l e  by evaporat ion and 
condensation can be seen i n  t h e  h igher  values o f  measured temperatures above the 
heaters.  

I n  F igure  5 a r e  p l o t t e d  t h e  p r e d i c t e d  isotherms i n  a h o r i z o n t a l  p lane 
through t h e  cen te r  o f  t h e  5 kW f u l l  sca le  heater  a t  65 days a f t e r  i t  had been 
switched on, toge ther  w i t h  measured values o f  temperatures i n  th!s plane a t  
va r ious  r a d i i  and i n  d i f f e r e n t  directions a t  t h a t  t ime.  I n  general,  measured 
temperatures a re  s i i g h t i y  iower  than preci ictea b u t  t h e r e  i s  no gross wids f ice  
of thermal an iso t ropy  nor  o f  heat  t r a n s f e r  o t h e r  than by conduct ion.  



F ig .  4. Pred ic ted  isotherms and measured temperatures i n  a  v e r t i c a l  
plane ( y  = -3.5 m) c o n t a i n i n g  th ree  o f  t h e  t ime-scale heaters,  
90 days a f t e r  hea t ing  had s t a r t e d .  (Scale f o r  both x and z  
axes i s  g iven  i n  meters. ) 

Fig. 5. P red ic ted  isotherms and measured temperatures i n  a  h o r i z o n t a l  
p lane through t h e  midd le  o f  the  5 kW f u l l - s c a l e  heater ,  65 
days a f t e r  hea t ing  had s t a r t e d .  (Scale f o r  both x and y  axes 
i s  g iven i n  meters.) 



i i )  Displacements: 

I n  F igure  6 a r e  i l l u s t r a t e d  p l o t s  o f  rock  movements between anchor p o i n t s  
3 m below t h e  heater  mid-plane and t h e  ho le  c o l l a r s  i n  the  t ime-scale d r i f t .  
Impor tant  fea tu res  o f  t h i s  F igure which should be noted inc lude :  the absence 
o f  i n i t i a l  measured displacements, t h e  l a r g e  d i s p a r i t i e s  between the measured 
and t h e  p r e d i c t e d  values, and the  d iscont inuous na tu re  o f  these displacements. 
The d i f f e r e n c e s  between the  measured and the  p r e d i c t e d  displacements may be 
the  r e s u l t  o f  the  e f f e c t s  o f  t h e  f l o o r  o f  the d r i f t .  I n  order  t o  minimize the 
i n f l u e n c e  o f  t h i s  boundary, checks have been made o f  t h e  d i f f e r e n t i a l  movements 
between anchor p o i n t s  loca ted  3 m above and 3 m below the  heater  mid-plane. These 
checks have shown s i m i l a r  d i s p a r i t i e s  between measured and p red ic ted  displacements 
and t h a t  t h e  r a t i o  between the  measured and t h e  p r e d i c t e d  displacements va r ies  
between 114 and 1/2. This  i n d i c a t e s  two p o i n t s :  ( i )  i t  appears u n l i k e l y  t h a t  
the  presence o f  t h e  d r i f t  i s  a f f e c t i n g  t h e  r e s u l t s  s u b s t a n t i a l l y ,  and ( i i )  the 
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Fig.  6. Pred ic ted  (dashedj and measured ( s o i i d )  i -ejai ive di;p?acements 
between anchor p o i n t s  3 m below the  hea te r  mid-plane and the 
ho le  c o l l a r s  i n  the f l o o r  o f  the  t ime-sca le  d r i f t ,  p l o t t e d  as 
a  f u n c t i o n  o f  t ime. 



rock behavior  i s  a n i s o t r o p i c .  The d iscont inuous displacements of ten occur w i t h i n  
a s h o r t  t ime p e r i o d  a t  d i f f e r e n t  anchor p o s i t i o n s  o f  the  same extensometer and 
a lso  a t  d i f f e r e n t  extensometers, suggest ing t h a t  the  rock i s  behaving as a mass 
o f  coupled b locks.  

The maximum p r e d i c t e d  and measured displacements around the  5kW f u l l - s c a l e  
heater  are i l l u s t r a t e d  i n  F igure  7. Note again t h a t  the  measured values are 
s i g n i f i c a n t l y  less  than the  p r e d i c t e d  values 
and measured curves a re  remarkably s i m i l a r .  
rock  movements i n d i c a t e  a n i s o t r o p i c  behavior 
ments t h a t  a re  approx imate ly  t h s  same, w h i l s  
ments about 80 per  cen t  g rea te r ,  (F igure  7 ) .  

I n  bo th  f u l l  s c a l e  experiments one h o r i  
on opposi te  s ides o f  a  diameter below t h e  b o t  
displacement between these two anchor p o i n t s  

b u t  t h a t  the  shapes o f  the p red ic ted  
Note a l s o  t h a t  the  measurements of 

Two sets  o f  readings show d isp lace-  
the t h i r d  s e t  i n d i c a t e s  rock move- 

zon ta l  extensometer has anchor p o i n t s  
tom o f  t h e  heater .  The r e l a t i v e  
i s  the  l e a s t  ambiguous o f  a l l  the 

disblacement measurements as they a re  l e a s t  a f f e c t e d  by t h e  boundaries of the 
d r i f t s .  P red ic ted  and measured values f o r  these displacements f o r  the  5 kW 
f u l l - s c a l e  heater  a r e  i l l u s t r a t e d  i n  F igure  8. Note t h a t  they are n o t  s y m e t r i -  
ca l  about the  a x i s  o f  t h e  heater  because the  displacements a t  each anchor p o i n t  
have Seen measured r e l a t i v e  t o  the borehole c o l l a r  i n  the extensometer d r i f t .  
Again measured values o f  displacement a r e  s i g n i f i c a n t l y  l e s s  than p r e d i c t e d  
values . 

Time days 

Time (days) 

Fig.  7. P red ic ted  (dashed) and measured ( s o l i d )  h o r i z o n t a l  displacements 
of t h e  rock i n  the  mid-plane o f  the 5 kW f u l l - s c a l e  heater  
taken a long d i f f e r e n t  d i r e c t i o n s .  These curves show r e l a t i v e  
displacements between anchor p o i n t s  a t  a r a d i a l  d is tance  of l , ? m  
f rom the  hea te r  and the c o l l a r  o f  the ho le  on the  w a l l  of the 
extensometer d r i f t .  
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F ig .  8. P red ic ted  (dashed) and measured ( s o l  i d )  h o r i z o n t a l  displacements 
below t h e  5 kW f u l l - s c a l e  heater  a t  anchor p o i n t s  s y m n e t r i c a l l y  
p o s i t i o n e d  on each s i d e  o f  the heater .  Both o f  these d isp lace-  
ments a r e  measured r e l a t i v e  t o  the c o l l a r  o f  the  h o l e  on the  
w a l l  o f  t h e  extensometer d r i f t .  

A l l  these data suggest t h a t  t h e  thermal ly- induced displacements i n  the  rock 
mass a re  indeed less  than those p r e d i c t e d  by theory. This  r e s u l t  mdy be expected 
because the  rock  mass i s  j o i n t e d  and expansion may take  p lace i n t o  j o i n t  spaces. 
If t h i s  were so, the  values of t h e  t h e n a l l y - i n d u c e d  st resses should be l e s s  than 
the  p r e d i c t e d  values. St ress measurements a re  n o t o r i o u s l y  d i  f f i c u l  t t o  make b ~ ~ t  
readings obta ined from a number o f  inst ruments,  such as t h a t  i l l u s t r a t e d  i n  
F igure  9 suggest t h a t  t h e  measured values o f  the thermal ly- induced st resses a re  
s i m i l a r  t o  t h e  p r e d i c t e d  va lues!  

V .  DISCUSSION 

These data a re  n o t  y e t  adequate n o r  have they been s tud ied  i n  s u f f i c i e n t  
d e t a i l  f o r  o ther  than t e n t a t i v e  conclus ions t o  be drawn. 

Nevertheless, t h e  temperature measurements suggest t h a t  heat f l o w  i n  t h e  
rock mass i s  predominantly by conduct ion and t h a t  t h e o r e t i c a l  c a l c u l a t i o n s  us ing  
l a b o r a t o r y  values o f  thermal c o e f f i c i e n t s  can be used t o  p r e d i c t  rock temperature: 
reasonably w e l l .  

To date, displacement measurements have y i e l d e d  puzz l ing  r e s u l t s .  Measured 
values o f  displacement a r e  a l l  f rom 1/2 t o  1/4 o f  p r e d i c t e d  values, even as bo th  
change w i t h  t ime. Pred ic ted  and measured values have been checked f o r  any con- 
s i s t e n t  e r r o r  which would e x p l a i n  th- is  d i s p a r i t y  most r e a d i l y ;  both appear t o  he 
accurate.  I t  seems most u n l i k e l y  t h a t  the values o f  Poisson 's  r a t i o  and t h e  
c o e f f i c i e n t  o f  thermal expansion f o r  t h e  rock  mass i n  s i t u  cuu id  d i f f ? r  f r o 3  
+ L - r n  sfrnrl 
L I ~ ~ ~ =  u4Lu i~ the c a ? c g J a t i o n ~  by an amount s u f f i c i e n t  t o  account f o r  the  o b s c i - ~ f d  
d i s p a r i t y .  Thermal expansion o f  the  rock mass i n t o  open j o i n t s  wouid e x p i a i n  tilt 
d i s p a r i t y .  Measurements o f  such displacements may be expected t o  d i f f e r  from 
those p r e d i c t e d  by theory  i n  severa l  ways. I n i t i a l l y  they may be very sma l l ,  as 
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F i g .  9. P red ic ted  (dashed) and measured ( s o l i d )  r a d i a l ,  O r ,  and t a n g e n t i a l ,  
ag, s t resses i n  the  v i c i n i t y  o f  the  5 kW heater .  St ress readings 
were computed from borehole displacements measured us ing a USBM 
borehole deformat ion gauge. Excursions of t h e  measured curves 
r e f l e c t  ma l func t ions  o f  the  data c o l l e c t i o n  system. 

the thermal expansion o f  the  rock i s  taken up by spaces between j o i n t  sur faces.  
Thereaf ter ,  as s t resses a r e  generated across these surfaces, the  displacements 
would become i n c r e a s i n g l y  l i n e a r .  The r e l a t i v e  d i s p a r i t i e s  between measured and 
p r e d i c t e d  displacements may be expected t o  vary w i t h  the  d i r e c t i o n  i n  which they 
are made because o f  the  an iso t ropy  o f  j o i n t i n g .  Displacements may tend t o  be 
d iscont inuous because of s t i c k - s l i p  caused by f r i c t i o n  across j o i n t s  [9]. 
Although evidence f o r  each o f  these k inds o f  d e v i a t i o n  of measured displacement 
from p r e d i c t e d  displacement can be found, t h e r e  a re  except ions.  If displacement 
i n t o  spaces between j o i n t s  were as impor tan t  as the  d i s p a r i t y  between p r e d i c t e d  
and measured values suggest,s, t h e  compliance o f  t h e  rock mass t h a t  i s ,  the va lue 
of i t s  Young's modulus would be much l e s s  than t h a t  of l a b o r a t o r y  specimens. 
From t h i s  i t  would f o l l o w  t h a t  t h e  magnitudes o f  t h e  thermal ly- induced s t r e s s  
would be correspondingly  sma l le r .  A l though d i f f i c u l t i e s  have been experienced 
i n  making s t r e s s  measurements, many o f  them ( c . f .  F igure  9) i n d i c a t e  t h a t  t h i s  
i s  n o t  always t h e  case. 
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