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ABSTRACT 

Comparisons w r e »iade between pred ic ted and Meas

ured thermomecranicfll displacements and st resses f o r 

i n s i t u heat ing experiments at a depth o f 340 a i m 

g ran i te body at S t r i p a , Sweden. He found t h a t tak ing 

i n to account the temperature dependence of the thermal 

expansion c o e f f i c i e n t and the mechanical p rope r t i es of 

the rock s u b s t a n t i a l l y improves the agreement between 

theory and experiment. In genera l , the displacements 

ca lcu la ted using labora tory values of rock p roper t ies 

agree b e t t e r w i t h f i e l d data than i n the case o f 

s t resses . This nay be due t o the d i f f e r e n c e between 

in s i t u and labora tory rock modulus. The s ign i f i cance 

of temperature-dependent rock p roper t ies and s t reng th 

t o thermomechanical f a i l u r e i s a lso d iscussed. 

INTRODUCTION 

Deep b u r i a l i s a l i k e l y choice f o r the l ong - t en * 

storage o f nuclear wastes. I n es t ima t ing the l i k e l i 

hood of any o f these wastes r e t u r n i n g t o the biosphere 

wh i l e s t i l l s i g n i f i c a n t l y r a d i o a c t i v e , account must be 

taken of the heat generated by t h e i r rad ioac t i ve decay. 

E f f ec t s of t h i s heat inc lude stresses 1n the r o c k , 

groundwater convect ion, and acce le ra t i on o f chemical 

reac t i ons . Thermally induced st resses nay a l t e r the 

' l o w o f groundwater by changing the permeab i l i t y of 

the rock. They may also damage boreholes o r storage 

rooms, making i t d i f f i c u l t t o r e t r i e v e the wastes 

should i t become necessary. 

One of the rock types being considerd I s g r a n i t e 

(Department of Energy, 1979]. To study the therwal 

e f f e c t s in g r a n i t e , a group o f heater experiments has 

been conducted i n a g r a n i t e body a t a depth o f approx i 

mately 340 m i n the St r ipa mine I n Sweden. These 

experiments are par t of a Swedish-United States coop

e r a t i v e program t o study rad ioac t i ve waste storage 

(Mitherspoon and Oegtrman, 1978; Wltherspoon e t « ! . , 

1980). Temperatures, displacements, and stresses were 

measured. In a d d i t i o n , a wide va r i e t y o f data have 

been c o l l e c t e d , i nc lud ing f r a c t u r e maps u f the s i t e s , 

l abo ra to ry and fn s i t u rock p r o p e r t i e s , and water f low 

da ta . 

THE HEA1FR EXPERIMENTS 

Tfciee heater experiments have been conducted. 

Two " f u l l - s c a l e " experiments have each heated the rock 

w i t h a heater intended t o dup l i ca te i n s ize and power 

the heat I n i t i a l l y g iven o f f by a can i s te r of r e s 

t i v e l y young, reprocessed, h igh- le ' -e l waste. Exper i 

ment 1 used a 3.6 kW heater and experiment 2 a 5 kw 

heater , each l e f t on f o r approximately one year. In 

a d d i t i o n , t o gain more in fo rmat ion about the rock beha

v i o r at the high temperatures and stresses tha t - l igh t 

be created by a number o f can i s te r s near each o ther , 

a se r i es o f e i gh t per iphera l heaters (1 fcW each) was 

placed I n a 0.9 n rad ius r i n g around the 5 kk heater 

o f experiment 2 (see F i g . 1 ) . These were turned on 

204 days a f t e r the 5 fcU heater was turned on and t h e i r 

power lowered from I ktf t o .85 kw 40 days l a t e r . 

Experiment 3 I s * t ime-sca led exper iment, t ha t i s , 

assuming l i n e a r heat conduct ion, power and dimensions 

were scaled t o s imulate i n one ye*.- t h e f i r s t ten years 

o f t he b u r i a l o f a waste can is te r (Cook and Wltherspoon, 

1978). 

Discussion here w i l l center on experiment 2 , the 

highest-powered o f the th ree exper iments. 

Preliminary Modal 

I n t h i s paper, the thermomechanical modeling per

formed i n con junc t ion w i t h these experiments is d i s 

cussed. 

The model o r i g i n a l l y used O est imate the r e s u l t s 

of t he f u l l scale experiments consisted o f two steps. 

The f i r s t step ca l cu la ted the temperatLres using a 
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FIG. 1 . GEOMETRY OF HEATER EXPERIMENTS. (A) PLAN 

VIEW OF FULL-SCALE EXPERIMENTS SHOWING LOCA
TION OF HUTERS AMD OF ROD EXTENSOMETERS. 
(B) VERTICAL SECTION THROUGH FULL-SCALE EX
PERIMENT 2. 

closed form integral solution of the heat-dif fusion 
equation (Chan et a l . , 1978}. The rock was assumed to 
be homogeneous awl \soivop^t * H h t w s t w t w*tert«,X 
properties. The heater was idealised as a f i n i t e -
length l ine heater. In calculating the temperatures 
used as input to the displacement and stress calcula
t ions , the i*ock was assumed to be an i n f i n i t e Medium. 

Displacements and stresses were calculated with 
a f ini t f -e lemer. t model using the program SAP*. (Bathe 
et a l . , 1974). Constant and uniform rock properties 
were also use-1 wUh SAP4 In th is preliminary l inear 
thermoelastic model (Chan and Cook, 1980). The geom
etry was assumed to be axlsymmetric about the central 
heater. The effects of th is are: ( I ) to model the 
heater d r i f t as a cyl indrical cavi ty; ' 2 * to model the 
extensometer d r i f t as a torus 10 m from che central 
heater, and (3) to smooth the eight peripheral heaters 
into a uniform r ing . 

Though ihe t a b u l a t e d temperatures are quite 
closs to the actual temperatures observed, the dis
placements and stresses predicted by the model are 
quite d i f ferent from the measured displacements and 

stresses (Hood, 1979}. They often d i f f e r by aore 
than a factor of two, though the time history curves 
of predicted displacement and stress tend to be of 
s imi lar shape to the curves for the measurements. 

Revised Model 

To help determine the source of this d i f ference, 
the aodel Mas revised. The major changes introduced 
with t h i s model are twofold: 

(1 ) The geometry and boundary conditions are 
nodded more accurately, both f o r the temperature 
calculations and for the displacement and stress c a l 
culat ions. The assunption, made in the preliminary 
calculations that the heater aidplane Is a horizontal 
plane of symnetry was removed. A schematic represen
t a t i o n of the f i n i t e eleaent model is shown In F ig . 2 . 
Temperatures have been calculated now with the f i n t t e -
elenent program DOT (Polivfca and Wilson, 1976); th is 
permits the temperature ef fects of the d r i f t s to be 
modeled with corrective boundary conditions. (A heat 
t ransfer coef f ic ient of 3 w/m? *c has been used.) 
I t also permits a more accurate approximator to the 
I n i t i a l temperatures in the rock. Displacements and 
stresses have been calculated using th is same new mesh. 

Z AXIS !m) 
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SCHEMATIC DIAGRAM OF FINITE ELEMENT MODEL. 
BOUNDARY CONDITIONS ARE SHOWN FOR THE DIS
PLACEMENT AND STRESS CALCULATIONS. THE OUT
SIDE BOLNDARY IS ADIABAT1C IN THE TEMPERATURE 
CALCULATION. 



(2) Temperature-dependent oaterfa l properties 
have been Introduced, both for the temperature calcu
lat ions and for the displacement and stress calcula
t ions. For comparison, calculations with the new mesh 
have also been made with constant material properties. 

Figure 3 shows some of the temperatures calcula
ted with the temperature-dependent model. This w i l l 
give an idea of the range of temperatures a t which the 
temperature dependence of the material properties is 

important. 

The changes introduced above affect the calculated 
temperatures only slightly, but significantly change 
the calculated displacement and stress values. In some 
cases the new calculations agree quite well with the 
experiment, and in nearly all cases examined so far 
they have changed the calculated values in the direc
tion of better agreement. 

COMPARISON OF THE MODELS 

To illustrate the effect of varying the material 
properties, calculated and experimental quantities 
wi11 be compered for two extensometers and two stress 
gauges in experiment 2. 

Summary of the Models Being Compared 

The models compared on the plots are labeled A, B, 
C, and D. Model A is the preliminary calculation 

6. 1«. 200. 80f. 4M. EN. 0M. 

TIME [DAYS) 
FIG. 3. ROCK TEMPERATURES IN THE MIDPLANE OF EX

PERIMENT 2 ACCORDING TO MODEL C (OR D) AS A 
FUNCTION OF TIKI FOR VARIOUS RADIAL DIS
TANCES. 

(shown only on the extensometer p l o t s ) . Models B, C, 
and D are a l l calculations using the new finite-element 
•esh and finite-element temperature calculations. The 
only dif ference among them is in the material proper
t i e s used. Model B uses the same constant material 
properties used i n Model A (see Table 1 ) . 

Material property Syrt>ol Value Units 

ftterral conductivicy k 3.2 W/m^C 

Coefficient of l inear 
theraal expansion a 11.1 X 10-6 °C 

Young's Modulus £ 51.3 GPa 

Poisson's r a t i o v .23 

Specific neat . 837 JAg-c 

Density p 2600 kg/m3 

Models C and C both use *emperature-deper»dent value* 

for thermal conductivity (fc), thermal expansion coef

f i c i e n t ( a ) , Young's modulus ( E ) , and Poisson's ra t io 

( v ) . These values are shown in F ig . 4 as dashed lines 

superposed on plots of experimental measurements of 

the various properties. The values for density and 

speci f ic heat i n a l l models are the constant values 

shown in Table 1 . 

The only difference between models C and D is in 
the temperature dependence of a . In model C, the 
curve for a at high tempe rati , res wo-; l inear ly extrapo
lated when few measurements were available at high 
temperatures. Also, the measurements that were a v a i l 
able then were primari ly at low confining pressures 
whe^e a seems to climb much more rapidly with temper
ature than at higher pressure. The model C curve for 
a climbs very rapidly above 200°C. This is probably 
a very extreme (upper) l imi t ing case.In model 0 , a 
follows closely the lower side of the existing meas
urements. 

Displacement 

The ver t ica l displacements plotted (F ig . 5) are 
for the re la t ive rock displacement for a pair of 
anchor points, one above the heater tnidplane and one 
below the nidplane. The curves sp l i t c lear ly into 
three sections. The f i r s t is before the turn-on of 
the peripheral heaters; the temperatures here are pro
bably closer to chose expected In an actual repository 
than are the high temperatures in the middle period 

3 
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MATERIAL PROPERTIES OF STRIPA GRANITE. THE DASHED LINES SHOH THE TElfERATURE DEPENDENT PROPERTIES 
USED IN MODELS C AND D. THE POINTS PLOTTED SHOH THE EXPERIMENTAL RESULTS UPON WHICH THESE HERE 
BASED. EXPERIMENTAL RESULTS GIVEN IN PLOTS A AND B ARE AFTER SHAN (1978); THOSE IN PLOT C ARE 
AFTER PRATT ET AL. (1977); TESTS 1 THROUGH 5 IN PLOT D ARE REPORTED IN CHAN. HOOD. AND BOARD 
(1980), TESTS 6 AND 7 IN BOARD (1980). 

E12A to C 
(r-2m. z-±2.25m) E29A to B 

(r-1.0m. i—1.9m> 

RELATIVE VERTICAL DISPLACEMENT CETHEEN A PAIR 
OF ANCHOR POINTS IN EXPERIMENT 2. THESE 
ANCHOR POINTS ARE LOCATED 2.24 m ABOVE AND 
BELOW THE HEATER MIOPLANE, ON A VERTICAL EX-
TENSOMETER AT 2 m JADIUS FROM THE 5 kU HEATER. 

200 100 600 

TIME (DAYS) 

RELATIVE HORIZONTAL DISPLACEMENT BETWEEN A 

PAIR OF ANCHOR POINTS LOCATED 0 . 6 ra BELOW AND 

1 m HORIZONTALLY ON OPPOSITE SIDES Of THE 5 

kH HEATER. 



when both the central and peripheral heaters are on. 
However, the middle period c lear ly demonstrates the 
ef fect of the temperature dependence of the rock prop
e r t i e s . Data at these high temperatures may be p a r t i 
cular ly important in predicting the ef fects in the 
rock immediately surrounding a waste canister . This 
information w i l l be useful for establishing m upper 
l imi t for the thermal power of a waste canister for a 
par t icular potential s i t e . The f ina l period is the 
cool-down period, when a l l heaters have been shut o f f . 

Before the peripheral heaters have been turned 
on, the difference between models A and B (both of 
which use constant properties) is f e i r l y small . Hod-
els C and D (the temperature-dependent models) are 
quite close to each other and give muct> better agree
ment than A and B with the experiment. 

After the peripheral heaters have been turned on, 
the difference between the displacements calculated by 
models A and 8 becomes s igni f icant . Since these two 
models d i f f e r in several ways in the i r assumptions and 
approximations, further sensi t iv i ty analysis is neces
sary to isolate the separate effects of the several 
dif ferences. 

Although the temperature dependence of a I n model 
D seems much more reasonable than that in model C, 
here model C follows the experiment much more closely. 
This is not true for the horizontal displacement to be 
discussed next and seems to be for tu i tous. The discre
pancies between model D and the f i e l d data suggest that 
further improvement of the model Is necessary. 

Note that during the cool-down phase, unlike dur
ing the i n i t i a l heating-up phase, temperatures are gen
e r a l l y low and models C and D (d i f fe r ing only In high 
temperature values of a) give essential ly Identical 
resul ts . The model C and D values are less than the 
experimental values by a greater margin during cool-
down than they were during the heating period. Inelas
t i c response may be Indicated here, but th is cannot be 
concluded without more de f in i t i ve determination of 
rock properties. 

Results for the horizontal extensometer (F ig . 6) 
are somewhat d i f f e ren t . The plot shows re la t ive dis
placement betweem two anchor points on opposite sides 
of the central heater, each at a radius of 1 m from 
the heater and 0.6 m below the bottom of the heater. 
Models A and B are close to each other. Model 0 , the 

one currently considered best, agrees quite well with 
the experiment. Model C predicts very large re la t i ve 
displacement when the peripherals are turned on, a re 
sult expected from the very large thermal-expansion 
coef f ic ient used for the high temperature zone between 
the two anchor points. 

For the ver t ica l extensometer previously discussed 
model D calculated less expansion than was observed. 
Here model D gives greater expansion than the experi
ment. The reason for this is not yet clear. One pos
s i b i l i t y may be the geometrical approximation in the 
axisymnetric model which tends to predict too low a 
ver t ica l displacement. There is also some question 
about the accuracy of the horizontal measurements be
cause of the length of the extensoneter rods and the i r 
horizontal or ientat ion. 

Stress 

Thermally Induced stress changes are presented 
in F ig . 7 (compressive stress is posit ive) for two 
IRAD (Creare) vibrat ing wire gauges. One is at a rad
ius of 1.75 m from the heater and .65 m below the r.id-
plane; the other Is 1.5 m out and .82 below. Gau'je 
CI4 is in a horizontal hole and gauge C3 is in a ver
t i c a l hole . Both measure the tangential stress. In 
addi t ion, CM measures axial stress and C3 the radial 
stress. 

As 1i; the case of the extensometers, model B 
values are much larger than the experimental values. 
For these gauges, model D is consistently an improve
ment over model B, though i t remains f a r from the ex
perimental values. Some questions remain regarding 
the interpretat ion of the readings of these gauges. 
For example, the gauges were calibrated under uniaxial 
stress whereas the thermally induced stress is three-
dimensional. Field ca l ibrat ion under biaxial stress 
is now in progress. 

During cool-down, rather high te. isi le stresses 
are recorded by these two IRAD gauges. This is pre
dicted by none of the models. I t could perhaps be 
caused by some error 1n the measurements. 

IMPLICATIONS OF COMPARISONS 

Possible Improvements to the Model 

Though Model D seems to be giving reasonable 
results in general, there is s t i l l much room f o r 
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FIG. ?. STRESS MEASURED BY IRAD (CREARE) GAUGES C3 AND C14 IN EXPERIMENT ?. 
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improvement in the model, 

two l e v e l s : 
(1J measurin' 

Improvement can be made at 

, the mater ia l p rope r t i es more 

accura te ly as a func t ion of temperature and incorpor 

a t i ng the knowledge in the model; 

(2) modi fy ing the model to more accurate ly 

r e f l e c t the complex i t ies o f the rea l s i t u a t i o n , 

A number of mod i f i ca t ions suggest themselves: 

(a) Model the combined dependence of one or more o f 

the mater ia l p roper t ies on s t ress as we l l as on tem

pera tu re . This would requ i re more d e t a i l e d measure

ment of the mater ia l p rope r t i es , using a nonl inear 

numerical code, and knowing the in s i t u s ta te o f s t r e s s . 

(b) Use a three-dimensional f i n i t e -e l emen t mesh to 

more accura te ly model the geometry. This w i l l be 

i n e v i t a b l y expensive. 

{c) Attempt to incorporate the e f f e c t o f f r ac tu res 

( e . g . , a* d i s c r e t e j o i n t elements, Goodman, 1976), 

i n c l u s i o n s , and other inhomogeneUies i n the model. 

As a f i r s t approximation t h i s might be accomplished 

by su i t ab l e mod i f i ca t i ons t o E ( i . e . , de r i v i ng an 

equ iva lent raediun, e . g . , Glynn e t a l . , 197a, Walsh 

and Grosenbaugh, 1979), p a r t i c u l a r l y i f a s t r e s s -

dependent E i s modeled. 

The most s t r a i g h t f o r w a r d changes would seen t o 

be those i n v o l v i n g improved modeling of the tempera

t u r e dependence- The above comparisons i nd i ca te tha t 

changes i n rock p roper t ies w i t h i n the measured range 

can produce s i g n i f i c a n t changes i n the ca l cu la ted 

r e s u l t s . 

Examination of Rock Proper t ies 

I t i s of i n t e r e s t t o examine which mater ia l prop

e r t i e s seem t o a f f e c t the r e s u l t s most when changed 

w i t h i n reasonable ranges. The theory o f l i nea r thenno-

e l e s t i c i t y sheds some l i g h t on what t o expect when con-

paring thermomechanical e f f e c t s in rocks w i th d i f f e r e n t 

sets of constant mater ia l p rope r t i es . Displacements 

depend p r o p o r t i o n a l l y on a , weakly on v » and are inde

pendent o f changes i n E from one constant value t o an

other . Stresses depend p ropo r t i ona l l y on the product 



of a and £, with a weak dependence on v (Chan, Hood, 
and Board, 1980). 

A number of f i n i t e element calculations using a 
version nf model B- with various values of constant 
Material properties produced results in agreement with 
the theoretical relationships noted above. In addi
t i o n , exploratory calculations were made with versions 
of models B and C in which one property at a t ine was 
changed from a constant to a temperature-dependent 
value. These Indicate that within the range of mater
ia l properties considered here, displacement is most 
s ign i f icant ly affected by changing from constant to 
temperature-dependent a while individual changes in 
the other material properties produce much smaller 
effects (Chan, Hood, and Board, 1980). Though one 
could argue that the large effect of changing 0 froc 
the constant to the temperature-dependent value occur
red only because the or iginal constant value was un-
r e a l i s t i c a l l y high, the value is within the range of 
values measured for a at temperatures occurring in the 
experiment, A lowe.- constant value for a would pre
sumably give bad results in the high temperature par t i 
of the experiment; i f one would tike to use a constant 
value for a i t is not at a l l clear what value one 
should choose. 

The strong dependence of the calculated displace
ments and stresses on the values used for a and £ and 
the wide variat ion in the values measured for these 
properties suggest that a and E be looked at care fu l ly . 
There remains considerable uncertainty i n these mater
ia l properties. There is considerable scatter in the 
values for a and there is l i t t l e data concerning the 
dependence of a on stress. 

To give an idea of the var iat ion in measured 
values for E, some values are summarized in Table 2 . 

Laboratory measurements of E have be<*n somewhat 
consistent, though even here there 1s quite a lot of 
scat ter . The two in s i tu measurements so far made pro
duce d i f ferent resul ts . One of these is a value de
duced from cross-hole ultrasonic veloci ty measurements. 
This is s l i g h t l y higher than most of the laboratory 
values. Furthermore, a l imited examination of the 
data (Paulsscm and King, 1980) Indicates that these 
veloci t ies rose during the f i r s t few weeks of the ex
periment and then remained roughly constant unt i l the 
heater was turned of f (measurements were made for ex-

TABtE 2 . Young's wxlulus, E, for Stripa Granite 
f roa various sources. 

Tesp. 
I t ) 

Confining 
pressure 
( » 3 ) 

1 
E* 

(GPa) Cements*" Source 

5! .3 
59.4 
55 

Prat t et a l . (1977) 
Carlson (1978) 
Tnorpe e t a l . 
( » 7 9 ) 

20° 
50* 

100° 
150° 
190" 

69.4 
71.2 
62.4 
57.2 
50.8 

uniaxial Suan (1978) 

5 
10 
20 
30 

75.4 
77.2 
82.2 
83*2 

t r i a x i a l Swn r1978) 

23° 
88° 

64.8 
59.3 *** Schrauf et a l . 

(1978) 
5.5 

10,3 
48 
61 
36. B 

using CSH 
ce l l 
in s i t u 
using CSH 
c e l l 

Hustrulid and 
Schrauf (1979); 
Schrauf et a ! . 
(197B) 

69.6 ultrasonic Pratt et a l . 
veloci ty (1977) 

10 78 ultrasonic 
veloci ty 

Nelson et a l . 
(1979) 

74.5 i n s i tu 
ultrasonic 
velocity 

Helson et a l . 
(1979) 

* There is wide var ia t ion in the number of samples 
used to make these measurements. 
* * A l l values are laboratory values unless marked 
" in s i t u , " 
* * * Measurements made in conjunction with IRAD gauge 
ca l ib ra t ion . 

periment 1 , with no peripheral heaters) . This could 
perhaps be due to a closing of fractures; th is has not 
been unambiguously confirmed. A straightforward sub
s t i t u t i o n into the equations re la t ing E t o P- and 
S-wave ve loci t ies (using veloci t ies read from a graph 
presented in Hitherspoon, Cook, and Gale, 1980) gives 
an increase 1n E from 75 GPa to 82 GPa during the 
f i r s t 100 days of the experiment ( th is is a rough c a l 
culat ion based on one set of values only ) . This is 
opposite to the laboratory-measured decrease in E with 
r is ing temperatures. I t could, however, be consistent 
with a model In which the rock is assumed to get s t i f . -
er (E increasing) as fractures close or as confining 
stress increases (see Table 2 ) , or i t could perhaps 
suggest tha t for some other reason the laboratory 
measurements do not properly re f l ec t the in s i tu tem
perature dependence. 



The other 1n s1*u measurement of E shown i n the 

t a b l e was made * H h CSM (Colorado School o f Hints.} 

c e l l s . The mean value o f E obtained was considerably 

lower than any other measurement. I t i s ;.ot ye t c l e a r 

how t o I n t e r p r e t t h i s measurement - whether i t i s a 

r e f l e c t i o n u f the 1n s i t u modulus i n gene ra l , o f the 

loca l modulus around the measurement ho les , or of some 

problem i n measurement. 

DtCREPITATION 

An accurate knowledge of mater ia l p -oper t ies a t 

high temperatures is p a r t i c u l a r l y import.mt i n at tempt

ing to understand the cond i t ions under which borehole 

d e c r e p i t a t i o n w i l l occur. One of the ob jec t i ves of 

t h i s experiment was, to s t u i y these cond i t i ons . Mass

ive dec rep i t a t i on occurred at the cen t ra l heater hole 

of experiment 2 sho r t l y a f t e r the per iphera l heaters 

were turned on. However, w i thout a model which can 

accura te ly p red ic t stress at high temperature, i t i s 

not c lea r at what stress leve l t h i s d e c r e p i t a t i o n 

occurred. Hood et a l . , (1979) suggested that gross 

thermomechanical f a i l u r e of the borehole occurred when 

the thermal ly induced hoop st ress j u s t exceeded the 

un iax i a l compressive s t rength of i n tac t samples of 

S t r i p a g r a n i t e . (This was based on a comparison o f 

r e s u l t s from the cons tant -mater ia ls property model, 

i . e . , model A, w i t h the roots temperature compressive 

s t r eng th . The un iax ia l compressive s t rength o f the 

rock decreases from 208 HPa at 20°C t o about 150 HPa 

at i90°C according to measurements by Swan (1978). 

The s t rength has not been measured at the temperature 

of the rock around the borehole when the dec rep i t a t i on 

occurred {over 300°C). F ig . 8 shows ca lcu la ted values 

f o r the la rges t (compressive) normal s t ress at the 5 kW 

heater no le ; t h i s i s the tangent ia l s t r ess . In the 

l a t e s t model {model D) these reach 150-175 HPa long 

before the dec rep i t a t i on occurs; there is another 

s l i g h t r i s e in value at the time of the d e c r e p i t a t i o n . 

However, there remains too much uncer ta in ty both i n 

the accuracy o f the s t ress ca l cu la t i ons ( e . g . , due t o 

lack o f Young's modulus measurement at high tempera

t u r e ) and i n the measurements o f s t rength to i n t e r p r e t 

these f igu res as of y e t . 

The. r e l a t i o n s h i p between t h e s t ress at which 

dec rep i ta t i on is expected to occur and the un iax ia l 

s t rength has not ye t been es tab l i shed . From the l i m i 

ted amount o f f i e l d experience i n rock hea t ing , i t 

appears tha t there are three d i f f e r e n t modes o f f r a c -
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1978). 

t u r m g : ( i ) format ion of powdery f ragments, (2) pro

gressive f l a k e - l i k e s p a l l i n g , and (3) gross thenno-

mechanical f a i l u r e . 

Powdery f ragmentat ion has been observed (Bourke, 

1980) i n a heat ing experiment at Cornwall when the 

rock wa l l o f a borehole in g ran i te reached a tempera

t u r e around 300*C. Microscopic mechanisms, e . g . , 

thermal expansion o f water inc lus ions i n quar tz o r 

d i f f e r e n t i a l thermal expansion of d i f f e r e n t g r a i n s , 

have been suggested to be responsib le f o r t h i s k ind o f 

f ragmenta t ion . Hood e t a l . 11979) repor ted progres

s ive f l a k e - l i k e d e c r e p i t a t i o n in S t r ipa experiments 

p r i o r t o the f a i l u r e at the t ime of the per iphera l 

heater t u r n - o n . This type o f spa l l s might have been 

formed by c o a l i t i o n o f microcracks t ha t arose from 

micrcscopic e f f e c t s . 

Gray (1965) s tud ied thermal s p a l l i n g i n a 2m x 2m 

tunnel and a 0.9 m x 0.9 m t e s t passage in gneiss due 

t o heat ing by exhaust gases fTcm a oiesel-powered 

e l e c t r i c generator and an o i l fu rnace, r e s p e c t i v e l y . 

Massive s p a l l i n g occurred i n both openings a t ra the r 

moderate temperatures: less than 110°C (est imated) 

i n the 2 m tunnel and 61°C (measured) i n the 0.9 m 



test passage. The spalls were pi a te - l i ke 1n appear
ance with lengths ranging from one-sixth to one-third 
the width of the tunnel- Gray suggested that the size 
and shape of the spalls ref lected the pattern of Macro
scopic thermal stress. He also attempted to produce 
spalls in a 15 cm-diameter borehole near the 0.9 m 

test passage but was not successful, although the sur
face temperature was increased by about 195 #C. This 
may be related to the so-called "size ef fect" in the 
mechanical strength of rocks. 

Further work is c lear ly necessary to study the 
thermomechanicel decrepitation mechanisms. 

CONCLUSIONS 

Signif icant improvement in the numerical model 
for the displacement and stress has been obtained by 
taking the temperature dependence of the material prop
er t ies into account. Further research on the depen
dence of the properties on temperature and stress is 
needed to determine whether the current model can be 
modified to adequately predict th«; observed results 
merely by accurately incorporating these dependencies 
into the model. I t is possible that more couple* modi
f i ca t ions , such as using a three-dimensional mesh or 
modeling the discontinuit ies of the rock {e i ther by 
discrete j o i n t elements or by an equivalent medium) 
may be necessary before good agreement between the 
experiment and theory can be achieved. 

Knowledge of the temperature dependence of the 
material properti*»s is part icular ly important i n 
attempting to understand and predict decrepitation in 
waste canister boreholes, since temperatures are par
t i c u l a r l y high at the canister boreholes. 
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