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ABSTRACT

Comparisons were .ade between predicted and meas-
ured thermomechanical Jisplicements and stresses for
in situ heating experiments at a depth of 340 m in a
granite body at Stripa, Sweden. We found that taking
into account the temperature dependence of the therma!l
expanston coefficient and the mechanical properties of
the rock substantially improves the agreement between
theory and experiment. In general, the displacements
calcutated using laboratory values of rock properties
agree better with field data than in the case of
stresses. This may be due to the difference between
in situ and laboratory rock modulus. The significance
of temperature-dependent rock properties and strength
to thermomechanical failure is also discussed.

INTRODUCTION

Deep burial i5 a likely choice for the long-ters
storage of nuclear wastes, 1n estimating the Vikeli-
hood of any of these wastes returning to the biospherc
while still sigrificantly radioactive, account sust be
taken of the heat generated by their radipzctiva decay.
Effects of this heat isclude stresses in the rock,
groundwater convection, and acceleration of chemical
reactions. Thermally induced stresses may alter the
“low of groundwater by changing the perweabt?ity of
the rock. They may also damage boreholes or storage
ruoms, making it difficult to retrieve the wastes
should it become necessary.

One of the rock types being considerd i5 granite
(Department of Energy, 1979). To study the thermal
effects in granite, a group of heatar experimencs has
been conducted in a granite body at a depthk of approxi-
mately 340 m in the Stripa mine in Sweden. These
experiments are part of a Swedish-United States coop-
erative program to study radioactive waste storage
(Witherspoon and Oegerman, 1978; Witherspoon et al.,
1980}. Temperatures, displacements, and stresses were
measured, In addition, a wide variety of data have

heen collected, including fracture maps of the sites,
laboratory and in situ rock propertfes, and water flow
data.

THE HEATER EXPERIMENTS

Three hester experiments have Heen conducted.
Two “full-scale™ experiments have each heated the rock
with a hedter intended to duplicete in size and power
the heat initially given off by a carister of rela-
tively young, reprocessed, high-level waste.
ment 1 used a 3.6 kW heater and experiment 2 a 5 kW
heater, each left on for approximately one year. In
addition, to gain more information about the rock beha-
vior at the high temperatures anda stresses that -ight
be created by a number of canisters near each other,
a series of eight peripheral heaters () kW each) was
placed in & 0.9 m radius ring around the 5 kW hedter

Experi-

of experiment 2 {see Fig. 1}. These were turned on
204 days after the 5 kW heater was turned on and their
power Yowered fram 1 kW to .BS kW 40 days later,

Experiment 3 is a time-scaled experiment, that is,
assuwing 1inear heat comduction, power and dimensions
were scaied to simulate in one ye.. the first ten years
of the burial of a waste canister (Cook and Witherspoon,
1978).

Ciscussion here will center on exper.zent 2, the
highest-powered of the three experiments.

MODELING

Preliminary Modal

In this paper, the thermomechanical modeling per-
formed in conjunction with these experiments is dis-
cussed.

The model originally used to estimate the results
of the full scale experiments comsisted of two steps,
The first step calculataed the temperatures using 2
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closed form integral solution of the heat-diffusion
equation (Chan et al., 1978). The rock was assumed to
be homogeneous and isotvopic with constént caterial
properties. The heater was idealized as a finfte-
length 1ine heater. In calculating the temperatures
used as input to the displacement and stress calcule-
tions, the rock was assumed to be an infinite mediun,

Displacaments and stresses were calculated with
a finite-elemert model using the program SAP4 (Bathe
et al., 1974). Constant and uniform rock praperties
were also used with SAPA in this preliminary linear
thermcelastic madel (Chan and Cook, 1980). The geom-
etry was assumed to be axisymmetric about the central
heater. The effects of this are: (1} to model the
heater drif: as a cylindrical cavity; ‘2% o model the
extensometer drift as a torus 10 m from che central
heater, and (3) to smooth the eight peripheral heaters
into a uniform ring.

Though ihe caltulated temperatures are quite
close to the actua]l temperatures observed, the dis-
placements and stresses predicted by the model are
quite different from the measured displacements and

stresses (Hood, 1979). They often differ by more
than a factor of two, though the time history curves
of predicied displacement and stress tend to be of
similar shape to the curves for the measurements.

Revised Mode)

To help determine the source of this difference,
the model was revised. The major changes intvoduced
with this model are twofold:

{1) The geooetry and boundary conditions are
wodeled more accurately, both for the temperature
calculations and for the displacement and stress cal-
culations. The assurption, made in the preliminary
calculations that the heater midplane 1s 1 horizontal
plane of sysmeiry was removed. A schematic represen-
tation of the finite element mode! is shown in Fig. 2.
Temperatures have been calculated now with the finite-
element program DOT (Polivka and Wilson, 1976}; thts
permits the temperature effects of the drifts to be
modeled with convective bourdary conditions. (A heat
transfer coefficient of 3 W/m? °C has been used.)
it also permits a more accurate approximatior to the
inftial temperatures in the rock. Displacements and
stresses have been calculated using this some new mesh.
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FIG. 2. SCHEMATIC DIAGRAM OF FIKITE ELEMENT MODEL.
BOUNDARY CONDITIONS ARE SHOWK FOR THE DIS-
PLACEMENT ANT STRESS CALCULATIONS. THE OUT-
SIDE BOLNDARY 1S ADIABATIC IN THE TEMPERATURE
CALCULATION.



{2) Temperature-dependent material properties
have been introduced, both for the temperature calcu-
Jations and for the displacement and stress calcula-
tions. 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 will
give an idea of the range of temperatures at which the
temperature dependence of the materia) properties is
important,

The changes introduced above affect the calculated
temperatures only stightly, but s{gnificantly 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 fn the direc-
tion of better agreement.

COMPARISON OF THE MOQELS

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

Sunmary of the Models Being Compared

The models compared on the plots are labeled A, B,
C, and D, Model A is the preliminary calculation
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FUNCTION OF TIN: FOR VARIOUS RADIAL DIS-
TAKCES.

{showr only on the extensometer plots). Models 8, C,
and D are all calculations using the mew finite-element
mesh and finite-element temperature calculations. The
only difference among them is in the material proper-
ties used. Model B uses the same constant material
properties used in Model A {see Table 1).

TABLE 1.
Haterfal property Symbol Yalue Units
Therma) condoctivicy k 3.2 wWimtC
Coefficient of linear

thermal expansion o 11.1 x 10-6  °C
Young's modulus E 51.3 GPa
Poisson’s ratio v .23
Specific heat N 837 J/kg°C
Density ] 2600 kg/m3

Models € and T both use *emperature-decendent values
for thermal conductivity (n), thermal expansion coef-
ficient {o), Young's modulus (E), and Poisson's ratip
{x). These values are shown in Fig. 4 as dashed Vines
superposed on plots of experimental measurements of
the various properties. The values for density and
specific heat in all models are the constant values
shown in Table 1.

The only difference between models C and D is in
the temperature dvpendence of a. In medel C, the
curve fora at high temperatures wa: linearly extrapo-
lated when few measurements were available at high
temperatures. Also, the measurements that were avail-
ahle then were primarily at low confining pressures
where @ seems to ¢limb much more rapidly with temper-
ature than at higher pressure. The model C curve for
o climbs very rapidly above 200°C. This is probatly
a very extreme (upper) limiting case.{n model D,
follows closely the Tower side of the existing meas-
urements.

Displacement

The vertical displacements plotted (Fig. 5) are
for the relative rock displacement for 2 pair of
anchor points, one above the heater midplane and one
below the midplane. The curves split cleariy into
three sectfons, The first fs before the turn-on of
the peripheral heaters; the temperatures here are pro-
bably closer to those expected fn an actual repository
than are the high temperatures in the middle period
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when both the central and peripheral heaters are on.
However, the middle period clearly demonstrates the
effect of the temperature dependence of the rock prop-
erties. Data at these high temperatures may be parti-
cularly important in predicting the effects in the
rock jmmediately surrounding a waste canister. This
information will be useful for establishing an upper
1imit for the thermal power of a waste canister for a
particular potentisl site. The final period is the
cool-down period, when all heaters have been shut off.

Before the peripheral heaters have been turned
on, the difference between models A and B {both of
which use constant properties) is feirly small. Mod-
els C and D {the temperature-dependent models) are
quite close ta each ather and give mucs 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
mode!s A and 8 becomes significant. Since these two
models differ in severa)l ways in their assumptions and
approximations, further semsftivity analysis is neces-
sary to isolate the separate effects of the several
differences.

Although the temperature dependence of a in model
b 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 fortuiteus. The discre-
pancies between model D and the field data suggest that
further improvement of the modei is necessary.

Note that during the cool-down phase, untike dur-
ing the initial heating-up phase, temperatures are gen-
erally low and models C and D (differing only in high
temperature values of a) give essentially identical
results. 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-
tic response may be indicated here, but this cannot be
concluded without more definitive determination of
rock properties.

Results for the horizontal extensometer (Fig. 6)
are somewhat different. The plot shows relative 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 beiow the bottom of the heater.
Models A and B are close to each other, Model D, the

one currently considered best, agrees quite well with
the experiment. Hodel C predicts very large relative
displacement when the peripherals are turned on, a re-
sult expected from the very large thermal-expansion
coefficient used for the high temperature zone betwhen
the two anchor points.

For the vertical extensometer previously discussed
mode] D calculated less expansion than was observed.
Here mode] D gives greater expansion than the experi-
ment. The reason for this is not yet clear. One pos-
sibility may be the geometrical approximation in the
axisymmetric model! which tends to predict too low 2
vertical displacement. There is also some question
about the accuracy of the horizontal measurements be-
cause of the length of the extensoneter rods and their
horizontal orientaticn.

Stress

Thermally induced stress changes are presented
in Fig. 7 (compressive stress is positive) for two
IRAD (Creare) vibrating wire gauges. One is at a rad-
fus of 1.75 m from the heater and .65 m below the rid-
plane; the other is 1.5 m out and .82 below. Gauye
CI4 is in a horizontel hole and gauge C3 is in & ver-
tical hote. Both measure the tangential stress. In
addition, Cl4 measures axial stress and C3 the radial
stress.

As iu the case of the extensometers, mode! B
values are much larger than the experimental values.
For these gauges, model D is consistently an improve-
ment over mode} B, though it remains far from the ex-
perimental values. Someé guestions remain regarding
the interpretation of the readings of these ga.ges.
For example, the gauges were calibrated under uniaxial
stress whereas the thermally induced stress is three-
dimensional. Field calibration under biaxial stress
is now in progress.

During cool-down, rather high te.sile stresses
are recorded by these two [RAD gauges, This is pre-
dicted by none of the models. It cauld perhaps be
caused by some error in the measurements.

IMPLICATIONS OF COMPARISONS

Possible Improvements to the Model

Though Model D seems to be giving reasonable
resuits in general, there is still much room for
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improvement in the model. Improvement can be made at

tno Tevels:
(1) measuring the material properties more

accurately as a function of temperature and incorpor-
ating the knowledge in the model;

{2) modifying the model to more accurately
reflect the complexities of the real situation.
A number of modifications suggest themselves:
{a) Model the combined dependence of one or more of
the material properties on stress as well as an tem~
perature. This would require more detailed measure-
ment of the material properties, using a nonlinear
numerical code, and knowing the in situ state of stress.
(b) Use a three-dimensignal finite-element mesh to
more accurately model the geometry, This will be
inevitably expensive.
{c) Attempt to incorporate the effect of fractures
{e.g., ac discrete joint elements, Goodman, 1976),
inclusions, and other inhomogeneities in the model.
As 2 first approximation this might be accomplished
by suitable modifications to £ (i.e., deriving an
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equivalent mediun, e.g., Glynn et al., 1978, Walsh
and Grosenbaugh, 1979), perticularly if a stress-
dependent £ i5 modeled.

The most straightforward changes would seem to
be those involving improved modeling of the tempera-
ture dependence. The above comparisons indicate that
changes in rock properties within the measvred range
can produce significant changes in the calculated
results.

Examination of Rock Properties

It is of interest to examine which material prop-
erties seem to affect the results most when changed
within reasorable ranges. The theory of linear thermo-
elasticity sheds some light on what to expect when com-
paring thermomechanical effects in rocks with different
sets of constant material properties. Displacements
depend proportionally ona, weakly on y, and are inde-
pendent of changes in £ from one constant value to an-
other. Stresses depend proportionally on the product



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

A number of finite element calculations using 2
version of mode! B with various values of constant
waterial properties produced results in agreement with
the theoretical relationships noted above. In addi-
tion, exploratory calculations were made with versions
of models B and C in which one property at a time was
changed from a constant te a temperature-dependent
value. These indicate that within the range of mater-
ial properties considered here, displacement s most
significantly affected by changing from constant to
temperature-dependent a while individual thanges in
the other material properties produce much smaller
effects (Chan, Hood, and Board, 1980}. Though one
could argu2 that the large effect of changing o froe
the constant to the teperature-dependent value occur-
red only because the original constant value was un-
realistically high, the value is within the range of
values measured for o at temperatures occurring in the
experiment. A lowe.- constant value for a would pre-
sumably give bad results in the high temperature parte
nf the experiment; if one would like to use a comstant
value for a it is not at all clear what value one
should choose,

The strang dependence of the calculated displace-
ments and stresses on the values used for a and E and
the wide variation in the values measured for these
properties suggest that a and F be locked at carefully.
Ttere remains considerable uncertainty in these mater-
ial properties. There is considerable scatter in the
values for o and there is Tittle data concerniag the
dependence of a on stress.

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

Laboratory measuremenis of E have bcen somewhat
consistent, though even here there is quite a Jot of
scatter. The two in situ measurements so far made pro-
duce different results. One of these is a value de-
duced from cross-hole ultrasonic velocity measurements.
This is slightly higher than most of the laboratory
values. Furthermore, a limited examivation of the
data (Paulsson and King, 1980) indicates that these
velocities rose during the first few weeks of the ex-
periment and then remained roughly constant until the
heater was turned off {measurements were made for ex-

TABLE 2. Young's modulus, E, for Stripa Granite
from various Sources.

Canfiring
Temp. pressure E*
(*¢) {wa) {GPa) Comments** Source
51.3 Pratt et 2l. {1977}
59.4 Carlson (1978)
55 Thorpe et al.
{1979)
20° 69.4 uniaxial  Swan (1978)
50° 7.2
100° 62.4
150° 57.2
190° 50.8
75.4 triaxial Swan (1978)
10 77.2
2 82.2
30 3.2
23° 64.8 v Schrauf et al.
88° 59.3 (1978)
5.5 4 using CSM  Hustrul id and

10.3 61 cell Schrauf (1979);
3.8 fn situ Schrauf et al.
using CSM (1978)
cell
69.6 ultrasomic Pratt et al.
velacity  (1577)
ultrasonic Nelson et al.
velocity {1979}
745 in sitww Nelson et al.
ultrasonic (1979
velocity

10 78

*  There is wide variation in the number of semples
used to make these measurements.

** A)] values are laboratory values unless marked
"in situ.”

*h % Measuremeats made in conjunctign with IRAD gauge
calibration.

periment 1, with no peripheral heaters). This could
perhaps be due to a closing of frectures; this has not
been unambiguously confirmed. A straightforward sub-
stitutfon into the equations relating E to P- and
S-wave velocities {using velocities read from a graph
presented in Witherspoon, Cook, and Gale, 1980) gives
an increase in E from 75 GPa to 82 GPa during the
first 100 days of the experiment (this is a rough cal-
culation based on one set of values only). This is
opposite to the laboratory-measured decrease in E with
rising temperatures. It could, however, be consistent
with a model in which the rock is assumed to get stif.-
er {E increasing) as fractures close or as confining
stress jncreases {see Table 2), or it could perhaps
suggest that for some other reason the laboratory
measurements do not properly reflect the in situ tem-
gerature dependence.



The other in sifu measurement of £ shown in the
table was made with CSM {Calarads School of Mines)
cells. The mean value of E obtained was considerably
lower than any other measurement. It is .ot yet clear
how to interpret this measuremeat - whether it is a
reflection of the in situ modulus in general, of the
local modulus around the measurement holes, or of some
problem in measurement.

DLCREPITATION

An accurate knowledge of material p-operties at
high temperatures is particularly important in attempt-
ing to understand the conditions under which borehole
decrapitation will occur. One of the objectives of
this experimemt wat to stuly these conditions. Mase-
ive decrepitation occurred at the central heater hole
of experiment 2 shortly after the preripheral heaters
were turned on, However, without a model which can
accurately predict stress at high temperature, it is
not clear at what stress level this decrepitation
occurred. Hood et al., (1979) suggested that gross
thermomechanical failure of the borehole occurred when
the thermally induced hoop stress just exceeded the
uniaxia? compressive strength of intact samples of
Stripa granite. (This was based on a comparison Gf
results from the constant-raterials property model,
t.e., model A, with the room temperature compressive
strength. The uniaxial compressive strength of the
rock decreases from 208 MPa at 20°C to about 150 MPa
at 190°C according to measurements by Swan {1978).

The strength has not been measured at the temperature
of the rock around the borehole when the decrepitation
occurred {over 300°C). Fig. 8 shows calculated values
for the largest (compressive) normal stress at the 5 ki
heater nole; this is the tangential stress. In the
Yatest model {model D) these reach 150-175 MPa Tong
before the decrepitation occurs; there is another
slight rise in value at the time of the decrepitation.
However, there remains too much uncertainty both in
the accuracy of the stress calculations (e.g., due to
Tack of Young's modulus measurement at high tempera-
ture) and in the measurements of strength to interpret
these figures as af yet.

The relationship between the stress at whith
decrepitation is expected to occur and the uniaxial
strength has not yet been established. From the limi-
ted amount of field experience in rock heating, it
appears that there are three different modes of frac-
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2, AS CALCULATED BY THREE OF THI MODELS.
ALSO SHOWM ARE VALUES FOR UNTAXIAL COMPRES-
SIVE STRENGTH, O¢, OF STRIPA GPANITE (SKAN,
1978).

turiny: {i} formation of powdery fragmeats, (2) pro-
gressive flake-like spalling, and (3) gross thermo-
mechanical failure.

Powdery fragmentation hds been observed (Bourte,
1980) in a heating experiment at Cormwall when the
rock wall of a borehole in granite reached a tempera-
ture around 300°C. HMicroscopic mechanisms, e.g.,
thermal expansion of water inclusions in quartz or
Jifferential thermal expansion of different grains,
have been suggested to be responsible for this kind of
fragmentation. Yood et al. {1979) reported progres-
sive flake-like decrepitation in Stripa experiments
prior to the failure at the time of the peripheral
heater turn-on. This type of spalls might have been
formed by coalition of microcracks that arose from
micrcscopic effects.

Gray (1965) studied thermal spalling in a Zm x 2m
tunnel and a2 0.9 m x 0.9 m test passage in gneisc due
to heating by exhaust gases from a diesel-powered
electric generator and an oil furnace, respectively.
Massive spalling occurred in both openings at rather
moderate temperatures: Tess than 110°C {estimated)
in the 2 m tunrel and 61°C (measured) in the 0.9 m



test passage. The spalls were plate-like in 2ppear-
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 reflected the pattern of macro-
scopic thermal stress, He also attempted to produce
spalls in a 15 cm-diameter borehole near the 0.9
test pazsage but was not successful, although the sur-
face remperature was increased by about 185°C. This
may be related to the so-called "size effect™ in the
mechanical strength of rocks.

Further work is ¢learly necessary to study the
thermomechanical decrepitation mechanisms.

CONCLUSTONS

Siynificant improvement in the numerical! model!
for the displacement and stress has been obtained by
taking the temperature dependence of the material prop-
erties into account. Further research on the depen-
dence of the properties on tt.perature and stress is
needed to determine whether the current model can he
modified to adzquately predict the abserved results
merely by accurately incorporating these dependencies
into the model. It is possible that more compiex modi-
fications, such as using a three-dimensional mesh or
modeling the discontinuities of the rock {either by
discrete joint elements or by an equivalent medium)
may be necessary before goad agreement between the
experiment and theory can be achieved.

Knowledge of the temperature dependence of the
material prope;ties is particularly important in
attempting to understand and predict decrepitation in
waste canister boreholes, since temperatures are par-
ticularly high at the canister boreholes.
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