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ABSTRACT

Thermally induced displacements and stresses have been calculated by

finite element analysis to guide the design, operation, and data interpre

tation of the in situ heating experiments in a granite formation at Stripa,

Sweden. There are two full-scale tests with electrical heater canisters

comparable in size and power to those envisaged for reprocessed high level

waste canisters and a time-scaled test. To provide a simple theoretical

basis for data analysis, linear thermoelasticity was assumed. Constant

(temperature-independent) thermal and mechanical rock properties were used in

the calculations. These properties were determined by conventional labora

tory testing on small intact core specimens recovered from the Stripa test

site. Two-dimensional axisymmetric models were used for the full-scale

experiments, and three-dimensional models for the time-scaled experiment.

Highest compressive axial and tangential stresses are expected at the wall of

the heater borehole. For the 3.6 kW full-scale heater experiment, maximum

compressive tangential stress was predicted to be below the unconfined

compressive strength of Stripa granite, while for the 5 kW experiment,

the maximum was approximately equal to the compressive strength before

the concentric ring of eight 1 kW peripheral heaters was activated, but

would exceed that soon afterwards. Three zones of tensile thermomechanical

stresses will occur in each full-scale experiment. One of these, just

beneath the floor of the heater drift, persists throughout most of the

duration of the experiment, with largest tensile stresses comparable to the

in situ stresses as well as to the tensile strength of Stripa granite.

Maximum vertical displacements range from a fraction of a millimeter over
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most of the instrumented area of the time-scaled experiment to a few milli

meters in the higher-power full-scale experiment. Radial displacements are

typically half or less than vertical displacements. The predicted thermo

mechanical displacements and stresses have been stored in an on-site computer

to facilitate instant graphic comparison with field data as the latter are

collected.



-3-

1. INTRODUCTION

Among the many alternatives that have been suggested (American Physical

Society, 1978) for isolating high-level nuclear waste (reprocessed or unre

processed spent fuel) from the biosphere, burial in deep underground caverns

in a geologically stable formation appears to be the most practicable. An

important difference between a nuclear waste repository and an ordinary

underground excavation is that nuclear wastes generate heat by radioactive

decay. Some effects of this heat are: (1) thermally induced stress in the

rock, the wastes, and their containers, (2) ground water convection, and (3)

accelerated chemical reactions. Thermally induced stresses are important in

several respects (Cook and Witherspoon, 1978). First, high compressive

stress may cause borehole decrepitation, thereby complicating waste retrieval

should that be necessary. Second, if the waste is to remain retrievable for

several decades, for example, then the thermal stresses must be taken into

consideration in the design of the excavations for the repository, to ensure

that they will not fail under the combined effects of the thermal and excava

tion-induced stresses. Finally, thermally induced tensile stress will reduce

the effective compressive stress in the rock mass, leading to higher fracture
)

permeability.

To understand the response of the rock to thermal loading, a suite of

~ situ electrical heater experiments is being conducted in a granite mass

at the Stripa mine in Guldsmedshyttan, Sweden, as part of the Swedish-U.S.

Cooperative Program on Radioactive Waste Storage in Mined Caverns in Crystal

line Rock (Witherspoon and Degerman, 1978).
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Temperature, displacement, and stress fields around the heaters have

been calculated in advance to guide the design and operation of the experi

ments and to provide predicted data that have been stored in an on-site

MODCOMP-IV computer for instant graphic comparison with field data. Descrip

tion of the data acquisition, handling, and display system can be found in

McElvoy (1979). The real-time comparison is important for prompt interpre

tation of the field data and for monitoring. This comparison, in turn,

should indicate the essential physical processes that must be incorporated

into a mathematical model. The authors hope this iterative procedure between

theory and experiment will eventually lead to a viable predictive model for a

nuclear waste repository. Temperature calcul~tions have been reported

previously (Chan, Cook, and Tsang, 1978). Displacement and stress calcula

tions are the topics of the present report.

In the present study, thermally induced displacements and stresses were

calculated using linear thermoelastic finite element models in which the rock

mass was assumed to be a homogeneous, isotropic continuum with temperature

independent material properties. This approach may appear simplistic since

it is known from mining and other rock mechanics experience that (1) rock

properties may be temperature dependent and (2) crystalline rock masses are

often heterogeneous and anisotropic and may contain discontinuities with

nonlinear constitutive relationships. The rationale for this approach is as

follows: (1) at the time of the initial calculations there was inadequate

laboratory data on the thermal and mechancial properties of Stripa granite,

and (2) there was (and still is) insufficient empirical experience with the

thermomechanical response of such rock masses to permit an a priori choice



-5-

among different theoretical constitutive models. If a compilicated model

was used and it did not correctly predict the experimental data, it would be

difficult to interpret the results in terms of physical process. In con

trast, by carefully analyzing the discrepancies between the field data and a

simple linear model, it may be possible to decipher the actual physical

mechanisms and decide on the direction of further modeling efforts.

Thermal stresses may be caused by (a) differential thermal expansion due

to thermal gradients, (b) external constraints to thermal expansion, or (c)

differential thermal expansion of the various grains in a polymineralic

rock, or of individual grains with different orientations in a monomineralic

rock in a uniform temperature field, or a combination thereof. The thermo

mechanical models in the present work only account for the macroscopic

thermal stresses due to causes (a) and (b) above.

Three series of thermomechanical models have been run for the Stripa

project. The first series was undertaken to aid experimental design, and a

combination of thermal and thermo-mechanical properties was chosen to yield

the highest possible displacements and stresses that can be reasonably

expected. Typical results were reported by Chan, Cook, and Tsang (1977).

This series is of lesser interest at the present stage and will not be

reported here. Average material properties from laboratory measurements on

small specimens of Stripa granite were used for Series 2 and Series 3. These

latter two series differ only in the assumed power schedules for the heaters

engendered by revisions of the test strategy.
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In presenting the results, the following system of sign conventions has

been adopted:

1) compressive stress is positive;

2) relative displacement between two spatial points is positive if it

represents contraction;

3) absolute displacement in the positive direction of a coordinate is

positive.

Items (1) and (2) conform to standard rock mechanics usage (Jaeger and Cook,

1976). The sign convention (3) was chosen so that most of the quantitites

plotted are positive.

2. HEATER EXPERIMENTS BEING MODELED

The three heater experiments at Stripa have been described in previous

SAC1 reports (Witherspoon and Degerman, 1978; Cook and Witherspoon, 1978;

Chan, Cook, and Tsang, 1978). For easy reference a brief summary is given

below.

There are a total of three heater experiments, two full-scale experi

ments, and one time-scaled experiment. The full-scale experiments will

assess the short-term local thermal and thermomechanical responses of the

granite rock mass in the immediate vicinity of an individual nuclear waste

canister while the time-scaled experiment will provide field data for the

interaction between adjacent waste canisters for two different spacings over

a period of time equivalent to about two decades.

ISwedish-American Cooperative Program on Radioactive Waste Storage in Mined
Caverns in Crystalline Rock.

•



-7-

2.1. Full-Scale Experiments

Th~ full-scale experiments consist of electrical heaters, with sizes

and thermal powers comparable to actual nuclear waste canisters, placed in

vertical drill holes on the floor of a drift 338 m below surface. One of the

full-scale tests employs a single heater (designated H9) operated at a

constant power output of 3.6 kW. This corresponds to a full-size canister of

reprocessed PWR (pressurized water reactor) high-level waste 5 years after

reprocessing, with reprocessing occurring 150 days after the spent fuel has

been removed from the reactor (Kisner et al., 1977, LLewellyn, 1978). This

experiment is referred to as Full-Scale Experiment 1 and the heater as H9.

The other experiment (hereafter referred to as Full-Scale Experiment 2)

consists of a 5 kW (corresponding to a high-level waste canister 3.6 years

after reprocessing) central heater (designated HI0) surrounded by a con

centric ring of eight longer and slimmer peripheral heaters operated at a

nominal power of 1 kW each. These peripheral heaters will be energized at an

appropriate stage of the experiment to simulate the rise in ambient rock

temperature due to the thermal interaction between adjacent waste canisters

in a repository after a few decades. Calculations (Chan, Cook, and Tsang,

1978) have shown that an almost uniform temperature distribution will be

produced by this ring of peripheral heaters within its circumference about

one month after they have been turned on. Fig. 1 illustrates the configura

tion of the full-scale experiment while Table 1 lists the dimensions.

2.2. Time-Scaled Experiment

The Time-Scaled Experiment takes advantage of the quadratic relationship

between time and distance to accelerate the time development by a factor of
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Table 1. Dimensions of the full-scale heater experiments

Length of central heater canister

Length of hot section of heater element

Diameter of central heater canister

Diameter of central heater hole

Length of peripheral heater

Diameter of peripheral heater hole

Radius of the ring of peripheral heaters

2.59 m ( 8.5 ft)

2.44 m ( 8 ft)

.324 m (12.75 in)

0.406 m (16 in)

4.27 m (14 ft)

0.038 m (1.5 in)

0.9 m (35.4 in)

Depth of the midplane of the heater array
below the floor of the drift 4.25 m (14 ft)

Center-to-center separation between the
two experiments 22 m (72.2 ft)
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10.2 by scaling linear dimensions down by a factor of 3.2. Configuration

and dimensions of the time-scaled heater array are shown in Fig. 2. The

heaters are placed in drill holes such that the midplane of the array is 10

meters below the time-scaled drift. Each of the time-scaled heaters has an

initial thermal output of 1.125 kW (equivalent to 3.6 kW in full scale),

which is reduced continually to represent radioactive decay of the high-level

waste as illustrated in Fig. 3. Note that in the power decay curve used in

the temperature calculations for the time-scaled experiment the decay rate

has been accelerated by a factor of 10.2, i.e., the time axis in Fig. 3 is

the experiment time, not real time. This is necessary to maintain simili

tude. During the actual experiment, the decay in heater power has 'been

delayed for two weeks due to some technical .problems not related to the

reduction of the heater power.

3. FINITE ELEMENT THERMOMECHANICAL MODELS

3.1. Numerical code used

Thermally induced displacements and stresses were calculated using the

finite element program SAPIV (Bathe, et al., 1974). The LBL-LLL version of

SAPIV (Sacket, 1978, unpublished) incorporates a bandwidth minimizer and a

COMPASS (CDC assembly language) subroutine for dynamic core allocation at

execution time to allow effective use of small and large core memory spaces

in order to handle both small and large problems efficiently. Another

improvement is that for computation of nodal loads due to thermal strains in

the two-dimensional element a bilinear interpolation expansion involving the

isoparametric shape functions is used for the temperature change. This

provides more accurate thermal loads than the arithmetric mean temperature

•
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change employed in the original version. Our temperature program FILINE,

based on the Green's function method (Chan, Cook, and Tsang, 1978), has been

interfaced with SAPIV for thermomechanical analysis. The SAPIV program

assumes linear thermoelasticity.

3.2. Assumptions and approximations

In the present calculations, the rock medium is further approximated as

a homogeneous, isotropic continuum with temperature-independent properties.

This is necessary because of the lack of data on in situ rock mass properties

and conditions at the time these calculations commenced. Actually, the

finite element method is the best numerical method available for modeling

heterogeneities, and and the SAPIV program can handle orthotropic, tempera

ture-dependent material properties. Calculations are now being undertaken

using temperature-dependent elastic properties, and these will be reported

separately.

In constructing the finite element models for the full-scale experi

ments, two other approximations were introduced:

1) The system is radially symmetric about the axis of the central

heater.

2) The midplane of the heater array is a plane of symmetry.

3.3. Finite element meshes and boundary conditions

3.3.1. Full-scale Experiments. Two finite element discretization

schemes, i.e., meshes, have been used. The first (hereafter referred to as

Mesh 1 or M1), consisting of 651 nodes and 607 4-node isoparametric quadri

lateral elements, considers the rock medium (except for the central heater
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hole) as an infinite medium. This mesh is illustrated in Figs. 4a - 4c to

different degrees of detail. In the second mesh (hereafter referred to as

Mesh 7 or M7), the elements within the heater drift and extensometer drift,

indicated by heavy lines in the figures, are removed. 2 Zero normal dis

placement boundary conditions were applied to the external horizontal and

vertical boundaries of the 100 m by 100 m model block. Note that, by virtue

of the approximations (1) and (2) stated in the preceding paragraph, the left

edge of Fig. 4a is an axis of symmetry, and the bottom edge is a mirror

plane.

In the initial stage, various intermediate meshes (designated Meshes

2-6) have been constructed and used to explore the effects of different

boundary and loading conditions and the trade-off between mesh fineness and

computational cost. Meshes 1 and 7 were found to be sufficiently accurate

representations of the physical system at a reasonable cost. Accordingly,

only these latter two meshes were utilized in production runs.

In constructing the finite element models for the full-scale experi-

ments, extra caution has been exercised to satisfy the following constraints:

1) The thermal gradient is very steep within a radius of 1 m from the

axis of the central heater (Chan, Cook, aand Tsang, 1978), and,

therefore, the mesh has to be very fine there.

2) Because thermally induced displacements are cumulative and per

vasive, the outer (zero normal displacement) boundaries of the

model have to be located very far away from the heaters, even

though the temperature fields are quite localized.

2In practice, a very low value of Young's modulus was assigned to these
elements.
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3) There should be an output point for displacement or stress at every

location where there is an extensometer anchor or a "stress meter"

(USBM or IRAD gauge) to avoid the need for two-dimensional inter-

pol at ion which may introduce further inaccuracies.

Before making production runs with the present finite element models,

we have verified that our models satisfy the constraint (1) stated above by

comparison with the classical analytic linear thermoelastic solution (Timo

shenko and Goodier, 1951) for an infinite-length hollow cylinder with a
,

radial temperature distribution and constraint (2) by comparison with the

results obtained by applying alternative loading to Mesh 7. Sample results

of this comparison are discussed in Section 4. Details are given in Appen-

dix A.

It should be noted that the use of an axisymmetric model implies that

the heater drift is approximated as a cylindrical room while the extensometer

drift is approximated as a toroidal tunnel: this is necessary to avoid the

need for using truly three-dimensional models which would be prohibitively

expensive if the same degree of detail were to be maintained. The implica-

tions of the axisymmetric approximation are discussed in the next section in

the light of results.

The finite element meshes for the two full-scale heater experiments are

identical. The thermomechanical calculations for the two experiments differ

only in the input temperature distributions, which were generated by means of

three-dimensional analytic solutions.
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3.3.2. Time-Scaled experiment. The geometry of the Time-Scaled Experi

ment (see Fig. 2) requires a three-dimensional model. Taking advantage of

the existence of three orthogonal planes of symmetry we have discretized only

one octant of space, as illustrated in Fig. 5, where (a) is the isometric

view while (b), (c), and (d) are projections onto the three coordinate

planes. Again heavy lines in the figures indicate the boundary of the

time-scaled heater drift. A total of 1246 nodes and 924 8-node hexahedron

elements have been used.

Practical limitations due to the three-dimensional nature of the Time

Scaled Experiment restricted the thermomechanical model to a coarse mesh,

which ignored the presence of the heater holes. Consequently the predicted

displacements and stresses would be less accurate than those for the full

scale experiments.

3.4. Applied loads

Since all the extensometers and I'stress meters" were installed in the

presence of the excavations and in situ stresses, only thermally induced

changes will be detected. Hence, only these have been calculated. In the

full-scale models, only thermal loads are applied to the structure yielding

directly thermally induced displacements and stresses. In the time-scaled

model, zero normal displacement boundary conditions cannot be used because

the outer boundaries of the model cannot be moved sufficiently far away from

the region of interest without incurring enormous computational expenses. To

overcome this difficulty in situ stresses were applied to the outer bounda

ries and thermal loads and gravity (body force) were applied to each element.
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A reference state of stress was also calculated with the same mechanical

loads but without the thermal loads. Assuming linear elasticity, the ther

mally induced displacements and stresses were obtained by taking differences.

3.5. Material properties and heater powers

Three different series of the thermomechanical calculations have been

carried out to date. In all three series the same finite element meshes have

been used. They differ only in the choice of material properties or heater

powers. These are summarized in Table 2.

3.5.1. Model Series 1. Thermomechanical Model Series 1 was undertaken

in the predesign phase to guide the design of heaters, choice of heater

power, and layout of instrumentation. A combination of thermal and mechani-

cal properties were chosen to yield a conservative estimate, i.e., the

highest possible thermal displacements and stresses that can be reasonably

expected. From the theory of linear thermoelasticy (Timoshenko and Goodier,

1951), it is known that thermally induced displacements and stresses both

vary directly with temperature and are proportional to the following combi-

nations of material parameters

and

(
1 + V)

D=a1_v for displacement (1)

S =
aE

1 - V
for stress (2)

in an axisymmetric system. Here,

a = linear coefficient of thermal expansion

V = Poisson's ratio

E = Young's modulus.
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Table 2. Summary of the three series of thermoelastic models.

Model Materi al Heater power
Seriesa Properties Experiment Heaters Time (days) Power (kW)

1 Set 1 in Full-Scale 1 H9 o - 730 3.6
Table 3 Full-Scale 2 Central Heater H10 o - 730 5.0

Peripheral Heaters H11-H18 o - 730 1.0
Time-Scaled H1-H8 o - 730 1.125

2 Set 2 in Full-Scale 1 H9 o - 730 3.6
Table 3 Full-Sca1e 2 Central Heater H10 o - 730 5.0

Peripheral Heaters H11-H18 o - 180 0
180 - 730 1.0

Time-Sca1ed H1-H8 o - 730 1.125

3 Set 2 in Full-Sca1e 1 H9 Same as Series 2
Table 3 Full-Scale 2 Central Heater H10 o - 376 5.0

376 - 730 0
Peripheral Heaters H11-H18 o - 204 0

204 - 244 1.0
244 - 376 0.85
376 - 730 0

Time-Scaled H1-H8 o - 730 1.125
decaying to

0.414

Comments

b
b

c

d
f

d, e

d
d

g, h

I
N
c.n
I

a Temperatures used as input for Thermomechanical Model Series 1 and 2 correspond to Thermal Model Series 1
and 2 reported by Chan, Cook, and Tsang, 1978.

b Predesign calculations, drifts not modeled.
c In this series only temperatures but not displacements and stresses have been calculated for the

time-scaled experiment.
d Theoretical results from this model are currently stored in the MODCOMPIV computer at Stripa. Drifts have

been modeled for the full-scale experiments.
e Time-scaled drift not modeled.
f Theoretical results from this model were stored in the MODCOMPIV computer at Stripa until mid-January 1979
g See Fig. 3.
h Time-scaled drift modeled. At this writing displacements and stresses have been calculated with this

model only up to 180 days.
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Accordingly, average granite thermal properties, which lead to higher

temperatures (Thermal Model Series 1 in Chan et al, 1978) than in Stripa gra-

nite and the maximum values of a, v and E measured in small specimens of Stripa

granite* (Pratt et al., 1977) were used. These material properties are listed as ~

Set 1 in Table 3.

Only the full-scale experiments were modeled in this series. The

peripheral heaters were assumed to be turned on concurrently with the 5 kW

central heater and to be operated at a constant power of 1 kW each throughout

the entire duration of the experiment.

3.5.2. Model Series 2. Mean laboratory values for the thermal and

mechanical properties of Stripa granite (Pratt et al., 1977), Set 2 in Table

3 were used. The heater powers are the same as in Series 1 except that the

peripheral heaters are assumed to be energized 180 days later than the 5 kW

central heater in Full-Scale Experiment 2. This decision to delay the

turn-on of the peripheral heaters was reached mainly on the basis of the

predicted temperatures and stresses of Model Series 1. The idea was to

ensure that sufficient data would have been collected before part of the rock

and some instruments were driven to a point where failure is highly probable.

The Time-Scaled Experiment was also modeled, assuming each heater to be

operated at a constant power of 1.125 kW, i.e., a scaled down physical model

of a 3.6 kW full-scale heater. In this model, the time-scaled drift has not

been taken into account. The predicted displacements and stresses from Model

3 It should be noted that Pratt measured each material property in only one or
two specimens. However, these were the only laboratory data available at the
time the calculations commenced.
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Tab le 3. Material properties for granite used in thermal and thermO-elastic
calculations.

Property Unit Set 1a Set 2b

Thermal conductivity W/moC 2.5 3.2
Density kg/m3 2600 2600
Specific heat J/kgOC 798 837
Thermal diffusivity m2/s 1.078 x 10-6 1.47 x 10-6

Young's modulus GPa 59.6 51.3
Poisson's ratio 0.27 0.23
Coefficient of

linear thermal expansion rc 1.11 x 10-5 1.11 x 10-5

a Used in Model Series 1. Thermal properties are average granite properties.
Elastic and thermoelastic properties are highest laboratory values for
Stripa granite (Pratt et al., 1977).

b Used in Model Series 2 and 3. Mean laboratory values for Stripa granite
(Pratt et al., 1977). All the results presented in the main text of the
report were obtained using material properties tabulated as set 2 here.
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Series 2 have been stored in the MODCOMPIV computer at Stripa until the

middle of January 1979, when a firm decision was made on the power and

turn-on time for the peripheral heaters.

3.5.3. Model Series 3. The same material properties are used as in

Series 2. Full-Scale Experiment 1 is the same as before. In Full-Scale

Experiment 2, peripheral heaters were assumed to be turned on 204 days4

later than the central heater and maintained at a power of 1 kW each for 40

days, after which the power per peripheral heater is reduced to 0.85 kW.

This particular power scheme has been chosen so that the ambient rock tem

perature within a radius of approximately 1 m from the central heater axis is

raised more or less uniformly by 100°C by the peripheral heaters in about 35

days but does not deviate appreciably from that level throughout the re

maining heating period, as illustrated in Fig. 6. In addition, the cooling

period has also been modeled assuming tentatively that all heaters are turned

off 376 days5 after start-up of the central heater. Predicted tempera

tures, displacements, and stresses for Full-scale Experiment 2 from Model

Series 3 is the current version stored in the MODCOMPIV computer at Stripa.

Incidentally, the thermal modeling of the cool-down period has been checked

against field data from the Lulea University Pilot Heater Experiment (Chan,

Carlsson, and Jeffry, 1979).

For the time-scaled experiment, a decaying power, as shown in Fig. 3,

4 As a matter of fact, the peripheral heaters have been energized on January 23,
1979 at 9:00 a.m., Greenwich Mean Time, exactly as planned.

5The turn-off time for this experiment has now been revised slightly and the
calculations are being updated.
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was used to simulate the thermal output of a 5-year-old reprocessed PWR

high-level waste canister. For the period of approximately 20 years of real

time represented by this scaled-down experiment, the normalized thermal power

curve for unreprocessed spent fuel will be essentially the same as that used

in the present calculations, although the size of the waste canister and the

actual power would be quite different. Details of predicted temperatures

will be pUblished in a separate report.

In Model Series 3 the presence of the time-scaled drift has been taken

into account in the thermoelastic model for the time-scaled experiment.

At this writing the thermomechanical calculations for this experiment have

been carried out to day 180. In view of the enormous amount of computational

efforts involved, it was decided to wait until the turn-off date has been

finalized for this experiment before completing the entire time sequence of

calculations and transferring the predicted results to Stripa. Currently,

therefore, the predicted temperatures for the time-scaled experiment from

Model Series 3 and the displacements and stresses from Model Series 2 are

stored in the MODCOMPIV.

4. RESULTS AND DISCUSSIONS

Unless otherwise stated, the results presented here pertain to Model

Series 3, in which the powers assumed for the heaters correspond to the

actual operating conditions, except for the turn-off time.
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4.1. Full-scale experiments

4.1.1. Displacements. Thermally induced radial displacements in the

midplane of Full-Scale Experiment 1 (H9, 3.6 kW) calculated using two dif

ferent finite element models (Ml, drifts not modeled, and M7, drifts modeled)
~

are plotted against radial distance in Fig. 7a and 7b for various elapsed

time (days) since this heater was turned on. 6 In these figures, radial

displacement away from the central heater is taken as positive. Vertical

lines labeled A, B, C, D, mark the locations of anchor points on the hori

zontal extensometer E19 that runs normal to the extensometer drift at the

level of the heater midplane.

It can be seen that in the first few months the radial displacement

exhibits a well-defined peak at a radial distance of approximately 1 m from

the axis of the central heater. This peak broadens and moves away from the

central heater with increased time. Comparison of Fig. 7a and 7b shows that

the presence of the extensometer drift 10 m from the central heater has only

minor effects until about 150 days. Thereafter, the free surface at the wall

of the drift significantly influences the radial dispacements at locations

more than 3.5 m from the central heater. Radial displacements within that

3.5 m radius are affected to a much lesser extent. Thus relative horizontal

displacements between extensometer anchor points at radial distances less

than 3.5 m would not be strongly influenced by the extensometer drift while

relative displacements between anchor points and the collar of the exten

someter hole (at the wall of the extensometer drift) would be.

In Full-Scale Experiment 1 (3.6 kW), radial displacements within a

radial distance of 3.5 m from the central heater change very little between
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Fig. 7. Thermally induced radial displacement as a function of the radial
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150 and 730 days. The maximum value is predicted to be approximately 0.6 mm,

whether the extensometer drift is taken into account or not. As the radial

displacement curves are all quite flat beyond a radial distance of 1 m,

& except for the first month or so, the maximum relative displacement between
• any pair of adjacent anchor points on E19 is only about 0.1 mm. Maximum

relative displacement between the anchor point D at 5 m radius and the wall

of the extensometer drift is approximately 0.2 mm.

It should be noted that since the extensometer drift has been approxi

mated as a torus in Mesh 7, the predicted effect of this drift may tend to be

exaggerated. This exaggeration is likely to be more severe for horizontal

extensometers inclined at an angle to the drift than for horizontal exten

some~ers perpendicular to the axis of the drift.

Figure 8 depicts the radial displacement profiles for the second Full

Scale Experiment. Again the vertical lines A, B, C, D, represent the loca

tions of the anchor points on the horizontal extensometer E28 at the level of

the heater midplane. Before the peripheral heaters are turned on, the radial

displacements for the two full-scale experiments are directly proportional to

the heater powers, 3.6 kW and 5 kW, respectively. The temperature distribu

tion due to the peripheral heaters (turned on 204 days after the central

heater) sharpens the peak in the radial displacement profile for a short

period after they have been energized (see curves labeled 207 days in Fig. 8a

and 8b) so that a significant increase is expected in the relative displace

ment between anchor points. At longer time, as the peripheral heaters raise

the temperature of a larger volume of rock, substantially larger radial

displacements and stronger influences of the extensometer drift than in the
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first experiment are expected. The peripheral heaters also cause the peak

radial displacement to occur at a greater radial distance, cf. Fig. 7 and

Fig. 8. Before the peripheral heaters are turned on, maximum theoretical

radial displacement within a 4 m radius of the central heater has been found

to be about 0.8 mm (204 days), regardless of whether the drift is modeled or

not. After the peripheral heaters have been turned on, the theoretical peak

value reaches about 1.9 mm, 376 days after the start of this experiment.

As soon as the heaters are shut off (after 376 days as assumed in the

present calculations), the radial distribution of the radial displacement

begins to change dramatically. Since there is a greater temperature drop

close to the central heater, there is a correspondingly greater thermal

contraction. Consequently, the peak of the radial displacement curve moves

further outward so that some of the anchor points on the horizontal exten

someter E28 now lie on the steep portion of the curve. Maximum relative

horizontal displacement between adjacent anchor points on horizontal exten

someter E28 and between anchor point 0 (r = 5 m) and the wall of the exten

someter drift are summarized in Table 4.

Departure from linear elastic deformation behavior is very likely during

the cool-down period. Both hysteresis and permanent set may occur. Again,

comparison between the results of linear thermoelastic theory and field

observations would reveal both the nature and degree of the departure of in

situ rock behavior from the idealized situation.

To display both the magnitude and direction of the thermally induced

displacement field, displacement vector maps have been plotted in the longi-
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Table 4. Maximum predicted relative horizontal displacements between adjacent
anchor points or between the wall of the extensometer drift and
anchor point D (r = 5 m) on a horizontal extensometer (E28) at the
level of the midplane of Full-scale Experiment 2 (5 kW with peri
pheral heaters).

Maximum relative displacement (mm)

Phase Time between adjacent
(days) anchor points

(a) (b)
1 0-204 0.17 0.21

2 204-376 0.28 -0.26

3 376-730 -0.51 -0.54

between D and wall of
extensometer drift

(a) (b)

0.30 0.14

0.66 0.18

0.54 -0.56

Notes: (1) Phase 1 = only 5 kW central heater on;
Phase 2 = both central heater and peripheral heaters on;
Phase 3 = all heaters off.

(2) Positive relative displacement means compression;
negative relative displacement means expansion.
The displacements in this table are those with the
largest magnitudes.

(3) Case (a) = drifts not modeled (M1);
Case (b) = drifts modeled (M7).
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tudinal plane of the heater(s). Typical examples are given in Figs. 9 and 10

for the two full-scale experiments. In these figures, displacements above

the heater midplane (z = 0) are the results of model M7 (i .e., with drifts

taken into account), while displacement below the midplane are from model M1,

which ignored the presence of the drifts. Displacement vector maps for

Full-Scale Experiment 2 before the turn-on of the peripheral heaters are not

illustrated, since the required displacements can be scaled from those plots

given for the 3.6 kW experiment. Note that because of the large difference

in the magnitudes of the displacements, it is necessary to represent the

displacement vector on different scales for the two experiments. In each

frame the top and bottom portions (above and below the heater midplane z = 0)

represent the theoretical displacement fields from the model appropriate to

that portion of space, i.e., Model M7 (drifts modeled) and Model M1 (drifts

not modeled), respectively7. The left edge of each frame is an axis of

symmetry. It is of interest to note that (1) the radius of the central

heater hole decreases by approximately 1 mm and 2 mm, respectively, in the

two experiments, as a consequence of the confinement imposed on the hot rock

by the colder rock outside and (2) due to the cumulative nature of displace

ment and the proximity of the heater drift to the heaters, this drift has a

significant effect on the vertical displacement even shortly after, (e.g., 30

days) the central heater has been turned on, as can be seen by comparing the

displacements at z = 4.25 m and z = -4.25 m in Fig. 9. Maximum vertical

displacements of 1.4 mm and 4.0 mm have been predicted to occur at the floor

of the heater drift above the 3.6 kW and the 5 kW heaters, respectively.

7This combination of the two models has been made for all the predicted values
in all plots comparing predicted and measured quantities.
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Vertical displacements are typically twice or more as large as horizontal

(radial) displacements, partly because of the elongated shape of the heated

zone (Chan, Cook, and Tsang, 1978) and partly because the heater drift is

much closer to the heater than the extensometer drift. From Fig. 10 it can

be seen that movements of the floor of the heater drift (approximately

4 mm) and the side wall of the extensometer drift (approximatelly 1 mm)

are not negligible.

By taking differences between calculated displacements for appropriate

pairs of spatial points, relative displacements are obtained for comparison

with extensometer readings. Typical examples are shown in Figs. 11-18 for

relative displacements in the two full-scale experiments plotted against

time. These include predicted (dotted) and measured (solid) displacements at

different anchor points of a vertical or horizontal extensometer relative to

the collar of the extensometer hole as well as predicted and measured displace

ments between a pair of anchor points of a vertical or horizontal extenso

meters for the two experiments. Coordinates of individual anchor points are

given in the caption of each figure. For details of instrument location,

refer to the report by Schrauf et al. (1979, in preparation). Complete sets

of these plots have been generated using either the CDC-7600 computer at LBL

or the MODCOMPIV computer at Stripa.

Differences in the anchor point coordinates given on the plots for

. • "theory" and "experiment" are due to one or both of the following reasons:

(1) the model assumes axial symmetry whereas the actual geometry is three

dimensional; and (2) the computer file containing the coordinates of the

"experimental" anchor points did not take into account the slope of the

"horizontal" holes (a defect that has now been corrected) whereas this slope
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Fig. 16. Typical plot of predicted and measured relative displacement
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z = 2.24 m, respectively, in the cylindrical coordinate system
illustrated in Fig. 4a.
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Fig. 17. Typical plot of predicted and measured displacement vs. time
at an anchor point of a horizontal extensometer in Full-Scale
Experiment 2 (5 kW with peripheral heaters) relative to the
collar of the extensometer hole. The anchor point is at
r = 6.97 m, z = 1.41 m and the collar is at 4 = 10 m, z = 1.10 m,
in the cylindrical coordinate system illustrated in Fig. 4a.
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Fig. 18. Typical plot of predicted and measured relative displacement
between two anchor points of a horizontal extensometer vs.time
in Full-scale Experiment 2 (5 kW with peripheral heaters). The
two anchor points are at r = 1.47 m, z = 1.96 m and r = 2.98 m,
z = 1.81 m, respectively, in the cylindrical coordinate system
illustrated in Fig. 4a.
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has been taken into consideration in calculating the displacements at the

specified anchor points. The difference in the values given for the angle 0°

is due to the different sign conventions and reference axes for the model and

for the field system. This, however, does not affect the results since there

is no angular dependence in the axisymmetric model.

Notice that in Figs. 11 - 18, positive relative displacement signifies

compression of the rock between the two points concerned, while negative

relative displacement indicates expansion. Thus, for example, in Fig. 14,

the predictions indicate that the rock between the two points (r = 1.5 m, Z =

2.14 m) and (r = 3 m, Z = 2.04 m) around the 3.6 kW heater is initially

compressed and later expanded. The reason for this behavior is in the

temporal variation of the temperature field rather than in the time-dependent

thermomechanical response of the rock, since linear thermoelasticity has been

assumed in the numerical models. At first the high-temperature zone has

limited radial extent so that the rock within a radius of 1.5 m expands and

compresses the colder rock between 1.5 m and 3 m. Later on, when a larger

volume of rock becomes hot, the rock between the 1.5 m and 3 m radii also

expands. Similar behavior is illustrated for the two points (r = 2.98 m, Z =

1.81 m, and r = 4.23 m, Z = 1.69 m) in the area of the 5 kW experiment, Fig.

18, although in this case, the switch-over from compression to expansion

occurs at a much later time than in the example quoted above, since the two

points involved are further away from the central heater than in the previous

case.

The effect of turning on the peripheral heaters 204 days after the 5 kW

central heater can be seen in all the plots of relative displacements, Figs.
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Table 5. Maximum predicted relative horizontal displacements between two dia
metrically opposite anchor points (A and B) at 1.0 m radius from
the axis of the central heater, or between the wall of the extenso
meter drift and an anchor point (D) at 6 m radius on a horizontal
extensometer (E29) at a level 1.9 m below the midplane of Full-scale
Experiment 2 (5 kW with peripheral heaters).

Maximum relative displacement (mm)

Phase
Time

(days)
between opposite anchor

(A and B)
between D and wall of

extensometer drift

1

2

3

o - 204

204 - 376

376 - 730

(a)

-0.94

-2.14

-1.97

(b)

-0.84

-1.90

-1. 74

(a)

0.20

0.45

0.42

(b)

0.11

0.15

-0.34

Notes: ( 1)

(2)

(3)

Phase 1 =only 5 kW central heater on;
Phase 2 = both central heater and peripheral heaters on;
Phase 3 = all heaters off.
Positive relative displacement means compression
negative relative displacement means expansion
The displacements in this table are those with the largest
magnitudes.
Case (a) =drifts not modeled (M1)
Case (b) =drifts modeled (M7).
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Table 6. Maximum predicted relative vertical displacements between two
anchor points (A and C) 2.25 m above and below the midplane of
the 5 kW heater, on a vertical extensometer (E16) at radius 1.5 m
from the heater axis, or between an anchor point (A) 2.25 m above
the midplane and the floor of the heater drift.

Maximum relative displacement (mm)

Phase
Time

(days)
between two anchor points

(A and C)
between A and' floor of

heater drift

1

2

3

o - 204

204 - 376

376 - 730

(a)

-1.39

-3.16

-3.06

(b)

-1.99

-4.60

-4.48

(a)

0.13

-0.14

-0.38

(b)

-0.38

-1.05

-1.12

" .

Notes: (1) Phase 1 = only 5 kW central heater on;
Phase 2 = both central heater and peripheral heaters on;
Phase 3 = all heaters off.

(2) Positive relative displacement means compression
negative relative displacement means expansion
The displacements in this table are those with the largest
magnitudes.

(3) Case (a) =drifts not modeled (M1)
Case (b) =drifts modeled (M7).
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15 - 18, for Full-scale Experiment 2.

Additional plots can be generated as more experimental data are collected.

This rapid data reduction process has been instrumental in the interpretation

of the observed thermomechanical response of the granite rock mass. We shall

not go into the details of comparison between predicted and measured dis

placements here. Preliminary results of this comparison has been reported by

Cook and Hood (1978) and Hood (1979),8 and further interpretation is con-

tinuing.

Table 5 summarizes, for the three 9ifferent phases of Full-scale Experi

ment 2, the maximum predicted relative displacements between two anchor

points (A and B) at 1 m radius on diametrically opposite sides of the 5 kW

heater axis or between the wall of the extensometer drift and an anchor point

(U) at 6 m radius on a horizontal extensometer (E29) at a level 1.9 m below

the midplane of the heater array. Table 6 gives similar information for a

vertical extensometer (E16) at a radius of 1.5 m from the 5 kW heater. The

examples given in these two tables represent the largest relative horizontal

and nearly largest relative vertical displacements, respectively, between any

points in the rock instrumented with extensometer anchors. Clearly the

maximum predicted relative vertical displacement is a few times greater than

the maximum relative horizontal displacement.

a Although Hood's comparison was based mainly on the predicted displacements
obtained from the present authors, any possible errors in this paper, espe
cially in the discussion of the method of calculation, were entirely his own.

. ,
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4.1.2. Stresses. Most of the stress results presented here will be

for Full-Scale Experiment 2 (5 kW with peripheral heaters) according to Mesh

7 (i.e., with drifts taken into account). At the location of the "stress

meters" the presence of the drifts has only minor effects on the thermal

stress. Prior to the turn-on of the peripheral heaters, i.e., from 0 to 204

days, the thermally induced stresses for the two full-scale experiments are

simply directly proportional to the thermal outputs of the two central

heaters. For Full Scale Experiment 1 (3.6 kW) there are only minor changes

in the stress field from 180 to 730 days since the temperature field has more

or less stabilized (Chan, Cook, and Tsang, 1978). For Full Scale Experiment

2, the extra temperature rise due to the peripheral heaters leads to sig

nificant changes in the magnitude as well as distribution of the stresses.

In Figs. 19 and 20, the thermally induced radial, axial, and tangential

stresses ( or' 0z' as, labeled as SR' Sz' Ss in some of the

computer-generated graphs, because Greek alphabets are not available from the

computer plotter) in the midplane have been plotted at selected times against

radial distance from the axis of the central heater in the two full-scale

experiments. In Fig. 19 the predicted axial and tangential stresses from the

finite element model (M1) are compared with the analytic solution for an

infinitely long hollow cylinder (see appendix A for details). Note that in

both the numerical and analytic solutions, the same temperature distribution

from a finite line source solution has been input as the thermal load. The

nearly exact agreement between the finite element and analytic solutions at

an early time demonstrates that the finite element mesh is fine enough. With

increased time, the two solutions begin to diverge more and more. This trend
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can be understood by examining the temperature distribution at various times

presented by Chan~ Cook~ and Tsang~ 1978 (see especially Fig. 51 in that

report). Shortly after the heater has been turned on~ the high temperature

isotherms are clustered around the heater and are almost all nearly parallel

to the axis of the heater~ i.e.~ the temperature distribution is nearly

independent of axial distance. Therefore~ the infinitely long~ hollow

cylinder solution~ which assumes a purely radial temperature distribution~ is

a valid approximation to the actual thermally induced displacements and

stresses due to a finite-length cylindrical heat source. As time progresses~

the isotherms spread over a larger region and become more spheroidal in shape

so that it is no longer a good approximation to assume~ as was done in the

analytic solution~ that there is no axial temperature variation.

At short times~ e.g.~ 0.5 day (Fig. 19 and Table 7 below)~ there is a

short range of radial distances over which both the axial and tangential

thermal stresses are tensile. This is a consequence of the very steep

thermal gradient. The thermal expansion of the high temperature zone of the

rock is restrained by the surrounding colder rock. This~ in conjunction with

the stress concentration factor due to the heater-hole~ gives rise to very

high compressive axial and tangential stresses near the wall of the hole and

tensile stresses with extremely steep gradient at the transition zone where

the temperature drops abruptly to a low value~ as illustrated in Fig. 21. As

the heat diffuses over a larger volume of rock and the thermal gradient

becomes less steep with elapsed time~ e.g.~ 8 days since the central heater

has been on (Fig. 19)~ the tensile stresses decrease in magnitude and spread

over a wider range of distances. Static equilibrium across the midplane
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Fig. 19. Thermally induced radial (Or) and tangential (oe) stresses
along a radius from the center of a 3.6 kW cylindrical heater
2.44 m in length in a borehole 0.406 m in diameter at various
times. Drifts not modeled. Compressive stress is positive.
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heater 2.44 m in length in a borehole 0.406 m in diameter surrounded
by a concentric ring of 4.27 m peripheral heaters operated at a
nominal power of 1 kW, at various times. Drifts modeled. The
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alphabet characters.
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requires that tensile stresses exist at any time9. However, beyond the

first few weeks, the tensile stresses extend over such a long range that the

magnitudes become insignificant.

Between 11 and 80 days, the stresses increase only slightly. At a

particular instant, the tangential stress may be either greater or less than

the axial stress, depending on spatial location. Similarly, at any parti

cular point in space, either the tangential or axial stress may be greater

depending on time. This has an important implication for the comparison of

theoretical stresses with those measured by the United States Bureau of Mines

(USBM) gauges, as further discussed in Appendix C.

In Full-Scale Experiment 2, the additional temperature rise in the rock

due to the peripheral heaters, turned on 204 days after the 5 kW central

heater, not only enhances the general level of the thermal stresses but also

introduces a subsidiary peak at a radius of 0.9 m, as illustrated in Fig. 20

(214 and 376 days since the start of this experiment). After the heaters are

turned off, the rapid cooling of the rock leads to radical changes in the

magnitude as well as spatial distribution of stresses. An example of the

radial distribution of the three normal components of thermal stress is shown

in Fig. 20,30 days after the heaters have been turned off, i.e., 406 days

after the start of the experiment.

9 For the benefit of those readers whose education has not included an ele
mentary course in mechanics, this statement means that, if the midplane were
a plane of symmetry, there would be no net load across it and therefore,
2n J ozrdr = 2n J oerdr = O. Since the stresses are not identically zero
everywhere, they must be positive over some range of r and negative elsewhere.
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The relationship of the thermal stresses to the power history of the

heaters can be seen more clearly in Fig. 22, where the thermal stresses are

plotted as a function of time since the start of Full-Scale Experiment 2 at

the wall of the 5 kW heater hole at midplane (Fig. 22a), and at a point

in the rock 0.53 m below midplane at 1.59 m radius (Fig. 22b). For a period

of about 30 days, both the tangential and axial stresses (oe and 0z) at

the borehole increase very rapidly. Thereafter, the rise becomes more

gradual, reaching a plateau after approximately 40 days for 0z and 80 days

for 0e. On day 204, just before the peripheral heaters are turned on, 0e

and 0z attained values of 215 MPa and 147 MPa, respectively. The rapid

climb in stress immediately after the peripheral heaters are activated raises

the values of Os and 0z to over 300 MPa and 200 MPa, respectively, at the

end of the 40-day period during which each peripheral heater is operated at a

power of 1 kW. The slight drop in stress after 244 days reflects the reduc

tion of peripheral heater power from 1 kW to 0.85 kW each. Finally, the

abrupt drop immediately after the heaters are turned off (at the end of 376

days) is essentially a reversal of the initial rapid rise associated with the

turn-on.

Both the tangential and axial stresses reach values either falling

within or exceeding the experimental range (208 ± 31 MPa) for the uniaxial

compressive strength of small intact samples of Stripa granite (Swan, 1978).

Since the rock mass is permeated by numerous discontinuities, it is expected

to have a lower Young's modulus so that thermally induced stresses will be

proportionally lower. However, the strength of the rock mass will also be

correspondingly lower. Therefore, thermal decrepitation of the central
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heater hole is very likely, especially after the peripheral heaters have been

on.

In a repository situation, borehole decrepitation would have two dele-

\ terious effects. First, it would make retrievability much more difficult.

Second, the reduced thermal conductivity of the annulus of damaged rock may

cause the waste to heat to unacceptable temperatures. In the Stripa experi

ment under consideration, the damaged zone around the heater hole is not

expected to be very thick since the very high compressive stress (>200 MPa)

penetrates only about 10 cm into the rock (see Fig. 20 above and Table 7

below). Under such circumstances, a crude estimate indicates that the extra

temperature rise on the heater resulting from decrepitation would be less

than 100 o e.

The stress history for a point at radius 1.59 m (Fig. 22b), outside the

ring of peripheral heaters, is similar in gross features to that at the wall

of the central heater hole (Fig. 22a). There are, however, several differ

ences in fine structure: (1) the radial stress, which vanishes at the heater

hole, now exceeds either the tangential (os) or the axial (oz) stress;

(2) there is an initial period after the central heater is turned on when

steep thermal gradients give rise to tensile Os and oz; (3) similar-

ly, the thermal gradients that exist outside the ring of the peripheral

heaters cause Os and Oz to decrease slightly over a short period of time

after these heaters have been turned on; (4) finally, after all the heaters

have been turned off, both Os and Oz exhibit a small compressive "blip"

corresponding to the initial tensile blip when the heaters were turned on.
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For a better illustration of the initial tensile period for the tangen

tial and axial stresses, see Fig. C1 of Appendix C where the comparison

between the predicted stresses and the quantities measured by the USBM gauges

is discussed.

Table 7 gives a comprehensive summary of the three normal components of

thermomechanical stresses obtained from the two different models (M1 and M7)

at representative times and radial distances in the midplane of Full-Scale

Experiment 2 (5 kW with peripheral heaters). This table should be self

explanatory. Salient features of the stress field have been (or will

be) discussed in connection with the stress profiles and contours. One point

that shows up more clearly in Table 7 is that tensile stresses of a few MPa

also occur at the wall of the extensometer drift.

Samples of stress contours are given in Figs. 23-25 for Full-Scale

Experiment 2. It is apparent that both at short- and long-time high compres

sive (axial and tangential) stresses, for example, over 100 MPa, occur in a

prolate ellipsoidal shell of rock that roughly envelopes the central heater.

The minor axis of the 100 MPa contour increases with time to approximately

0.75 m towards the end of the heating period. After the peripheral heaters

have been turned on, a very high stress zone with 0e > 200 MPa and 0z >

150 MPa develops around the edge of the central heater hole. This zone

extends about half way along the vertical length of the central heater and

penetrates about 10 em radially into the rock.

I
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Table 7. Thermally induced radial, axial, and tangential stresses at
representative time and radial distances in the midplane of
Full-scale Experiment 2 (5 kW with peripheral heaters).

(a) Radial stress (MPa), Model Ml (drifts not modeled).
\

TIME R=O .203 0.2265 0.3 0.6 1.0 2.0 3.0 4.0 7.5
( DAYS) ( M)

.5 .0 5.3 12.0 8.0 3.3 .7 .2 .1 .0
3.0 .0 12.0 30.0 31.4 19.6 5.7 2.0 .9 .1

10.0 .0 15.8 40.5 1f7.7 35.1 14.9 6.6 3.2 .5
30.0 .0 18.1 46.9 58.0 45.7 23.9 13.2 7.7 1.6
90.0 .0 19.5 50.8 64.4 52.5 30.4 19.1 12..7 4.2

2 oIf. 0 .0 20.2 52.6 67.4 55.7 33.7 22.2 15.7 6.5
207.0 .0 22.5 59.0 78.4 71.2 41.2 25.5 17.3 6.8
214.0 .0 25.8 68.2 93.1 85.8 51.5 31.5 20.7 7.5
244.0 .0 29.5 78.4 109.5 102.9 66.8 43.5 29.5 10.4
247.0 .0 29.3 77.9 108.5 101.4 66.4 43.6 2 ~.8 10.6
376.0 .0 30.4 80.8 113.3 106.8 72.6 50.5 36.7 16.1
376.5 .0 24.9 68.3 10".1 98.8 70.2 49.5 36.2 16.0
379.0 .0 16.5 45.5 72.6 74.1 6 O. 7 45.8 34.5 15.8
386.0 .0 9.9 27.2 44.1 46.6 43.0 36.4 29.6 15.0
406.0 • 0 5.1 14.2 23.1 24.8 24.4 22.6 20.2 12.9
466.0 .0 2.2 6.1 10.0 10.7 10.9 10.6 10.1 8.1
600.0 .0 .9 2.5 4.1 4.5 4.6 4.5 4.4 4.0
730.0 .0 .6 1.5 2.5 2.7 2.8 2.8 2.7 2.5

(b) Axial stress (MPa), Model Ml (drifts not modeled).

TIME R=0.203 0.2265 0.3 0.6 1.0 2.0 3.0 4.0 7.5
(DAY S) ( M)

.5 55.6 44.6 29.5 3.0 -.8 -.3 -.1 -.1 -.0
3.0 108.1 92.8 74.1 29.2 7.2 -1.7 -.9 -.4 -.1

10.0 131.7 114.7 95.7 48.4 21.5 1.6 -1.4 -1.2 -.3
30.0 144.9 127.0 108.0 60.3 32.3 8.5 1.7 -.4 -.8
90.0 152.7 13,..2 115.3 61.5 39.3 14.5 6.4 2.8 -.5

204.0 156.2 137.5 118.6 70.8 42.6 17.6 9.2 5.3 .8
207.0 171.0 151.5 133.1 89.3 67.8 17.6 8.0 4.7 .6
214.0 193.2 172.3 153.7 108.5 83.7 23.6 8.5 3.9 .3
244.0 214.7 192.3 173.8 128.0 101.9 36.4 15.7 7.0 -.2
247.0 213.4 191.0 172.4 126.0 98. 9 37.1 16.3 7.4 -.2
376.0 218.3 195.5 177.n 130.9 104.3 43.9 23.6 14.0 2.7
376.5 163.2 151.4 147.7 125.2 94.6 44.8 24.0 111.2 2.8
379.0 97.9 91.0 90.7 86.0 75.8 45.7 25.6 IS.1 3.0
386.0 55.7 51.7 51.8 50.8 48.3 37.7 26.0 16.8 3.7
406.0 28.2 26.2 .26.3 26.1 25.6 23.0 19.2 15.1 5.1
466.0 11.9 11.0 11.1 11.1 11.0 10.5 9.7 8.7 5.1
600.0 4.9 4.5 4.5 4.5 4.5 4.5 4.3 4.1 3.1
730.0 2.9 2.7 2.7 2.7 2.7 2.7 2.6 2.6 2.2
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(c) Tangential stress (MPa), Model Ml (drift not modeled).

TIME R= O. 203 0.2265 0.3 0.6 1.0 2.0 3.0 4.0 7.5
(DAY $) ( M) J

.5 58.2 42.8 22.2 -1.9 -2.2 -.4 :0.1 -.1 -.0
3.0 129.2 103.3 68.2 17.5 1.4 -2.5 -1.1 -.5 -.1

10.0 169.7 136.5 96.5 36.5 14.5 .0 -1.8 -1.4 -.3
30.0 194.1 159.8 113.6 49.2 25.3 6.7 1.1 -.7 -.8
90.0 209.1 172.8 124.4 57.1 32.5 12.7 5.6 2.6 -.4

204.0 216.0 178.6 129.3 60.9 35.9 15.9 8.7 5.1 .9
207.0 240.0 199.9 146.9 77.3 54.0 13.4 6.9 4.3 .7
214.0 275.5 230.8 171.9 94.8 67.3 17.7 6.6 3.2 .4

244.0 314.3 264.6 199.4 115.1 64.9 29.7 13.2 5.9 -.1
241.0 312.4 262.9 197.9 113.6 83.0 3 0.7 13.9 6.4 -.1

376.0 323.3 272.4 205.7 119.7 89.2 3 S. 0 21.5 13.1 2.9
376.5 263.5 228.1 182.0 118.3 83.7 39.6 22.0 13.4 3.0
379.0 174.0 151.4 122.7 88.4 72.6 42.8 24.2 14.4 3.2

.386.0 103.9 90.6 73.6 54.8 48.5 36.9 25.5 16.5 3.9
406.0 54.1 47.1 38.4 28.9 26.4 23.1 19.3 15.2 5.3
466.0 23.2 20.2 16.5 12.5 11.6 10.6 9.9 8.9 5.2
600.0 9.7 6.4 6.9 5.2 4.8 4.6 4.4 4.2 3.2
730.0 5.6 5.1 4.1 3.1 2.9 2.8 2.7 2.6 2.2

(d) Radi al stress (MPa), Model M7 (drift not modeled).

TIME R= a.20 3 0.2265 0.3 0.6 1.0 2.0 3.0 4.0 7.5
(DA YS) CM)

.5 .0 5.3 12.0 6.1 3.3 .7 .2 .1 .0
3.0 .0 12.0 30.0 31.5 19.6 5.6 1.9 .6 .1

10. 0 .0 15.6 4 O. 6 47.9 35.1 14.6 6.2 2.6 .3
30.0 .0 18.2 47.0 56.2 45.7 23.3 12.3 6.7 .8
90.0 •a 19.6 50.9 64.4 52.3 2 ~.4 17.4 10.7 2.1

204.0 • a 20.2 52.5 67.1 55.1 32.1 19.6 12.8 3.0
207.0 • 0 22.5 56.9 78.2 70.6 3 C:.5 22.9 14.2 3.1
214.0 .0 25.8 66.3 92.9 85.2 49.6 26.5 17.0 3.4
244.0 • 0 29.5 78.4 109.3 102.2 64.1 39.3 24.5 4.9

~ ,

247.0 .0 29.3 77.9 108.4 100.6 63.7 39.4 24.7 5.0
376.0 .0 30.2 80.4 112.5 105.2 68.6 44.6 2c:.6 7.1
376.5 • a 24.8 68.0 103.3 97.3 6 E. 4 43.7 2 ~.2 7.1
379.0 • 0 16.3 45t1 71.7 72.6 57.0 4 0.2 27.7 7.0
386.0 .0 9.7 26.7 43.1 45.0 3~.6 31.3 23.5 6.6
406. 0 • 0 4.9 13.5 21.9 23.2 2'1.6 18.5 15.2 5.4
466.0

• 0 2.0 5.5 8.9 9.5 9.0 8.0 6.9 2.8
600.0 .0 .8 2.2 3.6 3.8 3.6 3.2 e.8 1.1
730. 0 • 0 .5 1.3 2.1 2.2 2.1 1.9 1.7 .6
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(e) Axial stress (MPa), Model M7 (drift modeled).

TIME R=0.203 0.2265 0.3 0.6 1.0 2.0 3.0 4.0 7.5
(DA YS) (M)

t
.5 55.5 44.5 29.4 2.9 -.9 -.3 -.1 -.1 -.0

3.0 107.5 92.2 73.5 28.6 6.7 - 2.0 -1.1 -.4 -.1
10.0 129.9 112.9 94.0 46.6 19.9 .6 -1.9 - 1.3 -.2
30.0 140.8 122.9 103.9 56.2 28.5 5.9 .5 -.7 -.6
90.0 146.1 127.7 108.7 60.9 33.2 10.3 4.3 2.3 -.0

2 04.0 148.4 129.7 110.7 62.9 35.3 12.5 6.7 4.8 1.5
207.0 162.1 142.6 124.2 80.4 59.4 11.9 5.2 4.1 1.4
214.0 182.3 161.4 142.8 97.6 73.4 16.6 5.1 ~.2 1.2
24".0 199.2 176.7 158.1 112.4 87.2 26.4 10.7 5.9 1.0
247.0 197.7 175.3 156.7 110.3 84.1 27.0 11.3 6.3 1.1
376.0 199.5 176.8 158.2 112.1 86.6 31.8 17.6 12.8 4.6
376.5 144.6 132.9 129.1 106.8 77.3 32.8 18.0 13.0 4.6
379.0 80.5 73.6 73.3 68.7 59.5 34.4 2 0.0 1 ~.9 4.8
386.0 41.1 37.1 37.2 36.3 34.6 28.0 21.2 15.8 5.3
406.0 18.6 16.6 16.7 16.6 16.7 16.6 16.0 14.5 6.5
466.0 7.5 6.7 6.7 6.8 7.0 7.7 8.5 8.8 6.3
600.0 3.1 2.8 2.8 2.8 2.9 3.4 3.9 4.3 4.0
730.0 1.9 1.7 1.7 1.7 1.8 2.1 2.5 2.8 2.8

(f) Tangenti al stress (MPa), Model M7 (drifts modeled).

TIME R=0.203 0.2265 0.3 0.6 1.0 2.0 3.0' 4.0 7.5
(DA YS) (M)

.5 58.3 42.9 22.3 -1.9 -2.2 -.4 -.1 -.1 -.0
3.0 129.4 103.5 68.4 17.6 1.5 -2.5 -1.1 -.5 -.1

10.0 170.1 138.8 96.8 36.7 14.6 .1 -1.9 -1.4 -.5
30.0 194.7 160.2 114.2 49.4 25.4 6.7 1.0 -.9 -1.3
90.0 209.3 173.0 124.5 57.2 32.5 12.5 5.4 2.0 -1.6

204.0 215.7 178.6 129.1 60.6 35.6 15.4 7.9 L..1 -1.2
207.0 239.8 19 c:. 8 146.8 77.2 53.7 12.e: 6.1 3.2 -1.4
214.0 275.6 230.9 171.9 94.8 67.2 17.2 5.7 2.0 -1.9
244.0 314.5 264.8 199.5 115.1 84.8 29.1 12.1 4.4 -3.3
247.0 312.5 263.0 198.0 113.5 82.9 30.1 12.8 4.8 -3.3
376.0 322.1 271.3 204.8 118.9 88.4 36.6 19.4 10.4 -2.3
376.5 262.2 226.9 181.1 117.5 82.8 38.2 2 0.0 10.7 -2.3
379.0 172.4 15 o. a 121.5 87.5 71.6 41.3 22.1 1 J. 7 -1.9
386.0 101.9 88.7 72.2 53.6 47.3 35.4 23.4 13.9 -1.1
406.0 51.6 45.0 36.6 27.6 25.1 21.5 17.3 12.8 .8
466.0 21.0 18.3 14.9 11.3 10.4 9.5 8.4 7.1 2.1
600.0 8.3 7.3 5.9 4.5 4.2 3.9 3.6 ~ .2 1.5
730.0 5.0 4.3 3.5 2.7 2.5 2.3 2.2 ~.o 1.1
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Fig. 23a-e. Contour plots of thermally induced radial stress in the axial (r- z) plane of Full-Scale
Experiment 2 (5 kW with peripheral heaters) at various times: (a) 30 days, (b) 90 days,
(c) 204 days. Contour interval: solid = 25 MPa, short dashes = 5 MPa, long dashes =
1 MPa. Drifts modeled.
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-80-

High compressive radial stress occurs in a region with aD-shaped

meridional (i.e., r-z) section. The 50 MPa contour begins to appear 30 days

after the central heater is turned on and grows with time, reaching a verti-

cal extent of 1 m above and below the midplane and a radial extent of 0.25 m

to 1.25 m just before the peripheral heaters are turned on. After the

peripheral heaters have been turned on, the 50 MPa Or-contour expands

rapidly, and a small zone of or > 100 MPa appears towards the end of the

heating period.

Two zones of tensile thermal stresses can be identified, one along

the midplane of the heaters (for 0z and 0e) and another beneath the floor

of the heater drift (for or and 0e). The first zone which results from

steep thermal gradients practically disappears for time periods longer than a

few weeks and never exceeds 3 MPa in magnitude, while the second zone, which

results from the combined effects of a vertical gradient and the existence of

a free surface, persists. During the period when only the 5 kW heater is

operating the largest magnitude of tensile stresses beneath the floor of the

drift are 5 MPa and 10 MPa for or and 0e, respectively. Thirty days

after the turn-on of the peripheral heaters, the tensile radial and tangen-

tial stress beneath the floor of the drift reach maximum magnitudes of 10 MPa

and 20 MPa,10 respectively. These values are comparable to the mean in situ

secondary horizontal principal stresses of 16 MPa and 9 MPa measured by

laThe numerical values require further confirmation since the temperature dis
tribution was calculated using an infinite medium approximation to avoid dis
continuity at the periphery of the heater drift. Nonetheless, there is little
question that tensile stresses are induced beneath the floor since these occur
even shortly after turn-on of the central heater, when the boundary condition
nardly plays any role at all.
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Carlsson (1978b). Although the rock mass may not be able to sustain and

transmit such high tensile stresses, the net compressive stress will cer-

tainly be drastically reduced. It is, therefore, likely that the aperture

of preexisting cracks may increase, thereby increasing the permeability of

the rock mass. Measurements of displacement across a fracture on the floor

of the drift (Carlsson, 1978a) should be attempted. Furthermore, it would

also be useful to look for possible correlation between the evolution of the

stress field and water flow data.

4.1.3. Interference between the two full-scale experiments. In a

previous report (Chan, Cook, and Tsang, 1978), it was concluded that the,

temperature fields in the heater experiments are localized so that the two

full-scale experiments separated by a distance of 22 m are virtually ther

mally independent. Thermally induced displacements, however, are cumulative

and persist over much longer distances than temperatures. Consequently, the

displacement fields of the two experiments interfere quite strongly,espe

cially during the latter part of the test duration. In Fig. 26 the radial

displacements of the individual experiments after 730 days, as well as the

superimposed displacement, are plotted along the center-to-center line i~ the

midplane, with displacement away from the 5 kW heater taken as positive. The

predicted data used for this interference plot is from Model Series 2 (see

Table 2). Here it has been assumed that the two experiments are turned on

simultaneously. Clearly, both the magnitude and spatial variation of the

superimposed displacement differ substantially from those due to either

experiment alone. Thus, for example, at a radial distance of 2 m from the

3.6 kW heater, the radial displacement due to this heate~, which is about
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0.6 mm had this heater been operated by itself, is completely nullified by

that of the other full-scale experiment after 730 days. In other words, the

two experiments are "running into each other." Similar interaction occurs

also in the vertical displacements, as shown in Fig. 27, for a point midway.
between the two central heaters at the level of the heater drift. Notice

that the displacements illustrated here are obtained using Mesh 1 which does

not take into account the existence of the drifts. Because of the assumption

ofaxisymmetry (see Section 3), neither Mesh 1 nor Mesh 7 is strictly valid

for this spatial location. The main purpose of Figs. 26 and 27 is just to

illustrate the degree of interaction. The interference between the two

displacement fields is maximum along the center-to-center line but less

serious along other directions. Fortunately, since the horizontal exten

someters are either normal to or inclined at 45° to the extensometer drift

while the vertical extensometers all lie within a radius of less than

5 m from either full-scale heater, the measured displacements will be affec

ted to a much lesser extent than the examples shown in Figs. 26 and 27. The

interference is further reduced if we consider the fact that because of a

revision of the test plan, the two full-scale experiments will be turned off

after approximately one year of operation.

At the present state of knowledge, it is necessary to compare the

measured displacements with the superposed theoretical displacements only if

significant discrepancy is found between the displacement measured by corres

ponding pairs of extensometers in the region between the two full-scale

heaters and outside of that region.
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The interaction between the stress fields of the two full-scale experi

ments, illustrated in Fig. 28 for the radial component, is weaker than in the

case of the displacement fields, although it is still not entirely negligible.

Again the interaction displayed here is along a line joining the centers

of heaters and represents the extreme case. Also, the interaction between

the two experiments is weaker for the other two normal stresses.

4.2. Time-scaled Experiment

In the Time-Scaled Experiment, there are five vertical extensometers to

measure the displacement, but no stress-measuring devices. Hence only the

displacement results will be given here.

In Fig. 29 the relative displacements between various pairs of extenso

meter anchor points are plotted against time up to 180 days for all five

extensometers. The locations of the extensometer holes can be seen in Fig.

30, whereas the designations of the anchors are indicated in the inset of

Fig. 29. A preliminary comparison between measured and predicted displace

ments has been given by Cook and Hood (1978) and will not be repeated here.

The following features may be noted for the predicted relative displace

ments: (1) except for the pair B-A, the relative displacements for all the

pairs of points illustrated are negative, i.e., the rock expands between

these points; (2) between two points 3 m (B) and 7 m (A) above the midplane

of the heater array, for every extensometer, the rock first undergoes expan

sion and then compression reflecting the finite amount of time required for

heat diffusion as previously explained with reference to the full-scale

experiments; (3) the relative displacement between pairs of anchor points
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are on the order of 0.5 mm except between the pair 3 m above and below the

midplane (B and D) where values on the order of 1 mm are predicted. Because

the power of the time-scaled heaters decays with time, whereas the full-scale

heaters remain at constant power, it is no longer possible to compare the

results of the Time-Scaled Experiment with those of the 3.6 kW Full-scale

Experiment by scaling.

The model which takes into account the existence of the heater drift

predicts a displacement at the floor of the drift (90 days after the heater

is turned on) nearly 50% greater than the model that ignores the drift.

Another point to note is that since we have ignored the time-scaled

heater holes by using a coarse mesh, the maximum compressive stresses which

are expected to occur at the wall of the holes cannot be predicted by this

model. As there are no stress measurements in this experiment, this is not

too serious a drawback.

5. FURTHER MODELING WORK

As previously stated, the main purpose of the foregoing calculations is

to provide a relatively simple framework for interpretation of field data.

Preliminary comparisons with measured displacements and stresses (Cook and

Hood, 1978) have already indicated that the actual thermomechanical response

of the granite rock mass is more complicated than that assumed in the linear

thermoelastic models presented in the preceding sections.

The approximations made in the present work fall into two categories:

1. Those related to the geometry of the model and the discretization

of the model domain;
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2. those related to the properties of the rock, i.e., treating the

rock mass as a homogeneous, isotropic, linear elastic continuum

with constant material properties.

5.1. Better approximation of geometry

The approximations in category (1) can be improved upon without intro

ducing any basic difference in the analysis. In the full-scale experiments,

the presence of the heater drift means that the midplane of the heater array

is not strictly a plane of symmetry. Similarly, the presence of the exten

someter drift on one side of the heaters makes the validity of the axisym

metric model questionable. A first step in refining the model is to dis

cretize the half-plane (i.e., both the z > 0 and the z < 0 portions of the r

- z plane) instead of just the quarter-plane. Proper inclusion of the

geometry of the extensometer drift requires a three-dimensional model. Due

to practical limitations, the use of a three-dimensional mesh would, in turn,

require the introduction of other approximations, such as a coarser mesh and

an outer boundary closer to the heaters than what we have hitherto been

assuming. As a preliminary measure, the significance of the asymmetry due

to the extensometer drift can be investigated, at least qualitatively, by

means of plane-strain models in the midplane of the heaters.

Judging from the comparatively small discrepancies between the thermal

stresses and relative radial displacements between close-in extensometer

anchor points and the rather large disparities between the relative vertical ".

displacements obtained by utilizing the two models M1 and M7, as presented in

Section 4 (Tables 5 through 7), one can conclude that the influence of the

heater drift is definitely more significant than the: extensometer drift.
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This is expected intuitively from a mere consideration of the distances of

the drifts from the heaters. Accordingly, priority will be given to an

investigation with an axisymmetric model that does not assume the heater

midplane to be a plane of symmetry.

For the Time-Scaled Experiment, the thermal stress in the midplane can

be calculated reasonably accurately by means of a fine mesh plane-strain

model. Obviously this does not yield the vertical displacement which is the

only quantity, other other than temperature, measured in this experiment. As

an alternative, the analytic solution for a point source in a semi-infinite

medium (Nowacki, 1962) can be superimposed to obtain an approximate solution

in a manner similar to what St. John (1977) did for repository studies.

Although this solution would necessarily leave out the effects of the heater

holes and also cannot model the geometry of the time-scaled heater drift

accurately, it may still provide a reasonable approximation for the vertical

displacements at the location of the extensometers, since the latter are not

very close to the heater holes.

A refined three-dimensional model, utilizing substructuring techniques

to more fully discretize the region around each heater, can also be attemp

ted. Alternatively, the axisymmetric model for the full-scale experiments can

be scaled down to model one time-scaled heater, from which the total dis

placement and stress fields can be obtained by superposition, assuming linear

thermoelasticity. Again, the geometry of the heater drift cannot be modeled

very accurately.
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5.2. Modeling for variable rock properties and discontinuities

The thermally induced displacements and stresses depend on the thermal,

thermomechanical, and mechanical properties of the rock. Rocks, by virtue of

their complex compositions and structures, are often heterogeneous, anisotro

pic, and nonlinear. Their properties are, in general, functions of tempera

ture and time. Furthermore, in the case of hard rock sites, the in situ rock

mass behavior is strongly influenced by the omnipresence of discontinuities.

We shall consider the problems of (1) properly incorporating into the numeri

cal models the nonideal behavior of rock as determined in conventional

laboratory samples and (2) modeling for discontinuities.

5.2.1. Laboratory rock properties. We first address the issue of

temperature dependence of rock properties. Tsui (1979) has recently made a

rather comprehensive survey of published laboratory data on the thermal,

thermomechanical, and mechanical properties of nonsaline rocks as a function

of temperature. As expected, the degree of temperature dependence of rock

properties varies from rock type to rock type and even within the same rock

type. For granites in general, thermal conductivity and diffusivity, as well

as Young's modulus, Poisson's ratio, and compressive strength, decrease with

increasing temperature, whereas the thermal expansion coefficient increases

at elevated temperatures.

Granite core samples taken from the Stripa site have been tested to

a limited extent by Pratt et al. (1977) and Swan (1978). Except for the

thermal expansion coefficient, the variation of Stripa granite properties

with temperature follows the same general trend as for other granites, as

mentioned above. The thermal expansion coefficient of Stripa granite has
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been measured on only two core samples (Pratt et al, 1977). The laboratory

data have been interpreted as implying a constant linear coefficient of

thermal expansion in the 20-200°C temperature range. However, an examination

of the data appears to indicate a slightly higher coefficient above 150°C

than below this temperature. Evidently, additional laboratory measurements

are badly needed.

A linear coefficient of thermal expansion that increases with tempera

ture is qualitatively consistent with several observations concerning the

ratio between the relative displacement measured in the in situ heater

experiments at Stripa and the value predicted by linear thermoelastisc

analysis using constant rock properties. For example, this ratio increases

in the Full-Scale Experiment 2 after the peripheral heaters are turned on,

which sUbstantially increases the temperature in a rather large volume of

rock. The accompanying increase in thermal expansion coefficient will lead

to more rapid increase in displacement than that expected for a rock body

with constant thermal expansion coefficient. Conversely, the ratio of

displacements is smaller in the Time-Scaled Experiment in which the rock

temperatures are generally lower. Of course, this remark is not meant to

preclude other explanations, especially in the latter case where the tempera

ture dependence of the thermal expansion coefficient alone is unlikely to be

able to account quantitatively for the large disparity between experiments.

When the thermal parameters vary with temperature, the heat transfer

problem becomes nonlinear and must be solved numerically. Preliminary

numerical results obtained using either the integrated finite difference code

CCC (Lippmann et al., 1977) or the finite element code DOT (Polivka and
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Wilson, 1976) indicated that the temperature dependence of 1% increase per

100 e in thermal conductivity and diffusivity as ,measured by Pratt et al.

(1977) leads to about a 10-15% difference in the predicted temperatures

around the 3.6 kW heater.

Temperature-dependent thermoelastic parameters present no basic diffi

culty in the finite element thermomechanical analysis. In essence, elements

at different temperatures are assigned different material properties, as if

they were composed of different materials. This capability already exists in

the version of SAPIV that we have been using. Preliminary results show that

using the temperature-dependent Young's modulus and Poisson's ratio, similar

to those determined by Swan (1978) reduces the general level of displacements

and stresses by approximately 20%, compared with the constant-property case.

At the edge of the 5 kW heater, however, the stresses are reduced by a factor

greater than two. A temperature-dependent thermal expansion coefficient

would partially compensate for the effects of temperature-dependent elastic

properties.

Based on the limited amount of tests conducted by Swan (1978), whatever

nonlinearity or anisotropy that exists in Stripa granite appears to be

insignificant, as far as intact samples are concerned. Likewise, time

dependent creep is not expected to be an issue in granites at temperatures up

to 400 0 e and stress differences of a few hundred MPa. This conclusion can be

inferred from the review by Heard (1976) of creep data on rocks ranging from

marble through quartzite to dunite.
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5.2.2. Discontinuities and heterogeneities. Four distinct sets of

discontinuities (fractures) have been identified at the Stripa site (Thorpe,

1979). Mean fracture spacing is on the order of a fraction of a meter.

Witherspoon et al. (1977) measured the stress-deformation characteristics of

a diamond saw-cut and an artifically induced tension fracture across a

granite specimen about 1 m in diameter and found them to be highly nonlinear.

From this it can be inferred that the stress-deformation characteristics of a

jointed rock mass are likely to be nonlinear and significantly more compliant

than those of solid rock (Cook and Witherspoon, 1978). The bulk thermal

expansion coefficient is is also expected to depart from the intact rock

behavior in a similar manner.

The in situ Young's modulus measured at Stripa by Schrauf et al. (1979)

using the CSM (Colorado School of Mines) gauge varies markedly from point to

point and is positively correlated with fracture frequency. The Young's

modulus has a mean value of 37 MPa, about two-thirds of the laboratory value

used in the calculations presented in this report. However, one should bear

in mind that each CSM gauge measurement only samples the elastic modulus of

the rock within a few diameters of the 38 mm hole into which the gauge is

inserted. Consequently, it it is not certain to what extent the measured

values represent the rock mass property.

Closely spaced discontinuities can be modeled by the approach of an

equivalent anisotropic continuum (Goodman, 1976). In fact, the combined

effects of several joint sets with different orientations may result in a

rock mass that is not too highly anisotropic. A laboratory test program is

under way to determine the thermomechanical properties of specimens of core
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taken from the II stress meter ll or extensometer holes at Stripa. These tests

will be done over a range of hydrostatic and deviatoric stresses and tem

peratures covering and exceeding those to which the rock has been subjected

in the field. They will include specimens of intact and jointed rock. From

these measurements, the equivalent rock mass properties will be deduced using

the method of Goodman (1976) or other theories for effective elastic con

stants (Jaegar and Cook, 1976). The thermomechanical calculations will be

repeated using these properties as input into a nonlinear finite element

model utilizing codes, such as ADINA (Bathe, 1975).

For nonlinear modeling, it is also necessary to know the virgin state of

stress. Hydrofracturing and other tests for the in situ state of stress

should be performed at Stripa to obtain this vital information.

Recalculations using temperature-dependent and nonlinear material

properties are expected to yield lower predicted displacements and stresses

as well as nonlinear, time-dependent responses, in closer agreement with the

field observations.

The reduction of thermal expansion coefficient and Young's modulus as

well as the nonlinearity expected in a fractured rock mass has previously

been observed to occur in highly cracked laboratory-size rock specimens,

though on a much smaller scale. For example, Barbish and Gardner (1969)

measured the Young's modulus of heated and unheated rock specimens and

found that the specimen previously heat-treated to 750°C, and hence presuma

bly containing numerous microcracks produced by differential thermal expan

sion of the various minerals of the rock, show a marked increase in Young's
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modulus with axial stress--from 30% at zero stress to 70% of the value for

the unheated specimen at 40 MPa. They have attributed the nonlinearity to

crack closure. Likewise, Richter and Simmons (1974) observed that the thermal

expansion of an igneous rock depends inversely on the microcrack porosity.

A limited number of fractures may have much wider apertures and/or

weaker in-filling material so that they dominate the thermomechanical

response and consequently the groundwater flow of the rock mass. In that case

it is necessary to model discrete fractures. Finite element techniques

are available for simulating the mechanical response of discrete frac-

tures (Goodman et al., 1968; Goodman and DuBois, 1972) as well as the coupled

effects of stress and fluid flow through fractures (Noorishad et al., 1971;

Gale et ale, 1974; Ayatollahi, 1978). Work is in progress to incorporate

into an existing model the capability to simulate the thermomechanical

response of rocks with deformable fractures (Ayatollahi et al., 1979, Noori

shad, Witherspoon and Chan, work in progress).

As a first step, only one-way interactions will be modeled, i.e., the

heat transfer determines the temperature distribution which gives rise to

thermal stress and deformation, thereby changing the fracture aperture. Gale

(1975), Iwai (1976), and Witherspoon, et al. (1977) observed experimentally

that the permeability is proportioned to the square of the fracture aperture.

If the field data indicate that thermal convection is not entirely negligible

and/or that although the pressures generated by piezometric flow are small

compared with the in situ stress at depth, the pressures generated by the

restrained thermal expansion of water are high enough to deform the fractures
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or cause hydrofracturing, then some degree of coupling will be introduced

into the model. It is important to utilize the Stripa data to gain some

fundamental understanding of how the thermomechanical perturbation impacts

groundwater flow, since that is the major long-term issue in high-level

(reprocessed or unreprocessed) nuclear waste disposal.

Uue to the short duration of the Stripa heating experiments there may

not be adequate data to facilitate a definitive assessment of the long-term

thermal and thermomechanical effects on groundwater flow. This means that

it is necessary to conduct heating experiments of longer duration specially

designed to simultaneously observe both the thermomechanical and thermo

hydraulic responses in fractured rock. For the purpose of simulating long

term groundwater flow under the thermal and mechanical perturbations of a

nuclear waste repository, it is essential to have a discrete joint model

available. The main reason is that, although an equivalent continuum model

may yield the correct flow rate it will definitely underestimate the velo

city, i.e., overestimate the travel time for the radioactive nuclides. Accor

dingly, development of a discrete joint model for at least partially coupled

thermohydraulic-thermomechanical analysis should be pursued with vigor.

In addition to the fracture sets, there are three pegmatite dikes in

the heater test site. One of these traverses the area around the 3.6 kW

heater.

In principle, heterogeneities in the form of spatially varying elastic

moduli or pegmatites (provided their properties are known) present little

difficulty in numerical modeling. In practice, of course, it is necessary
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to examine the geological data very closely to delineate zones of differing

properties. A high degree of heterogeneity may destroy whatever geometric

symmetry there is in the system, thereby making three-dimensional models. "

mandatory.

6. SUMMARY AND CONCLUSIONS

Thermomechanical analysis has been performed to predict in advance the

displacement and stress fields associated with the two full-scal~ and one

time-scaled heating experiments currently under way in granite 340 m below

the surface at Stripa, Sweden. Temperatures calculated by means of the

Green's function method were applied as thermal loads to a linear thermo

elastic finite element program SAPIV to calculate the displacements and

stresses as functions of space and time. In order to provide a simple

framework for interpreting field data, material properties for Stripa granite

measured in conventional small-scale laboratory tests under room conditions

were used. The predicted results have been stored in an on-site computer for

real-time comparison with field data as they are collected.

Two-dimensional axisymmetric models were utilized for the full-scale

experiments, and three-dimensional models for the time-scaled experiment.

A total of three series of analyses were undertaken. Among these the latest

series (Model Series 3), which is reported in this volume, assumes power

histories closest to the actual situation •
. "
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The more important results can be summarized as follows:

Full-scale experiments

• Both thermally induced displacements and stresses rise very rapidly for

the first 30 days after the heaters are turned on. Thereafter, the rate

of increase becomes more gradual, so that after about 100 days, depen

ding on location, nearly asymptotic values are approached.

• Maximum radial displacements are predicted to be 0.6 mm for the 3.6 kW

experiment, 0.8 mm for the 5 kW experiment without the peripheral

heaters and about 2.0 mm after the latter have been turned on.

• Maximum vertical displacements are predicted to be 1.4 mm and 2.0 mm,

respectively, for the full-scale heaters. After the peripheral heaters

have been turned on in the 5 kW experiment, vertical displacement at the

floor of the heater drift reaches a maximum value of 4 mm.

• Maximum relative displacements between extensometer anchor points are

also expected to have values comparable to those quoted above.

• The heater drift, which is 4.25 m above the midplane of the heaters has

significant influence on both the displacements and stresses even

relatively early in the experiment, e.g., 30 days after the central

heater has been turned on, whereas the extensometer drift, a horizontal

distance 10 m from the axis of the central heater, has an effect only at

longer times.

• Highest compressive axial and tangential thermomechanical stresses occur

at the rock edge of the central heater hole. For the 3.6 kW heater, the
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maximum compressive tangential stress is 150 MPa. For the 5 kW experi

ments the maximum values are 215 MPa and 320 MPa s respective1ys with and

without the peripheral heaters. These stresses ares respective1ys

slightly belows approximately equal tos and greater than the unconfined

compressive strength of Stripa granite. Consequent1ys thermomechanica1

failure of the heater hole is expected in the higher-power experiments

but not in the other.

Three zones of tensile stresses can be identified. In the first few

days after turn-on s there is a shell of tensile tangential and axial

stresses just outside the high-temperature zone around the heater hole

extending from about 0.5 m to 2 m. The largest magnitude of the tensile

tangential stress is around 2 MPa. This zone spreads out with increas

ing time and becomes insignificant in magnitude. The second zone is

beneath the floor of the heater drift where the tangential and radial

stresses are tensile shortly after the central heater is turned on and

persists throughout the heating periods reaching values of -10 MPa and

-20 MPa before and after the peripheral heaters are turned on in the 5

kW experiment. These stresses are comparable in magnitude to the

preliminary values of in situ stresses as well as to the unconfined

tensile strength of intact Stripa granite. It is suggested that an

attempt be made to measure the change of aperture of one or more frac

tures along the floor of the heater drift. A third tensile zone occurs

near the wall of the extensometer drift at later times. A maximum

magnitude of around 3 MPa is obtained.
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Time-scaled Experiment

• Predicted maximum relative displacements between anchor points are

mostly around 0.5 mm.

• Analysis based on an idealized closed form solution (Appendix B) reveals

that although temperature, stress, and strain all scale according to the

same law of similitude, displacement scales differently.

• Consideration of physical properties of granite indicates that the

thermal and thermomechanical properties of a jointed granite rock mass

are likely to be nonlinear and temperature-dependent.

The numerical results of limited thermomechanical modeling indicate

that the temperature dependence of the elastic properties affects the pre

dicted displacements and stresses appreciably, especially near the heater

hole. It is, therefore, recommended that the thermal and thermomechanical

properties be measured in the laboratory for both intact and jointed core

specimens taken from the instrument holes at the Stripa site over the range

of temperatures and stresses encountered during the heating experiments. The

resulting nonlinear and temperature-dependent properties should then be used

in refined nonlinear thermomechanical models utilizing:

1) existing nonlinear continuum finite element code(s), and

2) an existing discrete finite element joint model currently being

modified to incorporate the capability for handling thermomechanical

response.

In view of the possibility that a limited number of singular fractures

may dominate the thermomechanical and thereby the thermohydraulic response of

. "
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a low permeability rock mass in which the radioactive waste repository is

situated, it is necessary to extend an existing coupled stress-fluid flow

finite element code with discrete joint element to model coupled thermal,. .
stress, and fluid flow in a jointed rock mass. Considering the inability of

equivalent-medium continuum models to predict, within reasonable error

bounds, the travel time of radionuclides in dominant fractures and the

enormous impact of this on the ultimate question of long-term safety in

nuclear waste disposal, it is recommended that research and development of a

discrete joint model for coupled thermal, stress, and fluid flow should

proceed in parallel with the in situ heating experiments and application of

existing continuum models alluded to in the preceding paragraph. Part of

this development work is already in progress.
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APPENDIX A

MODEL TESTING

Before the finite-element model for the full-scale experiments was used

for production runs, it was tested to ensure that (1) the discretization

scheme (mesh) was sufficiently fine and (2) the external boundaries were

sufficiently remote that they would not lead to spurious results. Testing

for mesh fineness was accomplished by comparison with the analytic solution

for an infinitely long hollow cylinder subjected to the same thermal load as

that imposed by the heater on the surrounding rock. Boundary condition

checking was done by comparing the thermally induced displacements and

stresses obtained by applying two different boundary conditions to the same

finite-element mesh.

A.l. COMPARISON WITH ANALYTIC SOLUTION

The purpose of this comparison is not to verify the finite-element

code by showing that the finite-element solution for an infinite cylinder

agrees with the analytic solution. While the correctness of the computer

code is certainly a necessary condition for its meaningful application to

model the physical problem, that by itself is not sufficient to ensure that

the finite-element model, which takes into account the finite lengths of the

heaters in the Stripa experiments, would be a good approximation. Instead,

we want to see whether the finite-element model to be used for the full-scale

experiments (Fig. 4, Section 3) agrees with the analytic solution for the

infinite hollow cylinder in the regime where the latter is expected to be a

reasonable approximation to the geometry of the heater experiment.

• g
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Formulae for the radial displacement ur and the radial, tangential,

and axial stresses, Or' 06' and 0z may be derived from those quoted by

Timoshenko and Goodier (1951) for an infinitely long hollow cylinder with an

internal radius, a, and an external radius b subjected to a radial temperature

distribution T(r):

1 + v [a (1 - 2v) r
2

+ a
2 fb fr ] (AI)ur = 1 - v r b2 _ a2 T(r)rdr + T(r)rdr

a a
with displacement away from the axis being treated as positive.

aE=or 1 - v
1 [ r"""2 f T(r)rdr

r a
/ T(rlrdr] (A2)

rf T(r)rdr
a

/ T( r )rdrJ (A3)
a

(A4)

with compressive stress being taken as positive. In the above equations the

symbols a, v, and E have their usual meaning as defined in Section 3.

For the case of a borehole in an infinite medium, take limits of the

expressions in (AI) to

1

(A4) as b + 00.

bf T(r)rdr
a

Since T is a decreasing function of r,

= 0

so that equations (AI) to (A4) reduce to

~" 1 + vur = aTr (A5)1 - v

aE - (A6)° = -T
r 1 - v
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aE (T - T) (A7)(}e = 1 - v

aET (A8)() = 1 - vZ
A d

where
"r

T(r) 1 / T(r)rdr. (A9)=7
a

Equation (AI) to (A4) or (A5) to (A8) have been utilized by various

authors in their studies of nuclear waste storage (Cook, 1978; Leijon, 1978)

or compressed air storage (Howells, 1977).

For the present application we are interested in the change in displace

ments and stresses induced by the temperature rise ~T in the rock due to a

constant power cylindrical heater of finite length. It has been shown (Chan

Cook, and Tsang, 1978)11 that an excellent approximat~on to the actual problem

is given by the solution for a finite line source.

(A10)

1/2
erfc (r2 + (z - Z')2)

4Kt--..........--'-------=i"l-rn.........-- dz I

[r2 + (z - Z')2J 2

b

/
-b

QR,

4IIk
=~T(r, z,. t)

where
QR, = thermal power per unit length of the heater

k = thermal conductivity

K = thermal diffusivity

r, z = coordinates in a cylindrical system with origin at the
center of the heater

t = time.

11There is a typographical error in equation 13 of that reference. The correct
expression is given by (A10) here.
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The temperature rise ~T given by (A10) is a function of both rand z

because of the finite length of the heat source. However, for a short period

after the heater is activated, the high-temperature isotherms all lie within

small radial distances from the axis of the heater (see Fig. 51, Chan, Cook,

and Tsang, 1978). When both rand t are small, it can be shown that the

solutions for the finite and infinite line sources coincide (Chan and Remer,

1978; Jeffryet al., 1979).

The expressions (A5) to (A9) have been evaluated by substituting

~T(r, 0, t) from (A10) in place of T(r) in (A9). This gives the curves la

beled analytic solution for 0 and 0 in Fig. 10, Section 4. For the
El z

finite element solution ~T from equation (A10) is evaluated and input as nodal

point temperatures, to the mesh M1 illustrated in Fig. 4, Section 3.

As discussed in Section 4, there is excellent agreement between the fi

nite element and analytic solutions at short time, as expected. Since the

temperature gradient and hence the stress gradient is steepest at short time,

it can be concluded that the mesh is fine enough. Incidentally, the agreement

also validates (in a restricted sense) the finite-element program.

A.2. Boundary condition checking

In the finite-element models used to obtain the displacements and

stresses presented in this report for the full-scale experiments, zero

normal-displacement (roller) boundary conditions were applied to the outer

horizontal and vertical boundaries of the model block. To confirm that these

outer boundaries (at distances of 100 m from the center of the main heater)

were sufficiently remote from the high-temperature region, we carried out a

separate analysis using alternate boundary-loading conditions.
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The alternative analysis for comparison was carried out in the following

manner. First, a finite element analysis was performed by applying assumed

horizontal and vertical virgin stresses (both taken as equal to the overburden

weight) to the appropriate outer boundaries of the model with the drifts exca

vated (i.e., Mesh 7). In addition, gravity was applied as a body force to each

• d

"

element.

where

This yielded the mechanical displacements, Ui mech , and stresses, a.~ech,
lJ

u~ch = uvir + exc i 1, 2, 3 (All). u., =
1 1 1

a~~Ch = a~~r + a~~c, i , j = 1, 2, 3 (A12)
lJ lJ lJ

u~ir =displacement (spurious) in the rock continuum caused by
1 applying the virgin stresses as boundary loads and gravity,

u~xc =displacement induced by excavations
1

vira ..
lJ

Next a second run was made with thermal loading added. The total displacement,
u~ot, and total stress, a~~t, would be
1 lJ

tot vir + exc + th (A13)u. = ui u. u.
1 1 1

tot a~~r + a~~c + a~~ (A14)a .. =
lJ lJ lJ lJ

Hence, the thermally induced displacements and stresses are obtained by taking

the differences

th tot u~ch (A15)u. = u·1 1 1

th a~~t a~ch (A16)(J •• =
lJ lJ lJ
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Table A1. Comparison of finite element solutions for Full-Scale
Experiment 2, 730 days after turn-on using two different
sets of boundary conditions

..
(a) Stress

"
r(m) ar(MPa) a (MP a) as (MPa)z

BC1 BC2 BC1 BC2 BC1 BC2

0.2265 44.79 44.77 273.43 273.40 480.60 480.50
0.3 125.08 125.04 264.50 264.46 360.90 360.90
0.6 191.49 191.43 204.90 204.85 215.60 215.60
1.0 182.60 182.53 165.70 165.60 162.11 162.00
2.0 121.84 121. 77 70.20 70.10 69.10 69.10
4.0 52.68 52.65 30.60 30.50 20.80 20.80
9.25 5.15 5.14 2.79 2.89 -12.33 -12.36

19.0 2.32 2.28 0.32 0.23 1.15 1.06
42.0 0.63 0.54 -0.29 -0.38 -0.25 -0.34

(b) Radi al displacement

r(m) u (mm)r
BC1 BC2

0.203 -0.50 -0.50 Note:
0.25 -0.13 -0.13
0.35 0.43 0.43 (1) The numerical results given here

are for Model Series 1 (i.e., using
0.55 1.15 1.15 material properties 1 in Table 3)

0.95 2.11 2.11 and are, therefore, not applicable
to Stripa.

2.125 3.05 3.05
4.75 3.52 3.52 (2) All points are on heater midplane,

i.e., z = O.
10.0 4.08 4.08
14.0 0.59 0.61 (3) BC1 = zero normal displacement boun-

dary cond it ion
24.0 0.72 0.73 BC2 = virgin state of stress applied
46.0 0.20 0.24 as boundary loading with gra-

vity as body force.
56.0 0.13 0.17 (4) Mesh 7 used, i.e., drifts modeled.
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As shown in Table A1, the results were found to be in close agreement with

those obtained using zero normal-displacement boundary conditions.

Note that the material properties used in obtaining the numerical results

in Table A1 are not Stripa granite properties. The sole purpose of this table

is to demonstrate the absence of spurious boundary effects. The numerical

values should not be used for comparison with experimental results from the

Stripa heater project.
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APPENDIX B

SCALING LAWS FOR DISPLACEMENT AND STRESS

As explained by Cook and Witherspoon (1978) and demonstrated numerically

by Chan et al. (1978), the concept of the time-scaled experiment is based on

the law of similitude for linear conduction which states that the temperature

fields caused by a scaled-down heater is related to that for a full-scale

heater as

where

~T = temperature change

+
r = position vector

t = time

L = ~f/~s = scale factor for linear dimension

(B1)

with ~ being a characteristic length of the heat source and the superscripts

f and s designating the full-scale and scaled-down systems, respectively.

The purpose of this appendix is to examine scaling laws for the displacement

and stress fields.

Inserting (B1) into equation (A9) of Appendix A we have

~r (r I L, t I L2 ) 1 r/L
f:o.f (r I, t I L2 )rid r I=

r 2/L2 f
aiL

-" r/L
L2

f f:o.Tf(r'L, t)r'dr '=
r 2

aiL
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Changing the dummy variable of integration from r l to R = r'L yields

Iif (R, t)RdR

or

(B2)

This is, of course, expected since "I is a'"mean" temperature with the

same dimension as T itself.

Substitution of (B2) into equation (A5) to (A8) then gives

ur(r!L, t/L 2)
f= u/L

a~ (r/L, t/L2) f t)= a (r,r

s tiL 2) f t)as(r/L, = as (r,

a
z
(r IL, tiL 2) = a~(r, t)

(B3)

(B4)

Although these scaling laws have been derived explicitly here for the case of

infinitely long cylinders with the ratio of radii as the scale factor, it can

easily be shown that, in general, the scaling 1aws

s + tiL 2) f + t) IL (B5)ui (r IL, = ui (r,

s + tiL 2) f + t) (B6)a . . (r/L, = a . . (r,
lJ lJ

hold for heat sources of arbitrary shapes provided that the shapes of the heat

sources are similar.
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The important point to note here is that although the temperature,

strain, and stress fields all scale similarly, the displacement field does

not. Thus, for instance, in the case of the Stripa Time-scaled Experiment

where the scale factor is 3.2, the displacement at a distance of 1 m from the

center of the time-scaled heater (if only one single scaled heater with

constant power output were used) one day after it was turned on would not be

equal to the displacement at 3.2 m from the center of the full-scale (3.6 kW)

heater 10.24 days since it was turned on, but would be smaller by a factor

of 3.2 instead.
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APPENDIX C

A NOTE ON THE COMPARISON OF PREDICTED THERMAL STRESS

WITH USBM GAUGE MEASUREMENTS

C.l. INTRODUCTION

To compare theUSBM gauge measurements with theoretical predictions from

numerical models, two different types of plots, viz, (1) thermally induced

stresses, and (2) borehole displacements, have been produced using the

CDC-7600 computer at LBL. This note ~xplains the theoretical basis behind

these two types of plots and the difference between them. A rough estimate

is made of the possible error introduced by the biaxial strain assumption

used in calculating the stresses from the measured borehole displacements.

Reference is also made to the MODCOMP plots produced at Stripa.

Numerical modeling gives the thermally induced stress at a point in the

rock assuming that the instrument boreholes do not exist. However, a USBM

gauge measures the displacements (changes in the diameter of a borehole)

in three different directions 60° apart. Thus the computed and measured

quantities are not directly comparable.

To effect the comparison one can either (1) invert the measured borehole

displacements to obtain the actual thermal stresses which could prevail in

the rock if the USBM borehole did not exist, or (2) calculate the borehole

displacements from the predicted thermal stresses. Assuming that (1) the

rock is a homogeneous isotropic, linear elastic medium, and (2) the thermally

induced stress is uniform within a few diameters of the borehole, the well-
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known Kirsch solution in the classical theory of elasticity can be applied to

this problem (see, e.g., Obert and Duvall, 1967 or Jaeger and Cook, 1976).

C.2. STRESS PLOTS

Alternative (1) stated above has been adopted for the USBM stress plots

on the MODCOMPIV computer at Stripa. As a first approximation it has further

been assumed that a biaxial state of strain exists (Schrauf et al., 1979).

The relevant equation is then

where

u = d(l - v
2

). [(S + S ) + 2(S - S ) cos 26 pJ
E . p q p q (C1)

d = borehole diameter

u = displacement (change in diameter)

Sp' Sq = maximum and minimum subsidiary principal stresses

6p = angle between the directions of u and Sp

E = Young's modulus (of the rock)

v = Poisson's ratio (of the rock)

Knowing the three displacements u1 (at angle 6p)' u2 (at the angle 6p + 60°)

and u3 (at angle 6p + 120°), the system of equations is readily solved for the

three unknowns, S , S , and 6. The results are
p q p

E
Sp = 6d(l _ v2) (u 1 + u2 + u3 + h)

E
---------~2- (u 1 + u2 + u3 - h)
6d (1 - v )

(C2)

(C3)

6 =
P

(C4)
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where

( U1)
2JY2+ u3 - (C5)

In the MODCOMP plots yet another approximation has been made, i.e., for

gauges in vertical boreholes, Sand S are identified with Or and os' respec-
p q

tively, while for gauges in horizontal boreholes, Sp and Sq are identified

with Oz and os' Here or' os' and as are the radial, tangential and axial

stresses in a cylindrical coordinate system with origin at the center of the

central heater. The identification of the stress components mentioned above

is basically correct except when the relative magnitudes of the components

change with time. Examination of the predicted stress history indicates

that this "cross-over" can occur. Therefore, in plotting the predicted and

actual stresses using the LBL-CDC computer, we have labeled the different

stress components separately. Except for this difference, the CDC stress

plots are similar to the corresponding MODCOMP plots. An example CDC plot is

shown in Figure C1. At any instant in time, the actual stresses should be

compared to the predicted stresses according to the following scheme:

for a USBM gauge in a vertical hole, identify Sp(Sq) with the greater
(lesser) of or and as;

for a USBM gauge in a horizontal hole, identify Sp(Sq)' with the
greater (lesser) of Oz and as

C.3. BOREHOLE DISPLACEMENT PLOTS

Although the biaxial strain approximation (1) used in the stress compari

son above is usually adequate in mining applications, this may not necessarily

be true with thermal stresses. A better and equally simple expression exists
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XBL 796-10414

Fig. Cl. Predicted and measured stress history for a typical USBM gauge (U24)
in the 5 kW experiment.
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(Jaeger and Cook, 1976) relating the principal stresses 51, 52' 53 (assumed to

be applied from infinity) to the borehole displacement:

(C6)

with 53 parallel to the axis of the hole. For the full-scale experiments

and the sensor arrangements in the U5BM gauges, the following equalities hold

(either exactly or approximately)

Vertical holes

(J ,
r

5 = (J3 z

e = o for ul' 600 for u2, and 120 0 for u3.p

Horizontal holes

51 = (Je' 52 = (J , 53 = (J

z r

e = o for ul' 600 for u2, and 1200 for u3p

Note that according to equation (C6), u2 = u3' Also, no prior assumption has

been made regarding the relative magnitudes of 51 and 52'

A set of CDC plots has been made for the actual and predicted borehole

displacements according to equation (C6). An example is shown in Fig. C2.

While the discrepancies between theory and experiment appear to be similar for

both Fig. C1 and Fig. C2 at first glance, a closer look reveals the agreement

is in general better in the case of Fig. C2. It is therefore recommended that

this set of plots, based on a closer approximation, should be used for quanti

tative comparison. The difference between the experimental u2 and u3 in

Fig. C2 probably indicates anisotropy of the rock if the U5BM gauge calibration

is correct.
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Fig. C2. Predicted and measured borehole deformation history for a typical
USBM gauge (U24) in the 5 kW experiment. ul, u2, u3 designate the
change in borehole diameter in three different directions.
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C.4. ERROR ESTIMATE

It is easy to understand why the difference between the biaxial and tri-

axial analyses is not always negligible. The borehole displacement obtained

using equation (C6) differs from that given by equation (Cl) by the amount

~ = _vS3 + V
2(Sl + S2)

which represents the Poisson effect. Comparing the leading terms in the ex

pressions (C7) and (Cl), it is seen that the fractional error introduced by

omitting the effect of the stress component along the borehole axis is given

approximately by the ratio

For hydrostatic state of stress, Sl = S2 = S3' and v = 0.23 (the value used

for the stress calculations), the error is about 11.5%, which is not very

serious considering other possible sources of uncertainty. However, in the

case of the horizontal USBM gauge U24 illustrated in Figs. Cl and C2, it is

seen that S3 (= Or) can be much higher than Sl and S2 so that, for examples,

20 days after the turn-on of the 5 kW heater, S3 ~ 2(Sl + S2) and the error

is approximately 46%. This is probably one of the extreme cases. For other

horizontal USBM gauges, the error may be smaller.

For the USBM gauges in vertical holes, the error introduced by using

equation (Cl) instead of equation (C6) is not significant since the principal

stress along the axis of the hole is 0z and



-125-

Oz 1
(0 + or) < 2

8

for all these gauges.

A question that has not been addressed is the assumption of uniform

stress around the USBM gauge borehole. Although the borehole diameter is

small and the stress does not vary rapidly at the positions of these holes,

a quantitative estimate is still desirable.
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