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SUMMARY

This study was initiated under the premise that it may
be possible to determine the state of stress in the
earth's crust by heat induced fracturing of the rock
surrounding a borehole.

The theory involved is superficially simple, involving
the superposition of the stress field around a bore-
hole due to the existing virgin stresses and the uni-
form stress field of thermally loaded rock as induced
by a heater. Since the heat induced stress field is
uniform, varying only in magnitude and gradient as a
function of heater input, fracturing should be con-
trolled by the non-uniform virgin stress field.

To determine if the method was, in fact, feasible, a
series of laboratory tests were conducted. These tests
consisted of physically loading center drilled cubes
of rock, 0.3 m on a side, uniaxially from 0 to 25 M?a.
The blocks were then thermally loaded with a nominally
rated 3.7 kW heater until failure occurred.

Results from these laboratory tests 'were then compared
to analytical studies of the problem, i.e., finite
element and discrete theoretical analysis.

Overall, results were» such that the method is likely
eliminated as a stress measurement technique. The
immediate development of a thermal compressive zone
on the borehole wall overlaps the tensile zone created
by the uniaxial stress field, forcing the failure to
initiate away from the borehole wall. This failure is
thus controlled largely by the power input of the
heater, being retarded by the small- compressive stres-
ses generated by the uniaxial stress field. This small
retardation" effect is of such low magnitude that the
fracture time is relatively insensitive to the local
virgin siress field.



INTRODUCTION

This study was initiated under the premise that it may
be possible to determine the state cf stress in the
earth's crust by heat induced fracturing of a borehole.
The theory utilized was rather simple, involving the
superposition of the stress field around a borehole
due to the virgin stresses and the uniform stress
field of thermally loaded rock as induced by a bore-
hole heater. The basic objective was to develop stres-
ses within the rock mass around the borehole suffi-
cient to cause fracturing. Since the heat induced
stress field is uniform, varying only in magnitude and
gradient upon the heater input, fracturing would be
controlled by the hopefully non-uniform virgin stress*
field.

The history of man's encounters with the thermal stres-
ses developed in rocks is long. Early mining often
used this phenomena as the primary rock breakage
instrument. The rock face was heated by fires for
several days, then forced to failure by cooling, gene-
rally with water. Interest in the thermal fracture
phenomena has been renewed as of late. Studies have
been conducted which explored the possibilities of the
method for initial rock breakage (Clark and Lehnhoff,
1973) in mining as well as crushing (Thirumali, 1973).
In addition, the process has been studied carefully in
regards to the storage of radioactive waste underground
where rock fracturing could lead to a loss cf radio-
activety confinement. The Stripa Project, a project
concerning large scale testing of procedures for under-
ground storage of nuclear wastes, probably has dealt
most thoroughly with this subject by the usage of both
theoretical and in-situ heater testing in an attempt
to describe the thermal failure process in rock (Chan
and Cook, 1979).

Breakage of the rock by thermal stresses was used as s.
tool in this study. Suppose a borehole is drilled into
a solid rock mass. There exists around the borehole a
stress field entirely dependent upon the virgin stres-
ses existing in the rock mass. Now, let us introduce a
heater into the borehole. If there was no stress field
in the rock mass, a circular uniform stress field com-
posed of tensile and compressive zones would develop
around the hole. However, since there is an inherent
stress field present, the resulting stress field is a
time dependent one composed of the uniform, heater
generated component superposed over the non-uniform
in-situ stress field. As this composite stress field
changes with time, a stress value will be reached that
exceeds the strength of the rock mass (most likely in
tension, maximum stress direction) and a crack will
form. The time necessary before the fracture occurs is
dependent upon heater input, thermal and physical pro-
perties of the rock, and the virgin stress field. Since
the first two factors are known, or can be measured,
only one variable is left in tĥ e equation - the virgin



stress field.

With this theory in mind, a project was developed to
compare laboratory generated results with theoretical
calculations.

Laboratory testing consisted of physically loading
center drilled cubes of rock, 0.3 m on a side, uni-
axially from Q to 25 MPa. These were then thermally
loaded with a nominal 3.7 kW (factory rating) cylind-
rical heater until failure occurred. .This time to fai-
lure was recorded for comparison with analytical solu-
tions.

Analytical solutions were of two sorts, a direct mathe-
matical solution and a finite element approach. The
direct solution utilized an integral solution to the
temperature distribution in the block based on the
heater gower, calculated the stresses created by these
temperatures, and then superposed these stresses upon
the stresses generated around a hole under a known
stress in an infinite elastic solid. The finite ele-
ment technique was much the same. Here, standard heat
flow equations were utilized in calculating the tempe-
rature distributions within the mesh, stresses calcu-
lated from these temperatures, and then these fed into
the statically loaded elastic mesh to give the result-
ing stress field. For both cases, calculations were
performed at specific time-steps and an estimated fai-
lure time calculated from the compiled results.

Both laboratory and theoretical results were restricted
to a near ideal, infinite rock mass. Any attempts to
extrapolate these results must be undertaken with
caution.



THEORY

The stresses utilized to induce rock failure in the
vicinity of a borehole are those created by thermal
loading of the rock superposed over a stress field
created by some externally applied source. This means
that failure will be time dependent, based on the time
dependent temperature distribution in the rock. Given
this, it is necessary to develop a theory which can
couple the varying nature of the thermally induced
stresses with the present field stresses at a given
time.

The problem is best attacked by breaking it into
discrete steps. This project, and theoretical approach,
lend themselves very well to this method. The steps
involved are calculating:

1) The transient temperature distribution gene-
rated by a cylindrical heater in a cube of
rock.

2) The thermal stresses around the cylindrical
opening containing the heater due to the
temperature field.

3) The stresses around the cylindrical opening
containing the heater due to an applied uni-
axial load.

These problems have been encountered before, most
recently in the effort to store nuclear waste in under-
ground caverns. One of the largest of these studies
has been the "full scale" heater testing at the Stripa
mine in Sweden. Here, the theoretical temperature
fields and stresses were calculated around a borehole
in a granitic rock mass, before actual testing, given
a heater of fixed thermal output (Chan and Cook, 1979).
The general shape of these temperature and stress
distributions is given in Figure 3.1.

These theoretical curves show a strong compressive
tangential stress being generated on the boundary of
the hole, switching to tensile stress at some point
within the rock mass. The point at which switch-over
occurs and the actual magnitude of the maxima.a and
minimum stress is directly dependent upon the time of
heating.

The purpose of this project was to attempt to fail the
rock by forcing the tensile stress field generated by
an external load around a circular opening (Figure 3.1)
to coincide with the tensile stress zone generated by
heating. Compressive failure has been disregarded,
although the results are easily calculable.
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3.1 Program Description

The project was grounded on being able to predict
laboratory or field results with analytical solutions.
This was attempted in the following manner.

To produce accurate laboratory results, a series of
tests was to be conducted upon rock cubes 0.3 m on a
side. These were center-drilled with a hole diameter
of 0.03 m. Two rock types were tested; a coarse grained
granite with a high coefficient of expansion and a fine
grained diabase with a low expansion coefficient. All
the cubes were chosen to be fracture free. The blocks
were to be loaded uniaxlally with loads varying from
0 to 25 MPa. Thermal loading was to be accomplished by
a cylindrical heater 0.025 a in diameter, 0.30 m in
length, with a factory rating of 3.7 kW. The diffe-
rence in diameter between the heater and the borehole
was to be filled with a brass sleeve.

Given these fixed laboratory conditions, several other
assumptions were necessary to facilitate the theoreti-
cal formulation. The rock was assumed linearly elastic,
physically and thermally isotropic, with constant ther-
mal and physical properties. In addition, a perfect
contact was assumed between the heater and the rock
with a constant power input into the rock equal to the
factory rating from the time of heater energization.

These assumptions were later modified to some extent
to take into account some laboratory results, but that
did not affect the following derivations.

3.2 Temperature Distribution

The theoretical temperature distributions in a material
with constant thermal properties given a constant power
input is roughly parabolic in form becoming asymptotic
at the hole boundary (infinite temperature) and at an
infinite radius (zero temperature).

Assuming a spherical power source of know radius in a
thermally linear isotropic media with perfect contact
between the source and the heater, the temperature at
any point may be expressed as follows (Carslow and
Jaeger, 1959):

. -<r-r')2/4kt _

- lr-r f lerfc i r~ rV +
2(kt)*

(r+r')erfc
2(kt)

Where: Q = Power input
\ = Thermal conductivity
r' * Radius of the power source
r = Radius of the point of interest



k = Thermal diffusivity « A/pc
p = Density
c = Thermal capacity
t * Time
T(r) = Temperature at radius r
erfc » 1 - erf

9 x r2er£ 'jrl'~K «
This, however, is an expression for a spherical power
source in an infinite medium. To accurately model our
problem the equation was modified.

First, the source is not a point source, but a cylind-
rical heater in a cube rock. Secondly, because of the
finite nature of the block, the temperature field is
not spherical as given by a spherical source in an
infinite medium. It is however, at its maximum at the
midplane of the block perpendicular to the heater axis,
given a uniform input form the heater. Thus the
heater can be modelled as a row of spherical sources
with a radius equal to the radius of the heater. The
temperature distribution at the midplane of the block
is therefore the summation of the individual effects
from each fictitious "spherical source" upon the block
midplane (Figure 3.2). In doing so, advantage can be
taken of symmetry and the temperature equation re-
written as:

T ( r , 3 ^ |

-<r+r'>/4kt - Ir-r'lerfc

+ (r+r')erfc |r*r .' } (3.2)
2(kt)f

3.3 Thermal Stress

Thermal stresses due to temperature loading of a ther-
mally linear lsotropic body are directly dependent
upon the temperature field present in the block. Given
a thin circular plate of infinite outer radius, the
radial (or) and tangential <ofl) stresses around a cir-
cular hole In the middle of trie plate may be calcu-
lated as follows (Leijon, 1978):

o_(t) » —£«_-_ / r?(r) dr (3.3)
r d-v)r2 ro

("T j°6 ( t ) " TP^T ("T / r T < r > dr " T<r>

Given: or(t) » 0 at r » rfl

O0(t) = or(t) = 0 at r a »



Where: E
a

r
T(r)
ar<t)
ae(t)

8

Young's modulus
Coefficient of expansion
POiSSOnlS ratio
Hole radius
Radius to point of interest
Temperature at radius r given time t
Radial stress at tine t
Tangential stress at time t

This assumption of a thin circular plate should be
valid given the analysis is conducted at the block
midplane - ideally infinitely thin. Three dimensional
confinement effects due to theoretically lower tempera-
tures on both sides of the midplane are assumed to be
of a low enough magnitude to be ignored.

250 mm
heater

300 mm

Heater

p-i^-Approximated spherical segment

H

O

-r~~^»'jB |t Midptane of heater

25 mm

Figure 3.2a Cross section of test block.
Figure 3.2b Heater as a series of fictitious spherical

sources.



3.4 External Stress

In accordance with the goal of this project, the stres-
ses developed around a circular hole in an elastic
solid due to some external loading must also be calcu-
lated. The equations for this calculation are quite
well known but will be repeated here for the case of
unlaxial loading (Obert and Duval, 1967).

af, *J\
' ' 2 V r! ) '

2

2 V r" r 2

(3.5)

r 2 3r ** '
oo = ^ [1 + — ) + ^ (1 + —;2 ) coc 26 (3.6)ö 2 \ r* / 2 \ rH /

Where: Sy = Applied field stress, y direction
r o = Hole radius
r = Radlus to point of interest
8 = Angle taken counter clockwise from +x axis

to r
o r - Radial stress
o* = Tangential stress

given a standard Cartesian coordinate sys-
tem with x horizontal, positive to right}
y vertical, positive up.

3.5 Theoretical Formulation

As described in the introduction of this chapter, and
later discussed under individual headings, the theo-
retical analysis can be divided into three parts:

1) The calculation of a temperature field in
the rock mass.

2) The calculation of thermal stresses due to
these temperatures.

3) The calculation of a stress field due to
external loading.

Given this, the theoretical formulation of solution
followed these three steps.

To begin with, the temperature distributions were cal-
culated by the second equation (3.2) described in Sec-
tion 3.2. The heater was assumed to be composed of small
spherical elements as described. Calculations for erfc
and the summation of the individual temperature compo-
nents on the block midplane were done numerically. A
typical temperature - distance plot is shown as Figure
3.4.

Secondly, the problem of the stresses induced by these
derived temperatures was studied. The equations neces-
sary for the calculations are given in Section 3.3
(equations 3.3, 3.4). However, as it may be noticed,
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they include an integral over the temperature distri-
bution as a function of radius. The aforementioned
equations of Section 3.2 give the temperature distri-
bution as discrete points. Therefore, the integration
was solved as follows.

Between two adjacent points r< and r?, T(r) is assumed
linear and taken as line AB (Figure 3.3). This allows
T(r) to be discretized as a_number of straight line
segments. The equation of AB is:

(3.7)
T -

T1 "

T = I

T 2
T2

r
r 1

" T2

" r 2
" r 2

V +ri ~ T 2 \ / /ri ~ x 2 \ \

T - T2
or: T = Mr + C where M = — —- ;

r1 " r2

- T-

The integration of each discrete segment may then be
carried out giving:

/ rT(r) dr = / r(Mr + C) dr (3.8)
r-i x ̂

3 3 2 2

_ M(r2 - r ^ C(r2 - r.)

3 2
with the final result as:

ar ( t ) = (1 -av)r t"
1- — ~ +

2 2
C(ri+1

+ £±2 —) (3.9)

2

Ea f / 1 n :1 M ( r l + 1 " r i }
 +B t

2 2 .

- r . )L_J - T(r)|

Given this solution, a computer program was written to
complete the summations and calculate the stress field.
A typical example of the resulting stress field is
given as Figure 3.5.



Figure 3.3 Linear discretization of temperature
distribution.

The calculation of stresses in the block due to uni-
axial loading was trivial given the equations of Sec-
tion 3.4. A typical distribution of radial and tangen-
tial stresses is given as Figure 3.7.

Superposition of stresses was accomplished quite simply
by summing the radial and tangential stress field at
any given point. Since tensile failure was expected,
only the maximum tensile stresses given from the super-
posed .stress field were calculated.

It must be remembered that these formulas are based on
the assumption of an infinite solid. Because the labo-
ratory testing was conducted on finite blocks, the
applicability of the equations is valid only for a
fixed time, i.e., until the heater "sees" the block
surfaces.

3.6 Theoretical Results

Some initial calculations were conducted before the
laboratory experiments. These utilized thermal and
mechanical properties of the Stripa granite with a
full 3.7 kW heater input. A calculated breakage time
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was on the order of 6 to 12 seconds.

The first laboratory test indicated immediately some-
thing was wrong. Fracture time, instead of on the order
of seconds, took minutes. This lead to a re-thinking
of the power input - discussed more thoroughly in Sec-
tion 6. Let it suffice to say here that a heater input
of 0.90 kW and the material properties as listed in
Section 3 were utilized to give the following results.

Temperature distributions for granite and diabase are
shown as Figure 3.4. Temperatures adjacent to the hole
boundary increase rapidly with time, as does the tempe-
rature gradient away from the hole.

Thermal stresses adjacent to the hole are as shown in
Figure 3.5 and 3.6. Behavior is as would be expected
from a theoretical standpoint. The radial stress (or)
is always compressive with an increase in magnitude
due to heating. The tangential stress (a Q), the more
important of the two, has split tensile and compressive
regions. Adjacent to the hole boundary a very high
compressive field is developed based on the high tempe-
rature gradient. This changes into a tensile region as
distance from the hole increases. The actual magnitude
of these stresses is different for granite and diabase.
Granite, with its high coefficient of expansion (18.5 •
• 10"°) develops a much greater range of stress extre-
mes than does diabase (5.5 • 10"^). Actual location of
the stress minima is, of course, time dependent with
the tangential stress minima shifting further into the
rock with increasing time. The tangential stress re-
mains compressive adjacent to the hole boundary. For
example, given the granite:

1) After 30 seconds of heating
a) aQ is compressive to 10 mm from the

hole boundary
b) a Q is 30 MPa at 1 mm from the hole

boundary
c) a Q (minimum) is -3.3 MPa at 15 mm

from the hole boundary

2) After 180 seconds of heating
a) Og is compressive to 20 mm from the

hole boundary
b) a Q is 140 MPa at 1 mm from the hole

boundary
c) o. (minimum) is -11 MPa at 40 mm

from the hole boundary

Superposition of the elastic stress field at $ = 90
(stresses above the hole in the direction of loading)
shows that the developed tangential tensile stresses
due to the uniaxial load (Figure 3.7) are effectively
cancelled out by the heater developed tangential com-
pressive stresses. Thus, the region of maximum tensile
.tress is developed away from the hole boundary in the
position where the heater developed tangential stres-
ses overlap the weak tangential compressive stress
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field due to unisxial loading (Figure 3.8).

In summary, it is apparent the heater stresses almost
totally override the stresses due to uniaxial loading.
This means that: 1) Tensile fracture time will increase
with additional loading, not decrease as expected, 2)
The time difference between fracturing at different
loads will be low due to the fractional relationship of
the uniaxial developed tangential compressive stress
with load that must be overridden, and, 3) Fracturing
will initiate away from the hole boundary at a dis-
tance relatively independent of load.
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MATERIAL PROPERTIES

Tests were conducted to determine the mechanical and
thermal properties of the rocks tested during this
study. In addition, an attempt was made to describe the
petrology of the test rock types. These determinations
were essential from the viewpoint that the physical
and thermal properties were necessary for a theoreti-
cal prediction/explanation of laboratory results. It
is, however, of equal importance that the readers of
the report can understand exactly what materials were
studied here.

4.1 Petrographic Description

4.1.1 Diabase

The so-called diabase (a quartz-diorite in reality) is
a mottled grey, medium grained rock in hand specimen.
A thin section of the rock reveals that the material
is, in fact, fine grained. The dark minerals are
grouped together with some plagioclase to form small
clusters separated by a matrix of quartz, plagioclase,
and small biotite flakes giving a medium grained
appearance (see photo). Minerals show intergrowth of
grain boundaries with most grains beiru, anhedral.
Plagioclase and amphibole occasionally show crystal
faces. Little microcracking is present with that that
does appear being found in the quartz and along the
quartz grain boundaries. Cleavage fracturing is appa-
rent in the amphibole, plagioclase, and biotite.

A model analysis gave the composition as shown in
Table 4.1. In some cases it was difficult to distin-
guish between quartz and plagioclase expecially when
the small grains did not show undulatory extinction,
twinning, sericitization, or a more anorthitic core.
These were divided equally between plagioclase and
quartz. The error in percentages for these minerals
is thus a bit larger than shown in the table. The
quartz content is, however, well over 10 %. The rock
type is, according to r.trecheisen• s classification sys-
tem, a quartz-diorite (tonalite). It lies near the
border of the diorite-gabbro field.

The amphibole belongs to the hornblende series
(n - n M 0.020, 6 -, 2v « 60-65°, 16° extinction
angle, pleochroic, cleavage). It forms grains of 1-1.5
mm containing inclusions of quartz. Grains occasio-
nally show crystal faces.

Plagioclase occurs as approximately equant grains of
.1-1 nun. The larger grains have a core of Ab 4 5 An-c
(labradorite) and a shell of andesine. They are in
part sericitized and saussuritized with occasional
complex twinning. Smaller grains with a more albitic
composition (Abg0 An1Q) are also present.
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Quartz has a grain size varying between .01-.3 mm.
It shows weak undulatory extinction with relatively
simple grain boundaries. The quarts often acts as a
filler between the groups of dark minerals and occasio-
nally appeared to be attacking other minerals.

Biotite, .1-.2 mm, occurs as small grains together
wi*-.h the dark minerals or in the guartz-plagioclase
matrix.

The opaque minerals occasionally show crystalline form
and occur with the dark minerals. In some places these
are surrounded by sphene.

Apatite forms idiomorphic needles up to 1 mm long.

Epidote occurs together with plagioclase as small
grains < .1 mm with simple grain boundaries. It is
occasionally associated with biotite and appears to
have a dim brown-yellow kernel, possibly allanite.

4.1.2 Granite

The granite is a mottled redgrey, coarse grained mate-
rial in hand specimen.

Modal composition is as shown in Table 4.1. The accu-
racy in the point counting is less than in the case of
the "diabase" due to the large grain size.

Microcracking is prominent with cracks commonly passing
through several mineral grains. Several orientations
occur with one of these filled with sericite.

The rock is classified as a granite according to
Strecheisen's system, lying near the monzonite field.

Microcline has a mean grain size of 5 mm. Inclusions
of plagioclase and quartz are common. The grains are
allotriomorphic in form.

The plagioclase has the composition of oligoclase.
Grain size is 2-5 mm, with grains having a more albitic
zone near the microcline, occasionally showing a worm-
line intergrowth of quartz. Crystal centers are often
heavily sericitized.

Quartz occurs as anhedral grains of 1-2 mm. Undulatory
extinction is prominent.

Biotite occurs as .7-.9 mm grains and is occasionally
altered to chlorite.

Opaque minerals, apatite, sphene, and zircon are found
as accessory minerals.
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4.1.3 Comparison

A comparison between the granite and the "diabase"
shows that the granite has a larger grain size, simp-
ler grain boundaries, and more microcracking.

The alteration is oligoclase to sericite and biotite
to chlorite in the granite and labradorite-andesine to
sericite and saussurite in the "diabase".

There is no large difference in quartz content between
the two rock types. However, there is a difference in
mineral content, possibly explaining the difference in
expansion coefficients.

Table 4.1 Modal composition of the test rock types.

Mineral

Diabase (Quartz-diorite)

Amphibole

Plagioclase

Biotite

Quartz

Opaque minerals

Epidote

Apatite

Sphene

Calcite

Granite

Microcline

Plagioclase

Quartz

Biotite-chlorite

Accessories

Surface %

33.5

26.0

17.8

15.3

2.2

2.4

1.9

0.8

0.1

41.0

32.0

19.0

6.0

2.0
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Figure 4.1a "Diabase" (quartz-diorite). Uncrossed
nicols, 25X magnification.
Figure 4.1b Granite. Crossed nicols, 25X magnification,
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4.2 Physical Properties

Mechanical and thermal properties were determined by
testing core samples obtained from rough blocks of
each material. Ths testing was f.s follows:

Uniaxial compressive strength: 5 samples per
rock type tested to failure. Preparation
and procedure according to ISRH suggested
methods (ceo reference).

Tensile strength: 5 samples per rock type, ISRM
preparation and procedure.

Modulus of elasticity: The secant modulus at
50 % of ultimate strength was taken from
the uniaxial testing stress-strain curves.

Poisson's Ratio: The axial vs. radial strain
values at 50 % of ultimate compressive
strength were used to obtain this result.

Density: Values were obtained from measuring
and weighing uniaxial compression samples
before testing.

Thermal conductivity: 5 samples per rock type,
measurement according to the Divided Bar
Method (see reference).

Thermal expansion: 3 samples per rock type,
measurement with dilatometer (Wadsten
and Milles, 1976). The existing standard
was broken so all samples were standard-
ized against an aluminum bar, which may
have introduced some error.

Specific heat: 5 samples per rock type. A Dewar
Vessel calorimeter was utilized to obtain
these values.

A summary of the results is found as Table 4.2.
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Table 4.2 Mechanical and Thermal Properties of Granite
and Diabase.

Uniaxial
Compressive
Strength
(MPa)

Tensile
Strength
(MPa)

Poisson1s
Ratio

Modulus of
Elasticity
(GPa)

Density
(kg/m3)

Thermal
Conductivity
(W/m°K)

Thermal
Expansion
at 260° C
(x 10"6)

Specific
Heat
(kJ/kg)

Granite

Mean

166.67

9.92

0.24

58.32

2635.0

3.32

18.5

0.721

Standard
Deviation

7.90

0.47

0.04

4.24

9.7

0.12

7.1

0.006

Diabase

Mean

196.16

18.04

0.26

86.16

2932.0

2.84

5.5

0.723

Standard
Deviation

8.35

0.93

0.01

1.31

1.6

0.02

1.4

0.009
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EXPERIMENTAL ANALYSIS

The experimental analysis was conducted to verify the
theoretical analysis. Given a fixed set of parameters,
it should be possible to predict what the outcome
would be, i.e. fracture time, from theoretical calcu-
lations. The physical and thermal properties were
known, and are as described in Section 4. The physical
loading of the block could be accurately controlled,
and the power rating of the heater was known. However,
the interaction of all these components when assembled
in the laboratory was unknown and was what was to be
determined.

5.1 Sample Preparation

The blocks to be tested were cut to dimensions of 0.30
m per side and polished on two opposite faces. A 0.03
m hole was diamond drilled through the center of the
block parallel to the polished surfaces of the cube,
which were left for loading.

Since the temperature field in the rock around the
heater was to be measured, wire type thermocouples
were installed in the block. This was accomplished by
drilling holes in the block parallel to the heater
hole with diamond coated denistry bits. To minimize
stress problems caused by the holes, they were kept
quite small (2 mm diameter). The depth was limited to
the length of the drillbit, here 15 mm. In addition,
the holes were located on radii off the perpendicular
to the block faces.

These holes were then filled with a heat conducting
grease, Redpoint Thermpath 1G/, and the thermocouple
wires installed. A seal of a self polymerizing glue
was placed around the base of the wire where it exited
the block. This was an attempt to isolate the thermo-
couple contacts from exterior influences as well as to
hold the wires securely in place both before and during
testing.

The total number, as well as spacing, of the thermo-
couples per block varied as testing progressed, depend-
ing on the availability of recording channels. The
spacing scheme followed is presented as Table 5.1, the
actual distance from the edge of the heater borehole
for each block is located in Appendix 1.

Due to the large size of blocks, problems with sample
centering and uniform loading of the block in the press
were recognized. Even though the press was equipped
with an upper ram spherical seat, non-parallelity of
the load faces could cause uneven stress distributions
in the block. Thus, all the blocks were instrumented
with foil type electrical resistance strain gauges.
These were placed along the horizontal centerline of
the block, 0.10 m from the borehole center in a manner



25

as to measure axial strain. A total of four strain
gauges were used per block - two per face penetrated
by the heater hole.

After the strain gauges were attached, they were
covered with tape and the block spray painted with a
white, heat resistant paint. This provided a relatively
brittle surface coating and uniform color which greatly
aided in the visual detection of fractures.

As a final step before testing, an aluminum bracket
designed to hold the acoustic emission transducer was
glued on the block. This was positioned approximately
in the center of the non-loaded face parallel to the
heater hole. The blocks as they appeared prior to
testing are shown in Figure 5.2.

Table 5.1 Planned radial distances of thermocouple
holes from haater hole wall (mm).

Block No.

1

2-3

4-12

T1

5

5

5

T2

10

10

10

T3

10

15

20

T4

15

25

30

T5

40

T6

50

5.2 Experimental Set-up

The test blocks were cubical in shape with an edge
length of 0.30 m, cut through by one, face-centered
hole of 0.03 m diameter (3) (numbers refer to Figure
5.1). The blocks were loaded by a 3000 kN rock mecha-
nics press (7) by manual control (10). The load was
accurately adjusted by the aid of a 1000 kN load-cell
on top of the block (8), giving load readings as volt-
age equivalents (21). The load-cell was conditioned by
a strain gauge amplifier (20). Strain gauge readings
were amplified and printed out by a strain gauge read-
out unit (22). Keating of the blocks was accomplished
by a heating element (2) of 3.7 kW. A brass cylinder
filled the gap between the element and the borehole
wall. The temperature on the surface of the element
was measured by a thermocouple (1) giving readings to
the heater control box (19). A desired average tempera-
ture of the heater element could be chosen and was
maintained by the heater control which periodically
switched the heater on and off. The on-off periods
were registered by the computer via relay in the power
supply (16). Readings of all seven thermocouples (six
in the block, one on the heating element) were ampli-
fied by the strain gauge amplifier (20) and transfered
directly to the recording computer. The acoustic emis-
sions produced by the blocks were detected by a trans-
ducer placed on the block (6) and amplified by an
acoustic emission amplification unit (18). Sampling of
test data was accomplished with an ABC 800 microcom-
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puter (11) via A/D converter (14) and stored on dis-
cettes (13). A total of 12 channels were available for
usage with a sampling time of 2 seconds. A general
representation of the computer data acquistion form
may be found in Table 5.2.

Graphical recording during tests was accomplished by
one four-pen X-T recorder (15) and a two-pen X-Y re-
corder (17). The recorders had approximately the func-
tions as shown in Table 5.3.

(1) THERMOCOUPLE
(2) HEATER ELEMENT
(3) TEST BLOCK
(4) TO THERMOCOUPLES
(5) TO STRAIN GAUGES
(6) TO ACOUSTIC EMISSION PHONE
(7) ROCK MECHANICS PRESS
(8) LOAD CELL
(9) TEST BLOCK
(10) PRESS CONTROL
(11) MICROCOMPUTER
(12) PLOTTER
(13) DISCETTE UNIT
(14) AD-CONVERTER
(15) X-T RECORDER
(16) POWER SUPPLY
(17) X-Y RECORDER
(18) ACOUSTIC EMISSION UNIT
(19) HEATER CONTROL
(20) STRAIN GAUGE AMPLIFIER
(21) VOLTMETER
(22) STRAIN GAUGE READOUT UNIT

Figure 5.1 Experimental set-up.
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Figure 5.2 Approximate appearance of test blocks,
a) heater exit side, b) neater entrance side.
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Table 5.2 General representation of computer data
storage.

Channel Function

1 Acoustic emission (counts)

2 Force (load cell)

3 Thermocouple 1

4 " 2

5 " 3

6 " 4

7 " 5

8 " 6

9 " 7

10 Heater ON-OFF signal

11 Test time (seconds)

Table 5.3 General representation of hardcopy output.

X-T

T

X1
X2
XT
X4

Recorder

Time

Acoustic emission

Heater temperature

Heater ON-OFF

Force (load cell)

X-Y

X
Y1
Y2

Recorder

Time

Thermocouple 1

2

5.3 Test Procedure

The prepared block was placed in the rock mechanics
press between two Masonite plates. Two steel load
transfer plates were then set on the block, followed
by a 1000 kN load cell. Strain gauge leads were con-
nected to the amplifier and the block moved into the
load area of the press.

Because of the load distribution problems mentioned
before, the block was "trial loaded". This gave strain
readings at some fixed load level. The block was
shifted under the ram until the difference in measured
axial strains around the block were at a minimum.

Once the block was in the assumed optimum position,
the heater was inserted into the borehole. The heater,
before insertion, was equipped with a brass cylinder
to fill the difference between hole and heater dia-
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meters (5 mm), and a thermocouple to control heater
temperature. After the heater was installed, the acous-
tic emission transducer was placed in position on the
block and all additional electrical connections com-
pleted. The thermocouples were, at this point, zeroed
to room temperature. The block was then ready for test-
ing.

Load was then applied in the press under manual con-
trol. A measurement of the load magnitude was provided
by the load cell placed in series contact with the
block. Actual loads applied during testing were 0, 5,
15, and 25 MPa.

The block was allowed to stabilize a few minutes once
the appropriate load level had been reached. Then the
heater was switched ON and the control temperature set
(control temperature was around 400° C but an overshot
due to heat transfer lag allowed the temperature to
reach 425-440° C peak). Power was applied to the heater
for a fixed time of 45 minutes. Any fracturing during
this time was noted by acoustic emissions and/or visual
observations.

After this fixed heating time, the heater was switched
off and removed immediately from the block. The block
was then generally unloaded and allowed to cool. How-
ever, in a few special cases, a cooling device which
forced cold water through the borehole was substituted
for the heater with the block still loaded (Figure
5.3). In this instance, additional time was allowed
for acoustic monitoring of the block before unloading.

Once the block was unloaded, data acquistion by the
computer was terminated. The block, when cooled, was
examined and all visible fractures marked. Photos of
each face of the block were taken and the test was
completed.

Figure 5.3 View of cooling device as water exited the
block.
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5.4 Results

Results from laboratory testing are presented in this
chapter. A large amount of data was compiled from the
laboratory testing. In fact, so much data was collected
as to render a "complete" analysis impossible within
the frame of the project. However, an attempt will be
made to illustrate what are believed to be the impor-
tant aspects of the test results.

5.4.1 Acoustic Emission

Acoustic emission results are the best evidence we
have of fracturing in the block. Both visible and hid-
den fractures are detected with this method. Unfortu-
nately, with only one transducer, the actual location
of fracture is missing.

During testing, acoustic emissions from the block were
accumulated over a sample interval, here 2 seconds,
and stored on the computer as the number of counts per
interval. These were later plotted versus test time
and a typical example is shown as Figure 5.4, with the
remaining plots presented in Appendix 1. A distinct
difference in type of emission was noted between dia-
base and granite. Diabase had very sharp, definite
emission peaks of extremely short duration, apparently
independent of load. These peaks were often accompanied
by audible noise. Granite, on the other hand, was quite
different. Here the first acoustic emission peak was
approached by a series of increasing counts which cul-
minated in a final large peak. This made it difficult
to distinguish an actual time of fracture. This grad-
ation in count intensity from zero to peak appeared to
be somewhat load dependent.

In an attempt to solve the problem of deciding when
the block actually fractured, a threshold level of
counts based on the maximum peak height was instituted.
This means that the data files were searched on the
computer to locate the peak with the maximum number of
counts. A percentage of this peak height was taken and
used as a "trigger level". In addition, a threshold
time interval, here 3 sampling intervals (6 seconds),
was established to filter out possible erroneous peaks.

This method was applied to both rock types at three
different trigger levels? 0.5 %, 2 %, and 5 %. A linear
regression fit was performed on each level and a corre-
lation coefficient calculated. It appeared from this
attempt that the 5 % trigger level was likely the best
representation of failure in terms of data fit. Thus,
the time to failure for each block is base on this
5 % trigger level (Table 5.4) with a regression fit as
a prediction to failure as shown in Figure 5.5.
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Figure 5.5 Linear regression fit to acoustic emission
fracture times.
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Table 5.4 Test block fracture times.

Block No

-

1

2

3

4

5 '

6

7

8

9

10

11

12

Rock Type

Granite

Diabase

Granite

Diabase

Granite

Granite

Diabase

Diabase

Granite

Diabase

Granite

Diabase

Stress

(MPa)

15

25

25

15

5

0

Q

5

15

5

25

25

Fracture Time

(Sec.)

192

210

208

174

128

192

208

158

220

196

262

Note: The fracture times were calculated from the
acoustic emission recordings, at a trigger level
of 5 % of the maximum peak height

5.4.2 Temperature Distribution

Temperature data was collected from the thermocouples
affixed to the block. A sample temperature-time plot
is shown as Figure 5.6. The upper, jagged line is the
heater surface temperature, whereas the lower lines
are the time dependent temperatures at increasing
distance from the borehole wall.

From these plots, the temperature distribution within
the rock could be described at any particular instant
as a function of distance. As an example, the teroper-
ture-time plots for granite and diabase are given as
Figures 5.7a and 5.7b respectively. No large diffe-
rences are apparent between the shape of the two
curves, as would be expected given their small diffe-
rence in thermal transfer properties.

5.4.3 Visual Observation

A visual watch was kept on the block during the test-
ing, as well as a fracture annotation after testing.
Here the fracturing present on the blocks has been
broken down into primary, secondary, and tertiary seg-
ments. An isometric sketch of the fracturing present
on each block is presented as Figure 5.8, with sup-
porting photographs in Appendix 2.
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Primary fractures occurred on the faces of the block
penetrated by the heater hole. These appeared slightly
after acoustic emission peaks, although not all emis-
sion peaks were accompanied by visible fractures. The
first fracture to occur was a vertical fracture tracing
from the hole boundary to the upper or lower block sur-
face. This fracture occurred at slightly different
tines on the upper and lower half, as well as opposite
ends, of the block. Fracture generation was rarely
accomplished instantaneously, but was instead a slow
growth process. In the lower load ranges (0-5 MPa)
this vertical fracturing was accompanied by audible
noise. Dilation of the fracture was rapid. With in-
creased load the character of this vertical fracturing
changed. Fracture generation was not as violent with
the fractures obviously being generated away from the
hole boundary about 1 to 2 centimeters. This fracture
appeared to propagate to a point on the boreholes hori-
zontal centerline, i.e., tangent to the borehole, after
unloading.

The appearance of secondary fractures was also load
dependent. Again with low uniaxial loads (0-5 MPa) a
system of radial fractures developed around the heater
hole. For the unloaded blocks, this system was near
horizontal, for higher loads, the system shifted to a
45° orientation. These fractures did not necessarily
originate from, or touch, the borehole surface, but
commonly passed through the thermocouple holes. Higher
loads apparently suppressed the generation of this
system with only minor fractures in a 45° direction
away from the hole boundary (isolated cases).

A third form of fracturing became apparent late during
the testing cycle which initiated on the loaded faces
of the blocks. These fractures initiated from the pri-
mary fracture (longitudinal along the heater hole),
and traveled transversely across the block perpendicu-
lar to the heater. Initiation was in the middle sec-
tion of the load face, with the opposing ends of the
fracture (those on opposite sides of the primary frac-
ture) always being offset by several centimeters.
These fractures commonly traveled halfway, and occasio-
nally completely, around the block.
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Figure 5.6 Sample temperature-time plot.
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5.5 Discussion

The most important results may be summarized as fol-
lows:

(1) Acoustic emissions are produced by the block
during heating and can be used as an esti-
mator of initial fracturing.

(2) Thermal distributions recorded during the
experiments are consistent with the mate-
rial thermal properties.

(3) Heater contact with the rock is critical to
the actual thermal input into the rock and
is thus critical to breakage time.

(4) Primary fracturing appeared away from the
hole boundary.

(5) Thermocouple holes, even though small,
appeared to affect the secondary fracturing.

(6) Tertiary fracturing is of rather high inten-
sity.

Numbers (1), (2), (4), and (5) occurred and have been
discussed, however, (3) and (6) deserve additional
comment here.

The heater contact with the rock is of critical im-
portance. Observations from testing showed that when
the borehole was not absolutely uniform, i.e., had a
step or bend due to drilling, the fracture time and
fracture orientations were affected. This was especi-
ally noticeable in block 12 which had a step in the
wall due to re-drilling.' The time to fracture was
longer than the mean and the fracture path was bent
in the locality of the borehole step, as shown in
Figure 5.9.

There was also obviously a problem in heater contact
with the rock in general. A test was conducted to mea-
sure the reliability of the shallow hole thermocouples.
This involved drilling two holes parallel to the heater;
one hole at 10 mm - one at 25 mm from the hole wall,
and measuring the temperature in the rock at discrete
points alorg the axis of these holes. This gave the
result that the temperatures given by the thermocouples
were likely 15-20° C lower than that internal in the
block at 10 mm from the hole boundary, with decreasing
error as distance increased. However, these results
must be viewed with suspicion as when the heater was
removed from the hole, the block cooled, and the heater
returned to the hole for an additional test, the entire
family of temperature curves changed. This indicates a
random point contact between the heater and the rock
with the end results being 1) the efficiency of heat
transfer between the rock and the heater is likely low
and 2) a correction factor for the thermocouple derived
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tempeiatures cannct be obtained. The deviations of the
internal temperatures is of the same order of magni-
tude as the end effects. A rough guess at the correc-
tion factor would be that the actual internal block
temperature was 20-30 % higher than shown by the mea-
sured temperature distributions.

Number (6), tertiary fracturing, is something of inte-
rest that has been observed previously by Clark (1973).
An estimate of the time of these fractures from acous-
tic emission monitoring after heater energization is
given as Table 5.5. The main problem is that no visual
confirmation of the fracturing was possible as the
fractures begin on the loaded faces.

It is apparent that these fractures are a relatively
high energy phenomena, based on fracture extent, rank-
ing second only to the primary fractures. They also
are a three-dimensional phenomena that cannot be
modelled with a simple two-dimensional analytic
approach.

Table 5.5 Possible tertiary fracture times.

Block

No.

1

2

3

4

5

6

7

8

9

10

11

12

Rock
Type*

G

D

G

D

G

G

D

D

G

D

G

D

1 2

Peak

3 4 5

Omitted from evaluation

440
61

820
85

1070
65

1260
240

—

(time
(peak

1120
105

1720
105

—

1990
230**

720
150

780
105

1960
20**

750
29

1010
47

1020
overflow**

1970
205

(seconds))
height (counts))

1170 2820
110 28

2600
62

—

880 960 1020
80 215 105

2520
8

6

1120
over
flow

* G = Granite, D = Diabase
** Higher certainty of time being that of the tertiary

fracture
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Figure 5.9a "Normal" tertiary fracturing.
Figure 5.9b Kink in tertiary fracturing in the
vicinity of a borehole deviation.
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FINITE ELEMENT ANALYSIS

The finite element analysis was another analytical
approach to predict and help explain certain aspects
of the project. Although the program utilized did not
have the flexibility needed to precisely model the
problem/ it was flexible enough to include some of the
observations from the lab experiments and show their
effect upon experimental outcomes.

6.1 FEM Computer Code

Calculations performed in this study were handled by
an FEM program called HFEMP (Nilsson and Oldenburg,
1983), a general finite element program for two-dimen-
sional problems developed at the Luleå University of
Technology under the years 1980-1983. It can be uti-
lized on both linear and non-linear problems, static
and dynamic. Heat problems are handled by the standard
Crank-Nicholson solution method for heat flow problems.

6.2 FEM Mesh

The mesh utilized was generated by program MGP. This
program was developed at the University of Trondheim
(Norway) and later adopted and modified by the Luleå
University of Technology. It develops a two-dimensional
raesh based upon a series of input coordinates given by
the user. It also includes a bandwidth optimization
routine, which was utilized, to help reduce computer
run time.

In this case, as the object under analysis was a cube,
and was to be handled in two-dimensions as a square,
all possible advantages were taken of symmetry. Thus,
only one quarter of the block was actually analyzed
(Figure 6.1). This gives a mesh of 526 elements, 4
nodes per element. Spacing between nodes was very close
adjacent to the center heater hole (about 1 mm) in
order to more accurately defir.e what occurred in this
region, with the element aspect ratio very close to
the optimal 1:1. Spacing and aspect ratio were con-
sidered of less importance away from the heated
boundary.



Figure 6.1a Two-dimensional representation of block
showing symmetry conditions.
Figure 6.1b Expanded view of the FEM mesh.
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6.3 FEM Boundary Conditions

The boundary conditions determine the final results
from any FEM analysis, although this case is more sen-
sitive than some others.

Physical properties from the laboratory testing, as
reported in Section 3, were utilized. The outer boun-
dary of the block had an initial zero temperature at
time zero but was otherwise not restricted during the
actual running of the model. The vertical and horizon-
tal symmetry boundaries were restricted in the X and
Y directions respectively. The interior hole boundary
was unrestricted as to motion but had some rather inte-
resting heating assumptions. These were: 1) a constant
power input for a specified length of time, 2) a tempe-
rature rise on the boundary to the heater temperature,
and 3) a constant boundary temperature.

The first problem encountered was to determine how
long constant power input should be. Obviously it
should be the amount of time the heater was on before
a fictitious constant temperature was reached. However,
the time the heater was initially on was extremely
variable. For diabase the mean was 142 seconds with a
standard deviation of 17 seconds, for granite the
figures were 148 and 18 respectively. This range of
values, ± 36 seconds to cover 95 % of the occurrances,
indicates either an extremely variable thermal conduc-
tivity, or, as discussed in Section 5, an extreme
variance in heater to rock contact. This meant that
the theoretical power input was probably much less
than the rated value of the heater. Thus, the tempera-
tures around the hole were plotted for each block at
the mean shut-off time of the heater (Figure 6.2).
From these values, an estimated value of the effective
heater input was calculated. In the case of diabase
the value was around 0.985 kW, granite at 0.850 kW.
For convience's sake, a mean value of 0.90 kW was uti-
lized as a trial power input. For comparison, a 1.5
kW input was also tested. These results are shown in
graphic comparison to lab test results in Figure 2.

As can be seen, as well as proven by back calculations,
the 0.90 kW curv^ is more realistic fit to the data
than the 1.5 kW curve. However, that means the effi-
ciency of heat transfer between the rock and heater
was around 25 %, and non-linear, as shown by the dis-
parity in shape between the theoretical and actural
curves. This non-linear power variation was, however,
based on such sparse data that it was disregarded and
a mean power input of 0.90 kW was utilized for both
rock types for the initial heater ON time given the
mean lab heater ON times for each rock type. This
problem was later solved after the study was completed.
The mistake made was assuming the heater was of neg-
ligible mass and thus applied an instantaneous heating
effect to the rock mass. A test was conducted to deter-
mine the true input of the heater by means of heating
a known volume of water and measuring the temperature
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Figure 6.2 Comparison of actual and FEM generated
temperature curves.
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at various time steps. This gave a heater power value
of 3.43 kW. Then, the heater and brass sleeve were
heated in open air until the exterior of the sleeve
reached 400° C. This time was exactly 100 seconds.
Therefore, the mean power input into the blocks was
approximately the full value (3.4 kW) of the heater
for a time of around 45 seconds. This, when divided by
the total time the heater was ON, gives a mean power
value input of 1.05 kW which is equivalent to the 0.90
kW backcalculated from the temperature distributions.

This lead immediately to another problem. From the lab
experiments, the heater shut-off at 400-425° C. How-
ever, according to the FEM calculations, it was impos-
sible for the rock boundary to be at 400° C when the
heater shut-off. Thus, an artificial temperature rise
on the hole boundary from around 120° to 400° C was
conducted over an 11 second period. This gave the
required boundary temperature without worrying about
power input. From this point on, the model was operated
with a constant 400° C on the boundary - a rough mean
value of the heater operating temperature.

In an attempt to measure the accuracy of the fictitious
boundary constraints as related to temperature, a com-
parison was conducted at each observation time point
from the FEM model and experimental data. These curves
are presented as Figure 6.3 for granite and Figure 6.4
for diabase. As can be seen, the temperature rise over
11 seconds may be a little too drastic, but it is also
apparent a constant 0.90 kW input after heater shut-off
is a little too low. The temperature distributions
created, although not perfectly modelling the measured
temperature distributions (themselves subject to error
as discussed in Section 5>, give a reasonably accurate
enough representation of \e temperature distribution
inside the rock mass to jure a relatively realistic
modelling of the experiments.

6.4 Results

It was decided that the simplest method of analysis
was to time step through the model and study the situ-
ation at discrete time points. From an economy point
of vie^r and from the linear appearance of the labora-
tory data, it was decided to study the model at two
uniaxial load cases, 0 and 25 MPa.

Thus, maximum and minimum stresses were taken from the
isostress contours given as result of a particular
time-step (Appendix 3). Stresses within 1 mm of the
hole boundary were disregarded as being non-representa-
tive of the rock as a whole, but more of constituent
mineral grains. The results are given as Figures 6.5
to 6.8.
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Figure 6.3 Comparison of actual and FEM generated
temperature curves - Granite.
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Figure 6.4 Comparison of actual and FEM generated
temperature curves - Diabase.
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Time 200 seconds

0.9 kW input to U0 seconds
11 second rise to 400° (FEM)
0.9 kW input constant (FEM)
Estimated lab results
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DISTANCE FROM HOLE PERIMETER (mm)

Figure 6.4 Comparison of actual and FEM generated
temperature curves - Diabase.
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As can be seen, the effect of the boundary being forced
to 400° C is quite dramatic (time s 140 seconds, Figure
6.5). However, this makes no difference in the case of
granite (Figure 6.7), as the material fractures before
the initial heat shut-off, and is a fair representation
of the temperature state in the diabase at the time of
fracture, as shown by the temperature curves (Figure
6.4) .

An attempt was made to estimate a failure time from
these plots. For each case, compressive or tensile,
the appropriate strength value was plotted along with
a line representing 2 standard deviations of this
strength above and below the mean value. The intercept
of the standard deviation boundaries with the stress
curve was considered for prediction of the failure
time, not the intercept of the mean value of the
strength with the stress curve. The stress curve was
assumed linear between the two standard deviation
curves. This was done to enable a more accurate com-
parison between the linear regression fit to the labo-
ratory data. A linear regression fits a line through
an estimated "midpoint" of the data, assuming the data
is normally distributed. In the case of granite, Figure
6.8. This assumption is critical, as the mean value
intercept and calculated intercept vary dramatically
due to the shape of the stress curve. This assumption
of linearity is assumed best at this time, even though
the fact is recognized that a variance of the stress
value due to varying thermal properties and heater in-
put should also be included.

This prediction of failure times was to see if the
laboratory failure times could be predicted by either
a compressive or tensile failure criteria. These "pre-
dicted curves" versus "actual curves" are shown as
Figure 6.9.

These tend to show, as expected, that the primary fai-
lure mode is tensile in nature. The slopes of the ten-
sile prediction lines are roughly parallel to the labo-
ratory results whereas the compressive predictions
shows a slope in the opposite direction, i.e., reduced
failure time with increasing load - directly contrary
to laboratory results. Tensile failure is also in part
confirmed by the location of failure. According to the
FEM results, the maximum tensile stress develops away
from the hole boundary, meaning failure should origi-
nate away from the boundary. This was observed in the
laboratory testing as well as confirmed in the theo-
retical section of this paper.

6.5 Additional FEM Work

In addition to the work described above, some additio-
nal calculations were carried out to investigate/verify
further hypotheses. Among these were an attempt to
verify the stress field induced by a heater in a hydro-
static stress state and a failure criteria based on
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critical extension strain.

The model attempt to determine the overall stress field
induced by a heater in a block with a presently exis-
ting hydrostatic stress field was quite simple. The
model was simply loaded with a uniform distributed
load on both free surfaces to develop a stress field
of 25 MPa within the block (diabase only). Maximum and
minimum stress contours were then plotted at critical
time steps of the uniaxial study (Figures 6.10 and
6.11). This indicated that in a hydrostatic stress
state the superposition of stresses was such as to
inhibit tensile failure, possibly to the extent where
failure would not occur at all given the present heater
input. This tends to indicate that with a relatively
low power input, the failure time will be controlled
by the minimum principal stress, not the maximum as
was expected.

Yet another attempt to define alternative failure
modes was made, this time using the extension strain
criteria (Stacey, 1981). The extension strain failure
model essentially takes the inflection point from a
plot of radial vs axial strain (uniaxial testing) and
assumes that once this value is exceeded the material
fails. This very obviously does not fit the numerical
data taken from the finite element runs (Table 6.1).
The critical strain values are reached long before the
block fails and are adjacent to the hole, not in a
zone away from the hole as experimental observations
show. In addition, the extension strain failure should
give decreasing times of failure with increasing load,
the exact opposite of what occurred in lab testing.

Table 6.1 Maximum extension strain values (FEM).

Rock Type

Diabase

Granite

Time

(sees)

140

171

201

111

148

179

Strain

(micro-
strains)

922

2720

2930

2580

2910

8800

Laboratory
Critical
Strain

700

2050

Note: Strain values in the element immediately adjacent
to the hole were disregarded.
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Figure 6.9 Failure prediction comparison of laboratory
data versus FEM results.
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RESULT COMPARISON

This study was composed of three distinct sections,
laboratory, theoretical, and FEM theoretical. A com-
pilation and comparison of these is necessary in order
to clarify the actual results of the project.

The mode of failure is most probably tensile, at least
in initiation. There is a good agreement between the
visual sighting of the primary fracture in the labora-
tory with the zones of highest tensile stress predicted
from both the discrete theoretical and FEM analysis.
The actual location of the first failure being away
from the hole boundary is confirmed by all three seg-
ments of the study.

Given that tensile failure is assumed, a comparison of
the three phases of the study is given in Figures 7.1
and 7.2 for granite and diabase respectively. There is
obviously, from studying the figures, a difference in
the shape of the stress curves provided by the FEM and
discrete analysis. This may possibly be explained in
the following manner.

The basis for the FEM stress curves were isostress
maps of the minimum principal stress, with the minimum
contour chosen as the value to be plotted. These stres-
ses are not necessarily the minimum tangential stress
as provided by the theoretical study. In addition, the
interpolation between values during the plotting of
the FEM isostress maps undoubtedly introduced error.
The simple superposition of tangential stresses at a
point in the theoretical study while disregarding the
shear stress component undoubtedly has affected the
final stress result in that portion of the study.
Finally, there was a difference in the assumed active
length of the heater with the discrete theoretical
analysis using 0.25 m and the FEM analysis using 0.30 m.

After ~ 140 seconds any comparison between the two
curves is impossiblf. At about this point the FEM ana-
lysis assumed a temperature rise on the hole boundary
to 400° C. The theoretical analysis continued with a
constant 0.90 kW input.

In all cases, the general form of the stress curves is
roughly the same in the region of comparison. Actual
magnitude differences are not all that critical given
the assumptions the curves are based on.

A comparison of the actual times to failure, repre-
sented linearly from 0 to 25 MPa is given as Figure
7.3. Here, as well as in Figure 7.2, the affect of the
hole boundary not being forced to 400° C in the theo-
retical study is readily apparent in the diabase.
According to the stress plots derived from the dis-
crete theoretical analysis, the diabase should never
break, whereas the FEM model with the forced hole sur-
face temperature fractures at approximately the correct
time.
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Granitei on the other hand is less affected, with the
initial fracturing coming before the heater shuts off
for the first time (at 0 MPa). The affect is, however,
apparent at the 25 MPa load where fracture time is
slightly delayed with respect to laboratory results.
In both cases, the slope of the FEM generated failure
time line roughly parallels the regression fit to the
laboratory results. For granite, the only case where
the discrete theoretical analysis can be compared, the
slope is slightly shallower but still in the same range.

An absolute comparison cannot be conducted between the
laboratory and two theoretical components due to the
uncertainty surrounding the boundary conditions. To be
able to conduct such a comparison, a much better under-
standing of the heat transfer efficiency between the
rock and the heater, the change of physical properties
with heating, and the means to model these is needed.
However, given the present analytical tools, a rather
good agreement has been found between the theoretical
and laboratory primary fracture times due to heating
in this study.
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DISCUSSION

The project was not a total success in that the primary
hypothesis behind the study, whether rock stresses can
be measured with heat induced fracturing, was neither
totally proven or disproven. However, the study has
indicated the usage of heat induced fracturing to mea-
sure in-situ stresses is unlikely.

8.1 Laboratory

Laboratory problems encountered were: heat transfer
between the rock and the heater, measurement of inter-
nal block temperatures, and primary fracture initiation
time. The largest problem is likely that of heater to
rock contact. The first block tested (block 1, granite)
had the difference between the heater and hole dia-
meters filled with copper foil wound tightly around
the heater. The heater regulator thermocouple attach-
ment was difficult and the rock to foil contact poor -
a potential air gap was present between each layer of
foil. (Results from this block were disregarded in com-
piling the final results.) The problems with the foil
system were recognized and a brass tube machined to
the heater and hole diameter was introduced for the
remaining tests. This was a great improvement over the
first method but still had its flaws. Among these were
that, 1) the borehole in which the heater was to be
placed was never of a constant diameter due to drill
bit wobble during drilling and 2) boreholes were never
straight but always slightly curved due to the same
reason. Therefore, this rigid brass tube had only point
contact with the rock even though it fit the heater
adequately. One solution for better contact between the
heater and the rock is to drill the hole undersize,
then machine it to the proper finished dimension but
other methods will certainly be proposed. Whatever the
solution, a knowledge of the absolute heat transfer
between the rock and the heater is critical to theo-
retical modelling.

The heater problem may have been overcome if the actual
temperature distribution in the blocks was known. Un-
fortunately, a combination of the end effects of the
block (low temperatures near the block surface) and
irregular heater contact rendered the thermal picture
blurry. Deeper holes to more accurately measure the
temperature field are unlikely given the present depth
of 15 mm appears to disturb the stress field surround-
ing the heater hole. The solution to this problem is
uncertain. Insulating the end of the block with the
thermocouples attached to reduce end effects is the
most feasible solution.

Primary fracture initiation detection was also a rather
interesting problem. Given that there is no sharp peak
at which the fracture time is defined, but instead a
gradual increase in the number of counts, at what time
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does the fracture occur? The usage of a "trigger level"
as discussed earlier in this paper is one solution to
the problem. Better contact between the heater and the
rock could possibly eliminate in large part, this prob-
lem, by eliminating irregular stress distributions
within the block.

8.2 Theoretical

Theoretical problems encountered in this project were
interesting with the most difficult being which heater
power input to utilize - theoretical or laboratory
derived. The laboratory derived power input gave a
rough theoretical agreement with laboratory results
whereas the theoretical power input (100 % of factory
rating) did not. In addition the affect of a heat
transfer resistance was neglected (Claesson et. al.,
1983, Eckert, 1959). When materials of different ther-
mal properties are in contact, the heat transfer
equations contain a resistance factor. In this project
a true "sandwich" was utilized in the laboratory study,
which consisted of a heater element, air gap, brass
sleeve, and then the rock cube. This certainly had
some affect on the heat transfer efficiency but was
not included in the calculations. A better grip on
these input parameters must be accomplished before any
further research is conducted.

The other problems encountered are more theoretical in
nature and have not been touched upon thoroughly at
this time. Material properties of the block change as
the block undergoes heating. Within this study physical
properties were established at 20° C and utilized at
temperatures of +200° C. The same occurred with the
thermal properties, especially the coefficient of
expansion. This value is non-linear, changes with in-
creasing temperatures, and is critical to the stresses
developed within the rock. The ideal solution is to
develop a temperature-material property value curve
for each of the material properties. These could be
input to a FEM program which would assign the correct
values to each element depending on its mean tempera-
ture. That coupled with a correct thermal input should
give very realistic modelling results. However, a FEM
program of that sort is not available here at this
time.

The direct theoretical formulation solution is limited
by the fact that it does not have the flexibility to
model a varying material property. It does, however,
have advantages in its greater simplicity and ease in
usage, and could possibly be, with the proper input
parameters, quite accurate.

8.3 Other

The explanation for the blocks not fracturing at 25
MPa load without the heater is also somewhat uncertain.
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Given the material properties of the rock and the
stress field around the heater hole, the block should
fail in tension before the heater is energized (Figure
7.1). One explanation is that the tensile zone de-
veloped in the block above the hole is on the same
order of magnitude as the individual mineral grains.
Thus, the failure is accomplished by grain boundary
loosening with the resulting lower moduli material
preventing further fracture propagation. A second so-
lution is that not enough energy is present within
this small tensile zone to initiate/propagate failure
(Koek and Brown, 1980) . Only when the rock has its
ambient stored energy level raised to some fixed point
can it initiate a continuing failure.

This leads directly to fracture propagation. Primary
fractures appear to be tensile failure initiated. How-
ever, their actual propagation mode is unknown. Under
high stress, they appear to propagate through zones of
high compression (tangent to the heater hole) after
unloading by some shear mechanism. Under low stress,
they appear more random or directly tensile failure
related.

The principle modes of failure behind the secondary
and tertiary failures are difficult to prove. The
block has already fractured at this point and cannot
be approximated as an elastic solid. Stress distri-
butions are certainly different due to the extra de-
gree of freedom provided by the primary fracture. It
can be postulated that both secondary and tertiary
fracturing are tensile failure initiated. Secondary
by a two-dimensional "areal" expansion such as created
the primary fractures and the tertiary by a "volume"
expansion taking failure components acting longi-
tudinally along the heater hole. This, again, is only
hypothetical and must be studied in more detail for a
better solution.
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CONCLUSION

The primary conclusion reached in this project is that
the method proposed can probably not be utilized as a
tool for measuring in-situ stresses in the earth's
crust. The immediate development of a compressive zone
on the boundary of the borehole overlaps the tensile
zone created by the uuiaxial stress field. This allows
a failure zone to be created away from the wall of the
borehole, controlled in most part by the actual power
input of the heat and retarded by the small compres-
sive stresses generated by the uniaxial stress field.
This small retardation effect is of such low magnitude
that the fracture time is relatively insensitive to
the local virgin stress field- Hence, the fracture
time cannot be used to accurately predict the original
stress field. There is, however, evidence that the
fracture time may be more sensitive to the minimum
principal stress.

Heater-rock contact problems were not solved in this
study and may have a greater impact on fracture time
than the uniaxial stresses. This must be solved before
a definitive answer can be given as to the viability
of this method. Theoretically, a higher thermal input
into the rock could possibly render the method slightly
more sensitive to stress field variations. It would,
at tl 2 same time, increase the problems already present
with determining the actual power input into the rock.

The use of acoustic emissions to detect the time of
fracture has proven feasible, though it too, has prob-
lems. The foremost being that of sensitivity in regards
to determining the exact time of fracture.

Theoretical analyses utilized in the study, discrete
and FEM, both appear to be capable of accurately pre-
dicting the time of failure given the proper input
parameters and boundary conditions. FEM, with its
greater flexibility, is recommended for any further
studies with the modifications as suggested in Sec-
tion 8.

Although the method proposed can probably not be uti-
lized as a tool for measuring in-situ stresses, the
results are of importance in the understanding of frac-
ture initiation and propagation in the rock mass sur-
rounding a heated borehole. These results should find
application in the fields of radioactive waste storage
in boreholes and hot water storage in underground
caverns.

However, it must be remembered that this was a study
employing a uniaxial stress field in a finite body.
Any further studies should attempt to include a bi-
axial stress field as well as a variation in borehole
size or heater input.
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STRAIN DEVIATIONS IN BLOCKS DUE TO UNIAXIAL LOADING
PRIOR TO HEATING. (Deviations at each corner in % of
the average strain.)
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Al. 2

STRAIN DUE TO UNIAXIAL LOADING PRIOR TO HEATING.
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Al. 3

DISTANCE FROM BOREHOLE WALL TO THERMOCOUPLE (MM)
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A 1 . 5

TEMPERATURE MEASUREMENTS
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Appendix 2

Laboratory Photos
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Appendix 3

Finite Element Maps
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