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| ABSTRACT

Energy extraction from magma requires stable bore-
holes at relatively shallow depths (< 10 km) in rocks
at temperatures of the order of 1000°C. = Accordingly,:
the failure strengths, strainsat failure, and associ-
ated deformation mechanisms of room-dry andesite,
basalt, granodiorite, and obsidian are determined at
temperatures to partial melting (> 1050°C), at con-
fining pressures of 0 and 50 MPa, and a strain rate
of 104/s. The strength reductions of the crystalline
{rocks are more or less linear untfl they steepen sud-
denly with approach to melting. - When that occurs,;
strengths vanish and deformations become quasiviscous.
The obsidian is stronger than the crystalline rocks
to 600°C where glass softening begins and strength
goes to zero at 800°C.. All rocks are brittle through-
out the entire temperature range until melting or
softening occurs. . Shortenings at failure are 3 percent
or less., The ¢rystalline rocks tend to deform primar=-
ily by precursive microscopic extension fracturing
and its coalescence into macroscopic faults. The
abundance of load-induced fractures remains about con-
stant, but thermal cracking increases with increasing -
temperature. Results from tests at 25°C on specimens
that previously had been heated to 900-1000°C clearly
show that the weakening of unconfined specimens 1s
due to the thermal cracking. Weakening of confined
specimens, however, probably is due to an {inherent
temperature effect on the load-induced fracturifg pro-
cess,. Comparisons of instantaneous failure-strengths -
with stresses 1ikely to occur at the walls of boreholes
show that a hole as deep as 10 km in impermeable
Jcrystalline rock is not likely to fail under short-
time loading even at 1000°C, unless the maximum in-situ
horizontal stress is > vertfcal stress and the ho!e 3s
open {1.e., borehole pressure is zero).,

INTRODUCT ION

Borehole stability is one of many severe engi-
_{neering problems to be anticipated should attempts
ever be made to recover directly the geothermal
energy stored in magma chambers, as temperatures of
the order of 1000°C are expectable. How strong are

References and illustrations at end of paper.

| 1ikely candidates for drilling.
| the short-time ultimate strengths and ductilities of

{ 16-4/s (unless otherwise noted).

the rocks to be drilled in this hostile environment?
Previous laboratory work is not very helpful because
virtually all testing above 500°C has been done at -
either atmospheric pressure1 or very high confining
pressures of 400 MPa or more2s3,*, What is needed
is testing at high temperature but low confining
pressure. Thus, under laboratory conditions that
simulate the expectable natural environment of engi-
neering concern, we are testing rock types that are
Reported herein are

four room-dry igneous rocks--andesite, basalt, grano-
diorite, and obsidian-~deformed at 0 and 50-MPa con-
fining pressure, 25° to 1050°C, and a strain rate of
These strengths are
then compared with the stresses developed at the

vall of a borehole in an elastic medium at the ap-
propriate temperatures and mean pressures.

APPARATUS AND PROCEDURES

Some of the triaxial compression tests have been
done -in a screw-driven machine, similar to that de-
signed by HeardS, at strain rates of 10~4 and 10-7/s
on 0.9 by 2.0-cm specimens.” Others, including all
at temperatures above 400°C, have been carried out
in the new apparatus briefly described below.

Cylindrical specimens, 2 cm in diameter and &
cm in length, are axially loaded in a simple four-
pole hydraulic press, driven by a variable-speed,
constant-displacement, duplex oil pump so as to
shoxten spegimens at constant axial strain rates of
104 or 10~ Force (up to 1 MN) 1s measured by
a Baldwin CXX load-cell hooked to an X-Y recorder.
Displacement 1s measured by a DCDT hooked to the
same recorder

The conf1n1ng pressure of argon up to 300 MPa
is generated by an intensifier driven by an air pump
and charged by an oil-gas separater driven by a
second air pump. It is measured by a precision
Heise gauge and regulated by a Brown strip-chart
recorder.

The triaxial ce]l, similar in design to that of
Goetze®, with an inside diameter of 3.8 ¢cm and an
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outside diameter of 16.5 cm, is made of 4340 steel,
drawn to a hardness of Rockwell 34C for optimum tough-
ness. Inside the cell the specimen is jacketed in a
thin-walled copper sleeve and surrounded by the in-
ternal furnace. This furnace consists of two indepen-
dently powered coils of Kanthal wire separated by a
distance equal to the length of the specimen, and
embedded in Norton EA 162 alumina and Sauereisen No.
78 electric-resistor cement prior to wrapping with
Fiberfrax, refractory, insulating paper to the maxi-
mum diameter. The absence of furnace windings in

the central region serves to flatten previously con-
vex temperature profiles, related to the low conduc-
tivity of the sample. By adjusting the power distri-
bution between the upper and lower windings, severe
thermal gradients caused by convection in the gap
between the furnace and the specimen assembly are sub-
dued. For unconfined tests, nearly flat temperature
profiles are achieved by dissipating only 40% of the
total power to the upper furnace coil. For confined
tests, convection in the dense argon confining-
medium has been a bigger problem, but this has been
overcome by infilling the annulus between the furnace
wall and specimen with boron-nitride powder, an inert,
non-abrasive material, combining excellent dielectric
characteristics with good thermal conductivity, and
effectively eliminating convection. Temperature is
measured on the specimen by a thermocouple inserted
through a hole in the lower plug and regulated by a
West stepless controller. Furnace power is fed
through Bridgman-type, insulated cones. Temperature
differences along the length of the specimen are:held
to as small as 30°C at 1000°C, and temperature mea-
surements are accurate to + 5°C.

The cell is cooled externally by a water jacket.‘
and loss of heat through the upper loading piston - -

and lower plug is reduced by lucalox spacers, which

are excellent thermal insulators, but which also

‘have adequate compressive strengths at the tempera-

tures of interest. Seals on the moving piston and
;ow?r closure can then be made by ordinary rubber
-rings.

Each test is done at a constant confining pressure
of 0 or 50 MPa, a temperzture between 25° and 1050°C,
and a strain rate of 10°*/s. True stress-strain
curves are derived from the force-displacement record.
Axial differential stress at each increment of axial
strain is calculated from a corrected area assuming
Poisson's ratio 0.25,volume conservation and homo-
geneous deformation assumed. Conventional strain is
calculated by dividing the change in length by. the
original length, the displacement record having been
corrected for elastic distortion of the apparatus,
and expressed as percent shortening. The accuracies
of stress, strain, and confining pressure are 2 to
3 percent.

"Undrained” .tests are accomplished by placing a
solid glass-hard steel or carbide spacer between the
specimen and the lower lucalox spacer; whereas, for
"drained" tests this spacer is hollow so that any
fluids within the specimen can flow out through the
thermocouple port in the lower plug and hence are
at essentially atmospherig pressure.

In the triaxial compression test, the principal
stresses are o; > g3 = 03 = pc where pe is effective
confining pressure and compressive stresses are
counted positive. Later on , we shall use the labora-
tory data to predict failure of the borehole where

oy > o > o3, and we shall assume that ultimate com-
pressive strength, (o;-03), at failure {s a function
only of mean stress, ogm = (o; + o, + 03)/3, and tem-
perature. Thus for each test we compute (o;-03) and
om and list them together with the total shortening
at macroscopic failure that serves as a measure of
ductility (Tables 1-4).

Also listed is the angle & between the load
axis (o;) and the macroscopic fault, as measured with
a contact goniometer outside the copper jacket.
"Shattered” specimens have failed by multiple fault-
ing, and 6 cannot be determined.

STARTING MATERIALS
Mount Hood Andesite

Qur sample was collected from a Recent flow,
Tocated just below the parking lot of Timberline Lodge
on the south slope of Mount Hood. The block is pink
and porphyritic with an aphanitic groundmass. Poro-
sity varies from 10 to 12%. -Phenocrysts comprise

‘about 40% of the rock, 30% being plagiociase, 5% py-
‘roxene, and about 1% each of hornblende, olivine,

and magnetite. The feldspars are zoned, twinned
labradorite, and along with the other phenocrysts,
are conspicuously fractured. The long axes of the
phenocrysts range up to 5 mm; overall they are ran-
domly oriented, although in-small domains they often
show parallel alignment. Microfractures are con-
fined to the phenocrysts, and none was observed to
transect both phenocrysts and groundmass. The micro-
fractures are randomly oriented, and the average
number of microfractures per mm s less than 1 in
the groundmass and about 7 -‘in the phenocrysts.

The groundmass consists of small crystals (<1
mm) of lath-shaped feldspar, dispersed magnetite,
and a small amount of interstitial glass. It com-
pletely envelopes the phenocrysts. This nearly holo-
crystalline groundmass should serve as the load-
bearing framework that controls the gross mechanical
behavior of the rock. A chemical analysis is given
by Murase and McBirney? who also list liquidus tem-
peratures of 1100°C for pyroxene, 1240°C for plagio~
clase, and 1210°C for the opaque oxides.

Charcoal Granodiorite

This rock is properly known as the St. Cloud Gray
Granodforite of Precambrian age from St. Cloud Minne-
sota; "Charcoal” is its trade name. Qur sample was
purchased from the Cold Springs Granite Co. in Minne-
sota. It is one of the rocks adopted as standard
by the U.S. Bureau of Mines8. Its modal composition
is: 38% labradorite, 25% orthoclase, 21% quartz,

12% hornblende and 5% biotite. Grain size ranges

from < 0.1 to 10.0 mm and averages about 2 mm. Quartz
crystals are free of deformation lamellae; but 49%
exhibit undulose extinction, 43% are polygonized,

and 12% are undeformed. Some 67% contain healed frac-
tures, and 21% contain fresh fractures. The feldspars
are all twinned and nearly all contain some fractures.-
Overall, however, the average number of microfractures
per mm is less than 1.

There is a fracture anisotropy in this rock."
Experimentally induced tensile fractures are controlled
by pre-existing arrays of microfractures; ultrasonic
velocity is minimum, and attenuation is maximum per-
pendicular to the plane of fracture anisotropy®. All
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our test specimens are loaded perpendicular to this
plane. Porosity 1s less than 0.1%..

Cuerbio Basalt

: A large block of the Cuerbio Basalt of Early
Pleistocene age was collected from the lower of two
flows exposed in a roadcut along U.S. Highway 85,
near the top of La Bajada Hill, southofla Cienega,
New Mexico. The specimen contains some macroscopic,
-elongated vesicles up to 2 cm long. Sawed slabs from
the block were X-rayed at Sandia Laboratories by Dr.
E. J. Graeber and his associate, so that we could
core our specimens from domains free of the larger
vesicles. This approach worked successfully, and
the few small vesicles (< 1.0 mm) exposed at the
surface of some cylinders were filled with a high- .
temperature cement to prevent jacket fajlure. The
reproducibility and consistent trends of the experi-
mental data attest to the success of this approach.
Porosity of test specimens ranges between 5 and 8%..

The basalt is dark gray and it contains an
aphanitic groundmass, phenocrysts, and vesicles, both
with maximum lengths of about 1 mm. Thin-section
analyses reveal that the larger phenocrysts are com-
posed of 80% euhedral, fractured olivine, 17% cleaved
pyroxene, and 4% twinned and fractured feldspar; in.
aggregate these phenocrysts compose 14% of the rock.
The groundmass (85%) is holocrystalline and consists
of microphenocrysts of olfvine and pyroxene (< 0.1
mm), magnetite {< 0.06 mm), and lath-shaped feldspars
(up to 0.35 mm). These comprise 103, 10%, and 80%
of the groundmass, respectively. Microscopically,
the rock shows a flow layering manifest by the dimen-
sional alignment of feldspar laths in the groundmass
and the larger olivine phenocrysts. -
mens are loaded parallel to this planar anisotropy.

Newbei‘ry Rhyol ite Obsidian

Our sample was collected from the north end of
the Big Obsidian Flow along the trail southeast of
Pauline Lake, Newberry Caldera, Oregon, The block
contains flow banding which locally produces a planar
anisotropy and complicates the coring of perfect,
right-circular cylinders for experiments. Microscopi-
cally, this rock consists entirely of a clear, black
glass which completely envelopes minute crystals of
feldspar. The crystallites are strongly oriented
dimensionally and reflect local, primary flow of lava
prior to freezing. This fabric cannot be related to
the experimental deformation; accordingly, petrofabric
studies are macroscopic. A -specimen deforms by
either brittle fracture or by uniform flow with no
macroscopic manifestation except barrelling. - Data on
chemical composition, viscosity, and other ghysical
properties are given by Murase and McBirney

EXPERIMENTAL RESULTS :
Crystalline Rocks

‘ Data sets for the instantaneous failure strength
and strain of room-dry Mt. Hood Andesite, Charcoal
€ranodiorite, and Cuerbio Basalt, shortened at con-
fining pressures of 0 and 50 MPa, temperatures to
1000°C, and a strain rate of lO'l/s, are given in .
Tables 1, 2, and 3, and corresponding stress-strain
curves appear in Figure 1. These data reveal the
following significant facts.

All our speci- -

~ (1) The reproducibility of data on strength and
shortening at failure is reasonably good for speci-
mens deformed under similar conditions and for speci-
mens of different size deformed under the same condi-
tions, but in a different apparatus (e.g., Table 2
specimens T1 and M3).

(2) The failure strengths of all three rocks
decrease with increasing temperature at constant con-
fining pressure and increase with increasing confining
pressure at constant temperature (Fig. 2, 3, 4). The
average strength-reduction of the andesite is essen-
tially linear from 125 MPa at 25°C to 80 MPa at 1000°
unconfined, and from 280 MPa at 25° to 195 MPa at
900°C, at 50-MPa confining pressure, or 1.2 and 2.4
MPa/25°C. Strength reductions for the granodiorite
are much steeper. At 50 MPa, the reduction isslightly
curvilinear- from 625 MPa.at 25°C to an average of
190 MPa at 1000°C, or 11 MPa/25°C. Unconfined, the
reduction is non-linear from 350 MPa at 25°C to 35
MPa at 1000°C. The strength reduction for the basalt
is also nearly linear to about 900°C; gradients are
8 MPa/25°C at 50-MPa confining pressure and 3 MPa/
25°C unconfined. OQur data are bracketed by those
of Lindhoim et a1.10 on Dresser Basalt (a little
stronger) and Murrell and Chakravarty! on dolerite
{2 11ttle weaker). Thus at 1000°C, the unconfined
strengths of all three rocks are less than 100 MPa;
only the granodiorite at 50 MPa-confining pressure
remains. feirly strong (~200 MPa).

(3) The strengths of the rocks vanish when even
partial melting occurs.. This takes place at a nomi-
nal temperature of about 1030°C at the hotter end
of a basalt specimen.” A few unconfined tests were .
done on andesite and granodiorite at about 1250°C
(not listed). Nearly complete melting locally was: -
achieved as would be expected as the liquidus tem-
peratures of all phases range from 1100° to 1240°C.

he have determined the equivalent viscosity,
n = (0y~03)/3¢, of the unconfined, partially melted

| rocks under a constant axial load due merely to the

weight of the loading piston, about 0.1 MPa on the
2-cm specimens, by measuring the ensuing axial strain
as a function of time (creep test). For andesite and
gragodiorite viscosities are of the order of lo

s/m?, and for the lesser melted basalt about 109.

| These values agree well with those of Murase and

McBirney? determined by a quite different technique,
beam-bending. ,

(4) ATl three rocks are brittle throughout the
temperature range explored until melting occurs.
Shortenings at failure are less than 3 percent.

| Between 25°.-and 700°C the shortening at failure tends

to be either constant or even to decrease.

(5) Most of the stress~shortening curves exhibit
pronounced work-softening after the onset of macro-
scopic failure. - This reflects displacement along
faults that have not lost total resistance to dif-
ferential stress..

" (6) A few tests on the andesite and granodiorite
were made at 107//s, 25° and 400°C, unconfined and

50 MPa (Tables 1 and 2). Except for a 30 percent
weakening of the andesite at room temperature and

50 MPa, the 1000-fold decrease in strain rate from
10-4/s has negligible effects on strength or ductility.].
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(7) Two types of tests were made to:investigate
the cause(s) of the temperature-weakeing. All three
rocks were first heated at 50-MPa confining pressure
to temperatures between 750° and 1000°C, cooled to
25°C, and then deformed at confining pressure. The
rocks are as strong after thermal cycling as before
(Figs. 2, 3, 4), so that the thermal cracking caused
by the relatively rapid heating and cooling ?1.S°C/
min pr 10°C/min) is not the cause of strength reduc-
tions. Indeed, specimens of the andesite are an
average of 25% stronger after thermal treatment (Fig-
ure 2), for reasons not yet understood. On the other
hand, similar thermal treatment greatly reduces the
strength of the unconfined rocks presumably because
the effect of thermal cracking has not been suppressed
by confining pressure.

In one inadvertant experiment, a specimen of
andesite was heated to 980°C under 50-MPa confining
pressure and then deformed (Fig. 1). During the
shortening the internal furnace failed and the tem-
perature fell _to 880°C when the test was terminated
at 6 percent strain, short of macroscopic failure.
Instead of failing at 1 or 2 percent strain, as
expected from previous experiments at constant tem-
perature, the specimen work~hardened from 165 MPa at
930°C to 195 MPa at 500°C to >195MPa at 880°C. The
strengths at these temperatures fall on the curve
established by constant-temperature experiments.
These data need to be reproduced, byt these prelimi-
nary results certainly suggest that temperature
affects fracture strength, and does not merely degrade
the strength of the rock through thermal cracking,
at least under confining pressure.

Obsidian

Short term behavior. The strength and ductility
of dry Newberry Rhyolite Obsidian has been determined
at 0 and 50-MPa pressure, at tepperatures to 800°C,
and at a strain rate of 2 x 10~%/s (Table 4). Ulti-
mate strength decreases dramatically from 665 MPa
at 600°C to 15 MPa at 800°C (Fig. 5); the brittle-
ductile transition occurs between 600° and 700°C;
and work-hardening ceases and steady-state flow
obtains between 700° and 750°C.

Data at 50 MPa are not appreciably different
(Table 4). Between 700° and 750°C the obsidian is
somewhat stronger at 50 MPa than unconfined, but the
opposite is true between 750° and 800°C. .In short,
the increment of 50 MPa in confining pressure has
insignificant effects on short-time strength and
ductility.

Time-dependent flow. Stress-relaxation testslls12
were made on 7 unconfined and 5 confined specimens
(50 MPa) at temperatures between 700° and 800°C (Table
4). In these experiments, the loading pump is switch-
ed off at the end of the usual constant strain-rate
path. The load supported by the specimen then decays
with time as the stored elastic strains in the machine
and specimen are converted into permanent strains
within the specimen.

Assuming that the volume of hydraulic fluid in
the Toading ram remains constant during the relaxation,
and that any anelastic relaxations of the machine
are negligible, one can relate the permanent displace-
ment, Adp, induced in the specimen to the force drop,
AF, through the machine stiffness, ky, and the speci-
men stiffness, kg, as

1,1
ady = (g + g2) oF. m

For specimens that are essentially inelastic (viscous)
in behavior, the equation reduces to:

= .
Adp k- AF. (2)
Taking time derivatives, one can write
. 1 b
d =-1— F. (3)
P Kn

Thus, by plotting curves of F against t and taking
the gradient at specific points on the ensuing curve,
one finds a data set relating F and d,, provided
that the stiffnesses of the relevant parts of the
machine are known. For these partacular tests, the
total machine stiffness, 1.23 x 10°N/m is relevant.
Strafn rate, ¢, and differential stress (oy-o03), are
then calculated from the known length and cross-
sectional area of the specimen at the start of the
relaxation. Since the total induced strain during
relaxation is very small (< 0.5%), it is not necessary
to correct for changes in length or area. By this
method we have obtained 3teady-s§ate strength data
at strain rates from 10~* to 10-9/s.

Equivalent viscosities. From data on é and
{o1-03) during relaxation, equivalent viscosities
are calculated for a given temperature. Unconfined
viscositi?s at 1074 s=1 decrease frqg an average of
3.4 x 10'! at 700°C to about 3 x 10'Y N . s/ at
800°C. These values agree closely with those deter-
mined for this same obsidian at the same temperatures-
but with the beam-bending method by Murase and
McBirney?. At 50-MPa confining pressure, the equiva-
lent viscosities decrease with increasing tempera-
ture along a slightly steeper slope, but the effect
of the pressure increment is insignificant. The
specimens deformed at 50 MPa and 800°C were too
wﬁak for meaningful stress-relaxation testing (Table
4).

Plots of log ¢ against log (o;-03) show a syste-
matic variation with temperature at both confining
pressures (Fig. 6). The data fit a power law, ¢ =
(o1-03)", with linear least-squares values for n
ranging from about 2.0 at 700°C to about 1.6 at 800°C
unconfined, and 1.3 to 1.5, confined.

Finally, a flow law of the type
¢ = A exp (-Q/RT) (oy-03)" (4)

is fit to the dat? between 700° and 800°C. The con-
stant A is 2 x 10'3 when ¢ is in MPa and ¢ is s-I;

the activation energy for viscous flow is Q = 380
kd/mol; R is the gas constant; and n = 1.5. (By
using n = 1.5, we ignore the very small effect of
confining pressure.) Our value of Q agrees remarkably
well with the 400 kd/mol of Murase and McBirney’.

We emphasize that this flow law has been determined
only for temperagure? between 700 and 800°C and &

from 10~4 to 1076 s-1, and that the parameter, n,

| varies with temperature and strain rate.
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_PETROFABRIC OBSERVATIONS

* A1l specimens have been examined macroscopically,
and thin- and polished-sections from over 50 speci-
mens have been studied in detail to characterize the
operative deformation mechanisms as functions of tem-
perature and pressure. Quantitative data consist of
the angle (0) between the load axis (o;) and the
macroscopic fault zone (Tables 1-4), microfracture
abundance (e.g., Fig. 8), and chemical composition
of glasses developed upon partial melting. These
are accompanied by qualitative assessments of micro-
fracture orientation and distribution, thermal altera-
tion of minerals, gliding flow in mafic minerals, and
development of glass in partially melted rocks.

Studies of deformation mechanisms are made ‘to
gain insight into temperature effects on strength
and ductility. A1l the rocks deform primarily by
brittle fracture until partial melting (crystalline
rocks) or glass softening {obsidian) occurs.

Most specimens are shattered, i.e., they contain
multiple faults (Tables 1-4). Only 50, 43, and 40
percent of the andesite, granodiorite and basalt
specimens, respectively, contain a discrete fault
from which a reliable measure of @ can be obtained.
This angle ranges between 22° and 34° for the ande-
site, 24° and 35° for the granodiorite, and 28° and
42° for the basalt. In general, @ tends to increase
with increasing temperature. There is a tendency
for the fault zones to widen with increasing tempera-
ture and pressure. S : o

By comparing the data from the few tests on the
andesite at 25° and 400°C and 0 a9d 50 MPa done at
strain rates of both.10~% and 10~//s (Table 1), we -
note an unexpectedly large effect of time on the.
fracture angle, nearly 8°, not previously reported
in the literature as far as we know. . R

Microscopically each fault zone (Fig. 7) con- -
sists of pervasive, precursive, extension microfrac-
tures (oriented within 20° of o;), and adjacent
microscopic feather fracturesl3»l%, Excellent exam- -
ples are found of incipient faults along which en-
echelon arrays of the precursive axial microfractures
define the path of the eventual fault. Thermal frac-
tures also occur; they are distinguishable by being
relatively short, randomly oriented with respect to
external coordinates, and located close to grain
boundaries and/or larger fractures.

Detafled studies of microfracture abundances in
the granodforite and andesite have been made, and
abundance 1is quantified as the average number of
microfractures per mm intersected along linear tra-
verses oriented perpendicular to the cylinder (load)
axis: from 5 to 9 traverses with cumulative lengths
of from 4.4 to 16.1 mm, spaced 2 to 5 nm apart for
each specfmen. Traverses across gouge efther ignore
it or are equated to discrete microfractures by arbi-
trarily assigning 100 microfractures for each mil1li-
meter of finely comminuted gouge. Both locad-induced
and thermoelastic fractures are counted. - (A measure
of the latter is afforded by study of specimens sub-'
jected only to thermal treatment.) Data for all :
three crystalline rocks are similar, and those shown .
for the granodiorite are representative (Fig. 8).

; Clearly, the total number of both load-indiced
and thermal cracks increases with increasing

produces two types of glass.

temperature, about equally for all three rocks, and

in the andesite about equally in the very-fine grained
groundmass and in the phenocrysts. The {increase in
microfracture density of about 5 per mm from that in
the starting material to that in specimens deformed

at room temperature is essentially identical to that
in the Westerly Granite under similar experimental
conditionslS, Subtracting the amount of thermal
cracking from the total abundances of microfractures
(Fig. 8), reveals that the degree of microfracturing
caused by loading alone {s about the same at all ‘
temperatures up to 1000°C, above which partial melting
occurs and thermal cracking increases dramatically
{not shown in the figure where up to 1000°C the in-
crease 1s linear).

The work-softening exhibited by many of the speci-
mens (Fig. 1) occurs during displacements along the
macroscopic faults. Thin-section observations reveal
that this softening is accompanied by local ductile
flow in the groundmass of the andesite, the develop-
ment of microscopic feather fractures and of gouge,
and kinking of favorably oriented biotite and other
types of gliding flow in mafic minerals immediately
adjacent to the faults (Fig. 7). Some of these same
mechanisms, along with thermal alteration of horn-
blende, biotite and pyroxene, probably also operate
prior to macroscopic failure. However, in light of
the strength and ductility trends, these mechanisms,
if significantly influential at all, apparently
contribute more to the weakening of the rocks than to
the enhancement of their ductility, for virtually all
of the permanent shortening i5 accountable to the
macroscopic faulting in the brittle regime, even at

1000°C.

The partial melting in:the crystalline rocks

, Under the microscope in
transmitted light, one is brownish-amber, exhibits
flow-banding, contains relatively few bubbles.

“|'Crystallites produced upon devitrification are common.
The other glass 1s colorless and highly vesicular.

Flow herein produces elongated vesicles. Electron-

‘I microprobe analyses by Drs. P. F. Hlava and E. J.
Graeber of Sandia Laboratories confirm the petrologic

evidence that the brownish-amber and clear glasses
arise from melting of mafic minerals and feldspar,
respectively.

BOREHOLE STABILITY

Ideally borehole stresses depend on the regional
state of stress in the undisturbed rock, and this is
not generally know a priori. Few measurements of the
in-situ stress have been made in crystalline igneous
rocks at depths of more than a few meters (Table 5).

| Using the hydraulic-fracturing technique, the staff

of the Los Alamos Scientific Laboratory has deter-
mined the stress at a depth of 2926 m in the Precam-
brian crystalline basement of the Jemez Mountains in .
connection with {ts experiment on geothermal-energy
extraction from dry hot rock. Taken as the weight
per unit area of the superincumbent rock, the vertical
stress, oy, is 72 MPai and the minimum horizontal
stress, c?, is 34 MPal6, Hydraulfc-fracturing tests
in granitic rocks in the United States!7 and basalt

"] in Iceland!® reveal that the horizontal stresses may

be greater or less than the vertical stresses at
depths in the range of 100 to 400 m. Strain-relief
measurements. fn a South African dunite disclose an
average horizontal stress at 350 m that greatly
exceeds the overburden stressl?, :
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Since available data are too few for meaningful
generalizations, we cannot predict the ratios of
vertical to horizontal stresses elsewhere. For sim-
plicity et us assume, therefore, that all horizontal
stresses are equal and that oy/op is 0.5, 1, or 2.
Values falling much outside these extremes are unlike-
1y, albeit possible.

At by far most locations where the complete in-
situ stress tensor has been determined, oy is indeed
equivalent to the weight per unit area of the overbur-
den and it 1ies in a principal plane or close to it20,
Let us assume that before the rock is drilled the
state of stress is

o, *®*0, =0

x vy h
9, = P92 = 0, (5)
% = boys
where b = 0.5, 1, or 2; z (m) is depth belbw the free

surface; pp (kg/m3) 1is_the average bulk density of
"the overburden; g (m/s¢) is acceleration of gravity;
and compressive stresses (MPa) are counted positive.

In cylindrical coordinates (Fig. 9) the vertical
| axial stress, oz, and the horizontal radial and tan-
gential stresses, op and oy, in the undisturbed rock
are in general

o, +o g, -0
' X Y X Y
Op = 5 + 3 cos 26
g +to g, = O
X X (6)
aé = -7_1 - ._Tl cos ze
.
UZ = prgz’

where the angle 8 is measured counterclockwise from
the x direction, and oy > oy.

Now suppose that a vertical, perfectly cylindri-
cal hole is drilled into the stressed mass of dry,
statistically homogeneous and isotropic, ideally
elastic rock. The original far-field stresses are
perturbed in the vicinity of the hole where the new
stresses can be computed from the Kirsch equations
(see, for example, Ref. 21, p. 90-93).

a, ta a2 S
cra—rz('l .-':2-)+—2_1
4a2 3a
Q1 - + ) cos 26
r r (7)
o, ta aZ o, = ¢
4
1+ §%—0 cos 2o,
r
where a is the radius of the hole and g, and gy are

the original far-field stresses. Since we are’ con-
,gﬁrned with the stresses at the wall, let r = a,
en

(8)

=g, +g, - 2(0*

x ¥ oy -qu) cos 26.

The stress changes in plane strain are

r [+

.+ 0 0;0'
= -(—"—2—1) + (—x—:,_—l) cos 26

=
Aﬁr [+

- -

o, t o, )

> -

3(ox -
2

g
Y cos 26 (9)

Ao cé

’oe

4a, = v(Aur + Ace) = -Zv(cx - °y) cos 28,

where v = Poisson's ratio, about 0.25 for rock.

Adding these stress changes to the intial stresses
(equation 6), assuming that oy = gy = oy (equation 5),
and solving for the maximum values at cos 26 = 1
gives

o= 0

g = 20h (10)

g

=
z " Pr9%

Since Trg = 0, these are principal stresses.

For an average bulk density,py = 2.7 X 103 kg/m3,
the vertical stress, oz, increases at the rate of
27 MPa/km.

Although well completions at near-magmatic tem-
perature may require work in an open hole, let us
suppose that a hydrostatic borehole pressure, py, can
be maintained by a drilling fluid which cannot pene-
trate the surrounding impermeable rock. Then the
stresses are

Py

()
0,92

Conventional, heavy, oil-well drilling mgds ca
be formulated for a density as high as 2 x 10° kg/m°,
but they are not stable at the high temperatures of
concern, so we suppose that the hole_is filled with
water with a density close to 1 x 103 kg/m® at 25°C.
(The density is really less at high temperatures.)
The borehole pressure, pp, then increases at a rate
of 10 MPa/km. '

A1l crustal rocks have finite porosity, owing
to intergranular voids and -intragranular microcracks,
and commonly to unsealed macrofractures as well.

Let us suppose that these spaces are saturated with
ground water under a hydrostatic pore-pressure, py,,
which increases at the rate of 10 MPa/km. To fin8
the effective stresses, o, in the solid rock around
the open borehole, we: subtract Pp from all the nor-
mal stresses in equations 10 and 11. The vertical
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stress, oz * (pp = py) 92, increases at a rate of
‘1 about 17 MPa/km. : »

. Should the wallrock be permeable, the pore pres-
sure in the vicinity of an open hole would bléed off,
and the stresses would approach those given by equa-
tion 10. . Around the water-filled well the pore pres-
sure and borehole pressures would equalize, and the
stresses would approach those given by equation 11.

The principal stresses (oy > a3 > o3) given by
equations 10 and 11 together with differential
stresses, o)~03, and mean stresses, og = (g, + 0p + -
03)/3, are given in Table 6 for the different ratios,
op/oy. Note that for a water-filled hole in water-
saturated rock, the tangential stress can become
tensile when the far-field horizontal stress is low
relative to the overburden stress. This state of
stress would favor unintentional hydraulic fracturing
and lost circulation of the drilling fluid.

Our estimates of the borehole stresses should
be regarded as minimal because the stresses are higher
where oy # oy, as is commonly observed in nature, and
because the walls of a real drillhole are not smooth,
so that stress concentrations may be much higher than
we have assumed ideally.

Recall that in the triaxial compression test :
the principal stresses are o; > 0, = o3 = Pe, whereas
in the wall of the borehole, oy > g3 > 03. In order
to use the laboratory data to predict fa?IUre of the
| borehole, we assume that ultimate compressive strength
gy-03, at failure, is a function only of mean stress,
om= (o) + o3 + 03)/3, and temperature. We realize
that th%s strength is not independent of the relative
magnitude of the intermediate principal. stress, o,,
and since we have measured it at only two different
confining pressures (pc = 0, 50 MPa), we must assume
that it is linearly proportional to mean pressure.
| However, the effect of o, is second-orderé2, and the
relation between strength and mean pressure is ver
nearly linear for many rocks in the brittle state23s2%
Given all the other uncertainties of the predictions,
we regard this faflure c¢riterion as good an approxi-
mation as any proposed22, - )

Figure 10 shows an example of one way to asso-
ciate strength data with borehole faflure. Using
the quantities listed in Table 6 for dry rock (p, = 0)
and the ratio, op/oy.= 1, we plot differential sgress,
g1-03, as & function of mean pressure, oy, at the
borehole wall for an open hole (pp = 0) and a water-
filled hole (pp = 10 MPa/km) in impermeable rock.
Choosing the proper stress gradients, oy-03 = 54
and 34 MPa/km, respectively, we relate the stresses
to depth below the surface. At-any given depth, the
borehole pressure reduces the differential stress and
s0 tends to stabilize the hole. Vo

On this diagram of the borehole stresses as func-
tions of depth, we superimpose the plots of ultimate
compressive strength versus mean pressure, using the
data of Table 1 and Figure 2 for dry andesite at.
temperatures of 25°, 400°, 700°, and 900°C and con-
fining pressures of 0 and 50 MPa. At a given mean
pressure, say 50 MPa, the strengths exceed the bore-
hole differential-stress, so that even the open hole
is stable at all temperatures. The intersections of
the two sets of curves mark the ‘boundaries between
the fields of stability, containing all points to

the left of the loci of borehole stresses, and of -
instability, containing all points on the right-hand
side.  Since the strength curves are subparallel to
each other and to the borehole-stress curves, these
boundaries aré not sharp. Nevertheless, they can be
related approximately to depth, about 6, 4, 3, and 2
km at 25, 400, 700, and 900°C, respectively, for the
open hole. The water-filled hole is stable at all
temperatures to a depth of at least 10 km.

Table 7 gives the maximum depths for borehole
stability, determined by the same procedure for all
conditions treated in Table 6 and for both andesite
and granodiorite. It appears that boreholes in these
rocks would be stable even at 900°C unless the in-situ
horizontal stresses are very high. The data on basalt
are similar. : The obsidian is even stronger than the
crystalline rocks up to about 600°C, above which,
however, it is much weaker, its strength approaching
zero at 800°C. ‘ ’

Qur predictions are 1ikely to be optimistic.
Recall that the borehole stresses would be higher than
supposed if the far-field horizontal stresses were
not equal and if the stress concentrations in a real
hole were greater than those idealized for the calcu-
lations. Furthermore, we have not yet fully accounted
for the effects of pore water and time.

We have emphasized the testing of room-dry rocks
at a strain rate of 10-4/s because data can be col-
lected quickly and easily.  The results are conser-
vative in the sense that the measured strength is
the highest and ductility is the Towest that can be
expected. In other words, if a borehole in dry rock
is potentially unstable under short-time loading,
then it will ;surely fail under long-term loading or
where the rock has been water-weakened.

The influence of pore water is twofold. The
purely mechanical effect is to reduce the effective
borehole stresses (Table 6), according to Terzaghi25s
26, and to extend somewhat the maximum depth of the
stable field (Table 7). - On the other hand, chemical
effects--water weakening or stress corrosion--tend
to lower ultimate compressive strength. The higher
is the temperature, the more significant is this

 phenomenon 1ikely to be?7.

Our own 1imited data and the previous work of
others, as reviewed by Carter3, show that lowering
the strain rate or increasing the duration of loading -
in a creep test decrease strength even at low temper-
ature, ‘The higher is the temperature, the stronger
is the time dependence, especially with approach to
the melting point. We shall be investigating time
effects in the immediate future.

CONCLUSIONS

The major'conclusioné to be drawn from the ex-
perimental and petrofabric results now available are
as follows., ‘ ' ‘

~ (1) The failure strengths of the crystalline
rocks decrease gradually with increasing temperature

melting is approached between 1000° and 1100°C. The
obsidian is even stronger than are the crystalline
rocks up to 600°C, above which, however, the glass
softens and strength vanishes at 800°C.

‘| to about 900°C, and then more rapidly as partial
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(2) The crystalline rocks are essentially brittle
throughout the temperature range explored until par-
tial melting occurs. They deform primarily by frac-
ture, with some ductile flow in the groundmass where
it is present, some gliding flow (kinking) in the
biotite, and thermal alteration of the mafic minerals
contributing to the strength reduction by an unknown,
but probably minor amount. Shortenings at failure
are less than 3 percent. Virtually all the permanent
shortening is ascribable to macroscopic faulting.

(3) Several facts strongly suggest that the
temperature-weakening of the crystalline rocks is due
to intrinsic effects of temperature on the process
leading to macroscopic shear fracturing (or faulting),
and not merely to degradation of strength by thermal
cracking, at least when the rocks are subjected to
confining pressure. (1) Brittie fracture accounts
for virtually all the permanent strain. (2) The de-
gree of microfracturing associated with the mechanical
loading, as distinguished from the thermoelastic
stressing, is about the same at all temperatures
from 25° to 1000°C. (3) Specimens heated to 1000°C
cooled, and then deformed at 25°C are at least as
strong as those that have not been preheated.

On the other hand, similar thermal cycling great-
ly degrades the strengths of the unconfined rocks,
presumably because the effect of the thermal cracks
on subsequent failure is not suppressed by confining
pressure; that is, heating significantly modifies
the mechanical state of the material. Thus, data
from unconfined tests alone cannot be used for valid
predictions of rock properties under in situ condi-
tions particularly for geological or geophysical applid
cations. However, such tests may be useful to esti-
mate strengths during drilling where unconfined con-
ditions and rapid cooling may obtain.

Several workers have regarded fracturing as a
thermally-activated process, and by fitting their
data to an equation of the form of equation 4, they
have derived an apparent activation energy*. Owing
to the lack of data on time effects, we cannot do so.
However, even if brittle fracturing is indeed rate-
controlled, how could we, or the previous workers
for that matter, associate the purely empirical,
apparent activation energy with a specific process?
Is it the initiation and/or propagation of intragran-
ular microfracturing? Is it grain-boundary sliding?
Is it the condensation of microfracturing in preferred
zones and/or the precursory coalescence that appears
to cause the instability manifest in the macroscopic
fracturing, stress drop, and work-softening that
characterize the ultimate failure of these rocks?

We claim that a lot more research on fracture must be
done before a meaningful constitutive "law" can be -
written for inelastic deformations in the brittle
state.

(4) Because the deformations of the rocks are
essentially cataclastic at all temperatures, we sup-
pose that the borehole will fail in shear when the
differential stress reaches the ultimate compressive
strength. A hole as deep as 10 km in the dry rocks
under short-time loading is not Tikely to fail even
at 1000°C unless the in-situ horizontal stress is
equal to or greater than the vertical stress and
the hole is open (Table 7).

(5) Our predictions of borehole stability are

optimistic because we have not yet accounted for the
effects of duration of loading (creep) and water-
weakening which should significantly lower the
strengths of the rocks at the higher temperatures..
Assessment of these effects is the next objective of
our research.. Predictions must remain qualitative
until sophisticated numerical methods can be applied
to the problem. This cannot be done until adequate
constitutive relations are known over the entire range
of significant variables--at least of confining pres-
sures from 0 to 200 MPa, temperatures from 25° to
1000°C, and times of a few seconds to several years--
let alone the chemical effects of interstitial fluids.
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Table 1
Experimental data for mount hood andesite

SPE%HE!I Cﬂglsljﬂlsﬁ TENP. MEAN ULTIMATE  SHORTENING  COMMENTS® &

STRESS  STRENGTH AT FAILURE  FAULT ANGLE
(KPa) (o e tee) (3) (@)
20 [ 25 50 150 1.1 s
2 0 25 . 0 100 1.1 s
b 0 5 . 3 110 0.3 s
g 0 25 30 90 0.8 s
g3 ) 2% % 1s 1.3 2
493 0 400 50 us 1.3 s
396 0 400 35 o 1.2 L]
299 0 400 35 105 1.2 23
s03° 0 400 3% 10 1.6 s
s07° 0 400 s 135 11 30
3% ° 700 0 ns 1.0 2, S
37 ° 700 35 100 0.9 s
8 50 2] 155 320 2.3 27
225 50 25 135 250 3.2 s
a® 50 25 125 220 6.8 )
2P 50 25 125 20 6.9 2
9 50 400 125 230 2.7 2
16 50 400 150 305 1.8 2
n 50 700 130 235 0.9 1
34 50 700 130 235 1.6 1
84 0 1000 30 85 1.5 s
85 0 1000 2 7 1.5 s
$7 50 1000 85 o 1.4 s
123¢ S0 930 105 165 1.6
125° 50 900 s 195 3.5
123¢ 50 880 1ns 195 5.4
1254 50 25 180 390 2.1 2
128 50 2 140 215 2.0 32
221° 0 % 20 9 1.7 s
223° 0 P 0 120 1.5 s
2263 50 25 155 315 2.5 29
a. § = shattered (2 or more fractures or faylts), I = incipient fault,
b. Strain rate is 10 75 ‘.
c. Specimen work-hardened during temperature decrease.
d. Specimen 125 was heated to 930‘C at 10°C/min, cooled, and then deformed at
25°C and 50 MPa.
&. Unconfined specimen heated to 905°C at 1.5°C/min, cooled, and then
deformed at 25°C.
f. Unconfined specflen heated to 1000°C at 1.5°C/min, cooled, and then
deformed at 25°C
9. Unconfined specimen heated to 1000°C at 1.5°C/min, cooled and then

deformed at 25°C and 50 MPa.

- Table 2
Experimental data for charcoal granodrite

SPECIMEN CONFINING TENP  WEAN  ULTIMATE  SHORTENING  COMMENTS,?
NO. PRESSURE STRESS  STRENGTH AT FAILURE  FAULT ANGLE
(Mra) (°C) (mPa) {MPa) % (e°)
22 [} 25 120 360 0.8 H
2 0 25 N5 340 0.6 s
k- 0 400 40 s 1.0 S
4 0 400 40 115 0.8 S
18] 0 400 §0 175 1.3 S
512 0 400 60 175 1.1 18, §
s 0 0 s5 165 11 s
sid 0 400 55 160 8] s
564 50 - 25 270 665 2.1 29
n 50 25 255 620 1.7 S
M3 50 25 260 630 1.8 35
12 50 400 220 510 1.4 27
18 50 400 220 520 1.5 s
233 50 400 245 580 1.4 S
236 50 400 235 560 1.4 u
45 S0 400 230 535 1.5 S
46 0 700 15 45 1.2 S
47 1] 700 25 70 1.2 s
3 50 700 205 [T 2.0 27, S
232 S0 700 180 390 1.8 29, §
st 0 >1050 0 0 271.0 m
86 0 1000 15 40 1.7 30, S
87 '] 1000 10 © 30 1.9 30, S
18 50 1000 8s 100 1.7 s
119 S0 930 135 255 1.9 S
132 50 1000 140 275 1.8 36
133° 50 s 260 635 1.5 30
216¢ 0 5 20 55 1.8 s
art 0 25 20 60 2.2 s
218t 0 t 20 60 1.3 s
2279 50 5 23 560 2.5 27
4. S o shattered (2 or wore fractures [or faults]). PM = partial melting.
b. Strain rate is 10~/ sec*l.
c. Confined specimen heated at 10°C/min to 1000°C and then deformed at
25°C and 50 MPa confining pressure
d. Unconfined specimen heated to woo'c at 10°C/min and then deformed at
25°C, unconfined.
e. Unconfined specimens heated to 900°C at 1.5°C/min and then deformed
at 25°C, unconfined.
g. Unconfined specimen heated to 1000°C at 1.5°C/min, cooled and then

deformed at 25°C and 50 MPa.




Table 3
Experimental data for cuerbio basa'lt
SPECIMEN CONFINING TEMP. MEAN ULTIMATE SHORTENING COMMENTS® &

NO. PRESSURE {*c) STRESS STRENGTH AT FAILURE FAULT ANGLE -

(MPa) (#Pa) (MPa) 3 ’ (e*)
200 0 28 100 300 0.8 s
204 0 R 1) 05 0.8 s
19 0 575 70 210 0.6 ]
208 0 900 70 208 1.2 s
a2 0 1030 0 5 - 0.2 ]
202 50 25 185 400 e $
203 8o 25 230 540 1.2 28
200 50 25 s 500 1.2 28
193 50 600 165 s 0.8 s
194 50 600 - 150 300 0.8 ]
197 s0 700 150 300 0.9 28
199 50 925 120 - s 0.3 0,5
210 50 940 100 15 1.2 b
158 s %s 0 Y 1.3 2
205 50 1000 % 9% 1.4 v
. 220t 0 25 70 210 1.4 s
224 0 P4 s 220 1.8 s
224 50 25 235 550 1.3 %2,

8. S e ghattered (2 or more fractures or faults), PM = partial melting;
UF o uniform flow and multiple fractures.

b, Specimen heated to 750‘!: at ID'CInin, coo\cd. lnd deformed at 26°C and

c, Umggz:;ned specinen heated to ms'c at 1. S'CI-M. cooled, nnd deformed
at .

4. Unc;nrlned specimen heated to 1000°C at 1.5°C/min, cooled, and deformed
at 25°C.

Table §
Some fn-situ stress measurements in igneous rocks
pLACE RCK DEFIH NERTIGH | STRESSES () MINIUM  REF.
: {M)  (OVERBURDEK) HORTZONTAL
ORIONTAL
CALIFORNIA  GRARITE 300 8.2 9.5 5.4 W
$. CAROLINA  GRANITE - 230 6.2 2.8 15.9° 7
VISCONSIN GRANITE 136 s 16.0 7.0 7
N, NEXICO - GRANITE 2026 na r YK R
1CELARD WSALT 203 5.4 61 . € e
CEAD  BASMT 378 10.0 7.0 5.4 i
S.ARICA  DWITE 350 n.s 15.5 (average) 9 -

" Table 4
Experimental data for newberry rhyolite obsidian

SPECIMER CONFINING TEMP  MEAN  ULTIMATE  SHORTEKING COMMENTS®
ND.  PRESSURE STRESS  STRENGTH AT FAILURE (F)
AT YIELDING (V)

(MPa) {°c)  (wra) (MPa) %) (%)
T % 600 222 666 3.5 (F) s
us ) 0 @ 1\ 1.0-2.0 (V) 6.2
135 0 0 75 228 2.0-4.0 (V) 1.2
149 0 750 9 27 0.7 (1) 3.8
151 0 % 10 30 0.6 (V) .5
1500 o mw 50 0.5-1.0 (V) a2
153 0 5 " 0.6 (1) 3.1
LU 800 5 15 0.4 (V) 2.9
Y] 50 323 »820 L1 () s
168 50 700 155 s 0.8 (V) 9.7
w0 700 165 s 0.8 (V) 9.0
72?5 725 100 18 0.5 (1) 5.3
169 ) B0 ®@ 9 0.5 (1) 8.3
T 50 %5 6 2 0.1 (1) 2.6
2 50 g0 52 5 0.1 (V) 2.0
n 50 800 52 7 0.1 (1) 6.8

a. S @ shattered (2 or more fractures or faults), values in percent are the
shortenings to which each specimen was taken and then allowed to relax.
zget:'luns 177 and 172' were too weak to permit measurement of relaxation

b. Specimens 153 and 172 were each loaded cyclically fn order '. '’, and
"4 of compression, relaxation, and recompression.
Table 6
Borehole stresses (MPa/km)
CONDITION % 0y o2 o3 0103 %Y
(™
opEN 2 o,*108 g ,°21 g.* 108 as
HOLE 1 gy * 54 o, 27 o * 54 27
g v
§ 0.5 9g* 21 o,%21 o,= 0 27 18
g 2 G 98 g,°27 q,>10 8 45
M? 1 g e g e gel0 MW
0.5 o, * 27 o, ® 17 o, * 10 17 18
i 2 Ge-ss'az-n o, = 88 35
g HOLE ! Gy 3 §=17 s.=0 M W
8 0.5 G, 17 Gg= 7 a0 17 8
-
§ e 2 Gy 78 51 §m10 68 35
FaE. 1 Ge 2 G,e17 Goel0 W W
0.5. 5,= 17 5,10 g,=-3 20 8

%

Py * Py = 9,9z = 10 KPa/km for o, * 103 kg/m’.

=g, ® 0,92 % 21 MPa/kn for o = 2.7 x 10° kg/a’.




Table 7
Maximum depth (km) of a stable borehole

CONDITIONS oh/av 25°C 400°C 700°C 900°C PR -
2.0 2 2 1 1 350
Sﬁf’é . 1.0 6 4 3 2 %0 rero L MT. HOOD ANDESITE
- 0.5 >10 10 >10 >10 .
< 200
e 2.0 4 3 2 1 o
FILLED 39 510 10 >10  >10 2 o0 * '
- HOLE . )t =] ead| r0c | 1000°C
= 0.5 >10 >10 >10 >10 - o A .
2T e
= OPEN‘ 2.0 2 2 ! ! guo
|
o [HoLe 1.0 9 7 5 4 E=
£ 0.5 >0 >0 >10 >10 50
o
£ 20 5 4 3 2 > 1000
@ [FoLLED 1.0 10 >0 >10 >10
0.5 ¢ o * * o
- 2.0 6 3 1 > 1 oo i
230F
HOLE 1.0 >10 >10 >10 2 ol Pc=0 i
e 0.5 >10 >10 >10 >10 1so}
3 . § 100 L ) L L
2.0 >10 >10 6 1 g . 25%C 400°C 0% | 1000°C
w D g0 10 10 sl00 10 g . .
= 0.5 >0 >10 >10 >10 2.0 [
=3 = S0} 3
g 2.0 6 3 s 1 R /-
2| o |0 1.0 510 >0 >0 52 i oo i
w 300f- F1000° 4300
E 0.5 >10 >10 >10 >10 ool L ]
2 2.0 >10 >10 >10 2 100 ¢ | 400°C | r00C | 1000°C
@ |FILLED 1.0 >10 >0 >10 >10 ot —
HOLE
0.5 * ° . . »or
. %00} CUERBIO BASALT
*TANGENTIAL STRESS IS TENSILE. B A | -
SOl Peso T [ |\ soosc
o 130 b L L
; 100 25°C 575°C F
Eel il
4r o
g a MT. HOOD ANDESITE Zeef posours |
-4 W 500}
x PcsS50MPa .10. sj §coo- 25C 6oo°c | 700°C |
S af o107 S
s oor [
g 200} L m%m
100 *C
2 .} o - 1000°G
5 % R R N R R R S S R B S S
E AXIAL SHORTENING (%}
w .
E N ; \ Fig. 1 - Stress-shortening curves for three crys-
§ talline rocks deformed at confining pressure (Pc)
] and temperatures shown.

~
] 200 400 600 800 1000 1200
TEMPERATURE (°C)

Fig. 2 - Ultimate strength versus temperature
for Mt. Hood Andesite. Triangles (4 ) repre-
sent specimens heated to 930-1000 C, cooled,
and deformed at 25 C) 50 MPa. The unconfined
strength at 25 C*is virtually the same whether
or not a specimen has been preheated and
cooled.



CHARCOAL GRANODIORITE

Pc=50 MPa
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0 200 400 €00 800 1000 1200
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Fig. 3 - Ultimate strength versus temperature for
charcoal granodiorite. Triangles (A) represent
specimens heated to 1000°C, cooled, and deformed
at 25°C, 50 MPa. Open square (Q) represents three
unconfined specimens heated to 900-1000°C, cooled,
and then deformed at 25°C.

. ULTMATE STRENGTH (MPa x 100)
»n
T

0 ]

ULTIMATE STRENGTH (MPa x 100)

CUERBIO BASALT
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32 (2) I *
2 ..a (o] Oe
.
1 ®
o Unconfined °
e Pc=50 MPa
) o } N 1 1 [ (Ke)
0 200 400 600 800 1000
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Fig. 4 - Ultimate strength versus temperature for
-cuerbio basalt. Triangle (4) represents specimen

heated to 750°C, cooled, and deformed at 25°C, 50
MPa. Open squares {[J) represent unconfined speci-
mgns hgazzed to 905-1000°C, cooled and then deform-
ed at 25°C.

NEWBERRY RHYOLITE

t 1

400 500 600 700 800 900 . 1000

. TEMPERATURE (°C)

Fig. 5 - Ultimate stfength‘versus temperature for

Newberry rhyolite obsidian.
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Fig. 6 - Log strain rate versus log steady-state

flow stress for Newberry rhyolite obsidian at
different temperatures and confining pressures

(equation 4).



“(a) Right-lateral fault zone in grano-
diorite specimen 132 (50 MPa) consists
of gouge (G), Riedel shears (R:), shear-
ed opaque minerals, and microscopic fea-
ther fractures (thin arrow). Plane po- _
larized 1ight.

Fa

R AR [ , Y

‘b) Left-lateral shear zone in specimen (c) Feldspar phenocryst in andesite (spe-
32 shows intense fracturing prior to cimen 85) contains axial extension frac-
development of fine-grain gouge. Par- " tures. Crossed polarized light.

tially cros;ed polarized 1ight.

Fig. 7 - Photomicrographs of grahod10f1te and andesite deformed at 1000°C, showing that
brittle fracture is the predominant mechanism of failure. The load axis (o) is parallel
to the long axis of each photo. Scale line is 0.5 mm for (2) and 0.2 mm fol (b and c).
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Fig. 8 - Microfracture abundance as functions of
pressure and temperature in temperature deformed
charcoal granodiorite. Specimen 133 SA) was hea-
. ted to 1000°C, cooled, deformed at 259C, MPa: the

higher result includes gouge, the lower does not.

Fig. 9 - Radial and tangential stresses, o and
Ogs 2round a cylindrical hole of radius, a, in

an elastic, isotropic plate. Far-field horizon-
tal stresses are Oy > 0,3 vertical stress is Oy

Borehole fluid pressure is Pys and pore pressure
in a porous medium is pp.
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Fig. 10 - Differential stress versus mean pressure g g‘é i é_.‘,; B
at wall of an open and water-filled borehole in % =R g_ gg 3 <
impermeable rock (Table 6). Superposed are plots e? g SmES %
of ultimate compressive strength versus means e age g»?‘ 85
pressure. FEBFrSc23
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