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—Changes of longitudinal-wave velocity (VL) porosity, and
Q, together with optical and scanning electron microscopic obser-
vations, demonstrate unequivocally that appreciable thermal crack
ing occurs during slow thermal cycling of Sioux Quartzite. Ther-
mally-induced cracks develop primarily along grain boundaries and
secondarily as intragranular cracks. Intragranular cracks are
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preferentially oriented and appear to be infTuenced by the pre-
heating residual strain state locked-in the rock.

Acoustic emission reveals that thermal cracking occurs only
upon exceeding a thresho]d,jgpperature, which for the Sioux
Quartzite ranges between 200°C and 250°C. Thermal cracking in-
creases progressively with increasing temperature, with the larg-
est fraction of cracking occurring prior to the a-g transition
of quartz (573%C). In the temperature interval 200-573°C, V| de-
creases 407 and porosity increases 130%; new porosity is associ-
ated with low aspect-ratio cracks. Fracture intensifies during
the a-B transition as reflected by an abrupt decrease in V[, a
rapjd porosity increase and intense acoustic emission. Above
573°%C, thermal cracking continues but at a reduced rate. Poro-
sity continues to increase but is associated primarily with high
aspect-ratio cracks. Cooling induces little additional structur-

al damage., - y

Subt?{\microstructure differences measurably affect the
threshold temperature of thermal cracking and the degree of ther-
mal cracking ocecurring during a thermal cycle. Grain-size dif-
ferences appear to be responsible.

Acoustic emission has proven to be a valuable source of in-
formation. Most significant1y, acoustic emission activity is ob-
served to be very similar amongst Sioux Quartzite samples sub-
jected to the same thermal conditions. In general, upon exceed-
ing the threshold temperature, emission increases progressively,
attains a maximum (between 280°C and 400°C) and then decreases,
commonly abruptly; a second larger maximum occurs between 570°C
and 590°C, coincident with the «-g transition.

Thermal cracking of Sioux Quartzite is directly attributabld
to the marked thermal-expansion anisotropy of quartz, but also
important is the temperature dependence of its elastic moduli,
especially at and above the a-g transition. A first order calcu-
lation indicates that intergranular thermal stresses increase
with increasing temperature, with an abrupt, large increase at
the «-g.

Q has not proven to be a sensitive indicator of microstruc-
ture changes, especially for room-dry samples in which the effect
of small amounts of water overshadows that due to small micro-
structure changes. 0 of a fully-saturated sample does, however,
display a systematic decrease with increasing thermal cycle tem-
perature and appears to be in accord with Biot's mechanism of at-
tennation in a fluid-saturated, porous elastic solid. Change of
Q of room-dry, thermally-cycled samples is less systematic, but
notably, Q increases for samples heated above 550°C. V| is a
sensitive indicator of microstructure changes, especial*y of new
low aspect-ratio cracks; however, it is sensitive also to the

degree of saturation of the sample.
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INTRODUCTION

Thermal cracking of rock results from the combined effects of tem-
perature changes and temperature gradients. Temperature gradients give
rise to thermal stresses because differing thermal expan ‘ons or contrac-
tions of the various parts of the rock body generally cannot proceed
freely without creating imcompatible strains within the rock. In a simi-
lar manner, a temperature change results in thermal stresses but as a con-
sequence of the rock's inhomogeneity at the grain-size scale. In this
case, highly inhomogeneous and discuntinuous, intergranular stresses
arise due to constraint of differing thermal expansions or contractions
of neighboring mineral grains. The tendency for differing expansions
and contractions results primarily from differences in the thermal ex-
pansion coefficients of adjacent mineral grains or anisotropy of the co-
efficients, but volume changes related to polymorphic transformations
(e.g., a-quartz to 3-quartz) or mineral alterations (e.g., dehydration
and dissociation) also can make important contributions.

A number of experimental studies entailing the uniform heating of
rock (Ide, 1937; Somerton and others, 1964; Barbish and Gardner, 1969;
Perami, 1971; Wang and others, 1971; Todd and others, 1972; Richter and
Simmons, 1974; Simmons and Cooper, in press) have demonstrated convinc-
ingly that intergranular thermal stresses can locally exceed the fracture
strength of rock. These same studie< further show that the resu]tiag
microcracks, which are usually of grain-size dimensions or smaller,
irreversibly alter the physical properties of the rock; most notably,

elastic moduli and fracture strength decrease and porosity and permeability
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increase. In addition, fracture toughness and thermal expansion and dif-
fusivity coefficients appear to change. Consequently, when attempts are
made to analyze the development of thermal cracking during non-uniform
heating or cooling of rock, it is imperative that the effects of tempera-
ture-gradient thermal stresses and intergranular thermal stresses be in-
corporated. As implied by Hasselman (1969) the effects of the intergran-
ular stresses and the resulting microcracks need not be small and may, in
a number of ways, significantly affect the propagation of macrocracks in-
duced by the temperature-graident thermal stresses. Nevertheless, it is
not surprising that such an incorporation is not often attempted. The
analysis becomes more complicated, but probably more importantly our
quantitative understanding of thermal crack generation during a uniform
temperature change is still in its developmental stage.

It is our opinion that the first phase of a systematic study of the
thermal cracking of rock should address the problem of microcrack forma-
tion in a uniform temperature field. Therefore, our investigation has
concentrated on studying experimentally and observationally the develop-
ment of microcracks in rock subjected to slow, uniform temperature changes
and evaluating how the thermally-induced microcracks affect the physical
properties of the rock. It should be emphasized that these first studies
are essential if we are to distinguish the relative roles of absolute
temperature and temperature gradients upon the thermal cracking of rock
under conditions of non-uniform heating or cooling.

In our experiments, a cylindrical specimen of Sioux Quartzite is
slowly heated (< 2°C/min) unconfined to a specified temperature between

20-900°C and then slowly cooled (< 2°C/min) to room temperature. During




the thermal cycle, acoustic emissions are monitored continuously as a
means of providing a record of microcracking activity as a function of
temperature. In order to obtain quantitative measures of microstructural

changes induced in the rock, the longitudinal-wave velocity (V, ) and the

L)
quality factor, Q (the inverse of wave attenuation), are measured prior
to and after a thermal cycle. The longitudinal-wave velocity has been
shown to be an especially sensitive indicator of microcracks (provided
the rock is dry), and thus provides a means of detecting subtle micro-
structure changes (Thill and others, 1969; Nur and Simmons, 1969; Toureng
and others, 1971). Q has proved useful as an indicator of microstructure
changes in other studies (Gordon and Davis, 1968; Kuszyk and Bradt, 1973;
Coppola and Bradt, 1973), but our studies and others (Barbish and Gardner,
1969; Warren, 1973) indicate that Q is more sensitive to small changes in
the water content of the sample than to small microstructure changes.
Nevertheless Q does provide a measure of microstructure changes, but its
sensitivity to changes is less than originally anticipated. Changes in
VL and Q provide indirect, but quantitative measures of microcrack develop-
ment as a function of the maximum thermal-cycle temperature, which can
then be compared to petrofabric observations and measurements made on thin
and polished sections studied by aoptical and scanning electron microscopy.
Ultimately the specimens will be tested to determine how compressive and
tensile strengths, permeability and fracture energy vary with changes in
the microstructure of the rock.

Several other aspects of thermal cracking are explored in a prelimi-
nary fashion. For comparison with unconfined thermal cycling, several

specimens have been subjected to 50 MPa confining pressure and thermally
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cycled to 400°C. In addition, a series of thermal-shock experiments are
performed for the purpose of comparing microcrack development under tran-
sient thermal conditions with that occurring during slow heating and cool-
ing.

OQur experimental program is similar to previous studies, yet differs
both in manner of execution and philosophy in several significant ways.
Although we too are studying how a uniform temperature change affects the
physical properties of rock, our immediate purpose is to better understand
how thermally-induced microcracks develop and determine what parameters
affect their development. Ultimately we hope our experimental studies
will let us develop a theoretical model of the fracture process. From
this viewpoint, we make use of changes of certain physical properties
as an aid to infer the changes in the microstructure of the rock. The
monitoring of acoustic emissions has only been used in one previous study
and in that instance 300°C was the maximum temperature attained (see
Richter and Simmons, 1974). The acoustic emission data provides a dif-
ferent and more direct indication of microcrack development and promises

to play a key role in improving our understanding of thermal cracking.
Materials and Procedures

Description of Rock

The Sioux Quartzite is one of the eight rock types in the U.S.
Bureau of Mines standard rock suite for rapid excavation. Specimens
utilized in this study are taken from the same block of Sioux Quartzite
used by Friedman and Bur (1974) in their investigation of the relations
among residual strain, fabric, fracture, and ultrasonic attenuation and

velocity (see reprint Appendix A). Physical properties of Sioux Quartzite
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as published by Krech and others (1974) and summarized in Table 1, are
representative of those of our study block. The X, Y, Z coordinate sys-
tem utilized in the previous study has been maintained in the present
study, and all samples {19 mm in diameter by 40-70 mm long) are cored
parallel to Y, i.e., the core axes are parallel to bedding, the XY plane.
The Sioux Quartzite (known commercially as Jasper quartzite) is a
Tow porosity (C.2 - 0.4%), fine-grained (ca. 0.5 mm) sedimentary rock
composed predominantly (> 99%) of tightly-packed, subrounded to rounded
quartz sand grains cemented by quartz overgrowths. Petrofabric studies
(Friedman and Bur, 1974) indicate that: (1) the long axes of elongate
grains (lona/short > 2.0) are essentially parallel to the long grain
boundaries and are oriented statistically parallel to the bedding (XY)
and YZ planes, (2) the c-axes of individual grains are randomly oriented,
(3) intragranular, healed microfractures are essentially randomly oriented,
and (4) quartz deformation lamellae are preferentially oriented so that
they tend to 1ie at angles less than 30° to the bedding plane. Details
of grain-boundary cracks are discussed in a subsequent section. X-ray
diffraction measurements indicate the samples contain a residual-strain
i

state which is characterized by the greatest elongation (100 x 107°) ori-

ented subparallel to X, the intermediate principal axis (5 x 10'6) sub-
parallel to Y, and the least elongation (-85 x 10'6, a compressive strain),
subparallel to Z.

The Sioux Quartzite is mechanically homogeneous but displays a mee-
surable degree of anisotropy. Measurements of the bar velocity of samples
cored (all parallel to Y-axis) from various parts of the block average

4.84 km/sec with a standard deviation of 2.7%, and a significant fraction




Table 1. Physical Properties of Sioux Quartzite

Porosity

Property Krech and others (1973)1 Civrant study2
mean cv

. % 0.14 37.9 0.20 - 0.36
Permeability . . . . . . . . u m/sec <1 x ]0‘4 = A
DR s s i P 10%g/m>  2.64 0.1  2.634 + 0.008
Shore hardness . . . . . . . 101 2.4 ---
Compressive strength . MPa 505 8.7 -
Compressive Young's modulus . . GPa 56.4 8.2 ---
Tensile strength MPa 10.8 18.1 -—-
Tensile Young's modulus . . . . GPa 27.9 s T -—-
Bar velocity. . « « w « » = - km/sec 4.63 3.5 4.84 + 0.13
Torsional velocity . . . . . . km/sec 3.43 2.l ---
Dynamic Young's modulus®. . . . GPa 56.8 6.0 69.9 - 55.0
Dynamic shear modu1u54. . . . . GPa Sl 4.3 -
Poisson's ratioa. i B v 0.138 23,3 ---

1. specimen axis parallel to Z-axis

2. specimen axis parallel to Y-axis

3. coefficient of variation, percent

4. calculation is based on the assumption of isotropy
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of the deviation appears to result from very small differences in the
water content of the samples. Measurements of compressional-wave velo-
cities in various directions in a neighboring block (Krech and others,
1974) reveal that the rock has an orthorhombic elastic symmetry with

the minimum velocity (4.9 - 5.0 km/sec) parallel to Z, the intermediate
velocity (= 5.35 km/sec) 20 - 30° clockwise from Y in the XY plane and
the axis of maximum velocity (> 5.4 km/sec) 20 - 30° clockwise from X.
This 10% velocity anisotropy is interpreted to be related to the prefer-

red orientation of elongate grains and grain-boundary cracks.

Velocity and Attenuation Measurements

The velocity (VL) and attenuation (Q'1) of longitudinal waves in

cylindrical specimens are determined using a forced resonance technique.

The measurement system, shown schematically in Figure 1, is similar to
resonance systems used elsewhere (cf. Spinner and Tefft, 1961; Davis,
1968). In contrast to most other systems, the driver and pickup consist
of electrically-shielded, cork-backed, PZT piezoelectric transducers
that are pressed lightly against the ends of the specimen; a thin film
of grease between the transducer and sample is used to maximize mechani-
cal coupling. By varying the frequency of a sinusoidal voltage applied
to one transducer, the specimen is forced into a longitudinal mode of
resonance. By swepting from low to high frequencies and plotting output
vs frequency, as shown in Fiqure 2. the first and subsequent harmonics
of Tongitudinal resonance can be identified, and the longitudinal-wave

velocity calculated from the expression:

VL - 2n]fn, (1)
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Figure 1. Block diagram of velocity measuring system.
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Figure 2. Output versus frequency for forced longitudinal excitation of
c¢ircular cylinder of Sioux Quartzite.




where 1 = Tength of the <pecimen,
n=1,2, 3, ... = order of vibration, and
fn = resonance frequency of the nth mode of vibration.
In specimens of finite dimensions VL is frequency dependent and is re-

lated to the bar velocity, Vo’ (V0 = AfE/0) by,
V=KV, (2)

where K is a correction term dependent upon the specimen diameter-to-
length ratio (d/1), frequency, and Poisson's ratio, v (Bancroft, 1941).
In the present study where d/1 = 0.1 - 0.25 and v = 0.15, the correction
term K ranges from 0.998 to 0.999 for velocities calculated from the
first resonance peak, thus the longitudinal-wave velocity can be inter-
changed directly for the bar velocity with little error (- 0.1%).
Resonance methods permit precise velocity determinations and thus
should allow, in principle, detection of small velocity changes resulting
from subtle changes in the microstructure of a rock. Repeated measure-
ment of an aluminum rod indicated that our measurement system displays
long-term stability and has an attainable precision of better than 0.17.
Repeated velocity measurements on samples of Sioux Quartzite also indi-
cate a precision of 0.1%, provided the elapsed time between measurements
is short (< 1 day). For Jonger time intervals, samples maintained at
ambient laboratory conditions commonly display velocity variations greater
than 0.1%, with day-to-day variations as large as 0.5% (Figure 3). For
time spans on the order of tens of days the velocity variations .an be
on the order of 1 - 37 or greater (Figure 3).

Water appears to play a dominant role in these velocity variations,
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Figure 3. Longitudinal-wave velocity and Q determinations made over an
extended time period on samples of Sioux Quartzite and aluminum maintained
at ambient laboratory conditions.
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but our studies indicate that the exact manner in which water affects
the velocity in low porosity rocks (< 1 - 2%) is more complicated than
indicated by the results of other workers (e.q., Nur and Simmons, 1969;
Thill et al., 1973). In general terms, the lower the degree of satura-
tion, the lower the velocity; especially noteworthy is that a small
change in the water content of a nearly dry rock can result in a signi-
ficant change in the velocity (up to several percent). In principle, to
minimize the velocity variations, the water content should be maintained
constant from measurement to measurement; yet in practice unless the
most stringent steps are taken, the desired constancy of water content is
difficult to achieve.

The bulk of the specimens reported on in this report where maintained
at ambiert laboratory conditions, consequently the actual precision of
most velocity measurements is only about 1-2% as a result of humidity
changes in the laboratory. More recently, however, we have changed to a
procedure which more closely controls the water content, and the preci-
sion of velocity measurements over extended time intervals appears to be
about 0.25 to 0.5%.

Q is measured in terms of the sharpness of resonance. If f] and f2
are the frequencies on either side of resonance at which the amplitude
of vibration of the sample falls to 1/~r§—times the amplitude oi the

resonant frequency, fr’ the quality factor, Q, is given by the relation

r (3)
Q: % 3
f1-%2

It is estimated that transducer and support losses affect Q determina-

tions by less than 10% and that the precision of measurements is 5%.

S e G A e o = y ————
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In agreement with previous studies (Barbish and Gardner, 1969; Kissell,
1972, Tittmann and others, 1973; Warren and others, 1974), our measure-
merts (frequencies 15-45 kHz) indicate that Q displays a marked sensiti-
vity to the presence of water, with Q varying inversely with the degree
of saturation. Typically, Q of a fully dry rock is greater by a factor
of 10 to 30 than Q of a fully saturated rock. Q of a "fully dry" rock

is significantly affected by small changes in water content as illu-
strated in Fiqure 4, which shows the variation of Q with time after ther-

mal cycling a sample to 455°C. The systematic decrease in Q during the

PRSI OE WP . -~ 200
t 5
e SQ-9
§ Tmax = 455°C =%
S t\\\ o
§ A\M & “3:" |OO
-, 39f
> o—
38— o’K
37 ik 1 i A Sk . ke 0
IO 20 30 40 50 60 70 80
TIME (DAYS)

Figure 4. Variation of Tongitudinal-wave velocity (V) and quality fac-
tor (Q) during equilibration of an initially "fully dry" rock with labora-
tory humidity conditions. Solid triangle represents () prior to heating.
first 20 days (sample maintained at ambient laboratory conditions) is
interpreted to result from progressive uptake of small amounts of water
from the atmosphere as the sample equilibrates from its initial "fully
dry" state to laboratory humidity conditons. Consequently, if Q and

changes in () (20) are to be used as indices of rock microstructure and
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microstructure changes, the water content of the sample must be known and
comparisons of Q made at the same water content. In this regard, either
a fully saturated or fully dry state are the two preferred conditions;
the latter, however, is less easily achieved.

Measurements on Sioux Quartzite further indicate the ( and V0 are
inter-related, but the functional relationship varies with the degree
of saturation. At high and very low degrees of saturation, Q varies
inversely with VO; Figure 4 shows the relationship for the case of a
low degree of saturation. In contrast, other of our experiments reveal

at intermediate degrees of saturation, Q varies directly with Vo'

Acoustic Emission Measurements

Acoustic emission is a transient elastic wave generated by rapid
release of energy within a material. In rock, crack propagation has
been shown to be a significant source of acoustic emission (cf. Hardy,
1972). Thus, monitoring acoustic emission during a thermal cycle pro-
vides a measure of fracture activity.

A schematic block diagram of the acoustic-emission monitoring system
is shown in Fiqgure 5. The acoustic-emission sensor is an electrically-
shielded, PZT transducer. The signal from the sensor is preamplified
and fiitered before passing to the detector and counting circuitry (de-
signed by Dr. A. F. Gangi, Texas A&M University). In contrast to other
systems, the acoustic-emission signal is electronically-processed so

that each acoustic-emission event that exceeds a pre-set threshold level
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Figure 5. Schematic block diagram of the acoustic emission monitoring
system.




is counted only once. The resultant DC voltage output of the counter is
directly proportional to the cumulative number of acoustic-emission counts
and is plotted on a strip chart along with the temperature of the speci-
men. The counter automatically resets to zero every 4096 counts. An
overall system gain of 86 db and bandpass of 5-300 kHz is utilized. The
sensor can detect a surface displacement as small as 2 x 10'7 mm.

The PZT transducer is not bonded directly to the specimen because
temperatures attained upon heating are greater than its curie-point. In-
stead, the sensor is coupled to a fused-quartz rod that in turn is bonded
to the sample with a strong, high-temperature resistant cement (Sauerei-
sen cement no. 1). The fused-quartz is used as a wave guide because of
its high melting point, high G and low thermal conductivity. Unfortunately,
its low thermal expansion coefficient gives rise to problems during the
cooling phase of a thermal cycle.

Acoustic emission during the heating phase comes only from the sam-
ple, but during the cooling phase the acoustic emission record is domi-
nated by emissions generated at the fused quartz-cement bond. By replac-
ing the rock specimens with a material that does not give rise to acous-
tic emission upon heating (e.g., brass), it was observed that the fur-
nace, glass rod, and bonding cement do not give rise to acoustic emission.
Such is not the case upon cooling. Experiments late in our present study
finally demonstrated that the anomalous acoustic emission records observed
upon cooling are the result of microcracking of the fused-quartz rod at
the cement bond. Thus, we lack meaningful acoustic emission data with

respect to the rock's behavior during the cooling phase. Fortunately,
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as later discussions show, there appears to be 1itile microcracking

activity upon cooling.

Petrofabric Observations

The purpose of the petrographic and petrofabric study is to (1)
characterize the composition, texture, and fabric of the starting mater-
ial, (2) recognize thermal fractures induced experimentally, (3) describe
their orientation, location, and abundance relative to experimental para-
meters, and (4) correlate the above with experimental parameters and
thoeretical considerations in order to gain a better understanding of
thermal fracture in rock. Observational studies to date have been made
on discs of Sioux Quartzite cut from three specimens thermally cycled
(< 2°C/min) to maximum temperatures of385°, 560°, and 685°C and on cylin-
drical discs of quartzite (19 mm diameter by 3 mm thick) that have been
thermally shocked by ice-water quenching from 400°C.

Microfracture index. The abundance of intragranular microcracks is

expressed as a microfracture index, FI, which is based on fracturing in
400 grains as follows: percent unfractured grains X1, plus the percent
of grains with 1-3 fractures X2, plus percent with 4-6 fractures X3, plus
the percent of those with 6-10 fractures X4, plus the percent of those
with > 10 fractures per grain X5, all X100 (Friedman, 1963, p. 18, Table

1). The index may vary from 100 to 500. Indices determined here are

reproducible to + 27 and are used to compare relative amounts of fracturing

among specimens.

Staining technique. It is essential to be able to recognize ther-

mally-induced fractures, distinguish them from microfractures relict from

some previous natural deformation, and from fractures that might arise
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from relaxation of residual stresses upon thin section preparation. Dis-
tinction between thermal cracks and relict natural ones is achieved
readily in that the former are fresh and unhealed whereas by far most of
the latter are healed, i.e., there has been a rebonding of the silica
across the fracture and the fracture surface is invariably decorated with
natural impurities. Both thermal cracks and those that might arise from
thin section preparation (relaxation of residual stress) are unhealed,
however, and impregnation prior to sectioning with a suitable stain is
necessary to distinguish between the two. Staining methods that involve
heating the specimen (e.g., Baldridge and Simmons, 1971; and Simmons and
others, 1975) need to be avoided as the specimens here are to be subjected
to a specific thermal treatment. A room-temperature staining technique
was sought, and the one suggested by Mr. D. A. Parker, National Petro-
graphic Service Co., Houston, Texas, was found to work satisfactorily.
Before sectioning, the disc-shaped specimen is impregnated under vacuum
with a blue-stained, thinned epoxy which is allowed to harden at room
temperature. First, Shell Chemical Epoxy, R-815 Resin (Ring Chemical
Co., Houston, Tx.) is thinned up to 30% by volume with BGE reactant
diluent (I.W. Industries, Houston, Tx.). The mixture is then stained

a dark blue with Kriegrosol blue supra concentrated powder (7-K Color
Corp.. Hollywood, Ca.). A hardener, Geramid 2000 (Ring Chemical Co.,
Houston, Tx.) is then added up to 50% by volume. This mixture has a

low viscosity liquid-life of about an hour. The chip is immersed in a
cup of the mixture and evacuated for 30 minutes. Then it is removed from
the epoxy bath and allowed to harden at room temperature for 12 to 25

hours before a thin section is prepared. In thin section, the blue-stained
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epoxy is sky-blue in color and fills the finest of cracks and grain boun-
dary openings. It appears to fill its container completely, i.e., no
shrinkage upon hardening. Expansion upon hardening cannot be ruled out,
but it does not appear to be a serious problem.

The specimens cycled at about 2°C/min are studied in polished sec-
tion with optical and SEM. Surfaces are polished with abrasives down to
3.0 um, impregnated with epoxy, and then further polished with 0.3 um
alumina. The epoxy fills parted grain boundaries and cracks and simpli-
fies their study optically. For SEM work an attempt was made to remove
the epoxy prior to coating the surface with the standard 200 K-thick
layer of gold-palladium by treating the surface with a solution of %%
bronine and 95% ethanol for 12 hours. Epoxy remains in some of the
parted grain boundaries but is dissolved completely from others.
Reflected 1ight microscopy through the gold-palladium coating
enhances best of all the visibility of parted grain boundaries and intra-

granular microfractures.
RESULTS

Velocity Changes

The irreversible effect of slow heating and cooling upon the iongi-
tudinal-wave velocity is shown in Figures 6 and 7. Figure 6 shows the
ratio of the post-heating velocity (VP) to the pre-heating velocity (Vi)
as a function of the maximum temperature (Tmax) attained during a thermal
cycle. MWhereas, Figure 7 shows the absolute velocity as a function of
Tmax; in this case, except for the initial room temperature data, the

velocity is measured immediately after removal of the sample from the
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Figure 6. Variation of normalized, post-heating velocity with maximum
temperature attained during a thermal cycle. VP and V' are post-heating
and pre-heating longitudinal-wave velocities, respectively and are

measured "room dry". Group I samples (solid symbol) and Group II samples
(open symbol) are cored from two different parts of the source block of
Sioux Quartzite. A1l samples were thermally cycled at atmospheric pressure,
except for two samples (open squares) which were thermally cycled under

50 MPa confining pressure.
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furnace and corresponds to that of a "fully dry" specimen. In Figure 6,
the post-heating velocity, Vp, corresponds to the velocity measured after
the sample has re-equilibrated to laboratory humidity conditions. Be-
cause the pre-heating velocity, Vi, is measured at ambient laboratory
conditions, the re-equilibration is essential if the velocity ratio, Vp/
Vi, is to reflect only the effects of thermally-induced microcracks and
not additional effects due to differing water contents. The importance
of achieving re-equilibration is underscored by the observation that the
“fully dry" velocity is lower by up to 6% (see Figure 4). Nevertheless,
laboratory humidity changes with time, hence it is not possible in every
case to be sure the effect of differing water contents has been completely
eliminated. This results in a potential source of error.

Interpretation of the velocity data is dependent in part upon under-
standing the scatter in the data points. Part of this scatter possibly
can be attributed to error associated with differing witer content, as
mentioned above. The maximum error introduced from this source, however,
is only about 2 to 3%. A more significant component of the scatter
appears to be associated with subtle microstructure differences from
sample to sample. When the original location of the sample in the study
block is taken into account, these differences appear to be systematic.
This is demonstrated by distinguishing the data points in Figures 6 and
7 cording to which of two distinct beds in the study block the samples
are taken. As can be seen, one group (the solid circles, Group I) falls
consistently above the other (the open circles, Group II). Such a dis-
tinct difference, especially in Figure 6, is impressive considering the

small difference in initial velocities for these two groups; Group I




e e T

22

samples have a pre-heating average velocity of 4.78 km/sec, whereas Group
11 samples have a pre-heating average velocity of 4.84 km/sec. We are
currently attempting to determine the initial microstructure differences
of these two groups, but tentatively it appears that Group I has a slightly
smaller average grain size than Group II. Segregation of the data into
two distinct groupings simplifies interpretation of the velocity data.

Examination of the data indicates that upon exceeding a threshold
temperature between 200°C and 300°C, the velocity (for both data groups)
decreases approximately 10% for each 100°C increase in Tmax’ up to the
a-quartz to g-quartz transformation (573°C). At the «-8 transition,
there is evidence of an abrupt velocity decrease of approximately 10%.
From 573°C to 900°C, the velocity continues to decrease, but at a sig-
nificantly lower rate (ca. 3%/100°C). A concerted effort is not made
to determine precisely the threshold temperature on the basis of velocity
changes, because the acoustic emission data (as shown subsequently) is a
more sensitive indicator. On the basis of the velocity data, however,
it might be anticipated that the threshold temperature is different for
the two sample groups.

A 50 MPa confining pressure reduces but does not completely suppres
the thermal cracking of Sioux Quartzite. Two exploratory thermal cycling
experiments to 400°C (the open squares, Figure €) show the velocity de-
crease (measured at atmospheric pressure) is less than 50% of that result-

ing at unconfined conditions (Group Il samples).

Quality factor changes

There is little doubt that cracks play a role in determining the Q
of a low porosity rock. The exact role, however, is not fully under-

stood. A commonly proposed model relates dissipation of elastic strain
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energy during passage of a stress wave in dry rock to frictional sliding
of contacting crack faces (e.g., Walsh, 1966; Gordon and Davis, 1968).
On the basis of this model an increase in the number of cracks might be
expected to result in a decrease in (), because there is likely to be a
greater number of potential sites for sliding contacts to develop. When
water is present, Q is significantly affected. There is a change in the
relationship between O and the microstructure of the rock. This is parti-
cularly apparent in our measurements of ( before and after a thermal
cycle for room dry and water-saturated rock.

Initial values of Q for "room dry" Sioux Quartzite range from 60 to
250, with 100 being a typical value. The cause for the wide spread of
values is uncertain, but it appears primarily to reflect slightly dif-
fering degrees of saturation amongst the samples, although microstruc-
tural differences cannot be completely ruled out. The pronounced effect
of water on Q of a "room dry" rock poses a problem when attempting to

assess microstructure changes on the basis of changes in Q. The influ-

ence of water on Q may in some cases overshadow the effects of small

changes of microstructure. In other instances, the problem is to dif-

ferentiate whether an observed change in Q after a thermal cycle is the |
result of microstructure changes or small differences in water content
or a combination of the two. The problem is well illustrated in Figure
8, which shows the ratio of the post-heating Q (Qp) to the pre-heating
Q (Qi) (both measured "room dry") as a function of the maximum tempera-
ture of the thermal cycle. The only definitive statement permitted by

the data is that between 200°C and 550°C, Q is unchanged or decreases,
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Figure 9. Effect of thermal cycling on the Q of water-saturated Sioux
Quartzite.
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whereas between 550°C and 800°C, Q increases. The scatter in the data

is interpreted to result primarily from the effects of slightly differ-
ing water contents from one measurement to the next and from sample to

sample.

In contrast to a "room dry" state, Q of a fully saturated rock dis-
plays a systematic variation with increasing thermal cycling temperature.
Figure 9 shows that from initial Q's of 25 to 40, Q progressively de-
creases with increasing maximum temperature of heating, up to the «-¢
transition, Above the transformation temperature, Q remains essentially
constant at a value of 10. The Q of a saturated rock thus appears to
provige an indication of microstructure changes occurring during the
thermal cycle. It is not necessarily the same microstructure changes,
however, that a change in Q of a fully dry rock might reflect, because
attenuation is dominated by differing mechanisms in each of these cases.

Attenuation in the saturated rock is thought to be in accordance with a

mechanism proposed by Biot (1956). In this case, energy dissipation results

from relative motions between the pore fluid and solid framework, pri-
marily as a result of stress-induced flow of water in the interconnected

pore sp&ce. As the permeability increases, Q decreases.

gggpsitx Changes

Figure 10 shows the increase of apparent total porosity with increas-
ing temperature of the thermal cycle. Initial porosity ranges from 0.2 -
0.47%, but increases to 17 upon heating to 900°C. Although not evident on
Figure 10, detectable increases in porosity occur at 300°C. The porosity
increases progressively with increasing temperature, marked by a rapid

increase at the a-quartz to g-quartz transformation temperature. There




N
N
26
* I
| - Y
400 500 600 700 800 900
Tmax (°C
Figure 10. Variation of the porosity of Sioux Quartzite with the maximum
temperature attained during slow thermal cycling.
50 1
\
® |
\
\ |
A\, i
. 4 O - Q !
i ) \
] 3 0\\9. [
| - N |
£ ~
; >_J }%. |
30 2 GROUP | l
o
o !
e GROUP 2 o O ®
! l R o
| l
| 2 O 1 1 " K - l l 1 1 l
0.0 02 04 0.6 o8 1.9
POROSITY (%)
\ Figure 11, Relation between the longitudinal-wave velocity and porosity
¢ of therma.ly cycled Sioux Quartzite. The data points to the left of the
t dashed vertical line correspond to samples heated to temperatures below
® the 4-g transition of auartz.




S .

27

is some indication that the rate of porosity change decreases above
J0G2E.

The relationship between longitudinal-wave velocity and total poro-
sity for thermally-cycled samples, is shown in Figure 11. The prominent
inverse relationship between velocity and porosity for samples heated to
temperatures less than 573°C indicates that a significant component of
the new porosity is associated with low aspect-ratio cracks (Nur and
Simmons, 1969; 1970). For samples heated above 573°C, however, the
velocity appears to be Tittle affected by additional porosity increases,
even though the absolute porosity is still small (- 1%). This lack of
sensitivity is an indication that the additional porosity (above that
developed at 573°C) is associated predominantly with high aspect-ratio

cracks or pores.

Acoustic Emission

Technical difficulties prevented us from obtaining meaningful
acoustic-emission data until the latter part of the present study. Con-
sequently, we have data only for a limited number of tests, and of these,
all but one are Group II samples.

Representative plots of cumulative emission and emission rate versus
temperature are presented in Figure 12 and Figures 13 and 14, respectively.
0f particular significance is the marked similarity of acoustic emission
activity from test to test. In general, upon exceeding a threshold tem-
perature, emission increases progressively, attains a maximum (between
280°C and 400°C) and then decreases, commonly abruptly; a second larger

maximum occurs between 570°C and 590°C, coincident with the «-8 transition

e M i o> - e
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(Figure 14b). The onset of acoustic emission occurs at 206 + 10°C for
Group Il samples (8 experiments) and at 250°C for the Group I sample.
The greater threshold temperature for the Group [ sample is consistent
with the velocity data (Figure 6). Note also (Figure 13) that aside
from the higher threshold temperature, the general character of acoustic
emission versus temperature for the Group I sample is very similar to
that of Group Il samples.

Upon termination of heating and maintenance of a constant temperature,
acoustic emission decreases abruptly to a very low rate, with complete
termination usually following within minutes thereafter. Upon slow cool-
ing no emissions are recorded during the first 100 to 150 degrees, after
which intense emission activity initiates and continues until cooling is
complete. The preponderance of these emissions do not appear to be com-
ing from within the sample, but instead result from fracturing of the

fused-quartz rod/cement bond.

Petrofabric Observations

Slowly cycled specimens. Polished surfaces of specimens 8, 10,
and 4 (cycled once at about 2°C/min to maximum temperatures of 385°,
5607, and 685°C, respectively) and of the starting material are studied
to characterize development of thermally-induced cracks. The following
facts are apparent in both reflect_. _ptical and scanning-electron

microscopy:
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1) parting of grain boundaries srogressively increases with increas-
ing maximum temperature (Figure 15);

2) microfracture indices also progressively increase from 107 in
the starting material to 122, 138, and 147 in specimens 8 (385°C maximum
temperature), 10 (560°C) and 4 (685°C), respectively. That is, the abun-
dance of intragranular microfractures (Figures 16b, 17c, d) also increases
with increasing maximum temperature; and

3) traces of intragranular microfractures on the polished surfaces
are strongly oriented subparallel to the ZY plane (Figures 18 and 17c, d).
This fabric is documented only in specimen 4 where clear distinction be-
tween grain boundary and intragranular microfracture is possible.

The progressive increases in grain-boundary parting (cracking) is
conspicuous in photomicrographs (Figure 15) and is not quantified fur-
ther. Note in the starting material (Figure 15a) that the boundaries
are indistinct and incomplete. They are somewhat more conspicuous and
continuous in specimen 8, but reach maximum development in specimen 4
(Figures 15d and 17c¢, d) where every grain boundary is conspicuously
parted. At higher magnification the morphology of parted boundaries in
the thermally treated specimens is not conspicuously different from
that in the starting material (Figure 16a, b). Although the fracturing
along the boundaries is complex and small dislodged fragments are
apparent (Figures 16, 17b) there is no compelling reason to suspect
shear displacements along these boundaries.

Intragranuiar microfractures often intersect the grain boundaries
at high angles and die out into the grain (Fiyuves 16, 17¢, d). They

also are developed within the grain and, at least in two-dimensions,
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Figure 16. SEM photomicrographs show parted (bold arrows) and unparted
boundaries (slim arrows) in (a) and intragranular microfractures (arrows)

in (b), Sioux Quartzite specimen 8, 385°C, maximum temperature. Scale
line is 0.004 cm.
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Figure 18. Frequency diagram shows orientation of the traces of 163

ntragranular microfractures on the polished surface of specimen 4

led to 685°C). The microfracture traces are oriented preferentially
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appear independent of grain-boundaries. There also is no reason to sus-
pect shear displacement along these fractures.

The preferential development of intragranular microfractures sub-
parallel to the ZY plane correlates with the state of residual strain
and with one of the resulting trends of fracture anisotropy in this rock
(Appendix A, Figure 4a, b, and d). This fabric suggests that the resi-
dual strains may be influential in controlling the orientation of the
thermal fractures.

In the future the surfaces also will be etched to disclose modifi-
cations of smaller scaled phenomena such as dislocation arrays (etch
pits) and subgrains. Also specimens 4, 8, and 10 need to be studied in
thin section to obtain a three dimensional appreciation of the intragran-
ular microfractures and the relation between thermal and elastic aniso-
tropy in the grains and the parted boundaries and microfractures.

Thermally-shocked specimens. Discs of Sioux Quartzite (20 mm dia-

meter by 3 mm thick) have been thermally shocked (ice-water quench from
400°C) in order to compare thermal-crack development under transient
thermal conditions with that occurring during slow heating and cooling.
Macroscopically, discs quenched from 200°C, 300°C, and 400°C progres-
sively become a lighter shade of pink in reflected light. The compari-
son with similarly prepared discs not subjected to thermal treatment is
most dramatic (Figure 19a). Microscopically and in reflected light, it
is obvious that the lighter color results from reflections of light from
cracked grain boundaries (Figure 19b, c¢). In thin section (transmitted
light) grain boundary partings and intragranular cracks oriented perpen-

dicular to these boundaries are evident (Figure 20). Many of the latter
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Figure 20. Photomicrograph shows thermally induced grain boundary part-
ing (bold arrow) and intragranular cracks (fine arrows) in Sioux Quartzite
quenched from 400°C. Fractures and boundary are stained. Cross polarized
light. Scale line is 0.01 cm.
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appear to have originated at the grain boundaries and to die out in the
interior of the grains.

A detailed comparison of thermal fractures in an untreated disc and
one quenched from 400°C (Figure 21) shows that (a) 34% of the grain boun-
daries are parted in the starting material while 83% of them are parted
after thermal shock; (b) most of the microfractures are concentrated in
the outer peripheral zone of each disc, where they are oriented tangen-
tially; but their abundance increases after quenching with FI's of 157
and 236 before and fater quenching, respectively; and (c) microfractures
increase slightly in the interior part of each disc with an FI of 109
before and ore of 123 after quenching.

The concentration of most the microfractures in the peripheral zone

(four grain diameters wide) both before and after quenching and their

tangential orientation (Figure 21) suggest they are produced by more
than just the thermal treatment. Many, but not all, are stained with
the blue epoxy indicating that at least the stained ones existed prior
to thin sectioning. This cracking could arise from the coring process,
from discing with the cutoff saw, from thin sectioning (unstained ones),
and/or from the influence of residual strains prior to or during thin
section preparation. The latter is excluded, at least tentatively, in
that the tangential microfracture orientation pattern is axially sym-
metric about the Y axis whereas the residual strains are not. Similarly
oriented and located fractures do not occur in the polished discs of

the slowly cycled specimens. This fact and their greater abundance in
the quenched versus untreated discs clearly shows that the thermal

effects are important, and possibly dominant, in their development.




No. 8:

47

NO THERMAL TREATMENT

FI = Microfracture Index

; Typical Orientation
‘221////0f Microfractures in

Peripheral Zone

34% OF GRAIN BOUNDARIES ARE PARTED

No.

Figure 21.

9: THERMALLY SHOCKED - 400° to 24°C

Peripheral Zone
is 4 grain diameters
wide.

837 OF GRAIN BOUNDARIES ARE PARTED

Documentation of thermal cracking in Sioux Quartzite.
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Study of the orientation of the most conspicuously parted grain
boundaries in the 400°C-quenched specimen indicates they too are tangen-
tially oriented (Figure 22). Their orientation pattern also is axially
symmetric about Y and for the reasons expressed above probably they also
are not related to the residual strains. The boundaries measured occur
in the interior parts of the disc, are all stained with blue epoxy, and
appear to be caused primarily by the thermal treatment.

A detailed study of the crystallographic orientation of grains on
either side of conspicuously parted grain-boundaries was made to gain
insight into factors that might control the grain-boundary deformation
upon thermal shock. For example, one might expect anisotropic thermal
expansion in neighboring grains to induce deformation at the boundary.
Differential expansion or contraction parallel to the grain boundary
would be greatest if the c-axes of the adjacent grains were oriented
at 90° rather than 0° to each other. The frequency distribution of 100
angles between c-axes of grains on either side of 100 conspicuously
parted boundaries in the specimen quenched from 400°C is random (Figure

23). Thus, this analysis does not reveal any “cause and effect" relation.
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Figure 22. Diaagram shows normals to 100 conspicuously parted grain
boundaries in a disc of Sioux Quartzite quenched from 400°C. Plane of
the ciagram is parallel to the circular section of the disc with X, Y,
and 7 as indicated. Sedimentary bedding is parallel to XY. Data are
plotted in lTower hemisphere, equal-area projection.
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Figure 23. Histogram shows the frequency distribution of the angle be-
tween the c-axes of pairs ,of quartz grains across 100 conspicuously
parted grain boundaries in a specimen of Sioux Quartzite thermally
quenched from 400°C. Dashed 1ine indicates the expected random distri-
bution of such data (Bloss, 1957).
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DISCUSSION

Changes of longitudinal-wave velocity, porosity, and Q together with
petrofabric observations demonstrate unequivocally that significant ther-
mal cracking occurs during slow thermal cycling of Sioux Quartzite. This
data alone, however, does not allow us to specify when during the thermal
cycle the cracking occurs. Unfortunately, neither does the acoustic emis-
sion data, because of the lack of meaningful records during the entirety
of the cooling phase. However, pronounced acoustic emission during heat-
ing together with its absence during the first one hundred degrees of cool-
ing suggests cracking takes place primarily during the heating phase.
Better evidence for the preponderance of thermal cracking during the heat-
ing phase is provided by a comparison between post-heating values of Young's
moduius with values of Young's modulus determined at temperature.

Figure 24 compares values of Young's modulus of Sioux Quartzite mea-
sured at temperature by Wingquist (1969) (open triangles and associated
error bar) with our room temperature values of Young's modulus of thermally-
cycled samples (solid squares). Both sets of data are normalized with
respect to the initial pre-heating value of Yourg's modulus as determined
for room-dry samples. Aside from the initial pre-heating values, all
values of Young's modulus for both sets of data are for fully vy samples.
The comparison of the two sets of data in Figure 24, does not take into
account that Wingquist's measurements at temperature reflect both the
irreversible and and reversible effects of temperature, whereas the post-
cycling values reflect only the irreversible effects. For temperatures

less than 500°C, both a Ruess-Voigt-Hill (RVH) averaging of single-crystal
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Figure 24. Young's modulus of Sioux Quartzite measured at temperature

(open triangles) and after thermal cycling to temperature Tg,, (solid
squares). Young's modulus, EP, at temperature or after thermal cycling

is normalized with respect to the pre-heating value, E'. Young's modulus

at temperature reflects reversible and irreversible effects of temeperature,
whereas the post-cycling values reflect only the irreversible effects.
Correction for the reversible effects of temperature are discussed in

text. Young's modulus data at temperature is from Wingquist (1969).
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data for quartz and measurements of Ide (1937) on a quartzose sandstone
(80% quartz) indicate that Young's modulus decreases reversibly approxi-
mately 2% for every 100°C increase in temperature. Between 500°C and
the a-g transition, the rate of decrease is significantly larger (see
Figure 27). At the a-g transition, Young's modulus (RVH average) abruptly
increases to a value approximately 4% greater than that at 20°C. Apply-
ing these corrections to our data brings the two sets of measurements into
near coincidence. Such close coincidence is not to be expected if a
significant component of thermal cracking occurs during the cooling phase.
There is, however, a potential weak point in the comparison of our
post-cycling data with Wingquist's measurements at temperature. The ini-
tial pre-heating value of Young's modulus of the Sioux Quartzite samples
used by Wingquist is approximately 207 greater than that for our Sioux
Quartzite samples (78 GPa vs 62 GPa). The difference in Young's modulus
indicates the two sets of samples have different initial microstructures.
We do not know, however, in what manner the microstructures differ, but
we assume, for the present, that the effects of differing microstructure
does not greatly affect the relative degrees of thermal cracking developed
in each set of samples. Unfortunately, we cannot be assured that this is
the case, because our studies indicate that subtle microstructure dif-
ferences do affect the degree of thermal cracking developed at a specific
temperature, all other things being equal. This is demonstrated by the
measurable differences in the threshola temperature and velocity changes
of Group 1 and Group II samples in our study. Grain-size differences

appear to be the primary reason for the differences in thermal cracking;
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this is consistent with observations uf other workers (Clarke, 1964;
Davidge and Green, 1968a, b; Perami, 1971; Kuszyk and Bradt, 1973, Rict-
ter and Simmons, 1974). In general, the coarser the grain-size, the
Tower the threshold temperature and the greater the degree of thermal
cracking that develops at a specific temperature.

Ide's (1937) measurements of the velocity of rock at elevated tem-
perature during slow thermal cycling also indicate that cooling induces
little if any additional structural damage. He observed that the velocity
vs temperature curve was essentially the same upon re-heating as it was
during the cooling phase of the previous thermal cycle. If significant
thermal cracking had occurred it is expected the velocity would be lower
upon re-heating. The velocity changes upon re-heating only if the tem-
perature exceeds the maximum temperature attained during previous thermal
cycles. Recent experiments (Todd and others, 1972) confirm that no velo-
city change occurs for samples thermally recycled to temperatures less
than or equal to the previous maximum temperature. These observations
hold true for the Sioux Quartzite. A sample cycled seven times to 515°C
displays the same velocity decrease (within the uncertainty of the mea-
surements) as a sample cycled only once to 515°C.

The intense thermal cracking of Sioux Quartzite upon slow heating
ic directly attributable to the marked thermal expansion anisotropy of
quartz. At room temperature, for example, thermal expansion parallel to
the c-axis is approximately half that along the a-axes (\C = 7.0 x IO'6°C']
vs A, = 13.2 x ]0'6“C']). In the Sioux Quartzite, neighboring quartz
grains typically have differing crystallographic orientations. Conse-

quently, when the temperature of the rock changes there is a propensity
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for differential displacements to arise at the boundary between adjoining
grains. If holes are not to open in the structure, compatibility of dis-
placements requires a system of self-equilibrating stresses develop within
the grains to restrain these differential displacements. In general, the
greater the crystallographic mismatch of neighboring grains the greater
the intergranular stresses developed. If the intergranular stresses

exceed the local strength of the rock, fracture occurs.

Exact calculation of thermally-induced intergranular stresses (o)
is difficult, but analyses of several simplified cases (e.g., Boas and

Honeycombe, 1946; Davidge and Green, 1968a; Devore, 1969) indicate that

EaEc
g (A, = A )AT —=— . (4)
a (5 Ea 4 EC

where AT is the temperature increment and \a, p and Ea, ¢ are, respec-
tively, the thermal expansion coefficient and Young's modulus parallel
to the a and c crystallographic axes. As shown in Figures 25 and 27,
the thermal expansion coefficient and Young's modulus are a function of
temperature. Of particular importance with respect to Eq. 4, the dif-

L 2

ference between the thermal expansion along the a and c axes (xa;a -xCxT)
increases with temperature (Figure 26). This differential thermal-expan-
sion strain increases rapidly as temperatures near the a-g transition,
with an abrupt increase at the transition point. Notably, at higher tem-
peratures the differential strain continues to increase even though volu-
metrically, quartz contracts (Figure 25). Ea and EC decrease proaressively
with increasing temperatures below the a-g transition, with a marked de-

crease just prior to the transformation point (Figure 27). The transformation
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Figure 25. Thermal expansion of quartz parallel to the a and ¢
crystallographic axes. Data from Skinner (1966, p.91). "
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Figure 26. Variation of the differential thermal expansion of quartz

parallel to the a and c crystallographic axes as a function of temperature.
Data from Skinner (1966, p. 91).




S I TR P 51
o
1 4 t o'r 1
o E : ‘
c ? |
e E. : i
2 ; |
L ; |
c ! ]
Y :
Eo \.\. -o. St et

el e L 1 L I | }
0 200 400 600 800

TEMPERATURE (°C)

Figure 27. Temperature dependence of Young's modulus parallel to the

a and c crystallographic axes of quartz. Values of Young's modulus are
normalized with respect to room temperature values, E;= 0.78 GPa and
Ec= 1.03 GPa. Data from Perrier and de Mardiot (19229.

R ey T e T e TN T
’8 4r" /
a
>
o
©
x 5k —{
Q
o
s
wiw N
’—.
q
)
= .
) [ %
=
0 1 I | i | 1 1 1 |
(0] 200 400 600 800

TEMPERATURE (°C)

Figure 28. Predicted variation of intergrangular thermal stresses
with temperature in a polycrystalline aggregate of quartz.

s z -




B g P RPN Al e ——— N c—ty—— .

is marked by a significant and abrupt increase in Ld and FC. which con-
tinue to increase slowly with increasing temperature.

Using the data in Figures 26 and 27, tquation 4 is evaluated and
plotted in Fiqure 28. This plot shows, as a first approximation, the
functional form of the increase of thermal stresses with increasing tem-
perature, assuming fracture does not occur. The plot shows most impres-
sively why the a-¢ transition is marked by an abrupt increase in cracking.
[t also indicates why thermal cracking is likely to continue at tempera-
tures above the a-g transition, as a result of continued increase of
thermal stresses. It is unknown whether the predicted decrease in ther-
mal stress immediately prior to the «-g transition actually occurs in
the case of the Sioux Quartzite. Such a reduction in the thermal stresses
is expected to be accompanied by a reduction or cessation of cracking;
accordingly, acoustic emission should be minimal in this temperature in-
terval. Sparcity of acoustic emission data in this interval, however,
precludes checking this out at present.

Somewhat unexpectedly and for the present unexplained, we observe
that the post-heating porosity of thermally-cycled Sioux Quartzite is
proportional to the differential thermal-expansion strain of quartz occur-
ring at Tmax of the thermal cycle. This proportionality is indicated in
Figure 29, which shows superposed log-linear plots of post-heating poro-
sity versus Tmax and maximum differential thermal-expansion strain of
quartz versus temperature; the latter curve is shifted parallel to the
ordinate axis to obtain a "best fit" with porosity data. For the present,
we cannot explain the observed proportionality. We do note, however, that

a similar proportionality between the volume of an individual
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Figure 29. Superposed log-linear plots of post-heating porosity of

Sioux Quartzite versus maximum thermal cycle temperature, Tpyay (open
circles) and of differential thermal expansion of quartz versus temperature
(solid curve). The differential thermal expansion versus temperature

curve is shifted parallel to the ordinate axis to achieve a "best fit"

with the porosity data. The range of initial, pre-heating porosity is
indicated by the vertical bar at 100°C.
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thermal crack and the differential thermal strain of quartz is not to
be unexpected.

A thermally-induced crack is a "hole" in the rock's structure that
is a direct result of differential thermal expansion between neighboring
grains. The volume of the crack thus depends upon the magnitude of the
differential displacements occurring across the crack. Accordingly, the
greater the mismatch of the thermal expansions of grains within the im-
mediate vicinity of the crack, the greater the volume of the crack. As-
suming this conceptual model is approximately correct, it is not unrea-
sonable that at a specific temperature the volume of a thermally-induced
crack is proportional to the maximum differential thermal expansion of
quartz occurring at that temperature. The proportionality constant should
depend upon the crystallographic orientations of the grains in the imme-
diate vicinity of the crack and thus varies from crack to crack. Further-
more, using a weighed-averaging schemed it should be possible in principle
to define for each temperature an "average" proportionality constant bet-
ween total crack porosity and the differential thermal-expansion strain
of quartz at that temperature. If total crack porosity is determined at
room temperature, then the proportionality constant must be corrected for

the recoverable volume changes occurring upon cooling. There is no imme-

diately obvious reason, however, why the corrected "average" proportionality

constant should be independent of temperature as indicated in Figure 29.
Our studies of acoustic emission during heating are restricted to

detection of stress waves that have amplitudes greater than 10_7 mm and

frequency contents between 5 and 300 kHz. Thus we are measuring only a

portion of the acoustic emission generated within the rock, but we assume
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our sample is representative. Besides the uncertainties associated with
detecting only a fraction of the acoustic emission activity, we have no
assurance that all emissions detected result from fracture events. Another
potential source of acoustic emission is from unstable sliding between
surfaces of a brittle material (Hardy, 1971, p. 69). During thermal cycl-
ing, differential contractions or expansions may give rise to unstable
sliding between touching, detached grains, or crack faces, or both. Since
we are primarily interested in fracture events, it is highly desirable to
differentiate acoustic emission generated by fracture events from that
associated with unstable sliding. The feasibility of making such a dis-
tinction, however, has yet to be demonstrated. Ideally, the differing
source mechanisms (i.e., fracture vs unstable sliding) may have identifi-
ably different acoustic emission signatures. For the present, we assume
that the preponderance of acoustic emission is associated with brittle
fracture.

In our experiments, we do not record the actual waveforms of acoustic
emissicn events, hence we do not know the amplitude distribution of the
emissions. Consequently, it is not necessarily meaningful at this time
to atteipt to correlate either the cumulative emission or emission rate
data with the velocity data. We do not know, for example, whether or
not a high emission rate corresponds to a large increment of structural
damage. To make such a correlation, we need the amplitude distribution
data.

The acoustic emission data has allowed us to specify precisely the
onset of thermal cracking. More importantly, however, we have been able
to show that acoustic emission activity is very similar amongst samples

subjected to the same thermal conditions. This consistence is essential
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if the acoustic emission data is to be amenable to analysis. Clearly,
more work is needed and warranted. In particular, the amplitude distri-

bution and frequency spectra of the acoustic emissions must also be

analyzed.
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Conclusions

(1) Thermal cracking of the monomineralic Sioux Quartzite upon slow
uniform heating is directly attributable to the marked thermal expansion
anisotropy of quartz.

(2) Thermal cracking occurs only after a critical threshold temper-
ature is exceeded. For the Sioux Quartzite, the threshold temperature
for an initial thermal cycle ranges between 200°C and 250°C, depending
upon the specific microstructure of the sample.

(3) Above the threshold temperature, thermal cracking increases
progressively with increasing temperature. The majority of cracking
occurs prior to the «a-quartz to Rg-quartz transformation (573°C). A
significant component of thermal cracking occurs at the «-8 transition
and is reflected by an abrupt decrease in the (post-heating) longitudi-
nal-wave velocity, a rapid porosity increase, and intense acoustic emis-
sion. Thermal cracking continues above the «-g transition but at a
reduced rate.

(4) The preponderance of thermal cracking occurs during the heating
phase of a thermal cycle.

(5) Thermally-induced cracks develop primarily along grain boundaries
and secondarily as intragranular cracks. Typically, intragranular cracks
intersect grain boundaries at high angles and tend to die out into the
grains.

(6) The pre-heating residual strain state influences the development

of intragranular cracks.
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(7) Subtle microstructure differences measurably affect the degree
of thermal cracking developed during a thermal cycle. Grain size may be
the dominant microstructure parameter.

(8) The observed relationship between longitudinal-wave velocity and
porosity indicates that the bulk of the porosity developed below the «-:
transition is associated with low aspect-ratio cracks, whereas above the
-5 transition, increased porosity is associated primarily with high as-
pect-ratio cracks.

(9) Acoustic emission has proven to be a valuable source of infor-
mation and is likely to play an important role in future attempts to
understand the details of thermal cracking. Most significantly, the pre-
sent study has shown that acoustic emission activity is very similar
amongst Sioux Quartzite samples subjected to the same thermal conditions.

(10) The quality factor, Q, displays a marked sensitivity to the
presence of water. Typically, Q displays a change after a thermal cycle,
but when measured at fully-saturated and room-dry conditions it has not
proven to be an especially sensitive indicator of microstructure changes.
Nevertheless, O of a fully-saturated rock displays a systematic decrease
with increasing thermal cycling temperature and appears to be in accord
with Biot's mechanism of attenuation in a fluid-saturated, porous elastic solid.
Changes of ( for "room-dry" samples are less systematic, but significantly,
() increases for samples heated above 550°C.

(11) Confining pressure inhibits the development of thermal cracking.

B e —
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Investigations of the Relations
among Residual Strain, Fabric,

Fracture and Ultrasonic

Attenuation and Velocity

in Rocks

M. FRIEDMAN®* und T. R, BURH

Residual strain measured by X -ray diffractometry. fabric. and ultrasonic vel-
ocity and attenuation in blocks of dry Charcoal Grantte, Swoux Quartzite. and

Berea Sandstone are investigated to determine their causes and effects and the

degree to which eacl can be used 1o predict fracture amisotropy. The statistical

trends of tensile fractures, induced by point-loading oriented discs. are reliably
predicted from ultrasonic data in all three rocks: the attenuation data reflece

some not sensitive to velocity. In the granite the fractures are compatible geo-

metrically and probably genetically w ith the orientations and magnitudes of the

residual strains (ie. prestress) and with microfractures and exsolution lamellae

Fractures in the quartzite and sandstone are primarily oriented parallel to bed-

ding. Those not parallel to bedding i the quartzite are compatible with the
residual strains. Ultrasonic data for the bedded rocks do not correlate with any
of the microscopic fabric elements studied. The tendency for tensile fractures

in the sandstone and quartzite to propagate along gramn houndaries moreso

than for the granite suggests minute openings or flaws may exist at the boun-

daries and these may predominantly influence fracturing and acoustic proper-

les

INTRODU CTION

Efhicient rapid underground excavation requires the de-
velopment of geological and geophysical technigues for
determiming the quality of the rock mass prior to excava-
ton and during excavation by probing immediately
ahead of the working face Ideally the engineer primarily
needs to know breaking strengths of the rocks, the abun
dance and orientation of macroscopic and microscopic
defects. rock anmsotropies, and the i st state of stress
in addition to hthology, ground and water conditions
Work on sonic investigation of rocks by the U.S. Bureau
of Mines [1 3] shows that attenuation and velocity
ficlds correlate with, and thercfore, can be used to map,
at least qualitatively, the rock fabric, fracture amisotropy
and unconfined breaking strength i dry rocks. It the
sonic method also correlates with the residual and in situ
states of stress then the possibibity exists that sonic pro-
bing of the rock mass may yield simultancously much of
the pertinent information required to engineer the rapid
underground excavation

Specifically the relations among the ultrasonic data,

restdual straims, and fabric are studied in three blocks of

* Center for Tectomophysies, Texas A & M University, College
Station. TX 77843 U S A

t Department of Mg, University of Missours Rolla, Mo 6540)
t'SA

dry rock - Charcoal Granite, Sioux Quartzite. and Berea
Sandstone. These are bemg used becuase (a) the US
Burcau of Mines, Twin Cities Miming Research Center
could supply the blocks (0:02 m*) and the corresponding
ultrasonie data measured i adjacent blocks. (b the
rocks contam quartz from which residual strans can be
determined by X-ray diffractometry, and (¢) the textures
and compositions of these rocks cover much of the spec-
trum of “hard’ rocks commonly encountered in engineer-
ing practice. For each block the residual strains stored
in the quartz arc measured by X-ray diffractometry [4

71; the relative tensile fracture strength and the existence
of possible fracture anisotropies are determined by point
loading of sets of mutually perpendicular dises [6]: and
fabric elements that could possibly influence fracture
anisotropy or ultrasonic measurements are studied
thin section with umversal stage techmques. Directions
and planes are defined relative to an XY /Z coordnate
system established parallel to the edges of each block

Previous work

Workers at the Twin Cities Laboratory have devel-
oped an ultrasonic method for mapping attenuation and
velocity fields in rocks, and they have correlated these
with rock fabric. fracture amsotropy, and unconfined
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breaking strength [ 3] Workers at the Center for Te

tonophysics have developed an X-ray method for mea

suriag the three-dimensional state of residual stram from
locked-in distortions of atomic planes and have demon-
strated that the residual Strains (prestresses) can in-
flucnce the onentations of induced fractures and the
breaking strengths of rocks under contining pressures to
1500 bars [4 7] The concepts, techniques and pro-
cedures for the ultrasonic and fabric work are reason-
ably well known A comprehensive review of residual
elastic straan i rocks, particularly as measured by X-ray
difftactometry. 15 given by Fredman (4. 5. 7] Here
it 1s suthicient to define residual strams (stresses) as
potentially recoverable clastie distortions of constituent
crystals or grains that satisfy internal equilibrium condi-
tions and that exist m a given volume of rock with no
external loads across its boundarnies [X. 9]

Residual and m sia stresses. The in situ state of elastic
strain (stress) i rocks consists of two components: the
strams caused by currently applied loads and the residual
strains [ S and 7 I there are no external loads across
the poundaries of a rock. as in the laboratory or in spe-
ciei hield situations, the potentially recoverable in situ
strams are the residual strains. These relate to the paleo-
e onic, paleotopographic, and thermal and chemical
histories of the roek If a rock free of residual strain 1s
currently under loads caused by present topography.
present tectonics, or the works of man, then the in situ
stras are termed applied strains. In the general field or
subsurface condition, applied stramns and loads are
superposed on residual strams and stresses. In this study
the ultrasonic data are determined for spheres of rock at
atmospheric pressure: hence 1t is only the residual
strains that are important here

Residual stramms and ultrasonic data. At least a geo-
metric if not 4 genctic correlation between residual
strains, fabric. and ultrasonic data has been demon-
strated for Barre Granite [7] Ultrasonic velocity and
attenuation data were published by Bur et al [ 2] and the
corresponding fabric data by Willard and McWilliams
(3] Residual strams were determined by means of X-ray
method from two oriented discs from the same block of
the gramite as utihized by the above workers. The X-ray
data indicate the residual strains are homogencously dis-
tributed n the rock at least over the scale of the two
discs (S em dia = | ¢m thick). The average magnitudes
of the princpal stramns equate to a large differential
a4) of about 340 bars. The orientations of
the principal strain axes are each within 20 of the prin-
cipal axes of the fields of relative amplitude and velocity
determined by ultrasonic measurements. Morcover. the

Stress (ay

greatest, mtermediate, and least principal elongations of

the state of residual stran correlate with the low (L), and
mediam (M) and high (H) axes of the ultrasonic sym-
metry fields. In addiion, the ‘rift” of the rocks parallels
the 1M symmetry plane which corresponds to the
plane contamimg the least and intermediate principal
clongations of the state of residual stran: and the tensile
breakimg steength s mimmal parallel to Land the grea-
test principal clongation [ 3] The directions of the ‘rift’

et e
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and mnitmum tensile strength agree with predictions
from knowledge of the prestran [6] Excellent agree-
ment thus exists between the Xeray, ultrasonic. and
strength testing data for the Barre Granite

OBSERVATIONAL RESULTS
Charcoal granite

Composition. The Charcoal Gramte. St Cloud. Min
nesota (also known as the St Cloud Gray Granodiorite),
is & massive, dark brown to dark gray granodiorite con
sisting of 38", plagioclase feldspar. 267, orthoclase, 21"
quartz. 12" hornblende. and 37, hiotite. The feldspars
are somewhat altered and contamn abundant exsolution
lamellac. Healed mucrofractures are conspicuous in the
quartz and feldspar. Gram size range 1s from <01 to 10
mm and averages about | mm. NO conspicuous macro
fractures occur at the surfaces of the block

Residual strain. The two polished surfaces required
for the X-ray study of the residual strains in the quartz
of the rock were prepared from a S-em di core taken
from the YZ surface. The six sets of principal strain axes
that result from the anatysis (4] are ughtly grouped in
space (Fig. la) indicating the strams in the quartz are
statistically homogencous. The strains are small with the
greatest principal elongation equal to 20 < 10 " (exten
sions are positive). and the intermediate and least clon-
gations equal to —35 = 10 “and —65 « 10 ", respect-
vely.

Fracture anisotropy. Three mutually  perpendicular
sets of oriented discs (254 em dia « 14 cm thick) were
prepared for point-foadimg tests designed to detect frac-
ture anisotropy and relative tensile strength anisotropy
[6]. Each disc s loaded. unconfined. between opposed
ball bearings until 1t fails by the development of one or
more tensile fractures. The loads are apphied at uncon-
trolled. but not widely varying. rates with a Blackhawk
ram; the load at failure (+ 5 psi) 1s recorded on a Heise
gauge equipped with stop valve. After each set of
ontented dises is loaded to failure the azimuths of the n-
duced tensile fractures are measured along the radius of
each disc relative to the coordinate axes. The azimuth of
diametral fractures s measured separately along cach
opposing radus, and if the azimuths differ by S or more
two fractures are counted. A plot of fracture azimuths
for cach set of similarly oriented dises (Figs. b ¢ and d)
provides a measure of the fracture anisotropy. Data for
the dises of Charcoal Granite are hsted in Table 1. No
significant strength amisotropy exists for the three direc-
tons of pomt-doading. The orentations of the induced
tensile fractures (their azimuths relative o coordimates
in the plane of cach disc) are widely divergent in all three
sets of discs, but there are statistically significant group-
ings of fractures i two sets of dises. Both indicate a

strong tendency to fracture essentially parallel to the XY

planc

Fabric. Planar fabric clements are studied that might
be considered mechamcal defects in the rock. and there-
fore, capable of mfluencimg fracture or the ultrasomic
data [11]. These include long grain boundaries of felds-
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Taute L RESULTS OF POINT LOADING TESTS

fotal no of
Pownt load No ol
parallel to discs

induced tensile
fractures

¢ harcoal Granit

\ 2R SR
Y 25 St
Z 66

Swux Quartaie

\ M Ht

Y 30 66

/ il 80
Berca Sandstone

X 30 40

¥ 30 16

7 3} 66

Yreferred

SD orientation

Mean breaking® of breaking
strength strengths tensile
(harsi thars)

of mduced

fractures

295 36 yest ( to XY plane)
/ S

275 “ ves (1 to X Y plane)
7 6

110 4 no (random)
/ F.

455 47 ves () to X Yand X/Z)
s 105

ax0) 45 yes (| to X Yand XZ)
7 =69

SO0 28 vest (sub o ¥Z)
i 18

S3 76 ves (1o XY plane)
=200

54 70 ves (1 to XY plane)
£t =175

TUR2IN K394 yes (| to X Z planc)
7 69

* Caleulated using Bechmuth's formula (see McWiiliams [10])

t Based upon ;7 ‘goodness of fit” test of the azimuths of induced tensile fractures as compared to a uniform distribution of azimuths. feg

see Fig th ¢ d)

¢ Fracture trace diagram (Fig. 4b) shows considerable scatter. but a signficant grouping 20 to X ¥ planc. Overall /- value does not indicate

this grouping is significant

§ A second set of 30 discs were tested to check on reproducibifity of tendency for fractures to form parallel to X7 plane

pars. (000]) cleavages of bioute crystals, healed micro-
fractures primarily m quartz and feldspar. exsolution
lamellae and (010) cleavages in the feldspars, and albite
and microclme twin lamellae

The azimuths of the traces of long gram boundaries
are somewhat preferrentially oriented in cach of the
three mutually perpendicular thin sections cut from the
block (Figs. Te. f and g1 The orentation s strongest in
the thin section parallel to the X7 plane (Fig. 1f) where
the gram boundaries are subparallel to the XY plane.
There 1s a fair degree of correlation between  the
onentations of the tong gramn boundaries and those of
the induced tensile fractures (compare Fig 1b and [ ¢
and g dand ¢)

Biotite cleavages are randomly oriented (Fig. 2a), as
are the (010) cleavage planes of the feldspars, and the
feldspar twin lamellae (Figs. 2b Ji Microfractures and
exsolution lamellac, on the other hand, arce preferren-
tally concentrated subparallel to the X Yplane (Figs. 2b
and ¢). These elements are randomly oriented mn the thin
section parallel to the XY plane (Fig. 2d). Thus the
orientation trends of the microfractures and exsolution
lamellae follow those of the induced tensile fractures

Transgranular - intergranular — fracture.  Twenty-two
tensile fractures (13 ¢em long) formed in the pomnt load-
ing of 10 discs are studied in thin section to determine
the path of the fracture through the rock. For each frac-
ture the distance increments within grains (transgranu-
laryand along gram boundaries (intergranular) are mea-
sured in a thin section cut perpendicular to the fracture

B — -

surface. Willard and McWilliams [11] found that the
transgranular intergranular rano, (T/T), weighted for the
abundance of the constituent minerals, 1s inversely pro-
portional to loading rate Charcoal Granite. Unweighted
T /1 ratios for the 22 fractures studied here range from [-7
to 24 and average S88. Thus fracturing within grains 1s
almost six times more frequent than along gram boun-
daries. It follows that fabric elements internal to the
grains rather than the grain boundaries are more apt to
control fracture orientation in this rock

Ultrasonic data. The average velocity and atienuation
ficlds. determine from four to five spheres [ 2], are shown
in Fig 3 For the Charcoal Granite the velociy field
(Fig. 3a) is nearly axially symmetric about the Z coor-
dinates axis, the axis of minimum velocity (between 4-7
and 48 km/sec). Velocities parallel to the XY plane are
nearly the same (505 to S10 km/sec) with a maximum
subparallel to ¥ The average velocity is well below that
of a relatively unfractured granodiorite. Thus the rock
can be expected to have abundant microfractures. The
velocity pattern suggests a strong set of microfractures
perpendicular to the Z axis with a possible weak system
perpendicular to the X axis.

Attenuation symmetry is similar to the velocity sym-
metry. The former also suggests a strong set of micro-
fractures nearly perpendicular to the Z axis. The good
signal in the Y direction and poor signal i the X diree-
tion suggest a second set of microfractures (or sumilar
defects) with poles i the X direction and planes parallel
to the Yaxis
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Fig 2 Duagrams show onientation of planar fabric elements in Charcoal Granite Data are plotted in lower hemisphere, equal

area projection (a) Composite diagram of normals to (0001) cleavages in 100 biotite crystals measured in three mutually per

pendicular thin sections Partial diagrams (b, ¢, and d) show the onientations of normals to mucrofractures @, feldspar exsolution

lamellae X feldspar (010) cleavages 2, feldspar albite twin lamellac @, and microchine twin lamellae O as measured in thin

section cut parallel to the X Z, YZ, and X Y planes respectively In (bi the number of data pomnts arc 95 @8 82 « . 64 A and 53

@ and 36 O In(c) the corresponding numbers are 87, 6530, 66, and S5 and in (d) there are SO, 30, 29, 50 and 44 data points,
respectively

Stoux Quartzite

Description. The block of low porosity, pinkish Sioux
Quartzite (26:3 « 285 » 23:0 ¢cm) exhibits conspicuous
bedding onented parallel to the X Ysurface (Fig. 1). The
upper half of the block 1s cross-bedded, and two macro-
fractures occur parallel to bedding and about S ¢cm apart
in the lower half. The block has not lost cohesion across
these fractures

Reswdual stram. The X-ray measurements were made
on spectmens from a S em core taken from the center of
the X' Y surface Principal axes calculated from the dif-
fraction data are strongly grouped (Fig. 4a) suggesting
the observed residual strams are reasonably  homo-
geneous with the arcas sampled. The observed state of
restidual strann s characterized by the greatest elonga-
tion (average of 100 » 10 “) oriented subparallel o X,
the intermediate principal axis (5 < 10 “) subparallel to
Y and the least elongation (-85S » 10 " a compressive
stran). subparallel to Z. Thus the principal axes of the
residual straims as measured by Xerays are nearly comgei-
dent with X, Yoand Z

Fracture amsotropy. Point- loading tests on three
mutually perpendicular sets of quartzite discs indicate
that the induced tensile fractures tend o form nearly
parallel to the X Y. X/, and YZ planes (Figs. 4b, ¢, and
d, and Table i) In spite of this strong fracture aniso-
tropy the differences in corresponding average tensile
strengths are small and are not statsucally significant
(Table 1) The strongest anisotropy is parallel to X Y, the
bedding plane. next that subparallel X Z, and least that
subparallel 1o YZ.

Fabric. The apparent long axes of elongated grains,
long gramn boundartes, cryvstallographic c-axes. and
defects within the grams  namely microfractures and
deformation lamellac were mvestigated

In the Sioux Quartzite the apparent long axes of
grains with apparent long to short axial ratios > 20 are
essentially parallel to the long grain boundaries. The
orientation of these long axes, as viewed in thin section,
are statistically parallel to bedding (Figs. 4e and f) and the
ZY plane (Fig. 4g). The tong axes and boundaries thus
parallel two of the three direcuons of preferred tensile
fracture (Figs. 4b, ¢, and d).

- ’ = ——
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Fig 5 Fabric data for Sioux Quartzite (a ¢) and Berea Sandstone (d). All data are plotted in equal area. lower hemisphere

projection (a) 150 quartz c-axes (b) Composite diagram of normals to 170 sets of healed microfractures (¢) Composite diagram

of normals 1o 200 sets of quartz deformation lamellae. Contours are at 05, 25, 40, and 50 per 17, area 67, maximum (d)

Orientation of normals to 150 sets of microfractures (X, 2 or more parallel microfractures per sctiand 86 sets of quartz deforma-
ton lamellac (@)

T'he c-axes of the quartz grams are randomly onented
(Fig. 5a). Thus no amsotropic behavior of the rock can
be attributed to a preferred cystallographic orientation
of the quartz grains themselves. The grains contain
planar defects, however, that could influence the physi-
cal behavior of the rock. These are healed microfractures
and deformation lamellae. The former are fractures with-
in individual grains along which impurities are concen-
trated and across which there has been chemical rebond-
ing. No fresh. unhealed microfractures are observed. The
microfractures however, are oriented diffusely and no
statistically significant concentration of normals to mic-
rofractures occurs (Fig. Sb)

Quartz deformation lamellae. known to be planar
concentranons ol dislocations and impurities, are abun-
dant. These features exhibit a preferred orentation such
that they tend to hie at angles < 30 to the bedding plane,
XY.(Fig S¢). Most of the grams contaiming deformation
famellac also exmbit undulatory extinction. It 1s not
known to what extent deformation lamellae act as

potential mechanical defects mn grans, but it s known
that undulose grains are preferentially  fractured n
experimentally deformed quartz sand aggregates [12] (p
175).

Transgranular intergranular fracture. The T1 ratios
along eight tensile fractures induced in three quartzite
discs by point loading were measured to determine if this
ratio would vary with fracture orientation and or load-
ing direction. T T ratios vary from 10 to 2:6 with a tend-
ency for the lower ratios to occur along fractures
oriented parallel to bedding (the XY plane). This obser-
vation along with the overall smaller ratios as compared
with the Charcoal Granite suggest that gramn boundaries
play alarger role in the fracture of the quartzite than they
do for the granite

Ulrrasonic data: The average ultrasonic velocity field
for the Stoux Quartzite has orthorhombic svinmetry
with the minimum velocity (49 S0 km/sec) parallel o
7, the mtermediate velocity 20 30 clockwise from Y
the XY plane, and the axis of greatest velocity (=54
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km sec) 20 30 clockwise from X (Fig. 3b) The average
velocity s much lower than that expected for unfrac
tured quartzite. which suggests the rock contams abun
dant From the pattern
would predict a strong set of nncrofractures or other

microfractures velocity ane
planar amsotropy parallel to VY ge the bedding planc)
and perhaps o secondary set of microfractures inchined
at 20 30 1o the X/ plane

I'he attenuation pattern is almost cubic in symmetry
(Fig 3¢). The pattern. in terms ol signal amplhitude vari
Ations, suggests a major set of microfractures or the bed-
dung plane oriented perpendicular to the Z axis. The pat-
tern also suggests two other sets of mucrofractures,
oriented parallel to the Y7 and X7 planes The best sig-
nals are transmitted along those directions for which the
direction cosines from X, Y and Z are equal. These dir-
cctions are equivalent to the corners of a cube whose
faces are parallel to the three sets of mutually perpen-
dicular microfractures or some other form of mechanical
anisotropy

Berea Sandstone

Description. The block of Berea Sandstone measures
297 « 294 « 2144 ¢cm. contams no macroscopic frac-
tures. and exhibits thin (= 10 mm), disunct. bedding
laminae parallel to the XY surface. The rock 1s a grey,
fine-gramed sandstone tmedian grain size about 0-2 mm),
with 22 per cent porosity. Its framework grains consist
of quartz (70 per cent). polycrystalline quartzose rock
fragments (25 per cent), and feldspar (5 per cent). Inter-
stitial areas contain clay and some calcite cement in a
ratio of 71 respectively Bedding 1s manifest by dimen-
stonal ahgnment of detrital grams (Figs. 61 g). con-
centratons of fine detntus. and of heavy minerals. The
rock is indurated primanly by pressure soln and over-
growths at quartz quartz grain contacts. These vary
from points to sutured, most are tangential. The detrital
quartz grams contain some deformation lamellac and
healed microfractures. but very few fresh unhealed mic-
rofractures are observed in thin section

Residual stram. The residual stramns were measured
twice. The first set of data 1s from a S cm core taken from
the lower left corner of the YZ surface (Fig. 6a) and the
sccond set s from a S em core taken from the middle of
the XY surface. Similantics and differences between
these two solutions are as follows: (1) the principal strain
axes from the Y7 core are more tightly grouped than are
those from the XY core suggesting a somewhat higher
degree of homogenenty for the former, (2) magnitudes ol
the average principal strains are i reasonably good
agreement n bght of the £ 20 < 10" accuracy of the
techmique. and (3) their average onentations are not co-
imcident. but they do hie i similar quadrants. The great-
est elongations ( ~ ) are 35 apart. and the mtermediate
(o) and the last elongations (@) are cach 58 apart

Although the differences between the two sets of Xeray
measurements are sigmbicant. the agreement that does
exist suggests the residual strams i the block are not
totally heterogencous

M Fricdman and 1
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Fracture ansotropy. Pomt Joading tests on three
mutually perpendicular sets of oriented dises taken from
the block indicate a strong tendency for the rock to frac-
ture nearly parallel to beddmg (X Yplanci and to a lesser
extent. paradlel to the X/ plane (Figs. 6¢ doand ¢ and
Fable 1), The former is assoctated with mnimum tenstle
strength (Table 1)

fabric As for the quartzite. fabric clements that night
mfluence the mechanmcal and physical properties ol the
Berea Sandstone were studied m detail. The most con-
spicuous and influential of these 1s the sedimentary bed-
ding previously described Other clements investigated
include apparent long gram axes. quartz c-axes. and mn-
tragranular defects  mucrofractures and quartz defor-
mation lamellae

Uhe apparent long axes of the detrital grams as seen
in thin section reflect not only the orientations of the
clongate grains but also the corresponding long grain
houndaries and adjacent clongated interstitial arcas. The
bearings of these long axes for grains with apparent fong
to shortaxial ratio of = 20 are strongly orented paratlel
to bedding (Figs 6fand g). Within the bedding plane they
are somewhat oriented along the X'+ 45 direction (Fig
6h). 1t is significant that the tensile fractures induced by
point loading normal to the XY planc are parallel o
the XZ plane and appear to ignore the trend of the
apparent long axis along the X + 45 direction (kg
6c and h).

Crystallograpincally the gquartz gramns are randomly
ortented (not illustrated). About 44 per cent of the frame-
work quartz and feldspar grains are undeformed. 41 per
cent contain healed microfractures, another 7 per cent
exhibit fresh microfractures. 4 per cent contam deforma-
tion lamellae, and S per cent exhibit twin lamellae. The
microfractures and quartz deformation lamellae are ran-
domly oriented (Fig. Sd)

I'ransgranular intergranular fracture I he tensile frac-
tures mnduced by pomnt loading propagate intergranu-
larly almost exclusively. This holds for fractures paraliel
or normal to bedding. Accordingly. the T 1 ratio 1s zero.
and factors that influence the fracture anisotropy must
also be intergranufar

Ultrasonic data. The ultrasonic velocity and attenga-
tion data for the Berea Sandstone exhibit nearly sumlar
symmetry clements (Figs: 3¢ and L respectivelvis The
major difference s that the mmmmum veloaity < 270
km sec 1s inchined at 20 30 to Z whereas the mimimum
amplitude signal comerdes with Z Otherwise the planes
of mghest and lowest velocity, highest and lowest amplhi-
tude. and the X Z plane arc within 20 of being parallel.
The intermediate velocity 1s inchined 10 1o Y. but the
overall trend of the relative amphitudes suggests the in-
termediate attenuation is mehined at 30 w0 Yoe 40
the mtermediate velocity

The mimmum velocity and refative amplitude nearly
parallel to Z reflects the mechanical anisotropy of the
sedimentary bedding (X Y-planel The intermediate vel-
ocity and relative amphitude. both subparallel to Y, sug-
gest a second but weaker set of defects onented nearly
parallel to the X7 plane. The largest velocities and best
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signal would be along the intersection of the two sets ol

defects

DISCUSSION OF RESULTS

[he residual strains, fracture amsotropy. fabric. and
ultrasonic velocny and attenuation in blocks of Char-
Siouy Berea Sandstone
have been studied to determine (a) the cause and effect

coal Granite Quartzite. and
relations among these attributes, and (b) to what degree
a knowledge of the residual strams, fabric. or ultrasonic
data can be used to predict fracture anisotropy or other
aspects of the mechamcal behavior of rocks. Toward
these ends the data presented in the previous section can
he synthesized by focussing attention on the factors than
influence fracture anisotrop . and the prediction of that
Anisotrops

Charcoal Granite

Point loadig tests indicate a tendency for this rock
to fracture at 10 or so the X Yplane (Figs. b, ¢, d: Table
1). Relative to the residual strains, the orientation of ten-
sile fractures induced by pomnt loading can be predicted
(c.g Fig la. dashed hine) on the assumptions that (1) the
fractures will be controlled solely by the net stress field
resulting from superposition of the point foad on the
state of residual stress (stram). and (2) the fractures will
form perpendicular to the net least compressive stress.
o, and parallel to the net a,6, plane [6] The point load
itself produces an axial compressive stress, o, parallel to
the direction of loading and a tensile stress uniform
along all radn m the plane normal to the point load
Ihus the net o, will always parallel the direction of load-
ing and the net @, will lie in the plane of each disc paral-
lel to the direction of the residual stress that is least com-
pressive (or most tensile)

For the Charcoal Granite it is clear that the induced
tensile fractures are inchined about 10 to the XY plane

if the pomnt load s applied parallel to either the X or Y

axis. For both these orientations the average greatest
residual clongation is nearly perpendicular to the aver-
age trend of the fractures (Fig 1) Thus upon superpos-
ing the point load on the residual stresses the net great-
est principal tension (a4) comcides with the greatest
residual elongation, and the intermediate principal stress
will be X or Y as the case may be. Morcover, when the
point loading 1s parallel to Z a nearly random pattern
of tensile fractures occur. perhaps because the residual
strains (stresses) in the XY plane are nearly equal
Clearly the observed state of residual stram e fully
compatible with the fracture amsotropy. That s, the
trend of the fractures including thewr shght angle to the
XY plane can be predicted from superposition of the
point loads on the observed state of residual straim
Fabric elements that might also control the fracture
anisotropy are any kind of homogencous, pervasive fea-
ture that could serve as a defect or plane of mechamcal
discontinuity. The measure of an elements” influence on
the fracture amisotropy has to be judged on whether or

not its orientation pattern consistently occurs parallel to
the trend of the imduced fractures

Consider first the traces of long grain boundaries as
observed m three mutually perpendicular thin sections
I'hese are not only potentid planar flaws, but they serve
to define the orentations of the feldspar erystals which
form most of the long boundaries and the load bearing
framework of the rock
when point loading 1s parallel 1o Y (Fig. 1b) s parallel
to the long boundaries in the X/ plane (Fig. 1) Simi-
larly the fracture trend for loading parallel to X (Fig 1¢)
is accompanied by a strong orientation of fong axes (Fig
1g).

However. the tensile fractures are statistically random
when loading parallel Z. (Fig. 1d. Table 1) The corre-
sponding long boundaries are scattered although some
are clustered at small angles 1o the YZ plane. Thus for
two of the three loading directions the fractures do fol-
low the traces of the long grain boundaries. and when

[ he trend of the tensile fractures

the grain boundaries are scattered so are the induced
tensile fractures. Accordingly. the long gram houndaries
cannot be excluded from exercising control on the frac-
ture anisotropy even through the high transgranular-to
mtergranular ratios suggest that fabric elements mternal
to the gramns rather than gramn boundaries are more apt
to control fracture orientation in this rock.

Internal to the grams. the microfractures and exsolu-
tion lamellae are the only types of planar defect that
exhubit preferred orientation (Figs. 2b, ¢.and d). They are
strongly oriented parallel to the X Y plane and somew hat
less so parallel N/ and YZ planes. Accordingly these
planar elements also could contribute to the strong frac-
ture anisotropy parallel to XY

In summary. the fracture anisotropy in the Charcoal
Granite could be caused by one or more of three factors
the residual strams. the oriented framework of feldspar
crystals as measured through long grain boundaries, or
by intragranular defects

Stowx Quartzite

Tensile fractures in this rock form preferrentially par-
allel to the ongmal bedding X Y and nearly parallel to
the X 7 and YZ planes (Figs 4b. ¢ and d). Again possible
causitive factors are sought in the residual strains, and
the rock fabric

I'he residual strains and predicted fracture trends are
shown m Fig da Point loading parallel to Z will result
in the net o oriented parallel to the X axis such that the
induced fractures would parallel the Y7 plane (Fig. 4a.
dashed hine). Pomnt loading parallel to X would promote
tensile fractures parallel to the bedding (XY plane)
because of the strong influence of this plane of mecham-
cal discontinuity. In addition. however. fractures would
also parallel the X7 plane (Fig. da. solid line). because
for loading parallel to X, the net ay would lie parallel
o Y Similarly point loading parallel to Y should result
in fractures parallel to the Y7 plane because then the net
o would he parallel to X These predictions are correct
for cach loading direction (Figs. 4b, ¢ and d). Thus again,
the ohserved state of residual stram as determined from
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N-ravsas fully i agreement with the racture amsotropy
and could be the controlhng factor if it acts as a perva-
SIVE prestress

With regard 10 the fabric. consider first the apparent
long grain axes (equivalent to long gram boundaries)
These may be particularly important in controlhing the
fracture amsotropy in as much as the tensile fractures
propagate along grain boundaries S0 30 per cent of then
length. e T Lratos vary from 17 1o 26 The long grain
axes define the bedding plane XY (higs d¢ and 1) and
comcide with the trace of the YZ plane (Fig 4g). Indeed
tenstle fractures do occur along these planes. but the
fractures also occur along the X'/ plane when loading
1s parallel to X and along the YZ plane when loading 1s
parallel to Y thigs dcand d) Corresponding long axes to
control these tensile fractures do not occur (Figs. 4¢ and
f). Thus the long axes and associated grain boundaries
do not by themselves control the orientation of the ten-
sile fractures

The onientation patterns of intragranular fabric cle-
ments also wouid seem to eliminate them as exerting
controls on the fracture anisotropy. Quarts c-axes, a
partial measure of any crystatlographic orientation of
the grains in the rock. are randomly oriented (Fig. Sa)
Also nearly random are healed microfractures within the
quartz (Fig. Sb). Only the guartz deformation lamellae
are non-random. these planar elements tend to lie at
about 3040 to the XY plane (Fig. 5¢). but this
orientation pattern does not comade with the ortho-
gonal fracture ansotropy. The quartzite does not con-
tain any other fabric elements that possibly might in-
tluence 1ts fracture amisotropy

In summuary, the fracture ansotropy i the Sioux
Quartzite 1s fully consistent with the observed state of
residual strain as measured by X-ray diffractometry
Long gram axes (boundanies) define bedding and one
other plane of preferred fracture. but they can not
account for the third direcuon of fracture. Intragranular
fabric elements are cither randomly or mappropriately
oniented to imfluence the fracture amsotropy

Berea Sandsion

Fracture amsotropy ia this rock 1s strongly controlled
by sedimentary bedding (Figs 6¢and d). In addition there
15 a tendency for the rock to fracture parallel to the X2
plane when poimnt loaded parallel to Z (Fig. 6¢). Two sets
of 30 discs cach were pont loaded parallel o Z to
double check this fracture trend. The data are essentially
identical. and only data from the first set are reported
(Fig. 6d. Table 1) Fracture controlled by bedding s
commonplace. and turther explanation s not needed
The tendency 1o Iracture paralle) to X7 when loaded
normal to beddimg, e amsotropy of bedding 1s neutra-
lized. does need to be accounted for

The residual strams determimed by Xeray diffracto-
metry are not compatible with the fracture anisotropy
Ihe predicted trends for the induced tensile fractures
(Figs. 6a. b, dashed Lines) do not comade with the X/
plane.

s
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With regard to the fabric, the apparent long graim axes
adequately define beddimg (Figs of and g). Within the
bedding plane they trend nearly parallel to the antici-
pated fracture trends from the Xeray residual strain data
(cf. Figs. 6a, b, and h), but they do not coincide statisti-
cally with X'Z plane. Accordingly thew influence on this
aspect of the fracture anisotropy 1s doubtful

Internal to the gramns, the c-axes are random (not iilus-
trated) as are the healed microfractures and quartz
deformation lamellae (Fig. Sd). Fresh, unhealed micro-
fractures are rare, and other fabric elements of possible
mechanical significance do not occun

In summary. the fracture amsotropy parallel to bed-
ding in the sandstone was expected. That parallel to the
X Z plane can not be explained by the restdual strams
or by the fabric clements studied. The results for this
rock stand m marked contrast to those for the granite
and quartzite for which the residual stram data and
some fabric data did agree with the fracture amsotropy

Prediction of the fracture anisotropy

In apphied rock mechanics projects such as rapid un-
derground excavation a rchable and practical method s
needed for detecting fractures or for predicting mechani
cal anisotropy of the rock mass. Above it 15 shown that
a knowledge of residual strains and of certam aspects of
the fabric could have been used to predict the fracture
anisotropy to some degree. However
analyses and fabric work beyond the mapping of macro-
scopic planes of mechamical discontinuity both require
the collection and laboratory analysis of specimens. and
as a result neither method i1s attractive from a pragmatic
viewpoint even if the results were totally rehiable. Sonic
interrogation of the rock mass. on the other hand. 1s
attractive, provided the sonic data can be used to predict
the mechanical properties. Hence 1t 1s impostant to
evaluate the degree to which the ultrasonic velocity and
attenuation data correlate with the information on resi-
dual strain and fabric, and in turn. can be used to predict
the fracture anisotropy in the three rocks

Veloceity data (Fig. 3a) for the Charcoal Granite sug-
gest microfractures are onented at small angles to the
X Yplane. Moreover, the low mean velocity suggests the
microfractures are abundant. These predictions or inter-
pretations are accurate (Figs. 2b.coand d). although other
itragranular planar defects such as cleavages, and exso-
lution lamellac may also influence the velocities. The vel-
ocity field also correlates with the residual strains deter-
mined by X-rays (Fig. la). The minimum velocity, paral-
lel to Z.1s within 30 of the average greatest principal
clongation. In that velocity increases with increasing
normal stress [ 13]. one should expect the maximum and
minimum velocities to comcide with the least and great-
est elongations, respectively, provided  the  residual
strains (stresses) act hike stresses across the boundaries
of rocks. Further, the velocities parallel to the Y plane
are nearly equal as are the residual strams parafiet 0 X
and Y(kig. 3a). Thus the veloany data are in good agree-
ment with the residual strains and the intragranular
defects

residual stram
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I he the

granite also indicates microfractures are orented nearly

attenuaton (refative  amphitudei feld  for
perpendicular 1o Z (Fig 3d) In addinon the good signal
in the Ydirection and the poor one parallel to X suggests
another somew hat weaker. set of planar mechamcal dis
continuities parallel to the Y7 pliane. There s a small
concentration of microfractures parallel to YZ (Figs. 2b
and di and there s a concentration of tensile fractures
developed parallel 1o Y7 when the dises are loaded par-
allel to Z.1e when the strong anisotropy parallel to XY
ts neutrahzed (Fig 1d)

Thus for the granite the ultrasonic velocity and
attenuation data correlate exactly with the residual
stram and fabric data. and as consequence can be used
to accurately predict the major and minor fracture ani-
sotropies

For the Sioux Quartzite. the velocities define the bed
ding plane XY and possibly a secondary plane of
mechanical anisotropy inchned 20 30" to the X Z plane
The comparatively low average velocities suggest that
the rock contamns abundant microfractures (Fig. 3b) The
attenuation data clearly indicate that the XY YZ, and
X7 are potential planes of mechanical discontinuity
(Fig. 3¢) These mterpretations are correct in the sense
that they accurately forecast the three mutually perpen-
dicular planes of fracture anisotropy (Figs. 4b. ¢ and d)
However. the inference that the altrasomic data ire con-
trolled solely by microfractures is inconsistent with the
thin section observations which show essentally no
fresh mucrofractures. only randomly oriented  healed
microfractures, and a preferred orientation ol quartz
deformation lamellae within 30 of the bedding (YY)
plane (Figs. Sh and ¢)

Although the Xeray residual strain data are compat-
ible with the fracture anmisotropy it does not agree totally
with the ultrasonic data. The symmetry planes of the
ultrasonic data. particularly the attenuations, are paral-
lel to those of the observed residual strains (ef. Figs. 3b,
e. and da): however the average principal least elonga
non (4 compressive stram] comcides with the least vel-
ocity and the greatest clongation makes a small angle
with the Lirgest compression. These are exactly opposite
to the correlations found in the Charcoal Gramte and
Barre Granite [ 7]

In summary, the ultrasome data for the Sioux Quart-
ite do accurately disunguish the bedding and the two
other planes of fracture amsotropy. On the other hand.
the velocities and refative amplitudes do not correspond
to the residual stram data or to any of the fabric ele-
ments studied. This 1s puzzling because the acoustic
properties and the fracture amsotropy must have a cause
within the rock. 1t is possible that very small openings
(1o, flawsiexist along grain boundaries, and mfluence the
acoustic data and fracture amsotropy. This speculation
is supported by the low T/1 ratios which suggest weak-
ened grain boundaries

For the Berea Sandstone, the ultrasonic data again ac-
curately define the bedding plane which is the main
plane of mechanical anisotropy i the rock (Figs. 3¢ 1)
Likewise the velocity and the attenuation data suggest

the existence of the sccondary fracture anmsotropy paral
lel 1o the X Z plane. As
tures in the sandstone are randomly orented and the
do to bc
rasome data. Simi
not compatible with the

for the quartzite the microlrac

other fabrie elements investigated not seem
orented such as to imfluence the
larly the residual strams ar
ultrasonic data

In all three rocks. theretore. the ultrasome data accu-
rately define all planes of preferentiat fracture with the
not sensitive o vel-

attenuation data reflecting some

ocity. These predictions are based on the interpretation
that microfractures or other partially open discontinui-
ties influence the velocities and relative amplitudes and
cause the fracture amsotropy. Thin section observations
support this reasonmg for the granite. but the study
failed to detect a cause v the fabnic for all the fracture
trends or acoustic propertics in the quartzite and sand-
stone. Mimute opemngs along gram boundaries may
dominate the fracture and acoustc properties of these
rocks

This work represents a necessary first step in the de-
velopment of a rock iterrogation system suttable w ad
in predictung rock quahty for rapid underground excava-
ton projects. The results are encouraging. but they were
obtamed i dry rock at atmospheric I he
acoustical method probably will tend to lose some of its
resolving power in rock masses it depth contamimng fluid
filled mechanical discontinuities. [twill sull be one of the

pressure

best methods available however. provided the affects of
moisture and in situ stress are adequately considered

CONCLUSIONS

Major conclusions from study of ultrasonic velocity
and attenuation, restdual stran. fabric. and fracture am-
sotropy in blocks of Charcoal Granite. Sioux Quartzite.
and Berea Sandstone are as follows

(1) The ultrasonic data accurately define all planes of
preferential tensile fracture m all three rocks

(2) In massive rocks such as the granite. there are
good geometric and probably - gencuie  correlations
between the ultrasonie data, intragranular planar defects
such as microfractures, gram boundaries. the residual
strains determimed by X-rav diffractometry and the
observed fracture anisotropy

(3) For the quartzite and sandstone. rocks with strong
planar anisotropy (e bedding). the ultrasonic velocities
and relative amphtudes can not be explained by the
orientations of microfractures determined from thin sec-
tion studies. The acoustical properties may be controlled
by minute flaws along gram boundaries in these rocks.
I'he overniding influence of bedding also probably inter-
feres with the correlation between the ultrasomie and X-
ray residual stram data such that only partal correla-
tons exist, at best

(4} Fracture anisotropy mn the quartzite not controlled
by bedding is fully consistent with the residual strains
measured by Xeray diffraction; however, that in the
sandstone s apparently mdependent of the residual
stramns
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