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INTRODUCTION

| Teéﬂﬁiques”ihﬁsiving.thebebpagationFS%racouStic7or seismic waves are
becoming of increasing importance in the characterization of rock masses in
mineral exploration, mining operations, site investigations and other engi-
neering applications. Several examples follow of the use of such techniques.
Hajnal et al (1983) discuss the seismic characteristics of igneous and meta-—
morphic rocks of the Canadian Shield, with potential applications to mineral
exploration and the underground disposal of hazardous wastes. McCann et al
(1975) describe the use of cross~hole acoustic measurements to delineate
interfaces between homogeneous media, to detect localized, irregular

features, and to estimate the degree of fracturing in rock masses. Sjogren

et al (1979) discuss correlations between compressional-wave velocities and

such rock-mechanics parameters as fracture frequency and rock quality (RQD),
with the objective of establishing a seismic classification for rock mass
quality. Gladwin and Stacey (1974) and Gladwin (1982) describe the develop—-
ment and use of a cross—hole acoustic stress—inferring device to predict
pillar failure in an Australian underground copper mine. McKenzig_gE_EL
(1982) discuss the use of the gsame cross—-hole acoustic system for character-
iiing the rock mass at several Australian open-pit and underground mines.
King et al (1978) discuss the use of an acoustic borehole logging system

for determining rock mass quality, in particular to gauging thevextent of
blast damage adjacent to underground mine openings in western Canada. West
and Grant (1981) describe a similar acoustic borehole logging applicationm

to probing the strength of rock ahead of tumnels. Paulsson and King (1980a,
1980b) present preliminary results of cross—hole acoustic monitoring |

conducted as part of an underground nuclear-waste disposal research study

in granite.
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The relationships between static and dynamic elastic moduli have been
studied by, amongst others, Simmons and Brace (1965), King (1970), Geyer
and Myung (1971), ﬁyung and Helander (1972), and Paulsson and King (1980b).
These workers have demonstrated that at atmospheric pressure and at low
confining stresses the static elaétic modulus for dry rocks is gemerally

less than the dynamic. The reason for the difference is ascribed to the
présence of microcracks.or microfractures which affect the strain of the
entire rock specimen during a static measurement more than the propagation
characteristics of ultrasonic waves during a dynamic measurement. Where
the concentration of microcracks is low, the static elastic modulus for a

dry rock approaches the dynamic value.

For water—saturated rocks the case is much more complicated. The
static elastic modulus and‘strength are decre#sed upon saturation, due to
the reduction in free surface energy in the presence of a strongly adsorbed
liquid (Boozer et al, 1963). The dynamic elastic modulus increases, however,
despite a small concomitant increase in density, because the velocities of
compressional and shear waves are higher in the Qater-saturated than in the
dry state. Kuster and Toksoz (1974) and Toksoz.si.gl (1976) have provided
a satisfactory theoretical explanation for this behavior, which is again

strongly influenced by the presence of microcracks in the rock.

As part of a number of research studies in the Canadian Shield asso-
ciated with the stability of underground mine Openings_(King et al, 1978),
seismic reflection surveys (Hajnal et al, 1983), and the proposed use of a
tunnel-boring machine (TBM) for developing mine headings, a long-term
laboratory rock mechanics program has been conducted to determine the
static and dynamic elastic properties of samples of igneous and metamorphic

rocks from the Canadian Shield. This paper reports the results of 174
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measurements of static elastic modulus (Es) and 152 measurements of uniaxial
compressive strength (C) for these rocks as a function of dynamic elastic

modulus (Ep).

EXPERIMENTAL PROCEDURES

Specimen Preparation

The rock samples used in the.research program were received in the form
of cylindrical pieces of AX-sized core, ranging in diameter frém 30 mm to
32.5 mm. After fully saturating with distilled water, first under vacuum
and then under a hydrostatic pressure of 10 MPa, cylindrical specimens were
cut on a diamond saw and their flat surfaces ground parallel to * 0.04 mm
on a reciprocating grinder. The specimen length-to-diameter ratio lay
between 2.0 and 2.3, except for the poorer—quality core when it ranged down
to 1.7. The completed test specimens were each weighed in their fully-
saturated state and again after vacuum-oven drying at 80°C for 24 hours.

At this stage strain gauges were cemented to those specimens for which the
stress-strain relations were to be measured with strain gauges. The
specimen density and porosity were calculated from the dimensions and
weights, dfy and saturated; the specimens were then stored and tested in
the laboratory environment which lay in the range 20-50% relative humidity
and 20-25°C temperature. The specimens tested were all of low porosity,
consisting predominantly of crack porosity. In.mos;'cases the calculated

porosity was less than 1.0%, with the maximum measured value being 1.8%.

Acoustic Velocity Measurements

-

A block diagram of the test system is shown in Figure 1B. The pulse
time-of-flight method for sequentially measuring ultrasonic compressional (p)
and shear (S) wave velocities on the same specimen has been described by King

(1970). However, a portable ultrasonic non-destructive digital indicating
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tester (PUNDIT) and combined P= and S~wave transducers, manufactured by

C.N.S. Electronics Ltd. (London, U.K.), are now employed for velocity

measurements. The rock specimen was mounted between the transmitter and

receiver transducer holders, through which it was loaded in uniaxial

compression between the platens of a compression testing machine. Lead

foil discs 0.04 mm thick were employed to provide acoustic coupling between \J

the rock specimen and transducer holders.

The proceduré adopted for velocity measurements was first to loaa the
specimen to an axial stress of l4 MPa in order to bed-in the lead foil.
The load was reduced to zero for several minutes, and then P- and S-wave
velocity measurements were made an increments of axiai stress increasing to
35 MPa. The transducer holders were removed upon conclusion of the velocity
measurements, to preserve them from damage durihg the uniaxial compression

tests to failure.

Uniaxial Compression Tests

Static stress—strain relations were measured using either strain
gauges with a 12.7 mm gauge length or a re—usable deformation yoke fitted
with C-gauge sensors having a 25 mm gauge length. The axial deformation
was measured at three positions, separated by a 120° arc, around the
specimen. For the compression tests the specimen was placed between a pair
of hardened~steel discs of ﬁhe same-diameter as the specimen, with a
hemispherical loading seat mounted at the top of the ;ssemblage. The
compressive load was applied through the hemispherical seat and steel discs

between the platens of the compression testing machine.

The procedure adopted for the uniaxial compression tests was to load

the specimen to failure at a constant rate of application of stress of
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approximately 0.3 MPa/sec. The axial stress and strain during the loading
process were recorded either manually or by a data acquisition system, as

indicated in Figure 1B.
RESULTS

Data typical of that obtained during the extended series of tests is
shown in Figures lA, 2 and 3. Figure lA shows the P- and S-wave arrivals,

taken from the oscilloscope screen, for a biotite schist (typical of the

rock types tested) specimen with little apparent micro-cracking present,

subjected to an axial stress of 7 MPa. The velocities calculated for this
specimen, following the procedure outlinmed by King (1970), and also for a
second biotite schist specimen with extensive micro-cracking are shown in
Figure 2 as a function ofvaxiai stress. The degree of microcracking was
determined qualitatively from microscopic examination of the specimens, and
by the amount of concavity upward observed near the origin of the axial
stress-strain curve. The velocities have been corrected for the slight
specimen shortening that occurs during uniaxial compression. The accuracy
of velocity measurements made in this way is approximately +0.4%, with a

precision of +0.1% on a given specimen.

The dynamic elastic modulus (Ep) is calculated from the well-known
relationship for isotropic materials, involving the compressional (Vp) and

shear-wave (Vg) velocities and the rock bulk demsity (p):

3v,2 - 4y 2
VPZ - VSZ

ED = vaz

In this paper Ep is reported for an axial stress of 7 MPa, as this was the.
lowest axial stress for which the shear-wave arrival could be picked

unequivocally for the more extensively micro-cracked specimens.
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Figure 3 shows the axial stress—strain data obtained for the two
biotite schist specimens, one with minor micro-cracking and the second with
extensive microcracking. In each case the angle between the schistosity
and the specimen axis was approximately 65°. The static elastic modulus (Eg)
has been calculated from the linear portion of the stress=straih curve.

For a nﬁmber of rocks, for which the stress—strain curve was found to be
concave upwards from the origin for appreciable axial streéses (i.e. the
tangent elastic modulus increasing monotonically), the secant values of Eg

have been reported over the range of axial stresses from 35MPa to failure.

Figure 4 shows the static elastic modulus (Eg) plotted as a functiom
of thé dynamic elastic modulus (Ep) for 174 igneous and metamorphic rock
specimens from six sites in the Canadian Shield. Each point plotted
represents the average of a number of measurements, for which the latter is
indicated in the figure key. Shown in the figure also are Eg and Ep for the
two biotite schist épecimens referred to above. The hatched area shown in
Figure 4 indicates specimens which contained fairly extemsive micro-cracking.

A linear regression yields the relationship Eg = 1.263 Ep - 29.5, with 2 = 0.82.

Figure 5 shows the uniaxial compressive strength (C) plotted onva log-
log scale as a function of dynamic elastic modulus (Ep) for 152 igneous
and metamorphic rock specimens from five sites in the Canadian Shield.
Again each point plotted represents the mean of a number of measurements,
for which the latter is indicated in the figure key. C and Ep for the two
biotite schist specimens referred to earlier are also plotted in the figure.
The hatched area in the figure indicates specimens which contained fairly
extensive micro-cracking. A linear regression yields the relationship

1.705

Cc = 4.31 (Ep/10) with r2 = 0.33.



L]

\/

-7-
DISCUSSION

The data plotted in Figure 4 indicate that there is a good correlation
between static and dynamic elastic moduli, with the two values converging
as the moduli increase in magnitude. . It is interesting to note that the
relationship determined experimentally here agrees well with that reported
by Myung and Helander (1972), for a much smaller number of tests, even
‘though these workers saturated their samples with oil (a weakly-adsorbed

liquid) for experiments performed under triaxial test conditionms.

The results obtained with rock specimens for which there was an appre-
ciable degree of microfracturing present (generally recovered from the

hanging.walls of mine stopes, or otherwise damaged during blasting) tend to

‘fall below the linear regression. Specimens of the same rock type, with

and without microfracturing present, were observed to exhibit the same
behavior as that shown in Figure 4 for the two biotite schist specimens:
the progression from minor to extensive microcracking tends in the plot to

lie approximately parallel to the linear regression.

The data plotted in Figure 5 indicate that the correlation between com-
pressive strength and dynamic elastic modulus is not nearly aé good as that
of the static elastic modulus. There are two reasomns probabiy for this
behavior. The first isvthat the compressive strength is semsitive to the
orientation and pervasiveness of the microfracturing existing in the rock.
The second reason is probably similar to that reporfed by Colback and Wiid
(1965): that there is a scatter in éompressive étrengtb values because the
latter are particularly sensitive to the moistﬁre content of the environment

in which the rock specimens are tested. This is more so than is the case

with the dynamic elastic modulus, which is a function of the compressional
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and shear=wave velocities, in the range of relative humidities (20 to 50

percent) reported for these experiments (see, for instance, Pandit and King,

1979 and Clark et al, 1980). Colback and Wiid measured a reduction in
uniaxial compressive strength of approximately 20 percent for a quartzitic
sandstone when the relative humidity of the test.environment was increased
from 15 to 45 percent, wheteas the reduction in dynamic elastic modulus for
a sandstone over the same change in relative humidity found by Paﬁdit and
King was approximately 12 percent. Although.these rocks are not typical of-
those crystalline rocks tested in the research reported here, similar

behavior has been observed for crystalline rocks.

It is clear that if valid correlations are to be established, the
enviromment in which the rocks specimens are stored and the experimental
tests are performed must be carefully controlled. This is particularly -
true if a cotrelatioﬁ between strength and an elastic property is to be

established.
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FIGURE CAPTIONS

(a) Compressional and shear-wave arrivals for biotite schist.
(b) Block diagram of equipment.

Ultrasonic compressional and shear-wave velocities for two
biotite schist specimens as a function of axial stress. Ep is
the dynamic elastic modulus.

Axial stress as a function of axial strain for two biotite
schist specimens. Eg is the static elastic modulus and C the
compressive strength. '

Static elastic modulus as a function of dynamic elastic modulus
for 174 igneous and metamorphic rock specimens.

Uniaxial compressive étrength as a function of dynamic elastic
modulus for 152 igneous and metamorphic rock specimens.
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