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The development of faults and shear fracture sysiems over a broad range
of temperature and pressure and for a variety of rock types involves the
growth and interaction of microcracks. Acoustic emission (AE), which is
produced by rapid microcrack growth, is a ubiguitous phenomenon associated
with brittle fracture and has provided a wealth of information regarding the
failure process in rock. This paper reviews the successes and limitations
of AE studies as applied to the fracture process in rock with emphasis on
our ability to predict rock failure. Application of laboratory AFE studies to
larger scale problems relafed to the understanding of earthquake processes
is also discussed. In this contexi, laboratory studies can be divided into the
following categories. 1) Simple counting of the number of AE events prior
to sample failure shows a correlation between AF rute and inelastic strain
rate. Additional sorting of events by amplitude has shown that AE events
obey the power law frequency-magnitude relation observed for earthquakes.
These cumnulative event count techniques are being used tn conjunciion with
damage mechanics models to determine how damage accumulates during
loading and to predict failure. 2) A second area of research involves
the location of hypocenters of AE source events. This technique requires
precise arrival time data of AE signals recorded over an array of sensors
that are essentially a miniature seismic net. Analysis of the spatial and
temporal variation of event hypocenters has improved our understanding of
the progression of microcrack growth and clustering leading to rock failure.
Recently, fracture nucleation and growth have been studied under conditions
of quasi-static fault propagation by controlling stress to maintain constant
AE rate. 8) A third area of study involves the analysis of full waveform
data as recorded at recetver sites. One aspect of this research has been to
determine fault plane solutions of AE source events from first motion data.
These studies show that in addition to pure tensile and double couple events,
a significant number of more complez event types occur in the period leading
to fault nucleation. 4) P and S wave velocities (including spatial variations)
and attenuation have been obtained by artificially generating acoustic pulses
which are modified during passage through the sample.

INTRODUCTION

An acoustic emission (AE) is defined as a transient
elastic wave generated by the rapid release of energy
within a material. It is not surprising that in the ge-
ological sciences, significant overlap exists between the
studies of AE and seismology. Both disciplines are con-
cerned with the generation and propagation of elastic
waves, although at different scales in source dimension
and over different frequency ranges. Classical seismol-
ogy has primarily been interested in seismic radiation
from earthquakes greater than magnitude zero, having
source dimensions from meters to hundreds of kilome-
ters, and recorded frequencies below a few tens of hertz.
Early AE studies in mines [1, 2] were motivated by a
desire to predict rock bursts and mine failures. Some
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of these events are quite large and certainly overlap the
range of energy release of miecroearthquakes currently
studied in seismology. In the laboratory, sample
dimensions are typically less than a meter and provide a
limit to the size of the largest possible fracture events.
The most common acoustic emissions studied in the
laboratory are controlled by flaws on the scale of the
grain size so that most source events are less than a
millimeter in dimension. As a result, laboratory studies
are generally conducted in the 100 kHz to 2000 kHz
range.

Brittle fracture is found to obey similar statistics over
source dimensions spanning more than eight orders of
magnitude from large crustal earthquakes to laboratory
sub-grain-size cracks [3]. For example, the Gutenberg-
Richter frequency-magnitude relation for earthquake
populations is also observed in laboratory AE studies.
This property is discussed in a later section. In
addition, laboratory deformation experiments appear
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to exhibit many of the foreshock and aftershock se-
quences first identified in earthquake studies. Focal
mechanisms of AE source events have also been an-
alyzed with some success. Given the similarities be-
tween sequences of earthquakes and AE events, a pri-
mary goal of laboratory studies has been to investigate
the fracture process with thé intention of identifying
precursory sequences that could be used as earthquake
prediction tools. While some progress has been made
in this area, this important goal has, for the most part,
eluded us. Even so, new studies continue to be reported
in which researchers apply more and more sophisticated
techniques to the problem of predicting failure. While
earthquakes are generally assumed to occur on previ-
ously existing faults, the majority of AE studies are
conducted on intact laboratory samples. There are a
number of reasons that can be used to justify this ap-
proach: 1) It is likely that faults heal and strengthen
between earthquakes [4, 5]. 2) Natural faults are not
smooth and must break through sections of rock where
they interlock - in which case laboratory tests would
model breaking of these local asperities. 3) Earthquake
statistics and AE statistics are similar in many ways.
4) Slip on faults and fracture of intact rock involve the
same micromechanical processes [6].

In this paper, 1 will focus primarily on the recent
advances made in the study of rock failure through
the use of AE and related techniques. Much of the
work in AE has been carried out by metallurgists and
in engineering applications such as the detection of
flaws in boilers, aircraft and other constructions. These
important applications will not be discussed in this
review. I will consider contributions made to the field
of rock fracture covering approximately the last fifteen
vears. Three introductory reviews from before this
period provide a starting point [7-9]. An additional
source of AE research applied to a variety of areas is
the series of Pennsylvania State University conferences
organized by Hardy and Leighton [10-13].

DISCUSSION

" It is well documented that brittle fracture involves
the growth of microcracks from stress concentrators
such as voids, inclusions and dissimilar grain contacts
that result in contrasts of elastic properties [14-18].
This irreversible damage results in both inelastic strain
and AE. The acoustic signals that are spontaneously
generated from this microcracking provide information
about the size, location and deformation mechanisms
of the events as well as properties of the medium
through which the acoustic waves travel (e.g., velocity,
attenuation and scattering).

AFE counts, inelastic strain and Omori’s law

The simplest detection system, and one that can eas-
ily be constructed, involves attaching a piezoelectric
transducer to the sample assembly and counting acous-
tic emissions. Since this technique gives equal weight to
all detected events regardless of size, a common mod-
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ification involves recording peak amplitude and coda
length to obtain a rough estimate of the energy ra-
diated by the event. With just a single transducer,
however, no corrections can be made for attenuation
and radiation pattern of individual events so that en-
ergy estimates may not be accurate. Even so, since
good correlations have been reported between inelastic
strain rate and AE rate [19-23], monitoring AE with
a single transducer can be useful in describing damage
accumulation rate during a deformation test [24].

The correlation between inelastic strain and AE can
be used to relate earthquake aftershock sequences to
transient creep behavior in rock. Aftershock sequences
have been found to decay with time according to an
empirical relation

)

known as Omori’s law. Here K, c and p are constants,
and v is the acoustic emission rate. Omori’s law has
been used to estimate the probability of damaging
aftershocks following large earthquakes [25]. In an
unconfined laboratory test on a basalt sample, Hirata
[26] analyzed AE bursts that occurred while the sample
was held at constant stress (approximately 85% of
failure strength). Individual bursts of events were
treated as mainshock-aftershock sequences. In this
creep experiment, Hirata found that the aftershock
sequences underwent a transition from obeying an
exponential decay law

v(t) = K/(t+ )P

(2)

to obeying Omori’s law with the p-value in Omori’s
law showing a small decrease as the sample approached
failure. Other researchers analyzed the overall AE rate
(rather than individua! burst sequences) during tran-
sient or primary creep in constant stress experiments.
Lord and Koerner [27] found that unconfined creep
tests on anthracite coal obeyed eq. (1) with ¢ =0 and
p decreasing with increasing stress. Lockner and Byer-
lee [21] conducted creep tests on granjte and sandstone
samples at 100 MPa confining pressure and stress levels
from 45 to 95% of failure strength. They also found a
decreasing decay rate with increasing stress level. How-
ever, they showed that during transient creep, AE rate
obeyed

v(t) = KaeXp (—pat)

v(N) = Kyexp (—qN) (3a)

were K, and g are constants and A is the cumulative
number of AE events. Expressed as a function of time
this gives

v(t) = 1/(Kk, " +qt). (3b)

For earthquakes, p-values are found to cluster about
unity [25]. In this case (p = 1) eq. (1) becomes
equivalent to eq. (3b). Hirata’s first and last decay
sequences are replotted in Fig. 1 as functions of time
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Figure 1. Decay of AE event rate for burst sequences

occurring during creep in granite [26]. a) Log (AE rate)
plotted vs. time; b) Log (AE rate) replotted ws. cumulative
number of events. Dashed lines show least squares fit to
eq. (3) based on transient creep experiments. This function
is similar to Omori's law (eq. (1)).

and cumnulative number of events, showing that his data
are well fit by eq. (3).

I have already mentioned the close correlation ob-
served between inelastic strain and AE. The propor-
tionality depends on such factors as system sensitivity,
crack type and attenuation and has been observed to
change in a single experiment (23, 28]. If, however, we
consider a time interval during which inelastic strain
rate remains proportional to AE rate, then eq. (3b)
is identical in form to the transient creep rate depen-
dence for rock reported by Lomnitz [29]. This obser-
vation is consistent with an aftershock model in which
the mainshock raises the stress in the region around
its perimeter {due to the stress concentration associ-
ated with the propagating fracture [30, 31]). Then the
aftershock sequence may be interpreted as a manifesta-
tion of the transient creep response which oceurs while
this surrounding region adjusts to the newly imposed
stress state. A similar approach, in which relaxation
phenomena are restricted to pre-existing faults, has re-
cently been developed [32]. It should be noted that
fluid pressure transients, which may have a dominant
influence on aftershock sequences, are not explicitly in-
corporated in these models.

Amplitudes and the frequency-magnitude relation

In addition to a correlation between AE rate and
strain rate, numerous studies have noted a power law
frequency-magnitude relation for AE events (26, 33-39)].
This corresponds to the well-known Gutenberg-Richter
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t-value relation for earthquakes

4)
where N is the number of earthquakes greater than
magnitude M and o and b are constants. b can vary from
one earthquake region to another but is approximately
unity.

Different attempts have been made to explain the
apparent universality of eq. (4). Evans [40] noted that
at a distance r from an elliptical crack the amplitude
of a stress wave o(r,t) emitted during the formation of
the crack can be related to the tensile stress ¢}, normal
to the crack surface. That is

logN(M)=a-b M

o(r,t) x c1cBok, (5)
where ¢; and ey are respectively the semi-major and
semi-minor crack axes. Evans further noted the strong
sensitivity of the stress wave amplitude in eq. (5) on
crack size. He suggested a probability function of the
form

$(d) = 1 - exp[-(do/d)*] (6)

would adequately describe the microcrack distribution
in a polycrystalline rock. Here &(d) is the probability
that a dimension of the grain boundary will exceed 4,
k is a shape parameter and d, is a scale parameter. For
a transducer whose voltage output V is proportional to
the stress wave amplitude and for an average crack di-
mension <d> given by <d>3= ¢, egs. (5) and (6) can
be combined to convert the crack length distribution
®(d) to an expected event amplitude distribution

(V) =1 -exp[-a(oi,/V)?] (7

where o is a constant and g = k/3. Evans noted that
for vV >> (a/2)V/8si,, eq. (7) reduces to

(8)

(a a(ei,;)?} which is equivalent in form to the
Gutenberg-Richter eq. (4).

Rather than assuming a microcrack distribution of
the form of eq. (6), we can consider actual crack count
data. Shown in Fig. 2 are crack density counts from
two studies of Westerly granite [18, 41]. Here I have
plotted crack density (number/mm?2) in thin section for
undeformed samples and for samples loaded to failure.
Next, these data sets are combined by taking the dif-
ference between the stressed and unstressed densities
to represent new cracks added during deformation, and
converting from areal crack densities to volumetric den-
sities. By assuming that cracks are approximately disc-
shaped (c; = o = d), a cumulative crack distribution
is plotted in Fig. 3a. The dashed line shows the pre-
dicted distribution using eq. {(6) with & and d, selected
to fit the two longest crack-length values (k = 7.2 and
do = 50 um). Eq. (6) predicts a more abrupt change
in slope at the cross-over crack length 4, than is ob-
served in the crack count data. In any case the data in

log®(v)=a-pglogV
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Figure 2. Cumulative crack densities for Westerly granite:

open symbols are unstressed samples, closed symbols are

stressed to failure; circles are from [41] and squares from

[18]. '

Fig. 3a can be taken as representative of the cumulative
microcrack damage occurring in Westerly granite when
loaded to failure at 50 MPa confining pressure.

Since we have recorded AE during the deformation of
samples, including samples that were analyzed to pro-
duce some of the data in Fig. 3a [42], we can compare
crack densities to located AE events. AE amplitudes
have been corrected for 1/r geometric spreading (but
not for attenuation) and radiation pattern effects have
been partially compensated for by averaging the ampli-
tudes recorded at the six receivers. Transducer/preamp
bandwidth is approximately 200 to 1500 kHz with main
resonance at 800 kHz. Plotted in Fig. 3b is the fre-quen-
cy-magnitude distribution for over 26,000 AE events re-
corded during loading to the point of failure in a West-
erly granite sample at the same confining pressure as
the samples used in Fig. 3a. The roll off in the distri-
bution at low amplitude is at least partly due to in-
complete sampling of these small events. Otherwise,
these data can be reasonably fit by eq. {7), and also
by eq. (8) if we assume that the low-amplitude roll off
is strictly the result of incomplete sampling. The re-
sulting slope is 8 = 2.6 + 0.2. These AE events were
all located by inverting the relative first arrival times
at the recording transducers. They represent all of the
located events within a volume of 4.1 x 105 mm?® cho-
sen from the central region of the sample. As a result
an alternate vertical scale, representing events per unit
volume, is shown on the right of Fig. 3b. We can now
test the relation, already mentioned, that 8 = k/3 by
scaling the AE amplitudes (e.g., taking v '3} and com-
paring them directly to the observed crack length data
(shown in Fig. 3¢). Here the scaled amplitude data
have been offset horizontally and vertically so that the
largest amplitude events correspond to the largest ob-
served cracks. Both the crack count data and the AE
data should be complete for the largest cracks and AE
events (i.e., it is unlikely that any of the largest cracks
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Figure 3. a) Circles: Cumulative microcrack damage due
to loading (from data in Fig. 2); line is crack distribution
predicted by eq. (6). b) Magnitude-frequency plot for all
pre-nucleation AE events occurring in the central region of
a Westerly granite sample deformed at 50 MPa confining
pressure. Scale on right of plot shows the corresponding AE
event density. c) AE events are scaled and replotted so that
largest amplitude events correspond to largest microcracks
in a sample loaded to failure (see text). AE data had to
be shifted vertically by a factor of 600, indicating that the
ratio of microcracks to AE events is about 600:1.

will be overlocked. Similarly, all large AE events will
trigger the recording system. Furthermore, the experi-
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ments were designed so that the AE rate was always less
than the recording limit of the system.). For these rea-
sons we expect a one to one correspondence between the
largest cracks and the largest AE events. Although the
AE amplitude data have a limited dynamic range, the
slopes of the two data sets are in good agreement and
appear to confirm the analysis in egs. (5) through (8).
The horizontal shifting of the amplitude data is allowed
since it includes such unknowns as the transducer sen-
sitivity and the event radiation pattern. However, we
are not free to shift the amplitude data vertically. The
fact that the number of AE events had to be multiplied
by a factor of 600 to match the crack count data indi-
cates that less than 0.2% of the new microcracks were
accompanied by detectable AE. It would appear that
most of the large, grain-size microcracks that formed
during loading were inefficient at radiating acoustic en-
ergy in the detection bandwidth (possibly because they
grew too slowly). This is an important result that has
implications for many of the findings discussed in this
review. For example, a number of studies have analyzed
focal mechanisms of AE events. The question should
be asked as to how representative these events are of
the total microcrack population.

With regard to the frequency-magnitude relations
(egs. (4) and (8)), numerous laboratory studies, begin-
ning with Mogi [43], have confirmed this general feature
of AE amplitude distributions. Most of these studies
were motivated by the expectation that changes in &
value would occur prior to failure and therefore could
be used for failure prediction. Laboratory studies of AE
events consistently show a decrease in b with increasing
stress during deformation of intact samples [23, 33, 35,
37]. {Although, a separate article in this issue shows
how changes in attenuation can result in apparent b-
value changes.) b-value changes were also reported for
AE events occurring prior to stick-slip events in a sam-
ple containing a sawcut [34]. In this case, foreshocks
which occurred during stress buildup had consistently
lower b-values than ‘background’ events, indicating a
relative increase of large amplitude AE events prior to
stick-slip. Meredith et al. [37] developed a model based
on subcritical crack growth to explain temporal vari-
ations in b This model contains the overall inverse
relation between stress level and b-value but also pre-
dicts a dependence of b on stress history. This approach
is valuable in that it links the variations in b to estab-
lished physical mechanisms.

One difficulty in the use of 5-value to predict failure,
as shown by the laboratory data, is that detectable
changes in b are generally the result of large changes in
stress. This places strong constraints on the short term
stress history of the nucleation region of an earthquake.
Indeed, prior to failure in many laboratory samples,
inelastic deformation occurs at nearly constant stress.
In addition, the amount of strain-weakening observed
in some rock types prior to failure may be significantly
reduced when loaded in a compliant system such as the
Earth. In a recent study, for example, Lockner and
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Byerlee [44] found that pre-failure decreases in b-value
were not consistently observed in a series of fracture
tests on granite and sandstone samples.

The search for b-value precursors to earthquakes has
had a long history. Numerous studies have reported
anomalous changes in b prior to large earthquakes (e.g.
[36, 45, 46]). At the same time, questions have been
raised as to the reliability of the use of b-value variations
as a predictive tool. For example, Frohlich and Davis
[47] recently compared b-values from four teleseismic
catalogs. They confirmed that bvalues for foreshock
and aftershock sequences were indeed consistently larger
than for mainshocks. However, they concluded that
this had no physical significance and resulted from the
simple act of treating the largest event in the foreshock—
mainshock-aftershock sequence separately (and thereby
depleting the foreshock-aftershock set of the largest
earthquakes). Wyss and Habermann [48] have also
looked at b-value and concluded that systematic errors
in determining event magnitudes, for example, have led
to fictitious changes in b. The usefulness of b as an
earthquake predictor remains an area of continued de-
bate.

Kaiser effect

The Kaiser effect is a well known phenomena in met-
allurgy {49] and laboratory AE studies [17, 24, 50-54].
It refers to the observation that if a sample is subjected
to a cyclic stress history, AE will not occur during the
loading portion of a cycle until the stress level exceeds
the stress in all previous cycles. Thus the Kaiser ef-
fect has potential use as an indicator of prior stress
conditions and has been studied in the context of esti-
mating the in sifu stress state in rock [55, 56]. In this
regard, we would expect relatively few foreshocks on a
fault segment that has undergone repeated earthquakes
and therefore repeated stress eycles. More foreshocks
would be expected in a region in which new faults are
being created. It should be noted that the Kaiser ef-
fect does not reliably occur in all rocks, especially in
uniaxial tests and at stresses above about 70% of fail-
ure strength. For example, Sondergeld and Estey [51]
conducted cyclic uniaxial loading of unjacketed West-
erly granite samples. They found that AE commenced
well below the peak stress attained in earlier stress cy-
cles. Nordlund and Li [53] also performed cyclic uni-
axial tests. They found that the Kaiser effect occurred
reliably for a coarse-grained granite until the sample
was stressed to near the fracture strength. A fine-
grained leptite sample, however, produced AE at levels
significantly below previous peak stress. This occurred
at all stress levels above about 30% of peak stress.
Thus, issues regarding stress level, confining pressure,
event amplitude detection threshold, grain size, poros-
ity, minerology and time-dependent crack growth must
be addressed to fully understand when the Kaiser effect
will be present in a rock.

After verifying that the Kaiser effect does reliably oc-
cur in a particular rock, it can be used to provide useful
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information about irreversible damage. As an example,
consider applications in the field of damage mechanics
in which a state variable (damage parameter) is defined
to represent the state of internal damage that a mate-
rial has sustained [17, 57]. If the stress-induced damage
(microcrack growth) in a rock is irreversible, then it is
likely that significant new damage will occur only when
the previous stress state is exceeded [24]. This is essen-
tially the rationale for the Kaiser effect and has led Hol-
comb and Costin [24, 54] to use AE as a technique for
probing stress space to determine the magnitude and
shape of the damage surface for a rock. Since stress is
a tensor quantity and the application of stress is known
to create cracks primarily in the direction of maximum
compression, a complete damage parameter can also be
expected to be a tensor. This fact suggests that it may
be possible to use the Kaiser effect to infer a prior stress
state within a rock. Holcomb [58] has recently argued,
however, that the commonly-used technique of uniax-
ial loading along various directions to determine stress
history will, in general, give erroneous results. Further
work is needed to determine what parameters actually
determine the onset of AE in these tests.

Locating AE hypocenters from arrival time data

When more than one transducer are attached to a
sample, the relative arrival times of acoustic waves at
the known transducer locations can be used to estimate
source locations. Except for scaling effects due to sam-
ple size, source dimension and frequency content, the
determination of AE source locations is analogous to
earthquake location procedures. In many applications,
samples are loaded to failure, in which case the accom-
panying microcrack damage is anisotropic and will re-
sult in an anisotropic velocity field. It is not uncom-
mon, at high deviatoric stress, to develop a P-wave ve-
locity anisotropy of 40 to 50% [28, 42, 59]. Thus it
can be important to include this effect in calculating
travel times [42]. If the velocity structure is known,
three-dimensional hypocentral determinations require
a minimum of four relative arrival times. However, be-
cause of the likelihood of timing errors and resolution
problems related to station placement, it is highly de-
sirable to have additional arrivals. To attain a location
accuracy of about 2 mm in a rock that has a P-wave
velocity on the order of 5 mm/us (5 km/s), a timing
accuracy of a fraction of a microsecond is required. As
a result, transducers need a frequency response in the
megahertz range.

While AE was being used to study rock bursts in
mines in the 1940’s [27], 3D location studies of rock
failure in the laboratory lagged by about 20 years. In an
early laboratory 3D location study [60], AE waveforms
were recorded as a granite sample was loaded uniaxially
to failure. In this case, 22 selected event locations
were reported. Now, with improved electronics and
automated data collection systems, a single experiment
will result in over a thousand times as many locations
(Fig. 3b). Part of the appeal of using AE experiments
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as an analog for earthquakes was that twenty years ago
earthquake catalogs could not compete with the large
numbers of events recorded in laboratory experiments.
Today, however, the quality of seismic catalogs has
improved, both in terms of completeness and number
of earthquakes, to where this is no longer such an
advantage for laboratory experiments. What remains
a decided advantage is the ability to precisely control
stress, strain, rock type and other parameters.

A typical acoustic-emission-acquisition system for
laboratory use involves six or more input channels with
preamplifiers near the sample to reduce noise levels.
Once the system is armed and ready to record an event,
a threshold detector is used to flag the arrival of a
potential acoustic signal. If high-speed digitizers are
used, they are generally set to record a time interval
beginning somewhat before the trigger. In this way, the
first arrival of the acoustic wave is captured even if the
recording transducer is closer to the event hypocenter
than the triggering transducer. If the full waveform
is desired, then the contents of the digitizers must be
transferred to disk or other storage device for later
analysis. This is generally the slowest step in the
recording process and will limit system through-put
rates to five or ten events per second. Other recording
systems pre-process each channel so that instead of
recording full waveforms, information such as first-
arrival time, peak amplitude, rise time and coda length
are recorded. In this case, through-put rates can be
increased to 100 to 1000 events per second and loss of
events while the system is in a busy state is a much less
serious problem. Even so, as I have discussed earlier,
only a small fraction of microcrack events appear to '
generate AE in the megahertz range. In this context,
the experiment shown in Fig. 3b was designed to
produce AFE at a level below the saturation level of the
recording system (about 300 events/s). The disparity
between number of microcracks and AE events in this
example does not reflect a problem with the recording
system; the events simply were not there to record.

In the past, researchers have questioned the use of
automated threshold detectors {or P-pickers), claiming
that hand-picked first arrivals would be more reliable.
The relative merits of automated systems have been
discussed [42, 61] and it was shown that location ac-
curacies (+2 to 4 mm) are comparable to hand-picked
events, especially for larger amplitude events. For first
motion studies it remains desirable to examine indi-
vidual waveforms. However, for locating events, the
shear numbers (e.g., 10,000 to 100,000 per experiment)
demand that event timing be automated. Even when
full waveforms are recorded, most studies rely on auto-
mated computer algorithms to determine first arrivals.

The question of sampling bias due to automatic first
arrival pickers has an interesting parallel in seismology.
Lockner and Byerlee [61] analyzed P-wave velocities
inferred from arrival time inversions of AE events in
laboratory experiments (relative arrival times can be
used to solve for velocity as well as event location).
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Figure 4. Locations of AE event occurring during hydraulic fracturing of Westerly granite [88}. I_{qrizontal axis is time;
vertical axis is cross-section of sample showing injection borehole in center. Dots represent individual AE events and
indicate the propagation of the hydrofrac from the borehole to both the top and bottom surface of the sample.

They found that the inversion of small amplitude event
data resulted in systematically lower velocity estimates.
The problem was that for small events, the P-arrival
might be too small to trigger the system so that the
later S-arrival would instead be recorded. Thus, there
is a tendency, especially for small-amplitude events, to
pick the first arrivals late, resulting in a systematic
timing error. Similar problems have been identified
when small earthquakes were used to search for V,/V,
anomalies [62], even when events were hand picked.

Hydraulic fracture and fluid-induced shear fracture

AE event locations have been used to study fracture
induced by fluid injection. Hydraulic fracturing of bore-
holes is extensively used to estimate in situ stresses as
well as to augment flow in geothermal and hydrocar-
bon reservoir management. During rapid injection of
fluid into a borehole, pressure can rise to the point
where the wall of the borehole fails in tension and a
crack propagates out into the formation. While bore-
hole televiewers, impression packers and other logging
tools can determine the orientation of the hydrofrac at
the borehole wall, it becomes difficult to know the direc-
tion of propagation once the hydrofrac leaves the stress
field of the borehole. Lockner and Byerlee [63] demon-
strated that AE generated during laboratory hydrofrac
experiments in granite could be used to map the ori-
entation of the fracture and infer the propagation rate
(Fig. 4). Since that time, similar techniques have been
successfully applied in the field to determine hydrofrac
orientation [64, 65]. Interestingly, first-motion studies
of these microearthquakes indicate that most source

mechanisms are double couple shear events and not
tensile events [66, 67]. As I will discuss in the section
on focal mechanisms, similar results have been found
for laboratory AE events.

In addition to tensile failure resulting from rapid in-
jection of fluid into a borehole, a rock mass that is
supporting a deviatoric stress below its failure strength
may be induced to fail by raising the pore fluid pres-
sure. An increase in fluid pressure P, in the forma-
tion has the effect of reducing the effective stress o g =
o — Pp, but not the deviatoric stress. This effect has
many applications in geophysics from induced seismic-
ity {due to reservoir impoundment or fluid injection) to
enhanced formation permeability due to development of
shear fractures. A number of laboratory studies have
used AE source locations to demonstrate the develop-
ment of fluid-induced failure. In one type of experi-
ment [68] & cylindrical sample of sandstone was held
at constant confining pressure (100 MPa) and differ-
ential stress (400 MPa). Pore pressure (50 MPa) was
then applied to one end of the sample leading to fail-
ure after approximately 8 hours. AE locations showed
that failure progressed from the end of the sample at
high pore pressure down through the sample as a mov-
ing fracture front, presumably limited by the rate at
which water could diffuse through the sample. This ex-
perimental arrangement has recently been repeated for
granite [69] at 40 MPa confining pressure with similar
results. Acoustic tomography used on the same sample
showed a region of increased P-wave velocity, presum-
ably due to filling of dilatant microcracks with pore
fluid, moving through the sample.
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Lockner and Byerlee [63] tested a different sandstone
sample containing an axial borehole at constant confin-
ing pressure (100 MPa) and initial differential stress
of 400 MPa. In this case, following initial loading,
the sample was held at constant axial strain so that
as failure progressed, differential stress would decrease.
Water was then injected into the borehole at a slow
enough rate so that the pore fluid pressure throughout
the sample was nearly uniform. As pore fluid pres-
sure increased, reducing the effective confining pres-
sure, the stress state approached the failure envelope
for the sandstone and the rock eventually failed along a
complex set of fault planes. AE source locations showed
a one-to-one correspondence between fault surfaces and
AE, allowing the history of faulting to be determined.
In a similar geometry, Kranz et al. [70] recorded AE
during injection and removal of fluid from a borehole
in granite samples subjected to hydrostatic as well as
deviatoric stress conditions. Focal mechanisms of AE
events showed that most events were simple double-
couples in nature. These results will be discussed in
the section on focal mechanisms.

Fault nucleation and the search for precursors

One of the principal driving forces in using acoustic
emission to study rock fracture has been the seemingly
endless search for precursory phenomena that could be
applied as earthquake prediction tools. While some
progress has been made in this regard, the fact that
earthquakes are not reliably predicted, especially in the
short term, shows the limits of our success in this area.
In one sense, we are clearly able to predict failure in
the laboratory: once the failure envelope for a rock is
determined, failure can be determined from the stress
history. Even without knowledge of the failure enve-
lope, increasing strain rate and acoustic emission rate
are good indications of approaching failure. These ef-
fects do have their counterparts in earthquake predic-
tion. What remains the most reliable prediction tool,
and one that is easily believed, is the occurrence of fore-
shocks. Unfortunately, not all earthquakes have fore-
shocks, while in other cases, foreshocks are only recog-
nized in retrospect. Why should the precursory phe-
nomena consistently observed in the laboratory be so
difficult to observe in the field? The answer appears to
be related to the size of the earthquake nucleation zone.
In laboratory experiments, the entire sample generally
undergoes significant deformation as microcracks grow
and cause changes in related physical properties such
as modulus, acoustic velocity, attenuation, density, per-
meability, electrical resistivity, etc. Recent observa-
tions of moderate earthquakes [71, 72] indicate that the
size of the nucleation region responsible for triggering
these earthquakes is orders of magnitude smaller that
the eventual rupture surface that undergoes coseismic
slip. Thus, if a relatively small volume is involved in
the accelerating creep phase of an earthquake it may
"be extremely difficult to detect the associated changes
in material properties using remote sensing techniques.

ROCK MECHANICS IN THE 19%0s

This situation may explain the sporadic success of pre-
diction efforts for earthquakes and, on a smaller scale,
rockbursts in mines. A related problem that also should
be considered is if magnitude 7 earthquakes are simply
run-away magnitude 3’s, how do we identify the condi-
tions that occur approximately once in 10 events that
are associated with these run-away events?

Microcrack localization and fault nueleation. 1 have
already commented on the use of b-value variations as
an indicator of failure in the laboratory and earth-
quakes in the Earth. Many studies confirm that &
values decrease with increasing deviatoric stress. One
question that remains unanswered is: Can we expect
large precursory changes in deviatoric stress prior to
an earthquake? If so, then we would also expect to see
significant dilatancy and changes in associated parame-
ters such as velocity and attenuation [42, 59, 69, 73, 74].
Alternatively, as in a creep test, stress may be nearly
constant in the final stages of fault nucleation. Under
these conditions, laboratory studies do not give consis-
tent results for b-value precursors. Recently, there has
been considerable interest in fault models showing how
large, well-developed faults such as the San Andreas
can remain extremely weak due to the presence of high
pore fluid pressure [75-78]. If this class of model is cor-
rect, then the large changes in deviatoric stress needed
to produce the anomalies suggested here might only
oceur in limited volumes associated with local strong
patches, making remote identification difficult.

Faulting can be described as a localization of shear
strain in a solid. In this regard, the location of AE
sources becomes a powerful tool in imaging the failure
process. By contrast, strain and velocity measurements
give signals that integrate contributions over volumes
that may be much larger than the region of interest. An
alternative is to undergo the labor-intensive process of
deforming samples and counting cracks using optical
and electron microscopy techniques [14, 16, 18, 79-82].
Besides being labor intensive, crack counting has the
disadvantage that a single sample cannot be studied at
different stages of deformation. Because the recording
of AE is essentially passive, it provides an ideal non-
destructive method for studying crack growth. Since
experiments by Mogi [19] and Scholz [60], numerous
AFE studies have addressed the question of when in the
deformation history of a brittle rock will microcrack
localization occur [23, 28, 44, 51, 74, 83-90]. Here I deal
specifically with the question of when the macroscopic
fracture plane can first be identified from AE locations.
The closely related issue of microcrack interaction is
addressed later.

A number of studies have reported clustering of AE
events from the early stages of loading in deforma-
tion experiments. These appear to fall into at least
two groups: 1) Tests on heterogeneous samples such
as banded sandstones that contain local strength varia-
tions [42]. 2) Unconfined samples in which the exposed
surface may have been attacked by water vapor (leading
to localized stress corrosion) [28, 51, 83]. (Misalignment
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of the loading system can also produce non-uniform
stresses and early damage localization.) By contrast,
homogeneous low-porosity crystalline rocks deformed
under jacketed triaxial conditions seem to show much
more uniform microcrack accumulation until just be-
fore peak stress is reached, or in some cases, after peak
stress [42, 44, 86, 88]. For example, source locations
for a sample of Westerly granite deformed at 50 MPa
confining pressure are plotted in Fig. 5. (This is the
same experiment used for Fig. 3b.) In Fig. 5a I have
plotted locations of AE events from initial loading to
peak stress. Microcrack activity drops off near the
ends of the sample due to the lower deviatoric stress in
these regions caused by lateral support of the steel end-
plugs [14]. The central region of the sample, however,
shows remarkably uniform microcracking throughout
the loading phase of this experiment. By contrast, the
nucleation of the fault on the sample surface (Fig. 5¢)
leads to an abrupt change in the microcracking pat-
tern from uniformly distributed damage accumulation
to localized and well-organized microcracking. Lockner
et al. [42] found that nucleation patch size in Westerly
granite was approximately 2000 mm3.

An earlier creep test on Westerly granite [88] gave
similar results. In this case, uniform microcracking
occurred throughout the sample during the transient
and secondary creep phases, which lasted 2.4 days.

Then, in the space of about 300 s, the microcracking
localized to a zone which rapidly grew to become
the fracture plane. This localization of AE events,
which corresponded with an increase in AE rate, was
coincident with the onset of accelerating tertiary creep.
These experiments represent inelastic strain rates on
the order of 10-7 to 10-9 s—1. The time between
the first identifiable clustering of AE and rapid fault
propagation represents the fault nucleation phase. For
these experiments, this nucleation phase lasted from
approximately 500 s for the fastest strain rates to about
10,000 s for the slowest rates. It should be emphasized
that Fig. 5 is representative of an end member case
in which great care has been taken to eliminate any
predisposition to localize the microcracking. That is,
the experiment was performed on a confined sample of
homogeneous, isotropic, fine-grained granite which was
prepared with a uniformly smooth surface and nearly
parallel ends (parallel to within 0.03°) to minimize
bending moments. A sample that contains pre-existing
weakness or variations in material properties will tend
to concentrate both stress and damage accumulation.
In this case, AE should show spatial clustering from
early in the loading cycle and the eventual fault
nucleation zone may be identified at low stress.
Microcrack interactions before fault nucleation. The
shift from uniform microcracking associated with grain-
size or subgrain-size flaws to the growth of a macro-
scopic fracture represents a jump in scale of flaw size.
Thermodynamically, the sample can be thought of as
undergoing a phase transition which has led to the ap-
plication of the concept of self-organized criticality to
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earthquake processes [91]. An isolated microcrack in
an overall compressional stress state cannot grow in-
definitely without the continued application of strain
energy. Thus macroscopic faulting appears to be the
culmination of a process dominated by crack interac-
tion [17, 18, 57, 92-95]. There has been increasing in-
terest in recent years in analyzing the distribution of
AE events in terms of spatial and temporal clustering.
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Figure 5. Distribution of AE events in Westerly granite
sample at 50 MPa confining pressure. a} Pre-nucleation
events, b) pre-nucleation period including peak stress (900 s
interval), c¢) nucleation phase (900 s interval). Middle
plots view sample along strike of the eventual fracture
plane; lower plots show same events rotated 90°. Stress-
displacement curves are shown on right.
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Once again, a principal interest has been to identify sec-
ular variations in interaction characteristics that would
indicate impending sample failure. Lockner et al. [18,
44] found that for pre-nucleation events in experiments
such as the one shown in Fig. 5, events separated by
more than about 5 mm were spatially uncorrelated with
each other and occurred randomly throughout the sam-
ple. However, events closer than 5 mm did show a con-
sistent degree of correlation. That is, it was about five
times as likely for an event to be followed by a second
event within a distance of 5 mm as would be expected
if the events occurred randomly. Since the stress per-
turbation around a crack drops off as distance cubed,
it is not surprising that the correlation distance for AE
events should be comparable to the grain size. It is
also important to remember that the correlated events
represent less than one percent of the total event pop-
ulation. A similar condition holds for the clustering of
earthquakes.

To evaluate the spatial distribution of AE events, I
will consider the correlation integral ¢(R) described by
Hirata et al. [86] as

2
for a set of N hypocenters (p;,p9,....pn). In this case,
N(r<p) is the number of pairs (p;,p;) separated by a
distance smaller than Rr. If the distribution has a fractal
structure, C(R) is expressed by

¢(R) « RP (10)

were D is a kind of fractal dimension called the
correlation exponent [96]. The correlation exponent D
can be estimated from the slope of a log-log plot of
c(R) versus R (Fig. 6). In this case, the decrease in D
corresponds to the change in the spatial distribution
of AE events from filling a volume (pre-nucleation)
to occurring only on the fault plane (post-nucleation).
Thus, if microcracking has organized into a planar
feature that is, for example, 20 mm in size, we would
expect a slope of 2 in the distance range of 20 mm
in Fig. 6. The correlation integral, therefore, is
useful in identifying large-scale features in the spatial
distribution of events. However, if the early stages of
fault nucleation involve only a small cluster of events
it may be difficult using the correlation exponent to
identify this local change in event distribution when
masked by a high level of background activity. Since the
human eye is very good at identifying spatial clusters
and planar features, the main advantage of using the
correlation integral in many cases may be the ability to
quantify the degree of clustering.

Hirata et al. [86] conducted a creep test on Oshima
granite at 40 MPa confining pressure and about 85%
fracture strength. They found a systematic decrease
in D from 2.75 in transient creep to 2.25 in tertiary
creep.
this gradual decrease in dimension corresponds to the

Plots of the AE event locations show that
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Figure 6. Plot of correlation coefficient showing spatial

distribution of AE events before and after fault formation.
Slope D represents fractal dimension of event distribution.

development of two diffuse clusters in the central region
of the sample. The orientation of the eventual fracture
plane was not reported and could not be compared to
cluster positions. Recently, Lei et al. [97] have applied
this analysis method to AE locations in a coarse-
grained (~5 mm) and fine-grained (<2 mm) granite
deformed at 40 and 50 MPa confining pressure and
at constant loading rate. The fine-grained Oshima
granite again gave D = 2.7+ 0.1, but in this case with
only a slight systematic decrease in the late stages
of loading (to D ~2.6). The coarse-grained sample
showed nearly constant D = 2.4 + 0.1 throughout the
experiment. Lockner and Byerlee [44] applied this
technique to granite and sandstone samples with mixed
results. They found D = 2.7 £ 0.2 showed no significant
change prior to fault nucleation in the granite sample.
In the sandstone sample, however, D gradually dropped
from approximately 2.6 to 1.6 over a period of 11 hours.
Plots of the locations of AE events during this time
interval indicated a gradual process of concentrating
and ‘focusing’ of events in a cluster which formed the
nucleation site for the fracture plane. This cluster,
while initially diffuse, was identifiable from the initial
loading of the sandstone sample.

A second technique which seemed more useful in
visualizing the early organization of microcrack damage
into a large-scale feature [44, 86] involves computing
a vector for each possible pair of events within a
given time interval. Clearly, if all events lie within a
plane, then all vectors formed from event pairs will
also lie in that plane. An equal-area projection of these
vectors provides a sensitive method for identifying the
development and orientation of planar features within
the AE location data sets.

The preceding discussion has considered the spatial
distribution of AE events and the length scale over
which they are correlated. It is also important to know
how AE events are clustered in time. Omori’s law
(eq. 1), for example, is a statement of the temporal cor-
relation of aftershock sequences. Nishizawa and Noro
[90] have analyzed AE time sequences generated during
uniaxial creep experiments in Oshima granite. They fit
the time sequences with Poisson and Poisson plus ‘self-
excitation’ functions where self-excitation describes the
degree of event interaction. They found that most
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events satisfied a Poisson distribution but that a de-
gree of self-excitation did occur (e.g., the occurrence of
one event made it more likely that another event would
follow). The characteristic interaction time was rather
short: between 7 and 42 ms.

Fault propagation

Brittle fracture is commonly accompanied by a sud-
den loss of strength which, if the loading frame is too
compliant, will result in unstable and violent slip. Even
for a stiff loading frame, many dense crystalline rocks
store sufficient elastic energy to propagate a shear frac-
ture without any externally-supplied energy. Thus fi-
nal nucleation as well as fault propagation generally
involve such high AE rates that individual events ecan-
not be recorded. To solve this problem, Lockner et al.
[23, 42] developed a feed-back control system in which
axial stress was continuously adjusted to maintain con-
stant AE rate. (A similar system was employed by Ter-
ada et al. [98] but without locating events.) Through
the use of this technique, the complete nucleation and
growth process of a fault could be observed from the

locations of microcrack events (Fig. 7). The left-hand
plot shows diffusely spaced AE events in the pre-nuclea-
tion stage. Next, the fault nucleates rapidly on the
sample surface with the fault orientation clearly observ-
able. The fault then propagates in-plane, expanding as
a fracture front of intense AE activity, More detailed
analysis of the AE events shows that the fault does not
advance smoothly. Rather, there are periods of accel-
eration and deceleration with different segments of the
fracture front advancing rather independently of each
other,

Focal mechanisms

With the introduction of multichannel recording sys-
tems capable of storing full wave forms, it became prac-
tical to conduct first-motion studies of AE events [70,
73, 83, 84, 87, 97, 99, 100]. An example of an AE event
recorded at a set of nine transducers, providing good
azimuthal coverage, is shown in Fig. 8. As mentioned
earlier, thin section studies repeatedly show that micro-
crack damage in rock loaded in compression is predom-
inantly tensile crack growth parallel to the maximum
compressive stress direction [14-16, 18, 82]. In the late
stages of fault nucleation, more shearing may be ex-
pected as cracks interact and coalesce [18]). However, a
commonly sited model for crack coalescence [17, 92, 94]
involves buckling of bridges between cracks; a process
which should also involve considerable tensile cracking.
Thus it was surprising when early results of AE focal
mechanisms in granite and andesite [83, 84, 99] indi-
cated that the vast majority of events showed mixed
tension and compression first motions consistent with a
double-couple mechanism. A pure tensile mechanism,
on the other hand, should produce compressive first
motions over the entire focal sphere. (Focal mechanism
statistics are summarized in Table 1.) In addition, the
implied stress axes for these samples appeared strongly
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misaligned with the applied stress field, indicating sig-
nificant local stress rotations. Another interesting as-
pect of these early results was that it seemed possible to
construct composite focal mechanisms, suggesting that
related AE events occurred either from multiple growth
episodes on individual microcracks or from growth of
en echelon cracks. While these findings were impor-
tant, the experiments had two potentially important
limitations. First, focal mechanisms were poorly con-
strained since they were determined from only eight
or nine transducers. Second, these experiments were
all uniaxial and may have been dominated by different
crack growth mechanisms than would be possible in a
confined experiment. )

More recently, confined granite experiments have been
conducted [70, 87, 97] which have employed signifi-
cantly larger transducer arrays (as many as 23 sensors),
making the first motion results less ambiguous. In a
cyclically loaded experiment, Satoh et al. [87] reported
results of 215 AE events recorded by 15 or more trans-
ducers. They found that about a third of the events had
all-compressional first motions (tensile events), 15% sat-

isfied quadrant-type first motions (double couple), while
half showed mixed dilatational-compressional first ar-
rivals but could not be fitted by any double couple focal
mechanism. I will refer to this last group as ‘complex’
events. In addition, the relative number of double cou-
ple events systematically increased as the sample ap-
proached failure. Kranz et al. [70] recorded full wave-
forms during fluid injection into three granite samples.
They determined focal mechanisms for a total of 2350
events in these experiments, finding that more than
two-thirds of the events were consistent with a dou-
ble couple mechanism. A quarter of the events were
complex and small numbers of both pure compression
and pure tension were observed (see Table 1}. Pore
collapse has been suggested as a mechanism for the
pure tensile first motion events. Lei et al. [97] have
deformed both fine-grained and coarse-grained samples
of granite at confining pressures of 40 and 50 MPa.
They used a different classification scheme to catego-
rize events which makes it difficult to compare results
to earlier experiments. They classified a compressive-
first-motion event (due to tensile crack opening) as one
for which more than 70% of the observed first motions
were compressive (the other studies require 100% com-
pressive motions for this classification). Likewise, a
dilatational-first-motion event (e.g., pore collapse) re-
quired 70% of the observed first motions to be dilata-
tional. The rest of the events were regarded as shear-
type events even though no attempt was made to fit
double-couple-type radiation patterns to the individual
focal spheres. For the coarse-grained granite, Lei ef al.
found that shear-type events dominated throughout the
loading cycle. For the fine-grained Oshima granite,
however, dilatational-type events were prevalent below
about 30% fracture strength. With the onset of dila-
tancy, however, compressive-first-motion events domi-
nated, shifting to more shear-type events above about
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Figure 7. Time sequence of AE events showing the complete
fault formation process in a 76.2-mm-diameter sample. a)
Pre-nucleation activity, b) fault nucleation, ¢) to f) fault
propagation.

80% fracture strength.

It would appear that we are only beginning to un-
derstand the micromechanical source mechanisms re-
sponsible for generating AE at megahertz frequencies.
The expectation that tensile crack opening would ac-
count for the preponderance of detected events has not
been borne out. Numerous possibilities exist to explain
this fact. I have already shown how detected AE ac-
counts for less than 1% of the total microcrack damage
in granite. Thus, detected AE may be the result of an
uncommon crack growth process that is not representa-
tive of the microcrack populations observed in thin sec-
tion. For example, Lockner [101] estimated that during
secondary creep, subcritical crack growth reduces crack
tip stresses so that inelastic deformation is accommo-
dated at an average stress intensity factor less than 60%
of the critical stress intensity needed for dynamic crack
propagation. A similar result was observed for growth
of cracks in glass plates [102]. Since the observed AE
is probably the result of unstable crack propagation,
the estimate that most cracks are growing stably is
consistent with the observed low detection rate for AE
events. Furthermore, Yanagidani et al. [28] showed a
gradual decrease in the number of AE events per unit
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Table 1. Summary of AE focal mechanism studies

No. of Total Relative Percent®
Study Conditions Sensors Events D C Q X
Sondergeld & Estey (1982)  uniaxial, granite 8 108 - - 100 -
Nishizawa et al. (1984) uniaxial, andesite 9 4 - - 100§ -
Kusunose & Nishizawa (1986) uniaxial, andesite 9 ~16 - - 100t -
Satoh et al. (1990) FPeont =40 MPa, 15-20 215 - 36 15 49
cyclic loading,
granite
Kranz et al. (1990) fluid injection, ~20 2350 2 4 69 25
granite
Lei et al. (1993) Preonr=40, 23 ~1500 ~0f few Q+X=80to
50 MPa, granite percent} 1003

* First motion is: (D) all dilatational (e.g., pore collapse); (C) all compressional (e.g.,
tensile event); (Q) quadrant type (e.g., double couple); (X) mixed dilatational-com-
pressional but not satisfied by double-couple pattern (‘complex').

t Composite solutions.

 Estimated values after converting classification scheme (see text).

——
10 us

Figure 8. Time traces for AE signals recorded at 9

transducers showing variations in wave forms due in part to

source radiation pattern and incidence pattern at receivers
(after [28]).

Compression

strain during transient and secondary creep. This find-
ing is consistent with the Lockner model [101] in which
the average stress intensity at crack tips decreases dur-
ing creep. Alternatively, tensile crack propagation may

be inherently inefficient at generating seismic energy
[103]. Finally, at least some models for generating ten-
sile cracks in a compressive ambient stress field (e.g.,
wing cracks developing at the ends of diagonal flaws
[57, 92]) require coupling of shear motion on the main
flaw with tensile opening on the crack tips. If the shear
motion is coincident with the crack tip extension, the
resulting radiation pattern could be quite complex.

Acoustic velocity, attenuation and tomographic studies

While acoustic emission is spontaneously generated
in brittle rock, the use of artificial sources is closely
related. Piezoelectric transducers function not only as
receivers of acoustic signals, but they can also operate
as acoustic sources. By measuring the transit time from
a known source to an array of known receivers, changes
in velocity structure during deformation can be deter-
mined [28, 42, 59, 70, 84, 97, 104, 105]. These studies
generally assume a homogeneous, although anisotropic
velocity field. With the advent of large receiver arrays,
tomographic techniques are now used to map hetero-
geneities in the velocity structure due, for example,
to microcracking (73, 74] and fluid penetration [69].
There are numerous studies in which artificial pulsing
techniques are used independently to determine veloc-
ity and attenuation, without concern for acoustic emis-
sions. Unfortunately, it is beyond the scope of this
review to treat these subjects properly.

CONCLUSIONS

Acoustic emission studies continue to provide impor-
tant information to further our understanding of the
brittle fracture process. Physical properties of rocks
are often controlled by processes occurring at the grain
scale. To understand these processes, observations us-
ing optical and electron microscopy are necessary, but
require destruction of the sample. Since AE is a natural
by-product of brittle fracturing and microcrack growth,
analysis of AE signals is well suited to studying these
processes. One important impetus for this research has
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been to develop methods of predicting failure that could
be applied to the problem of earthquake prediction.
While this goal has not yet been achieved, significant
advances in our understanding of brittle fracture have
occurred along the way. The strong correlation between
AE activity and inelastic strain has been used to mea-
sure damage accumulation in brittle rocks. Significant
progress has been made in mapping fault nucleation
and propagation through the use of 3D AE event loca-
tions. It appears that when preexisting strength hetero-
geneity exists in a sample, it is likely to control where
faulting initiates. In this case, the eventual nucleation
site will often appear early in the loading history as a
region of increased AE activity. In the absence of preex-
isting heterogeneity in crystalline rock, microcrack lo-
calization leading to fault nucleation occurs late in the
loading history; near peak stress in a constant strain
rate experiment or at the onset of accelerating tertiary
creep in a constant stress experiment. The linear di-
mension of the fault nucleation region, as indicated by
the zone of intense AE activity, is about 8 mm in fine-
grained granite and about 30 mm in sandstone with
18% porosity. Once the fault nucleates, it will prop-
agate in-plane as an advancing front of intense micro-
crack activity. The processes leading to fault nucleation
can be much more subtle. Precursory changes in b
value, acoustic velocity and attenuation and microcrack
clustering have been reported in many studies. How-
ever, many of these effects are the result of large stress
or strain excursions. Our inability, at present, to reli-
ably predict earthquakes probably reflects our inability
to properly scale these effects observed in the labora-
tory to dimensions appropriate for crustal earthquakes.
With the increasing interest in microearthquakes and
the continued investigation of mining problems such as
rockbursts, we can expect to see progress in developing
appropriate scaling rules.
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