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Abstract

The fracture of a shear fault containing several unbroken asperities in a granitic porphyry is examined in detail via
acoustic emission (AE) data collected by a high-speed multi-channel waveform recording system. The experimental
results reveal that a quasi-static nucleation of the shear faulting corresponds to the fracture of coupled asperities on
the fault plan. AEs caused by the fracture of individual asperities exhibit similar characteristics to the sequence for
natural earthquakes, including foreshock, mainshock, and aftershock events. Foreshocks, initiated at the edge of the
asperity, occur with an event rate that increases according to a power law of the temporal distance to the mainshock,
and with a decreasing b-value (from V1.1 to V0.5). One or a few mainshocks then initiate at the edge of the asperity
or the front of the foreshocks. The aftershock period is characterized by a remarkable increase and subsequent
gradual decrease in b-value and a decreasing event rate obeying the modified Omori law, which has been well
established for earthquakes. The fracture of neighboring asperities is then initiated after the mainshock of a particular
asperity, presumably due to redistribution of the strain energy accumulated within an asperity, which is released by
the mainshock, resulting in enhancement of the stress concentration around the nearest neighboring intact asperities.
The progressive fracturing of multiple, coupled asperities during the nucleation of shear faulting results in short-term
precursory fluctuations in both b-value and event rate, which may prove useful information in the prediction of failure
of the main fault plane of seismic earthquakes.
1 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The word ‘asperity’ originally denoted a region
of contact between two £at load-bearing surfaces,
but is frequently used in seismology following Ka-
namori and Stewart [1] to indicate a patch on a

fault surface o¡ering greater than average resis-
tance to rupture and releasing larger seismic mo-
ment during a subsequent earthquake. Seismolo-
gists also use the word ‘barrier’, after Aki [2,3], to
indicate a region of fault surface or the extension
of a fault plane that arrests seismic rupture. A
barrier can be broken during an earthquake and
will exhibit similar behavior to an asperity. An
asperity can also arrest fault rupture in a similar
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manner to a barrier. Hence, the word ‘barrier’
should be used only when it plays a role in arrest-
ing earthquake rupture, otherwise, ‘asperity’ is a
better term. A fault plane can be expected to in-
corporate various types of asperities at all scales,
including heterogeneous contacts between two
rough fault surfaces, unbroken patches of a fault
plane within an otherwise ruptured region, and
locked regions in a creeping segment due to inho-
mogeneities in permeability and core pressure, for
example. In all cases, the regions surrounding an
asperity rupture more readily than the asperity
itself, and under tectonic loading more strain en-
ergy accumulates at the asperity. In addition, once
an asperity does rupture, more seismic energy is
radiated from it than from the surrounding areas.
The adjacent (non-asperity) surface may slip
slowly and continuously, and exhibit creeping or
ductile features.

Many recent studies of near-¢eld strong motion
records have revealed that not only large earth-
quakes of Ms 6 (e.g. [4^6]) but also moderate
earthquakes of MW4^5 (e.g. [7,8]) have complex
coseismic slip distributions on the seismic fault,
indicating complex distributions of asperities. At
present, there is also no evidence to suggest that
faulting complexity is related to fault size. Asper-
ities play an important role in the generation of
high-amplitude seismic waves and may control the
localities of foreshocks, mainshocks and after-
shocks. Many large earthquakes appear to be lo-
cated at the edge of major asperities in seismically
active areas such as the Kanto area of Japan [9]
and the Paci¢c coast of Mexico [10]. In many
cases, large aftershocks and foreshocks have oc-
curred outside the main asperity (e.g. [11]). It has
also been recognized that small isolated asperities
surrounded by an otherwise creeping fault plane
may lead to repeating sequences of earthquakes
[12^14]. Smaller asperities at a boundary between
large locked and creeping fault patches are pre-
sumed to represent the sources of repeating earth-
quakes of low stress drops [14].

Understanding the fracturing characteristics of
individual asperities, as well as multiple, coupled
asperities on a fault plane, is important for eluci-
dating the physics of the initial fracturing process
and may make it possible to obtain accurate

short-term predictions for large earthquakes and
large associated aftershocks. The ¢nal dynamic
fracture process of asperities has been studied
through waveform inversion and numerical simu-
lation [15]. However, the detailed process, partic-
ularly in the early stage of asperity fracture, and
the role of asperities in fault nucleation remain
poorly understood. Furthermore, asperities esti-
mated from seismic waveform inversion indicated
regions that had released larger seismic moment
during a past earthquake, and it is unclear why
such regions remain stronger than the surround-
ing areas.

Laboratory studies under well-controlled condi-
tions, using well-prepared samples containing
well-known asperities are expected to be useful
for understanding the physics of asperities. In re-
cent years, experiments employing acoustic emis-
sion (AE) technology have established remarkable
results concerning quasi-static fault growth (e.g.
[16]), the model of the process zone [17,18], and
the role of pre-existing density of microcracks and
strong asperities in the faulting process [19,20].
Such experiment-based knowledge is expected to
be useful for studying the fundamental behavior
of natural earthquakes because it is widely ac-
cepted that fault systems are scale-invariant [21^
23] and there exist universal similarities between
faulting behaviors, from small-scale microcrack-
ing to large-scale seismic faulting. For example,
AE events caused by microcracking activity (e.g.
[16^20,24]) and stick-slip along a fault plane [25]
are similar to those generated by natural earth-
quakes, indicating similarity in terms of the focal
mechanism (e.g. [17]), frequency^magnitude dis-
tribution [24], and fractal structure of hypocenter
distributions (e.g. [26]). More recently, Lei et al.
[27] presented experimental results illustrating the
hierarchical fracture process of a heterogeneous
shear fault and suggested that those experimental
results may guide future studies on earthquakes.
As a continuation of this theme, the goal of the
present study was to employ AE measurements to
establish how an individual asperity fractures,
how coupled asperities fracture, and the role of
asperities in fault nucleation and as potential pre-
cursors prior to dynamic rupture. Based on the
experimental results obtained in this study, a
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new similarity between the fracture of asperities in
laboratory-scale experiments and tectonic-scale
events is suggested. AE data for laboratory-scale
experiments exhibit an analogous sequence to nat-
ural earthquakes, including foreshock, the main-
shock and aftershocks. Although there remain
signi¢cant problems in extrapolating laboratory
results to natural conditions, experimental results
may still provide a basis for modeling the poorly
understood ¢nal phase of faulting nucleation pri-
or to large earthquakes.

2. Experiment and data

A detailed description of the test sample, iden-
ti¢cation of asperities on the fault plane, experi-
mental setup, and the AE data processing proce-
dure can be found in Lei et al. [27]. The test
sample is cylindrical, with a diameter of 50 mm
and a length of 100 mm. As illustrated in Fig. 1,
the sample contains a pre-existing, naturally
healed joint with discontinuities and bends. The
experiment was carried out under tri-axial com-
pression conditions (c2 =c3). The sample was
loaded step-wise to 850 MPa, at which point the
axial stress was maintained constant. The con¢n-
ing pressure (oil) was maintained constant at 60
MPa throughout the test. A shear fault formed
along part of the pre-existing joint, which was
presumably weaker than the adjacent host rock.
The fault contained six recognizable ¢rst-order
geometric/mechanical asperities, which were iden-
ti¢ed based on the geometric relationship between
the fault surface and the pre-existing joint, and
microscopic observations of the fault surface after
the test. The discontinuities along the joint were
easy to identify after the test because the joint was
apparent as a thin darker layer in the lighter host
rock. Although AE hypocenters were not used to
identify asperities, the AE events concentrated in
dense clusters around the identi¢ed asperities,
demonstrating that AE hypocenters can also be
used to identify asperities if necessary. Fig. 1b
shows the locations of asperities on the fault
plane. Asperity 1 corresponds to an originally
strongly healed region along the original joint,
and asperities 2^5 are located at discontinuities

in the joint. Asperity 6 is located at the point
where the fault diverges from the joint due to
the bend in the joint within the lower half of
the sample. These asperities fractured during the
initial fracture process preceding dynamic fracture
of the principal shear fault. Hence, this experi-
ment may constitute a good mechanical analogue
for natural earthquake faults with complex struc-
tures under steady tectonic loading.

As seen from Fig. 1, the fault ruptured towards
the end caps. Mechanically, the end caps play the
role of strong barriers that arrest the rupture of
the fault, and thus make the experimental con¢g-
uration more complicated. Since a natural fault
has a limited length and intersects the host rocks
at the ends of the fault, the boundary condition in
the present experiment does not change the e¡ec-
tiveness of the test. Furthermore, all asperities
mentioned above fractured during the quasi-static
nucleation stage of the fault (see Section 3 for
details). At this stage, the shear displacement of
the fault and dilatancy of the sample as a whole

 

Fig. 1. (a) Test sample and (b) major asperities on the fault
surface produced during loading. The sample contains a pre-
existing naturally healed joint with discontinuities and bends.
The shear plane developed along part of this joint, and is
considered to be analogous to a natural fault containing
strong intact asperities. Six recognizable ¢rst-order asperities
(1^6) are located along the fault surface.
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are very limited. Hence, the e¡ect of the end caps
is not a signi¢cant factor in the fracturing process
of asperities. The boundary condition may impart
strong control on the dynamic rupture of the
fault, but that is beyond the scope of this paper.

During the experiment, the data recording sys-
tem recorded maximum amplitudes of more than
30 000 AE events. A two-channel peak detector
with an e¡ective dynamic range of 55 dB was
used to record the maximum amplitudes at two
sensors mounted on the central surface of the
sample. Of these events, the waveforms of the
V10 000 largest were recorded at 32 piezoelectric
transducers sensors mounted on the surface of the
sample. Waveforms were digitized with a dynamic
range of 12 bits and a sampling rate of 20 MHz.
Two waveforms from the sensors connected to the
peak detector were also digitized at 10 MHz by an
independent recorder with wide dynamic range
(16 bits) and long sampling length (selectable be-
tween 100 Ws and 1 s). Long-waveform data were
used to estimate the magnitude of some very large
events (mainshocks associated with the fracture of
the asperities), which saturated the peak detector.
About 8000 hypocenters were determined pre-
cisely using the ¢rst arrival times at the 32 sensors
and P-velocities measured along multiple paths
during the experiment. Location errors are esti-
mated to be less than 2 mm in most cases, as
determined by numerical simulation [28] and AE
data for several samples of ductile mudstone con-
taining brittle quartz veins of 1^3 mm thickness.
In these mudstone samples, almost all AEs oc-
curred along the intersections of the veins and
the ultimate fault plane, which formed along the
bedding plane of the mudstone. The AE hypocen-
ters are coincident with veins, with a statistical
location error of less than 2 mm [20].

A relative magnitude was calculated from the
maximum amplitude data according to the rela-
tion:

M ¼ logðAmax=A0Þ ð1Þ

where Amax is the maximum amplitude and A0 is
the threshold for detection. The e¡ective dynamic
range of 55 dB as mentioned above results in a
magnitude range of 2.75. The b-value in the mag-
nitude^frequency relation was calculated by the

maximum likelihood technique for a running win-
dow of 500/100 events with a step of 125/25.

The AE data revealed three distinct stages of
microcrack activity during deformation and fault-
ing of the sample, referred to as the primary, sec-
ondary and nucleation stages [27]. In the primary
and secondary stages, AE hypocenters are distrib-
uted throughout the entire sample and form clus-
ters with a dimension comparable to the average
grain size of V7 mm. In the primary stage, b-
values increase with time from V0.8 to V1.2,
and decrease during the secondary stage from
V1.2 to V1.0. The third stage corresponds to
the initiation and quasi-static nucleation of the
principal shear fault, and is referred to as the nu-
cleation stage. The nucleation stage, in which as-
perity fracture occurs, is the focus of this paper.

3. Fracture of asperities

Fig. 2 shows the basic AE results for the nucle-
ation stage. Approximately 25 000 AE events were
detected, and 4500 hypocenters were determined.
The duration of the nucleation stage is onlyV20 s.
During this period, axial stress and con¢ning
pressure were maintained constant at 850 MPa
and 60 MPa, respectively. The b-values plotted
in Fig. 2a were calculated by the maximum like-
lihood technique for a running window of 500
events with a step of 125. The b-values vary be-
tween 0.5 and 1.3, in agreement with observations
along fault zones [29]. Correlated £uctuations of
large amplitude in AE rate and b-value were ob-
served. Each main peak in the AE rate corre-
sponds to a minimum in the b-value. AE hypo-
centers were generally con¢ned to the fault plane
and formed several dense clusters within the as-
perities shown in Fig. 1b. It is clear that each
cluster corresponds to a peak in the AE rate or
minimum in the b-value. AE hypocenters mi-
grated with a velocity of 0.8 cm/s, resulting in a
moving process zone (Fig. 2d). This demonstrates
that the initial fracturing, or quasi-static nucle-
ation, of the shear fault corresponds to progres-
sive fracture of coupled asperities on the incipient
fault surface.

The AE events associated with the fracture of
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individual asperities exhibit similar characteristics
to the sequence of natural earthquakes. The frac-
turing of individual asperities is therefore treated
in terms of foreshocks, the mainshock, and after-
shocks in this paper.

As illustrated in Fig. 2, the ¢rst major asperity
that fractured during this experiment was asperity
2. AE events associated with the fracture of this
asperity can be readily identi¢ed because of the
lack of overlap with the fracture of other asper-
ities. Given this, asperity 2 is chosen as the main
target for detailed analysis, although some data
associated with other asperities are also used later.
Fig. 3 shows the variation in b-values and relative

magnitudes over time. A total of 2200 magnitude
data were detected, and V600 hypocenters were
determined precisely. The b-values shown in Fig.
3 were calculated by the maximum likelihood
method for sets of 100 events, with a running
step of 25 events. A relatively small number of
events was chosen speci¢cally to examine the tem-
poral variation in the b-value. The estimated error
is 0.1^0.2 for b-values of 1.0^0.5. The short hor-
izontal line at each data point indicates the time
window used to calculate the corresponding b-val-
ue.

Fig. 4 shows the event number^magnitude rela-
tionships for some immediate foreshocks and

Fig. 2. (a) AE occurrence rates and b-values as functions of time from the initiation of faulting. AE rates were calculated at in-
tervals of 0.2 s, and b-values were calculated by the maximum likelihood method for sets of 500 events with a running step of
125 events. (b,c) Distribution of hypocenters on the fault plane colored according to time and b-value. A b-value is assigned to
each event according to its occurrence time using the b-value curve in panel a. (d) Schematic diagram showing the progressive
fracture of coupled asperities resulting in a moving process zone (0.8 cm/s) based on the time^space distribution of AE hypocen-
ters. Stars indicate the largest identi¢ed events.
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aftershocks. The b-values estimated by the maxi-
mum likelihood method are also shown for com-
parison. In the magnitude plot, three large events
labeled e1, e2 and e3 are indicated (Fig. 3b).
These events released signi¢cantly greater energy
than the events of average high magnitude. Fig. 5

is a comparison of the waveforms produced by
such a normal event and the largest event e3.
The dominant frequency of these large events is
several times greater than that of the normal
events. Another important feature of the main-
shocks is the mechanism solution. The ¢rst-mo-
tion polarization data for e1 and e3 are plotted in
Fig. 6a using an equal-area projection of the low-
er hemisphere of the focal sphere. The polariza-
tion distribution re£ects a typical wing-crack, as
illustrated in Fig. 6b, representing a shear crack
with a tensile crack at one or both ends. Shear
rupture of the shear crack and tensile opening of
its wing(s) results in a non-double coupled focal
mechanism. The shear plane estimated from the
P-wave ¢rst motions (dashed line in Fig. 6a) is
consistent with the fault plane (and therefore
with the asperity plane). As these large events
saturated the peak detector, the maximum ampli-

Fig. 3. AE rates, b-values, and AE event magnitudes associ-
ated with the fracture of asperity 2 in Fig. 1b. The b-values
are calculated for sets of 100 events with a running step of
25 events by the maximum likelihood method. The magni-
tudes of the largest events e1, e2, and e3 were estimated
from the continuation time of AE waves (Fig. 7). Dashed
line denotes the power law of temporal distance from the
mainshock. Note that the ¢tting is rough due to background
AEs and overlap with subsequent fracture of other asperities.

Fig. 4. Comparison of cumulative frequency^magnitude dis-
tributions of foreshocks with those of aftershocks indicated
in Fig. 3.

Fig. 5. Plots of waveforms for a normal event (AE#6604)
and a mainshock (AE#6606). The larger amplitudes of main-
shock waveforms saturate the recording system, and have a
lower dominant frequency and coda several hundred times
longer than the normal event.
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tudes are not available. However, the magnitudes
can be roughly estimated from the wave continu-
ation time. Fig. 7 shows the relationship between
magnitudes and continuation times for some typ-
ical events. Similar to small earthquakes, these
data can be ¢tted by a power law scaling given
by M=3log(TD)+const, where TD is the continu-
ation time in Ws. Following this rule, the estimated
relative magnitudes for e1, e2, and e3 are 4.25,
5.5, and 6.25, respectively. Therefore, e1 and e2
are treated as large foreshocks, and e3 is the
mainshock. The AE data in Fig. 3 can then be
treated as a foreshock^mainshock^aftershock se-
quence similar to natural earthquakes.

As shown in Fig. 7, typical events continue for
100^500 Ws, whereas the largest events may be as
long as 10^50 ms. The long tail of the largest
events masked some following events, causing sat-
uration of the event rates for those periods. Tak-
ing this into account, as shown in Fig. 2, the event
rate for the foreshock and aftershock periods can
be characterized by a simple law: the event rate R
typically varies according to a power law as a
function of the temporal distance Mt3tMM to the
main shock occurrence time tM, as given by:

R ¼ ðcþ Mt3tMMÞ3p ð2Þ

with p=1. For aftershocks, this law is well known
as the modi¢ed Omori law [30,31], where c is a
small constant and p is V1 for most aftershock
sequences. Recent studies have found there is a
dissymmetry between the power laws of the fore-
shock and aftershock periods [32]. The parameters
in the law are dominated by data for a short
temporal distance from the mainshock. As the
AE recording system used here saturates at an
AE rate of greater than 5000 events per second,
the parameters may have large uncertainty, par-
ticularly p. However, determination of the param-
eters is not the main goal of this paper. For sim-
plicity, p=1 is used to ¢t both foreshock and
aftershocks periods as a rough approximation. It
should be noted that foreshocks of later sequences
were often initiated during the aftershock period
of an earlier event, resulting in overlap. The b-
value dropped from V1.1 to V0.5 in the fore-
shock period, and increased in the aftershock pe-

Fig. 6. (a) First-motion polarization data for two largest
events (e1 and e3) plotted using an equal-area projection of
the lower hemisphere of the focal sphere. (b) Typical wing-
crack model indicated by the polarization distribution.

Fig. 7. Magnitude versus continuation time for typical AE
events (circles). The magnitudes of the largest events (e1, e2,
e3) were estimated based on the power law ¢tting (thick
line).
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riod. On average, the b-value of immediate fore-
shocks (0.6) is smaller than that of aftershocks
(0.82) (Fig. 4). This is in agreement with the
widely observed rules for the sequence of natural
earthquakes.

From the hypocenter density map near asperity
2 in Fig. 8, it is clear that the AE distribution
associated with the fracture of a major asperity
has several key features: foreshocks occurred
mainly around the upper edge of the asperity,
the mainshock and large foreshocks were located
at the edge of the asperity (e1, e3) or near the
foreshock front (e2), and aftershocks occurred
throughout the entirety of the asperity, producing
an inhomogeneous density distribution.

Fracture of the neighboring main asperity (as-
perity 4) started about 4 s after the mainshock of
asperity 2. All asperities fractured one by one
from top to bottom as illustrated in Fig. 2d, re-
vealing movement of the process zone at a veloc-
ity of about 0.8 cm/s. This is presumably due to
release of strain energy accumulated within an
asperity during the mainshock, resulting in an en-
hancement of the stress concentration around the
nearest neighboring intact asperity. The moving
velocity of the process zone indicates the velocity
of initial fault growth, or the quasi-static nucle-
ation of shear faulting. The b-value exhibits a
sharp minimum during the fracture of an individ-
ual asperity, corresponding to a complementary
maximum in the AE event rate. Hence, the pro-
gressive fracture of multiple coupled asperities re-

sults in correlated short-term £uctuations in both
b-value and AE event rate (Fig. 2a).

4. Discussion

The fracture process of several unbroken asper-
ities on a shear fracture plane in a granitic por-
phyry is examined here in detail based on AE
data. The test was carried out for one sample
only due to the di⁄culty of ¢nding two or more
samples containing similar asperities. However,
the experimental results are basically consistent
with many other tests on samples containing
a potential fracture plane of inhomogeneous
strength distribution [19,20]. Overall, these tests
demonstrate that the fracture process is strongly
dependent on the structure of the fault plane, and
basic features such as typical stages in the fractur-
ing process can be seen. The fracture of an asper-
ity is also dependent on the details of the asperity.
The asperities in the present test are unbroken
asperities surrounded by somewhat fractured
(jointed) host rock. The results are also consistent
with the current understanding of asperities based
on seismic observations and numerical simula-
tions. Therefore, the data obtained here associ-
ated with the fracture of such asperities are as-
sumed to be typical.

4.1. Variations in b-value and event rate in
foreshock period

For an individual sequence of foreshocks, the
b-value drops from 1.0^1.2 to about 0.5 and the
event rate increases with time according to a
power law of the temporal distance from the
mainshock, similar to the modi¢ed Omori law
for aftershocks (Figs. 2 and 3). This result is in
agreement with the theoretical model of subcriti-
cal crack growth [33^35], indicating that decreas-
ing b-value re£ects stress enhancement due to
fracture growth in an asperity, particularly on
its boundaries. A similar variation in the b-value
has been pointed out for the foreshocks of natural
earthquakes. For example, by comparing b-values
for long-term seismicity and foreshocks occurring
within hours and days of a mainshock, Molchan

Fig. 8. Density maps of AE hypocenters associated with as-
perity 2. Stars indicate the three largest shocks (e1, e2, e3).
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et al. [36] found that the b-value drops by 0.5
during the foreshock period. However, this result
and most other results on foreshocks represent a
statistical average, and may not be characteristic
of the behavior of individual foreshock sequences.
Unfortunately, most large natural earthquakes
are not preceded by a large number of identi¢able
foreshocks. To interpret this, the following two
factors must be considered. One is the incomplete-
ness of small earthquake records due to the mag-
nitude threshold for detection. The other is that a
well-developed natural fault might be quite homo-
geneous at small scales, particularly at seismogen-
ic depths, and thus result in a low cuto¡ of mag-
nitude. However, the lower limit of magnitude
detection continues to improve through advances
in observational techniques, and future work can
be expected to reveal the importance of these fac-
tors.

Long-term foreshocks normally demonstrate a
general increase in b-value, followed by an inter-
mittent decrease and sharp decrease prior to frac-
ture of a major asperity (see also [19,27]). This
long-term tendency is also consistent with that
observed before some large earthquakes, such as
the Mw 7.8 Cape Kronotsky, Kamchatka, earth-
quake of 5 December 1997 [10] and the Mw 7.9
earthquake o¡ Etorofu (Iturup), Kurile Islands,
on 3 December 1995 [37], and volcanic eruptions
(e.g. [38]).

4.2. Variations in b-value and event rate in
aftershock period

Large earthquakes are typically followed by
many aftershocks extending over days to months
or even years. Enhanced observations after large
earthquakes have revealed important information
and greatly contributed to the understanding of
aftershocks. It is well known that aftershocks are
characterized by a high b-value and decreasing
event rate according to the modi¢ed Omori law.
After a large earthquake, the associated asperities
can be mapped out by waveform inversion, and
recent studies on seismic b-values have focused on
the temporal^spatial variation in b-value and its
relationship with asperities. For example, Hirose
et al. [39] reported that a remarkable increase fol-

lowed by a gradual decrease in b-value occurs
after the rupture of asperities (mainshocks) o¡
NE Japan based on analysis of a detailed earth-
quake catalogue. The experimental results pre-
sented in this paper are consistent with this ¢nd-
ing. Mainshocks and aftershocks can therefore
be considered to release stress accumulated at
the associated asperity, thereby smoothing the
strength distribution on the fault plane, resulting
in a decrease in b-value.

4.3. Migration of microcracking

Das and Kostrov [15] described a numerical
methodology for studying the fracture of a single
asperity, and modeled a circular asperity em-
bedded in a fractured in¢nite plane. Their calcu-
lation showed that the fracture ¢rst propagates
along the edge of the asperity and then inward.
The present experimental results are in general
agreement with these numerical results, indicating
that detailed microcracking data (or microseismic
data in the case of natural earthquakes) are help-
ful for understanding the fracture process of as-
perities. However, in the experimental case, the
presence of several asperities separated by distan-
ces smaller than the asperity dimensions, and the
speci¢c boundary condition at the end caps, may
have been responsible for fault slip initiating at
the upper end of the fault, with the result that
subsequent fracture propagation proceeded down-
ward with progressive fracturing of asperities.

4.4. Mapping asperities

The fracture of an individual asperity produces
a dense cluster of microcracks with temporally
varying b-values and event rates. Consequently,
detailed time^space distributions of hypocenters,
event rates and b-values may be constructed and
used to identify asperities. Although asperities in
the test samples were identi¢ed without the use of
AE data, AE hypocenters in fact clustered in the
region of asperities and could be used to map the
asperities if necessary. If an asperity has been
fractured, it is generally characterized as a low-b
zone and a cluster of hypocenters, whereas if the
asperity remains intact, it may exhibit a high
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b-value and a low event rate. In either case, as
suggested by Wiemer and Wyss [29] and Wyss et
al. [40], the local recurrence time of large events
can be used to map asperities more accurately.

4.5. Nucleation and hierarchical faulting process

In physical terms, seismic faulting must breaks
parts of the healed fault before transitioning to
quick propagation with fracturing of other healed
segments. Thus, the rupture process may include
the following experimentally observed stages: (1) a
quasi-static nucleation at velocities on the order
of cm/s, (2) quasi-dynamic growth at velocities on
the order of V100 m/s, resulting in a weak initial
phase that might be observable following im-
provement of techniques for earthquake obser-
vation such as stacked array data or borehole
station data, and (3) dynamic propagation at
velocities of 2^3 km/s producing strong motion.
This nucleation model has been basically revealed
through frictional tests using well-prepared fault
planes (e.g. [41]). However, the experimental data
presented in this paper demonstrate the new fact
that a naturally healed fault containing unbroken
asperities also exhibits a similar nucleation pro-
cess to the fracture of well-prepared fault planes.
A key factor in the nucleation model is the critical
nucleation size, which controls the time from ini-
tiation to dynamic fracturing as well as precur-
sory behaviors eventually applicable to earth-
quake prediction. A small critical nucleation size
may result in short nucleation time and thus un-
predictable dynamic faulting behavior, and vice
versa. However, the nucleation procedure for nat-
ural earthquakes is still little understood due to
the fact that the procedure has never been ob-
served directly. Experimental studies in the labo-
ratory are useful for elucidating the relationship
between fault structure and the fracture process
given the extreme di⁄culty inherent in observing
natural tectonic earthquakes. From recent exper-
imental studies, it can be suggested that the crit-
ical nucleation size of a given fault is controlled
primarily by the strength distribution on the fault
plane, and may di¡er from that estimated from
the slip-weakening law and numerical simulation.

It is expected that the strength distribution of

faults is globally somewhat self-similar, as sug-
gested by the recognizable similarities between
AE events at centimeter scales, microearthquakes
at meter scales, and natural earthquakes at kilo-
meter scales. However, for any given fault, the
strength distribution may di¡er substantially
from this self-similarity. Major asperities may ex-
ist at various scales and apparently control the
seismogenic behavior of the fault. For instance,
smaller long-lived isolated asperities in the creep-
ing segment of the San Andreas fault are pre-
sumed to be the source of the repeating sequences
of earthquakes [12,13]. The experimental results
presented in this paper indicate that the quasi-
static nucleation of the ultimate faulting is con-
trolled by the asperities on the fault.

The fracture of an individual asperity exhibits a
process similar to the sequence of natural earth-
quakes, where the foreshock period can be con-
sidered to correspond to the nucleation stage, and
the mainshock to dynamic fracturing of the asper-
ity. Hence, a hierarchical fracturing characteristic
can be de¢ned. The fracture of relative small as-
perities during the nucleation stage of large earth-
quakes would produce some foreshocks, which
themselves will have associated fore-, main-, and
aftershocks. This idea is shown schematically in
Fig. 9. It is reasonable to presume that the stress
accumulated at an asperity will be released by the
mainshock to be redistributed among neighboring
asperities. Therefore, mainshocks within coupled
major asperities would occur sequentially, as ob-
served experimentally, rather than simultaneously.
If a fault contains multiple closely spaced asper-
ities, the rupture process might involve fractures
of all or a fraction of the total asperities. This
could be happen at any stage between quasi-static
rupture and dynamic rupture depending on the
details of the asperity distribution.

It is important that the fracture of an asperity
of any size generally contains a dynamic fracture
phase, or mainshock. If an asperity fractured dur-
ing the quasi-dynamic stage, it would contribute
to the initial phases of the overall waveform,
whereas if it fractured during the subsequent dy-
namic stage, it would play a role as a sub-event
and a¡ect the strong ground motion. If a fault is
hierarchically heterogeneous at some scales, an
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initial fracture process with noticeable precursory
characteristics might be observed as a result of the
progressive fracture of asperities at these scales.
This kind of behavior may provide an opportu-
nity for detecting the ¢nal preparation stages of
large earthquakes, facilitating earthquake predic-
tion. However, as mentioned above, the nucle-
ation process of faulting depends strongly on the
details of asperities on the fault plane. The struc-
ture of actual faults, particularly at earthquake
source depth, is still very poorly understood and
may be widely variable. Furthermore, at large
scales, factors associated with rupture stop are
important in the dynamic process of faulting.
Even so, earthquakes of quite di¡erent magnitude
may follow similar nucleation processes. Work
linking laboratory experiments with seismic inves-
tigations based on earthquake observations are
required to clarify these issues.

It should be noted that although seismology
terminology has been used here to described the
experimental results, the general conclusions are
also applicable to other problems associated with
the failure of rocks or rock masses, such as vol-
canic eruptions and rock bursts.

5. Conclusion

Based on AE measurements, the fracture pro-
cess, particularly nucleation, of a shear fault con-

taining several unbroken asperities in a granitic
porphyry was examined in detail. AE data in-
cluded 32-channel waveforms collected by a
high-speed multi-channel waveform recording sys-
tem, two-channel maximum amplitudes with a dy-
namic range of 55 dB, and two-channel wave-
forms with 16-bit dynamic range and sample
lengths of up to 1 s. AE hypocenters and relative
magnitudes were determined based on these mea-
surements.

Quasi-static nucleation of shear faulting was
found to correspond to the fracture of coupled
asperities on the fault plan. The fracture of indi-
vidual asperities occurs in three distinct stages. In
the ¢rst stage, the event rate increases and b-value
decreases (from V1.1 to V0.5), with events ini-
tiated at the edge of the asperity. The second
stage is a short period in which one or a few
very large events begin at the edge of the asperity
or the front of hypocenters in the ¢rst stage. The
third stage is characterized by a remarkable in-
crease and subsequent gradual decrease in b-value
with a decreasing event rate. Event rates in the
¢rst and third stages obey the modi¢ed Omori
law for natural earthquakes. These facts demon-
strate that AEs caused by the fracture of asper-
ities have similar characteristics to the sequence of
natural earthquakes, consisting of foreshocks, the
mainshock, and aftershocks.

The fracture of neighboring asperities was
found to be initiated after the mainshock of a

Fig. 9. Schematic diagram of hierarchical fracturing model for an inhomogeneous fault.
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particular asperity. This is presumably because
strain energy accumulated within an asperity is
released by the mainshock and redistributed as
enhanced stress concentration around the nearest
neighboring intact asperities. The progressive
fracturing of multiple, coupled asperities during
the nucleation of shear faulting results in short-
term precursory £uctuations in both the b-value
and event rate. The present experimental results
are consistent with recent ¢ndings for natural
earthquakes based on improved observations,
demonstrating that laboratory studies under
well-controlled conditions using well-prepared
samples containing well-known asperities can be
expected to be useful for understanding the phys-
ics of rupturing, particularly for the poorly under-
stood ¢nal preparation stage of large earthquakes.
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