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Abstract
This paper reviews recent studies concerning the evolution of the pre-failure damage in
several common lithologies, subjected to differential compression, by using detailed
acoustic emission (AE) data. The experimental results exhibit a damaging process
characterized by three typical phases of microcracking activity: the primary,
secondary, and nucleation phases, respectively. The primary phase reflects the initial
opening or rupture of pre-existing microcracks, and it is characterized by an increase,
with increasing stress, both in the event rate and b value. The secondary phase
involves sub-critical growth of the microcrack population in the test sample, revealed
by an increase in event rate and a decrease of the b value with increasing stress. The
nucleation phase corresponds to the initiation and accelerated growth of the ultimate
fracture along one or more incipient fracture plane. During the nucleation phase, the b
value decreases rapidly to the global minimum value around 0.5. The temporal
variation of b value in every phase correlated clearly with the major grain size of the
test sample, indicating that a comparatively larger grain size results into a lower b
value. Based on the constitutive laws of sub-critical growth of crack populations, a
damage model was improved and tested, in order to investigate the fracture
mechanism of every phase. At the same time, we have also made simultaneous timeto-failure measurements of the energy release, seismic b value, fractal dimension and
spatial correlation length (SCL) accompanying pre-failure damage. Our results
indicate that each parameter is a function of the time-to-failure and thus can
potentially be used as an indicator of the critical point. It is clear that the pre-failure
damage evolution is generally characterized by: 1) accelerated moment release, 2) a
decrease in the fractal dimension and SCL with a subsequent precursory increase, and
3) a decrease in b value from ~1.5 to ~0.5 for hard rocks and from ~1.1 to ~0.8 for
soft rocks such as S-C cataclasite.
Keywords: Pre-failure damage, Rock deformation, Acoustic emission, Critical
phenomenon

1. Introduction
Catastrophic failures within rocks and
other industrial materials, such as cements,
is preceded by a very complex pervasive
evolution of some pre-failure damage (e.g.
[1-2]). Therefore, studies focussing on
modelling the pre-failure damage are a
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subject of widespread interest, having
relevance for artificial applications such as
safe design of deep tunnelling (e.g. [3]), and
for natural processes such as volcanism and
seismology [4-5]. The pre-failure damage
evolution in brittle materials subjected to
deformation was extensively studied in the
laboratory by monitoring of the hypocenter
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distribution of acoustic emission (AE)
events caused by microcracking activity
(e.g. [1, 6]), which is the so-called AE
technique. The pre-failure damage can be
inferred from AE statistics, as the number of
AE events is proportional to the number of
growing cracks, and the AE amplitudes are
proportional to the length of crack growth
increments in the rock [7-9]. The AE
technique is particularly meaningful for
monitoring pre-failure damage in brittle
materials during deformation experiment
performed under confining pressure, which
is very important for real problems. In
addition, owing to the mechanical and
statistical similarities between AE events
and earthquakes, AE in rocks is studied as
an analogy of natural earthquake [5].
One major purpose of study on prefailure damage is something concerning
with the possibility of predicting the time of
the catastrophic failure event from damage
evolution. For such purpose some damage
models were proposed based either on
statistics of critical point conception or on
the experimental knowledge about subcritical crack growth.
On one hand, it is well known that the
sub-critical crack growth under stress can be
considered as a result of stress-aided
corrosion at the crack tip. Some fracture
laws were proposed based on the
experimental results of a single macroscopic
extensional crack (e.g. [10-11]). They were
later extended for crack populations whose
size distribution is fractal (e.g. [12]). Such
damage model can represent the event
release rate, the seismic b value (the
exponent of the power law magnitudefrequency relation) [13], and some
precursory anomalies such as quiescence
[14] and b value decrease [7] associated
with large earthquakes.
On the other hand, the concept of critical
point behavior has been applied to
earthquakes, rockbursts (e.g. [15]), and
acoustic emissions [16-17] using time-to-
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failure analysis. Here, the catastrophic event
is considered to be a critical point occurring
at a second-order phase transition in analogy
to percolation phenomena [18-19].

Fig. 1: A typical example of coarse-grained
granitic sample. a) Differential
stress,
average
axial
/
circumferential / volumetric strains
vs. time. b) AE energy release rate
and
event
rate
calculated
consecutively for every 10 seconds.
c) b value, recurrence time (Tr)
value and fractal dimension (D2) vs.
time. P, S and N in b) denote the
primary, secondary and nucleation
phases, respectively. The time
interval and standard error for every
b and D2 data are shown by the
horizontal and vertical bars,
respectively, (after [13])

2. Typical Phases of Pre-failure Damage
in Brittle Rocks
The recently developed high-speed
multi-channel
waveform
recording
technology permitted monitoring with high
precision the hypocenters of AE events
associated
with
pre-failure
damage
processes within stressed samples [20-22]. It
was found that the pre-failure damage in
brittle domain exhibits typically three longterm microcracking phases: primary,
secondary and nucleation [2, 13]. The
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secondary and nucleation phases can be
represented by using a model derived from
either fracture laws [13] or critical point
concept [16-17]. Such studies gave some
new insights into the damage evolution
within stressed brittle solids.
The present paper briefly summarizes
recent results associated with pre-failure
damage evolution in stressed rock samples.
Table 1 lists major lithologies referenced.
It is found that the three distinct phases
as the example shown in Fig. 1 are a
universal feature during rock fracture in the
brittle domain [13]. In addition, it was
verified that the statistical characteristics of
the AE events, particularly their b value in
every phase, are strongly related to the
samples’ initial density and size distribution
of the pre-existing cracks. A detailed
description can be found in reference [13].
However, it is worthwhile to summarise the
major features of each phase here.
Primary phase:
The microcracking
activity was initiated at stress levels of 30–
60% of fracture strength. Such stress value
strongly depends on the density and size
distribution of pre-existing cracks, while
such distributions are controlled by the
grain-governed heterogeneity within the
sample. In general, a lithology with a
comparatively larger mean grain sizes or
with a higher pre-existing microcrack
density exhibits a lower initiation stress and
a higher AE activity. During the primary
phase, the event rate is low and it increases
slightly with the increase of stress or time.
The b value increases, with increasing
stress, from an initial value of 0.5~1.2 to
1.0~1.4. The initial and final values also
depend on the density and size distribution
of the pre-existing microcracks. In general,
fine-grained rocks result in higher initial and
final b values. It was confirmed that the
primary phase of pre-failure damage
corresponds to initial rupture of pre-existing
cracks.
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Secondary phase: The secondary phase
corresponds to sub-critical growth of
microcracks. The event rate increases, with
increasing stress or time, while the b value
decreases from its maximum at the end of
the primary phase. The b value in the
secondary phase clearly correlated with the
major grain size of the test sample: a
comparatively larger grain size results into a
lower b value.
Nucleation phase: The nucleation phase
is associated with the nucleation and
accelerating growth of the eventual failure
of the test sample. It involves a rapidly
increasing event rate and a rapidly
decreasing b value until a global minimum
around 0.5. In the case of heterogenous
sample containing several unbroken
asperities on the final fracturing plane, the
nucleation phase appears associated with the
progressive fracture of the asperities. The
progressive fracturing of multiple, coupled
asperities results into some short-term
precursory fluctuations both in the b value
and in the event rate (refer [23] for details).
3. Models of Pre-failure Damage
3.1 Damage Model Based on Stress Corrosion
Constitutive Laws of Sub-critical Crack
Growth

The sub-critical crack growth can occur
under stress, as a result of stress-aided
corrosion at the crack tip. The mean crack
length c of a crack population (with fractal
size distribution) grows following a power
law [12]:

V = dc dt = V0 (K K 0 )

l

(1)

Here, c, K and l indicate the mean values
of crack length, stress intensity factor, and
growth velocity, respectively. V0 is an
initial/detectable velocity and K0 is the
corresponding stress intensity factor [10].
Such power law is straightforwardly
modified from Charles’ power law [24], which
was fundamentally based on experimental

265

X. Lei, T. Satoh and O. Nishizawa

Table 1: Major lithologies referenced (after [13])
Rock type

Grain size (mm)
range / major

Density of
pre-existing cracks

Axial Vp (km/s)
min / max

Westerly granite (WG)

<2 / <1

High

4.8 / 5.6

Oshima granite (OG)

1–5 / ~2

High

4.4 / 5.8

Inada granite (IG)
Granitic porphyry (GP)
Tsukuba granite (TG)
Mayet granite (MG)

1–10 / ~7
1–10 / ~6
1–30 / ~10
1–30 / ~15

High
Very low
High
Low

4.2 / 5.8
5.8 / 6.0
4.2 / 5.8
5.2 / 6.1

S-C cataclasite (SC)
Nojima granite (NG)

1–10 / ~5
1–10 / ~5

Very high
high

4.2 / 5.6
4.7 / 5.7

observations of mode-I crack growth of a
single tensile macrocrack.
In a generalized form, the stress intensity
K
= Yσ c
,
factor can be expressed as I , II , III
where Y is a dimensionless geometric
constant and is the remote applied stress. It
was found that there is a power law scaling
relation between the release of elastic
energy (E) and the rupture area (S) [25]:

E = 101.5 M i ∝ S 3 / 2

(2)

Based equations (1-2), Lei [13] found
that the normalized energy release rate can
be expressed by:
E1 (t ) / E1 (0) = (1 − t / t f )

l + 2−2 m

2 −l

(1 + wt ) l

(3)

E = 101.0 M i
Here, 1 ∑
indicates the energy
release rate evaluated by the measured AE
magnitude, m is a parameter reflecting the
energy lose in the rock volume and fracture
surface, tf is the failure time.
Plots of AE data vs. time-to-failure in
logarithmic scale are helpful for presenting
the details of the damaging process. The
normalized time-to-failure is defined by:
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t −t
~
t = f

t f − t0

(4)

where, t0 is an artificial starting time which
was set as the time of the maximum b value
for modelling convenience. Such time
instant corresponds to the important phase
change from an initial rupture to sub-critical
crack growth of the crack population as
discussed in the previous sections.
As general rule, except for the primary
phase, AE energy release data can be well
represented by the aforementioned model as
the examples in Fig.2. The best parameters,
which match the AE data, are m = 2.4-3.6
and l = 8-16, depending on the grain size
and lithological type. The medium-grained
OG samples have smaller m and larger l
values (m=3, l=16) than the coarse-grained
IG sample (m=3.6, l=12). The fine-grained
WG displays smaller m and l (m~2.8, l=810) than both OG and IG. It is obvious that
both m and l are independent of the loading
rates [13].
3.2 Damage Model Based on Critical Point
Conception

If a system approaches a critical point,
the spatial correlation length (hereafter
abbreviated as SCL) is expected to grow
according to a power law [26]:
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∑

E (t ) = A + B (t f − t )

α

(6)

where the sum corresponds to the
cumulative Benioff strain, tf is the failure
time of the catastrophic event (see review
by [27]).
When the catastrophic event is treated to
a critical point, the fracturing process can be
described by a renormalization-group
scheme [28]. In the vicinity of the critical
point, there exists a critical region, where
the variations of the energy release, can be
characterized by a power law of time-tofailure (6) decorated by log-periodic
oscillations [29]. Mathematically, such
oscillations correspond to adding an
imaginary part to the exponent.

∑

Fig. 2: Key AE data of 3 granites having
different grain size distribution,
under loading rate at 2 MPa/min.
The dashed lines indicate the fit of
the results of the sub-critical crack
growth model with the energy
release rate (E1). “P | S” and “S | N”
denote the transitions from the
primary to the secondary and from
the secondary to the nucleation,
respectively. (Modified from [13])

ξ (t ) ∝ (t f − t ) − k
where k is positive. By assuming a
relation between moment release
SCL, growing SCL (GSCL) leads
following accelerated moment
(AMR) model:
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(5)
scaling
E and
to the
release

E (t ) = A + B (t f − t )α + iω

(7)

The log-periodic oscillations correspond
to an accelerating frequency modulation as
the critical time is approached, and thus are
useful for prediction purpose. The logperiodic oscillations are resulted from the
heterogeneities in the system [16-17]. It
should noted that (7) is valid only in critical
region. However, it can be extend by
employing the self-similar approximation
theory [30]. Fig. 3 shows examples of
cumulative energy release in a coarsegrained IG sample and a medium- grained
OG sample, together with the corresponding
fits based on the least square method. It was
confirmed that larger mean grain size
corresponds to longer interaction, and the
thus results in higher ω. Experimental
results also indicate that faster loading rate
(stress-rate) results in higher ω, and
therefore shows stronger interaction [1617].

4. Geophysical Meaning of the Study of
Laboratory-scale Rock Failure
In summery, simultaneous measurements
of the energy release, b value, fractal
dimension and SCL accompanying pre-
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failure damage during rock fracture tests
indicate that each parameter is a function of
the temporal distance to the critical point
and thus can potentially be used as an
indicator of that critical point. Fig. 4 shows
a schematic diagram characterizing the
idealized evolution of pre-failure damage as
the critical point is approached. It is clear
that the pre-failure damage evolution prior
to a catastrophic failure is generally
characterized by: 1) accelerated energy
release, 2) a decrease of the fractal
dimension and SCL with a subsequent
precursory increase, and 3) a decrease in b
value from ~1.5 to ~0.5 for hard rocks and
from ~1.1 to ~0.8 for soft rocks such S-C
cataclasite. However, each parameter
exhibits a complicated temporal evolution
due, we suggest, either to the heterogeneity
of the lithology or to the micro-mechanical
processes of shear fracturing. Therefore, an
integrated analysis of two or more
parameters may lead to more effective
means of predicting the time of the critical
point than using single parameters. The
decreasing b value and increasing energy
release may prove meaningful for
intermediate-term prediction, while the
precursory increase in fractal dimension and
SCL may facilitate short-term prediction.
By comparing b values for long-term
seismicity and foreshocks occurring within
hours and days before a mainshock,
Molchan et al. [31] found that the b value
drops by 0.5 during the foreshock period.
This result and many other results on
foreshocks represent a statistical average,
and may not be characteristic of the
behavior of individual foreshock sequences.
However, following the development of
seismic observation, there are increasing
reports on premonitory decrease of b value
before large earthquakes in areas with dense
seismic stations. For example, in the Kanto
region and other areas in Japan, decreasing
b values prior to many earthquakes of
M>=5.5 have been confirmed [32-33]. Clear
premonitory anomalies in seismicity rate, b
value and fractal dimension with time in the
268

2-3 years before the 1995 Hyogo-ken Nanbu
earthquake have been reported by Enescu
and Ito [34]. These anomalies, characterized
by increasing seismicity rate, decreasing b
value (~1.0 to ~0.7) and fractal dimension
(~1.9 to ~1.3), are similar with our
experimental results.

Fig. 3: Dimensionless cumulative energy
release versus dimensionless time.
The black lines and the dotted lines
represent the measurement data and
the fit calculated from Eq.7
respectively. Vertical dotted line
indicates the boundary between the
domains 1 and 2 in cases IG and
OG, respectively. The critical
exponents are z1 = 0.819+3.534i, z2
= 0.593+1.089i, in case IG, and z1
= 0.536+0.828i, z2 = 0.894+0.694i
in case OG.

Besides the b vale, α value in the AMR
model also shows similarity between
acoustic events and earthquakes. In the
present study, α values in AMR are
typically ranged between 0.2 ~ 0.3, which is
consistent with that obtained from
earthquakes [35-36]. Therefore, statistical
parameters such as b value, fractal
dimension, k value in GSCL, and α value in
AMR, can be used to link experimental
studies in laboratory scale and geophysical
studies in large scale. Careful studies of the
critical point behavior prior to rock failure
in the laboratory under controllable
conditions may guide future studies on real
problems. Furthermore, experimental study
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is helpful for understanding the physical
mechanisms behind every premonitory
phenomenon thus facilitating prediction of
large earthquakes, rock bursts and volcanic
eruptions.
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Fig. 4: Schematic diagram showing the
idealized evolution of pre-failure
damage as the critical point is
approached. (After [13])
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