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Analysis of b-value and improved b-value
of acoustic emissions accompanying rock

fracture
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Acoustic emissions (AE) produced during the com-
pressive fracture of a brittle rock have been subjected to
detailed analysis using an advanced software for the
computation of b-value as well as improved b-value.
Conventionally, the b-value of AE is calculated using
the Gutenberg—Richter relationship, which is widely used
in seismology. Determination of improved b-value is a
new approach, which is computed from AE amplitude
distribution data. It involves filtering of high and low
amplitude AE hits (or events) in a selective manner. The
results obtained by both these methods to evaluate the
fracture process in the rock are compared and dis-
cussed.
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STRESS waves produced by dynamic processes in materials
are known as acoustic emissions (AE). AE occur as a re-
lease of a series of short, impulsive energy packets and
travel as spherical wavefronts in the material under stress.
There can be many sources of AE, but the most important
one is from micro-cracking as far as brittle materials are
concerned' . One of the most interesting observations is that
a close analogy exists between AE produced from materials
undergoing brittle failure at the laboratory scale and
seismic waves caused due to earthquakes®. This fact has
motivated non-destructive testing (NDT) specialists to
develop and refine the AE technique such that it can
serve as an NDT tool for monitoring and understanding the
mechanisms of dynamic processes and also to forewarn
the impending failure in engineering materials including
rocks at several scales and earthquakes’”.

Among various parameters, the most significant one is
the b-value which is derived from the amplitude distribution
data of AE following the methods used in seismology” .
The b-value is defined as the ‘log-linear slope of the fre-
quency-magnitude distribution” of AE'*'®. It represents
the ‘scaling of magnitude distribution” of AE, and is a meas-
ure of the relative numbers of small and large AE which
are signatures of localized failures in materials under stress.
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While testing the materials undergoing brittle failure, the
b-value is found to range from 1.5 to 2.5 in the initial stages.
It then decreases with increase in stress to attain values
= 1.00 and less, showing temporal fluctuations as the im-
pending failure approaches in the material'®*'. A high b-
value arises due to a large number of small AE hits (or
events) representing new crack formation and slow crack
growth, whereas a low b-value indicates faster or unstable
crack growth accompanied by relatively high amplitude AE
in large numbers. In earthquake seismology also, values
of unity (1.00) are common for seismic b-value, and a syste-
matic study of temporal changes in it has shown that large
earthquakes are often preceded by an intermediate increase
in b-value, followed by a decrease in the months to weeks be-
fore the earthquake®''. Thus there are good prospects for
making a quantitative diagnosis of the fracture development
in the test solid or structure under stress on the basis of AE
amplitude information in terms of b-value. However, the
method used for the determination of b-value is important,
since selection of the amplitude or magnitude limits of
the ‘linear range’ of the cumulative frequency distribution
data of AE is critical. Some improvizations have been at-
tempted in recent years to fine-tune the amplitude distribution
graph and use the mean amplitude and standard deviation
of the amplitude distribution for computing the improved
b-value (or Ib-value) and use it for the evaluation of slope
failure and fracture process in concrete, ete.”>?* Here results
of b-value and Ib-value of AE generated during the deforma-
tion and failure of a granite rock sample under uniaxial
compression are compared and discussed.

Experimental

We carried out uniaxial compression tests and monitored
the deformation and failure behaviour of a set of Godhra gran-
ites from Panchamahals district, Gujaratzs. The tests were
carried out by incrementing the stress at a constant rate
on the test sample using a servo-controlled testing machine,
and by recording the strain and AE concurrently. The multi-
parameter AE data, including hits, ring-down counts and
amplitudes were obtained using a PC-based AE system
(Spartan of PAC, USA). The time duration of the test was
1080 s and the uniaxial compressive strength® of the test
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sample was 229.27 MPa. The recorded data of the amplitude
distributions of AE hits corresponding to successive non-
overlapping stress/time windows have been processed and
the cumulative frequency—amplitude distribution graphs have
been obtained using Mistras software (PAC, USA). Figure 1
shows cumulative number of AE hits on the vertical log
scale and amplitude of AE in dB on the horizontal scale.
The threshold (A1) was set at 45 dB in our experiments
and all the AE were found to fall in the amplitude range
of 45 to 100 dB. A large number of AE hits had smaller
amplitudes and the distribution shows a descending gradient
(Figure 1). The slope of the ‘linear descending branch’ of the
cumulative distribution graph is the b-value of AE after
applying the necessary correction for the following reasons.
Data of b-value and Ib-value of all the individual subsets
of AE have been obtained by applying the Gutenberg—
Richter’ relationship and its modified version.

Computation of b-value and results

The b-value is usually computed using the ‘cumulative
frequency—magnitude’ distribution data and applying the
Gutenberg—Richter relationship’, which is widely used in
seismology. The equation is as follows:

10g10N=a—bM, (1)

where M is the Richter magnitude of earthquakes, N the
incremental frequency (i.e. the number of earthquakes
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Figure 1. AE cumulative frequency—amplitude distribution graphs

corresponding to different stress ranges. The graphs were obtained
from the replay of AE amplitude data recorded during deformation and
progressive failure of a granite rock sample (K2.11) under uniaxial
compression. UCS (Gy) of the tested rock was 229.27 MPa. Mean am-
plitude and trend of the distribution graph changed significantly from
62.5 to 72.5 dB with the onset of dilatancy at ~ 66% failure stress.
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with magnitude greater than M), a an empirical constant
and b is the b-value which is mostly ~1.0. The standard error
in b is bAn for a sample number of n earthquakes and 95%
confidence limits are twice this value''. M is proportional
to the logarithm of the maximum amplitude (A,,,) recorded
in a seismic trace and also to the logarithm of the source rup-
ture area (S)9’“. Equation (1) has been found to be valid
for the AE data also to compute the AE b-value after divid-
ing the AE amplitude by a factor of 20, because of the
fact that the AE peak amplitude is measured in dB, whereas
the Richter magnitude of earthquake is defined in terms of
the logarithm of maximum amplitude'®"® In terms of AE
technique, the Gutenberg—Richter formula therefore gets
modified as:

IOgN =da— b(AdB/ZO), (2)

where N is the incremental frequency (i.e. the number of
AE hits with amplitude greater than the threshold Ar), a
an empirical constant and b the b-value'"*'. An important
issue is the selection of the ‘linear descending branch’ of the
cumulative frequency—amplitude distribution graph, because
it shows deviations from linearity in the low and high ampli-
tude ranges, as shown schematically in Figure 2. There-
fore, the lower and upper amplitude limits of the linear
range, namely a; and a, have to be selected either from
the graph to compute the b-value or using a special soft-
ware that calculates the mean amplitude and RMS deviation
of each AE subset and yields the h-value** >,

The results of the present study show that the cumulative
frequency—amplitude distribution graphs show a fairly good
linear relationship (Figure 1). However, there is a marked
change in the trend of the amplitude distribution after the
onset of dilatancy (inelastic volume change due to micro-
cracking) in the rock at ~ 66.5% failure stress, as discussed
in detail by Rao er al.”>. The mean amplitude of AE of the
individual subsets was found to increase gradually with
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Figure 2. Schematic diagram showing descending gradient of cumu-
lative frequency distribution of AE amplitude (Source: Ref. 24).
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Figure 3. Cumulative frequency—magnitude distribution plots of AE corresponding to three stress ranges. Data were generated during progressive

failure of a Godhra granite rock (S. no. K2.11) under uniaxial compression. Distribution is linear during early stages of loading and appears more as
a polynomial curve at stresses near failure. However, the distribution graph shows a ‘fairly good linear relationship’ in the magnitude range from

2.7 to 4.4, as indicated by arrows.

increase in stress. It was found to be ~62.5 dB during the
initial stages up to dilatancy and reached ~72.5 dB with the
onset of dilatancy at 66.5% failure stress (Figure 1). Another
interesting feature is that the AE amplitude distributions
do not show a single straight line, and different ranges of
amplitude might give different lines. This can be seen
clearly in Figure 3, where a few sets of ‘cumulative AE-
magnitude distribution’ graphs are shown after applying the
necessary correction to convert AE amplitude to magnitude.
In the initial stages when the stress range is low (0-30%
failure stress) and when the AE population is less, the
cumulative AE hit-magnitude distribution plot is fully
linear (Figure 3). Whereas in the higher stress ranges
(stresses >066.5% failure stress), the cumulative AE hit-
magnitude distribution graph shows a ‘fairly good linear
relationship” in the magnitude range from 2.70 to 4.40,
although the polynomial fit yields better correlation (Figure
3). The corresponding lower and upper limiting ranges of
AE amplitude are 54 and 88 dB. The b-value of individual
subsets has been obtained taking the AE hit data with the
number of samples ~250-500 at lower stress levels and ~50
at higher stress levels corresponding to that range (magnitude:
2.7 to 4.4) and using linear regression analysis and eq. (2).
The results are shown plotted as b-values (GBR) against
the failure stress in Figure 4 @ (0-100% failure stress) and
Figure 45 (60 to 100% failure stress) along with Ib-values
(PAC) which are discussed later. The results show sharp
changes in b-value corresponding to the various stages of
rock deformation and formation and growth of stable
cracks, unstable cracks and crack coalescence, which are
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marked in the plots and also listed in Figures 4 a, b. The
details are discussed later and compared with the infer-
ences drawn from the results of stress-induced changes in
Ib-value.

Computation of Ib-value and results

Since amplitude distributions of AE vary during the test,
statistical values such as mean and standard deviation of
each amplitude set are taken into account and an ‘improved
b-value’ (Ib) was proposed and applied to evaluate slope
failure” and also the fracture process in concrete”. The
Ib-value was defined as:

16 = [logN(u — ;0) — logN(l + 0,0)1/[(0 + a)]0,
(3)

where [ is the mean amplitude, G the standard deviation, and
o, and ¢, are user-defined constants which would represent
coefficients of lower and upper limits of the amplitude
range to yield a proper straight line. When a comparison
between seismic b-value and Ib-value is to be made, the
Ib-value should be multiplied® by 20. Following this, the
Physical Acoustics Corporation (PAC) had come out with a
software™® to compute the Ib-values after the peak ampli-
tude limits (a; and a,) of the linear descending distribution
of AE hits have been selected (Figure 1), using the mean am-
plitude and standard deviation of each subset of AE. The
formula proposed by PAC is as follows:
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1o = (logN, - logN,)/(a; - a), 4)
where N; and N, correspond to cumulative AE hits at the
lower amplitude limit (a,) and upper amplitude limit (a,)
respectively, of each amplitude distribution graph (such as
Figure 1) respectively. The new program package facilitates
computation and plotting of Ib using either amplitude dis-
tribution data or energy distribution data of selected number
of AE hits (or events). The user has the option to set the num-
ber of data samples and values of a; and a, either directly in
the program or using the mean amplitude (W), standard
deviation (o) and setting different values ranging from

0.5 to 5.0 for ¢ and o, as follows, to obtain the values of
Ib using eq. (4).

a=U—-006 and a;= [+ 0,0. ®)]
For the present study, we have obtained | and ¢ of each
AE amplitude distribution graph using standard methods
of statistics and computed 16 using eqs (3)-(5). ¢ was
found to be ~ 9 dB for most of the AE amplitude datasets.
However, the mean amplitude of AE (U) increased line-

arly from 51 to 60 dB with increase in stress up to 42%
failure stress (i.e. stages I and II). It was then found to in-
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Figure 4.

a, The b-value (GBR) and Ib-value (PAC) plotted against uniaxial compressive stress (0—-100% failure stress). Various stages at which

sharp changes in b-value and Ib-value have occurred and inferences drawn from them are also shown. b, same as in (@), but stress range is set from

60-100%.
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Plot showing comparison of trends of temporal variations in Ib-value of AE of Godhra granite (S. no. K2.11). Ib-values (PAC) com-

puted from eqs (4) and (5), and Ib-values (Shiotani) computed from eq. (3) are multiplied by 20 and plotted against time duration. (For details see

the text.)

crease sharply to 69 dB due to the formation of a large
number of new micro-cracks and the onset of dilatancy
(stage III). With further increase in stress, the mean amplitude
increased to 72 dB at 72% failure stress and remained
constant until the final failure occurred in the sample. We
have used values ranging from 0.5 to 2 for o, and oy, and
considered that o = o, for computing Ib-values of AE
for different stages. The values thus obtained from eqs (3)
and (4) have been designated as Ib (Shiotani) and Ib
(PAC) respectively, for this study. The I/ (Shiotani) values
and the 16 (PAC) values were multiplied by 20, as suggested
by Shiotani et al.* in order to compare them with the b-values
obtained using eq. (2). The results are shown in Figure 5
in which the corrected values of 16 (PAC) and I (Shiotani)
for different sets of o are plotted as a function of the time
duration of the test. The results show that I» (Shiotani) is
lower by an order of magnitude than I (PAC) for all values
of ¢, although it shows a similar trend as that of PAC (Ib)
with regard to its temporal changes (Figure 5). Furthermore,
values of 16 (PAC) are ~ 1.00 for all values of o (Figure 5).
The results show that when o = 0, = 1, agreement between b
and Ib (PAC) is particularly more close, as can be seen in
Figure 4 a and b. The lower and upper amplitude limits in
that case become 63 and 81 dB with a mean amplitude of
72 dB and standard deviation ~9.0 dB. On the other hand,
I (Shiotani) is found to be far below the b-value (GBR)
and Ib (PAC).
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Discussion

The results show that during the early stages of loading
(stages I and II), AE generated due to the closure and
rubbing of pre-existing micro-cracks in the rock began to
show a high b-value (GBR) of =2.25 and high Ib-value
(PAC) of =262. It then decreased to =153 and
= 1.59 respectively, and stabilized during the elastic de-
formation stage (stage II) of the rock (Figure 4 a). At the end
of that stage, dilatancy (inelastic volume change) begins
due to the formation of a large number of new micro-cracks
on the eventual fracture plane. In the present study it was
found to be quite sudden and it took place at ~66.5%
failure stress with both b-value (GBR) and 16 (PAC) value
decreasing sharply and also appreciably to 1.15 and 1.17
respectively (Figure 4 a, b, stage III). With further increase
is stress, the b-value (GBR) and Ib-value (PAC) increased
slightly, marking the transition from ‘formation’ to ‘growth’
stage of the newly formed cracks (Figure 4 b, stage IV).
The newly formed cracks began to grow stably in number
and size on the eventual fracture plane of the test rock, i.e.
stage V during which the b-value (GBR) and Ib-value
(PAC) remained more or less constant until =~ 94% failure
stress. Then it was followed by the onset of unstable cracking
(stage VI) as a result of which the b-value (GBR) and Ib-
value (PAC) decreased until the applied stress reached a
value of =98% failure stress (Figure 4 ). The coalescence
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of cracks commenced at stage VII due to closer crack
spacing. Then the b-value (GBR) and Ib-value (PAC) began
to decrease sharply due to crack coalescence and the accom-
panying stress relief, and at the final failure they had
fallen to as low as 1.04 and 1.11 respectively. For all practical
purposes, the transitions from stage V to stage VI and
from stage VI to stage VII can be considered as most useful
for the identification of critical state of damage and pre-
diction of failure time of the test rock. At and around
those critical stages, if the b-value and Ib-value can be
determined for fixed number of hits with moving average
window method, the results will be more advantageous.

Concluding remarks

Though the computation and application of Ib-value is a
new approach using the ‘mean and standard deviation’ of the
amplitude distribution data of AE, the results of the present
study show that a suitable correction factor (multiplication
by 20) is required to be applied to make the Ib-value
(PAC) comparable to the universally accepted b-value of
1.00. On the other hand, determination of b-value using
the GBR relationship adoptable to AE directly and apply-
ing the regression analysis for the ‘linear descending gradi-
ent’ is more straightforward and useful for investigating
the fracture development in brittle materials such as rocks. In
the present study, the AE sampled and characterized in
terms of b-value at stresses close to failure clearly indi-
cated the onset of ‘unstable cracking’ as well as ‘crack
coalescence’ leading to dynamic failure of the rock. These
observations have some vital applications for monitoring the
stability and integrity of rocks at several scales.
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