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Abstract Rock brittleness is an essential factor
affecting underground engineering disasters and
energy extraction. A large number of cracks are
generated during rock destruction, and many acoustic
emission (AE) signals are accompanied. The propa-
gation speed and modes of cracks in different brittle
rocks differ during failure, and their AE signals also
show differing characteristics. In this study, uniaxial
compression experiments cooperating with AE mon-
itoring on rock-like materials with different brittleness
were conducted. We found that as the rock brittleness
increased, the AE energy increased sharply during
loading. During rock failure, the proportion of AE
signals with lower RA (rise time/amplitude) and
higher AF (average frequency) increased as rock
brittleness increased. Based on the experimental
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results, the AE parameter ibg-value was proposed to
evaluate the crack propagation state of the rocks. This
ibg-value is also a parameter that determines the crack
initiation point and residual stress point. Based on the
variation characteristic of the ibg-value during the
rock failure process and the first pressure drop after the
peak of the rock, two evaluation criteria for rock
brittleness were proposed. Compared with other
brittleness evaluation criteria, these two evaluation
criteria have better discrimination for different brit-
tleness rocks, guiding human underground resource
extraction and engineering disaster prevention.

Article highlights

1. At the moment of rock failure, the proportion of
AE with lower RA and higher AF increases
gradually with the increase of rock brittleness.

2. Based on the Gutenberg and Richter, we propose

an AE index ibg-value, which can reflect the
rock’s crack propagation state.

3. Based on ibg-value, we propose a brittleness

index, which has higher sensitivity and reliability
than other brittleness indexes.

Keywords Brittleness index - Acoustic emission -
Fracture propagation - Ibg-Value
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1 Introduction

Rock brittleness has a significant effect on the rock
failure morphology. Under high-stress conditions,
brittle rocks are prone to underground engineering
disasters such as rock bursts (Gong et al. 2019). Many
scholars have proposed several evaluation indices for
rock burst proneness (Song et al. 2015; Gong et al.
2018). Some scholars also researched the brittle
behavior of intact rock (Munoz et al. 2016a; Zhang
et al. 2018b) and jointed rock (Li et al. 2019a, b, c;
Yang et al. 2019) during disasters. The quantitative
description of rock brittleness is of great significance
for underground resource extraction (oil extraction,
geothermal exploitation, shale gas extraction, etc.; Li
et al. 2018). Wanniarachchi et al. (2015) found that
cracks were more likely to initiate and propagate in
brittle shale and that more energy was needed to
deform in more ductile shale. In order to quantitatively
characterize the brittleness of rocks, many brittleness
indexes (shown in Table 1) have been proposed (Li
et al. 2019¢c; Wang et al. 2020). Some scholars have
comprehensively considered the relationship between
stress and strain, and use Young’s modulus and
Poisson’s ratio to evaluate the brittleness of rocks.
Scholars also found that the higher the Young’s
modulus, the greater the increase in rock brittleness
(Turcotte et al. 2003; Carpinteri and Lacidogna 2006).

Brittle rocks had high elastic modulus and low
Poisson’s ratio (Jahandideh and Jafarpour 2016); that
is, they had a high shear model (G = E/(2*(1 + v),
where G is the shear modulus, and E and v are Young’s
modulus and Poisson’s ratio), which was also con-
firmed by Grieser and Bray (2007). These studies have
shown that brittle rocks are a sudden failure under
small strain conditions and that brittle rocks suddenly
rupture with crack propagation and produce a large
stress drop within small plastic deformations (Feng
et al. 2016). These brittleness indicators use pre-peak
strength parameters (e.g., elastic modulus and Pois-
son’s ratio) that do not fully reflect the entire loading
process of the rock and are therefore only applicable to
brittle rocks. Other scholars have evaluated the
brittleness of rock in response to the energy change
during rock failure. Tarasov and Potvin (2013) con-
ducted a series of triaxial compression experiments,
based on which two brittleness indicators considering
the energy balance of the rock mass in the post-peak
were proposed. Munoz et al. (2016b) used clever
loading methods to obtain a complete stress—strain,
including class I and class II behavior and developed a
brittleness index based on fracture energy dissipation.
Although scholars have put forward many quantitative
indicators of brittleness, most of the brittleness criteria
are based on traditional stress—strain curves, lacking
characterization of microscopic changes within rocks.

Table 1 Summary of brittleness index definitions citied in this paper

Formula Variable description Test method References
BII:m Q: quartz; Mineralogical logging Jarvie et al. (2007)
BL, 0 + Dol C: carbonate; Wang and Gale (2009)

“o+Dol+Lm+ a+ TOC Cl: clay;

Dol: dolomite;
Lm: linestone;

TOC: total organic content

Stress strain test Tarasov and Potvin (2013)

Munoz et al. (2016b)

BI;:% E is the unloading elastic modulus;
BI4:§ M is the post-peak elastic modulus
Bls= Ul({inl U, is the elastic energy;
Bls= UL::“ Usotal 1.s the tota.l fracture ene.rgy;

U Upeax 1s the strain energy until peak stress;
Bl;= Ulel Upos: 18 energy include post-peak
IBg =™ T, represents the shear force at the peak

T

Bishop (1967)

7, represents the residual shear stress
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However, the entire process of rock failure involves
microscopic damage to the rock, where microcracks
emerge, propagate, and eventually form macro-cracks,
leading to rock destruction. The study of crack energy
during rock failure can help us better understand the
brittleness of rocks.

Acoustic emission (AE), as a commonly used
nondestructive testing technique, can effectively
detect the fracture process inside the rock (Yang
et al. 2021). Attempts have also been made to use AE
to measure the brittleness of rocks. Parney and Lange
(2010) used AE to calculate Young’s modulus and
Poisson’s ratio of rocks using P-wave and S-wave and
then estimated the brittleness with Young’s modulus
and Poisson’s ratio. Perez and Marfurt (2013) used
micro-vibration events to evaluate the brittleness of
shale. Duan et al. (2020) found a good correspondence
between the development of cracks in rocks and AE.
However, few reports are on the analysis of the AE
characteristics of brittle rock and the use of AE
waveforms to evaluate rock brittleness. The AE
waveform contains almost the entire process of crack
propagation. Zhang et al. (2018a, b) found that the
uniaxial compression process can be divided into three
stages: the AE silent stage, the slow rising stage, and
the rapid rising stage. Li et al. (2019a, b, c) also found
that rocks have different AE characteristics at different
loading stages. The AE activity of rocks before failure
will increase significantly, and the amplitude of the
increase is also closely related to the characteristics of
the rocks. The values of AE parameters RA and AF
(average frequency) are determined by the proportion
of tensile and shear cracks during rock failure (Grosse
and Ohtsu 2008), and the RA-AF ratio is used to
evaluate and analyze different materials (Ohtsu 2011).
Mansurov (1994) predicted the type of rock failure
based on the AE phenomenon of the destruction
process. At the same time, scholars believe that rock
fractures and earthquakes have similar statistical laws.
Schiavi et al. (2011) performed uniaxial compression
experiments on brittle concrete materials and found
that the b-value of the samples would decrease before
failure. Chen et al. (2021) mentioned a possible
potential link between b-value and brittleness. Based
on the b-value, Shiotani et al. (1994) described the
expansion law of rock cracks and found that different
ib-values (improved b value) of the same rock
represented different sizes of crack propagation (Kurz
et al. 2006). AE can reflect the change in energy inside

the rock. Using the ib-values method to count AE
energy to quantify the rock brittleness has certain
advantages over traditional quantitative expression
methods.

Based on the above analysis, this study carried out
uniaxial loading tests of different brittle materials and
recorded the AE waveforms during the loading
process. A rock brittleness index based on the
characteristics of energy release during rock failure
is proposed using the statistical method of ib-values,
which provides a feasible method for brittleness
evaluation in engineering practice.

2 Materials and methods

In order to study the AE laws of different brittle rocks,
uniaxial failure experiments were performed with
different brittle rock-like materials, and the AE signals
generated by the samples during loading were
recorded. Some scholars believe that the difference
in rock brittleness is caused by the mineral composi-
tion and composition of the rock. Rickman et al.
(2008) analyzed the mineral composition of the
Barnett shale by dividing the mineral composition of
the shale into quartz minerals, carbonate minerals, and
clay minerals. It was also noted that with the increase
in quartz mineral content, the brittleness index of shale
increased (Jarvie et al. 2007; Wang and Gale 2009).
Therefore, combined with the actual mineral compo-
sition parameters of the reservoir rock layer, engi-
neering sand, quartz, clay minerals, cement were
selected. The water-to-material ratio of the specimen
is 1:2.5, and the water and material are fully mixed by
a mixer to eliminate the heterogeneity of the speci-
mens. The brittle mineral contents (the ratio of
engineering sand to quartz is 1:1) were prepared
according to the mineral composition: 0%, 10%, 30%,
and 50% of similar brittle samples with different
brittleness (numbered 1#, 2#, 3#, and 4#, respectively)
and square samples with dimensions of 50 mm x 50
mm x 50 mm. In this experiment, a WSM-200kN
microcomputer control loading system (Fig. 1) was
used to conduct uniaxial compression tests using the
displacement control method at a 2 mm/min loading
rate. We used the American Physical Acoustics
Corporation (PAC) AE system. The parameters of
the AE workstation were shown in Table 2. Nano-30
ceramic-surface AE sensors (produced by PAC) with a
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Load control

Load plate

Fig. 1 WSM-200kN microcomputer control loading system and AE monitoring system

Table 2 The parameters of DISP series AE workstation

Capability index Value
Quantity of channels 12
Resolution (dB) 1
Maximum sampling rate (MSPS) 40
Minimum noise threshold (dB) 22

Frequency response (kHz) 1.0 ~ 3 x 10°

good frequency response in the range of 125-750 kHz
were installed on the specimen. In this experiment, we
used four channels to collect data with a threshold of
40 dB, a preamplifier gain of 40 dB, and a sampling
frequency of 1 MHz. The AE signals transmission
efficiency can be improved by applying a coupling
agent between the sample and the AE sensors to
exhaust the air in the contact surface between them.
The upper and lower sides of the specimen need to be
loaded, and four AE sensors were placed in the center
of the four sides of the sample (Fig. 1). Since this
experiment is to collect waveform signals, not to
locate the AE events, a larger sensor is selected to
receive more internal rupture signals. In order to
reduce the end effect and vibration of the press on the

@ Springer

AE signal, a 50 mm square rubber sheet was placed at
both ends of the samples.

3 Experiment results

3.1 The energy and hits character of AE
for different brittle rock

The energy and hit are important for representing the
crack state during rock failure. Figure 2 shows the
characteristics of the AE energy and hits during the
failure of different brittle rocks. As the brittleness of
the rock increases, the strength of the rock gradually
increases to approximately 27 MPa. With the increas-
ing of loading stress, the cumulative energy of the AE
generated by low-brittle samples (e.g., samples 1* and
2") increased slowly. The rising-rate increased during
the failure stage, and the AE counts (AE hits) in the
strain interval are also slowly rising, but the overall
difference is not very significant. Compared with
brittle samples (samples 3% and 4%), in the elastic stage
(Fig. 2c). The energy of brittle samples rises stepwise,
and the internally released energy is a pulse-type
(Fig. 2d), which also reflects the suddenness of
internal failure of the brittle rock. The total AE energy
released from sample 4” at rock failure is not the
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Fig. 2 The relationship between stress—strain and the AE hits and energy

highest, but the rising rate is substantial. At the same
time, it is observed that the hit value increases and then
decreases during loading. The brittle sample had more
hits after the first pressure drop. In other words, there
were not many hits before the peak. This phenomenon
may be related to the failure modes of different brittle
materials. In order to analyze the failure process and
failure mode inside the material more clearly, RA-AF
parameters are introduced in this paper.

3.2 The RA-AF characters of different brittle rock

The AF value and RA value usually evaluate the crack
type in geo-material engineering (Aggelis et al. 2012).
The classification principles and criteria are shown in
Fig. 3. The RA value is the ratio of the rise time to the
maximum amplitude, and the smaller the value, the
faster the power of the AE waveform rises. The AF
value is the average frequency of the AE wave. It is
generally believed that tensile fractures have low RA
values and high AF values, and many scholars
extensively using this principle to classify crack types
(Lin et al. 2018).

Therefore, we can judge the fracture of different
brittle rocks according to the distribution of RA and
AF in the failure process. The distribution of cracks
and fractures of different brittle rocks were analyzed
more clearly by the distribution characteristics of RA
and AF at the moment of rock failure (Fig. 4).

According to the theory of Aggelis (2011), shear
cracks always generate AE waves with low AF. The
RA value can reflect the fracture modes (Stankevych
and Skalsky 2016), indicating that the fracture modes
differ from the change in brittleness. In order to more
clearly show the distribution law of the AE generated
by different brittle rocks in the RA—AF diagram, we
have carried out quantitative statistics on the number
of AE of different brittle rocks according to the RA
value and AF value. The statistical results are shown in
Fig. 4, where the color indicates the distribution of the
AE number within the RA-AF range. Figure 4 shows
that as the brittleness of the rock increases, the
distribution ratio of the AE generated by the rock in
low AF and high RA gradually decreases. For the
weakest rock sample #1, the distribution of AE in low
AF (AF less than 10) and high RA (RA more than 102)

@ Springer
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is 27.6%. With the increase of rock brittleness, the
proportions of #2, #3 and #4 specimens in this area
gradually decrease, which are 18.4%, 16.5% and
5.3%, respectively.

According to the theory of Aggelis (2011), a
classification benchmark line has been added to the
RA-AF diagram. It should be noted here that this line
is not a strict dividing line between tensile cracks and
shear cracks, but rather a baseline for determining the
ratio of tensile cracks and shear cracks. As the
brittleness increases, the number of AE at the classi-
fication benchmark line (AF is between 20-40 and RA
is between 0.1-1) changes particularly significantly.
With the increase of brittleness, the area gradually
changes from weakly brittle white to red, which
indicates that the distribution of AE in RA-AF is
becoming more and more uniform. For example, the
number of AE in this area of specimen 1# with the
weakest brittleness is 960. With the increase of
brittleness, the number of AE of specimens #2, #3
and #4 in this area were 1127, 2639 and 4136,
respectively. These AE distribution characteristics
indicate that as the brittleness of the rock increases,
more tensile signals are generated during rock frac-
ture. In addition, the energy of tensile AE is often
lower, so the number of tensile AEs generated per unit
of energy is more than that of shear, and this may be
why the total amount of AE increases with the increase
of brittleness.

3.3 The variation characteristics of AE energy
during the fracture of brittle rocks

(1) The ibg-value

The brittleness rock is a process of high-speed
release of the rock’s internal strain energy during
failure (Zhang et al., 2016). Most of the energy of the
brittle rock is stored in the form of strain energy during
loading, and the energy is released to crack propaga-
tion during failure. Therefore, the brittleness of the
rock can be considered a characteristic of strain energy
release during loading and failure, meaning that the
brittleness of the rock can be transformed into the
problem of the strain energy release power and form.
As mentioned in many experiments, there is little
plastic deformation and microcrack initiation in high
brittle rock during loading as high modulus and low
Poisson’s ratio are maintained (Jahandideh and

Jafarpour 2016). The ductility rock slowly releases
strain energy in the form of plastic deformation during
loading. Both the plastic deformation and the micro-
crack propagation of the rock will generate AEs
(Grosse and Ohtsu 2008). Therefore, for rock crack
propagation, the AE characteristics of rock during
loading can be used as an index of rock brittleness. In
this paper, we proposed the ibg-value to show the
variation characteristics of AE energy based on the
statistical method of Shiotani et al. (1994) and the bg
parameter of Sagasta et al. (2018).

Although there are significant differences between
rock fractures and earthquakes in geometric scale,
time scale, and boundary conditions, there are similar
statistical laws between them (Hirata 1987; Garci-
martin et al. 1997). In earthquakes, scholars use b-
values to describe the law of fractures between plates.
Scholars refer to the relationship between earthquake
magnitude and frequency (G-R relationship) proposed
by Gutenberg and Richter (1945) to measure the rock
failure process. Sagasta proposed the energy-b-value
(bg-value) parameter describing the degree of rock
failure:

Log,(\N(AEE) = a — bgLog,,(AEE) (1)

where AEE represents the energy of the AE event,
N(AEE) is the accumulated number of AE events with
energy not less than AEE, and a and bg are constants.

This expression indicates that N(AEE) decreases
exponentially with an increase in the magnitude of
energy. The reduced slope coefficient bg can be used
to measure the crack propagation in the rock.
According to the definition of the energy bg-value,
statistical calculations were performed on the AE data
of the samples (Fig. 5). From Fig. 5, we found a good
linear relationship between the AE events and AE
energy in the area where the AE energy was 10 to
10,000 aJ (1 aJ = 107]8Joules). However, the pre-
dicted bg-value is lower when the AE energy is small,
and the bg-value is higher when the log (AEE) is
larger. Therefore, the statistics of all data will
seriously affect the accuracy of the statistical results.
There are many differences between AE and earth-
quakes. In the earthquake, a large number of low-
energy rupture signals could not be recorded. Thus, we
cannot directly apply the b-value calculation method
in the earthquake to deal with AE data, and statistical
evaluation of the generated AE data is required before
the evaluation.
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Fig. 5 The bg-value statistics in the experiment. This is the calculated result of bg-value.

In order to accurately reflect the energy changes of
AE during rock failure, we selected a series of AE data
p (the value of f§ is generally 50-100) according to the
distribution characteristics of AE events. Among these
events, only the signals with exceeding amplitudes
1 — oya were selected to calculate the ibg-value. This
method can effectively remove micro energy events
and avoid the influence of many low-energy AE events
on the calculation results (Shiotani et al. 1994). The
ibg value is calculated as follows:

i — logo N (w1) —log,o N (w2)
- (o1 +02)0

That is N (w1) and N (w,) in formula (2) denote the
amount of energy exceeding u — ojo and p+ o0,
respectively, and o; and o, are taken as O and 1
(Shiotani et al. 2001a; Colombo et al. 2003; Watanabe

(2)

@ Springer

et al. 2007). We test this method with the experimental
data in this paper.

Figure 6 shows the change in the ibg value during
the full stress—strain process. When the brittleness is
weak (sample 1%), the ibg value is kept at a low level.
As brittleness increases, the ibg value produced during
the elastic loading stage first increase and then
decrease. The ibg of sample 4 with high brittleness
is always at a low level in the elastic loading stage, and
anoticeable ibg value drop appears in the failure stage.
In the post-peak phase, each pressure drop corre-
sponds to a decrease in the ibg-value. Especially in
experiment 4%, the peak point and lowest point of the
ibg-value correspond to the peak point of the rock
stress and first pressure drop point, respectively. Many
scholars have analyzed the failure process of rock with
b-value and ib-value and concluded that these values
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could be used to measure the size of cracks during rock
failure (Rao and Prasanna Lakshmi 2005). Numerous
studies have also shown that high ib-values suggest
that microcrack initiation in the rock is dominant
(Shiotani et al. 2001b, 2003). Some scholars have
pointed out that low-energy b-values represent the
propagation of macroscopic cracks. When the bg-
value is low, this indicates that the rock interior is
undergoing severe damage (Sagasta et al. 2018). Many
studies on AE during rock failure have shown that the
bg-value and ib-value have a corresponding relation-
ship with crack propagation in rock (Colombo et al.
2003; Rao and Prasanna Lakshmi 2005). The b-value,
ib-value, and ibg-value are different characterization
parameters based on the same principle and therefore
have similar corresponding characteristics to the law
of rock crack propagation. Therefore, the ibg-value
can also reflect the fracture type. The ibg is based on
the energy change of the AE wave, so the ibg value is
more sensitive to crack propagation. The peak value of
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fracture propagation stage

the ibg-value indicates that a large number of micro-
cracks have begun to develop in the rock, and the rocks
have begun to damage and consume strain energy. The
ibg-value reduction process represents the propagation
of cracks, and the cracks expand to its maximum at the
lowest ibg-value. The magnitude of the absolute ibg-
value is not related to the absolute energy of the AE
events but is related to the variation in the energy
released from the events during the fracture process.
The change in the ibg-value from high to low
represents a fracture propagation inside the rock,
repeatedly reflected in the continuous pressure drop
after the peak (as shown in Fig. 6d).

2

Based on the previous analysis, the bz value change
can be used to measure the brittleness of the rock. For
example, the ibg-value drop is evident in the first stress
drop after the peak stress in sample 47 (in Fig. 6d).
Similar situations of ibg-value drop are also found

Analysis of experiment results
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during the rock destruction in the other three exper-
iments. Therefore, the crack propagation inside the
rock before failure can be judged by the variation
characteristics of the ibg-value, and the decline rate of
the ibg-value determines the brittleness of the rock.
The larger the decrease rate of the ibg-value during
rock failure, the greater the brittleness of the rock. The
decline rate of the ibg-value can represent the speed of
crack initiation and propagation in the rock, and can be
used as an index to describe the brittleness of the rock:

BIpeak = (IbEfp - IbE7r> /Ab (3)

where Ibg_, is the ibg-value corresponding to the
point of peak stress, Ibg_, is the ibg-value correspond-
ing to the residual stress, and Ag represents the strain
difference value corresponding to the two ibg-values.

A sudden drop in the ibg-value also occurred in the
initial loading stage, which indicates that the initial
compaction of the rock contains a large amount of
micro-crack propagation. With the increase in stress,
we found that the ibg-value of all rocks fluctuated
before the peak stress, indicating that the cracks had
begun to propagate before peak stress. As shown in
Fig. 6b, the stress fluctuation point and its correspond-
ing point of the lowest ibp value indicate that the
interior of the rock experienced a local failure.
However, the initiation and propagation of microc-
racks before the peak is not sufficient to reduce the
strength of the rock, and the external stress does not
exceed the rock’s bearing capacity. As the loading
stress increases further, internal micro-cracks develop
in large numbers, forming macro cracks, and the rocks
produce the first stress drop (Fig. 6b @). For samples
1# and 2* with weak brittleness, the micro-cracks
initiate and propagate before the peak stress, and these
crack propagations consume part of the strain energy.
The strain energy of the rock is released before the
stress peak, which reduces the brittleness of the rock.
The internal cracks in these low-brittle rocks begin to
expand before the peak, and the pressure drop after the
peak of the rock is the final result of crack propagation.
For example, in sample 1#, which had the lowest
brittleness, microcrack initiation and propagation
began in the rock from the initial loading stage
(compaction stage). Several weak crack growths were
accompanied in the middle loading stage, which can
still be described as a large crack propagation. The
entire pre-peak stage of 1* sample one can be regarded
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as a large crack propagation process. The rate of
reduction of the ibg-value before peak stress was used
as an index to evaluate weak, brittle rocks. The specific
calculation formula is as follows:

Bl = (IbEfmax - IbEfmin) /A8 (4)

where ibg-max represents the maximum ibg-value
generated during the loading phase, ibg-min represents
the minimum ibg-value generated after the ibg-max
during the loading phase, and Ae represents the
difference between the two strains.

The Bl distinguishes more significantly against
weakly brittle rocks than the Bl,c.. As shown in
Table 1, for rocks with less brittleness (e.g., samples 1*
and 2#), their decline slopes of the iby value during the
peak pressure drop have one time difference (0.014
and 0.028). The declining slope of the ibg-value in this
stage is used as an index for evaluating low-brittleness
rocks, which improves the index difference (0.012 and
0.041) for the two low-brittle samples.

(3) Comparison with Other Evaluation Criteria

Here, we choose the energy brittleness evaluation
method (Bls) of Hucka and Das (1974) and the stress
drop brittleness evaluation method (BIg) of Bishop
(1967) to evaluate the brittleness of the samples in this
experiment. The energy brittleness evaluation formula
is as follows:

U.

Bls= 5
’ Ulotal ( )

where W, indicates the internal elastic energy (the
area of CEF in Fig. 7) during rock failure, and Wi,
represents the work done by the outside world (the
area of OABCEF in Fig. 7).

The brittleness evaluation method of stress drop is
as follows:

Tp — Tr

IBg = (6)

Tp
where 1, represents the shear force at the peak
(position C in Fig. 7), and 7, represents the residual
shear stress (position D in Fig. 7).

The evaluation results are compared with the new
brittleness indices (Blpe, and Bl,;) proposed in this
paper. The results are shown in Table 3.

The indices of Bls and Blg are not accurate in
evaluating low-brittle rocks. Using the BI5 method, the
brittleness of 3* sample three was less than 2* sample
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Fig. 7 The relationship between the internal elastic energy of
rock and the total loading energy. Area of ABCD and ECF are
total loading energy and internal elastic energy, respectively

two, while the results of the Blg brittleness evaluation
method show that the brittleness of 2% sample is less

than 1 sample one, which is a slight deviation from
the actual results. However, the two brittleness
evaluation methods proposed in this paper can distin-
guish the brittleness difference between rocks. At the
same time, Bl and Bl can provide better resolu-
tion for different brittle rocks. Most of the energy in
brittle rocks are released during the first stress drop.
Bl,cax analyzes the crack propagation process during
the stress drop process. Therefore, Bl accurately
evaluates the brittleness of high brittleness rock.
Rocks with low brittleness have already released a
large amount of energy in the interior before the
failure. Bl analyzes the crack propagation process
before the stress drop process and can have a more
comprehensive evaluation of less brittle rocks. From
the evaluation results in Fig. 8, Blc. and Bl have a
good resolution for the brittleness of different rocks,
and BI,;;, which considers all stages before the stress
peak, has a good resolution for low-brittle rocks. For
samples 1* and 2%, BIL,, and Bl,c.x gave evaluations of

Table 3 Comparison of evaluation results of different brittleness evaluation methods

Specimen Evaluation result of Bls Evaluation result of Blg Evaluation result of Bl,cax Evaluation result of Bl
1* 0.68 0.18 0.014 0.012

2* 0.78 0.16 0.028 0.041

3* 0.75 0.25 0.192 0.127

4% 0.83 0.55 0.597 0.597

Fig. 8 Comparison of 0.9 1

results of different

evaluation methods 0.8 1

BI5

mSample ] mSample2 mSample3 &« Sample 4

BI8 Blpeak Blall
Method
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0.012, 0.041, 0.014, and 0.028, respectively, and Bl
had a higher resolution than Bl in the low brittle
region. Both Bl and Bly,’s evaluation resolution
for brittle rocks is significantly higher than Bls and
Blg, indicating that the method of evaluating rock
brittleness by analyzing AE events can better reflect
the nature of rock failure and quantify brittleness more
accurately.

4 Conclusion

In this paper, by testing different brittle rock-like
materials and using the law of AE events in material
fracture, brittleness indexes based on the crack
propagation process of the material are proposed.
The specific conclusions are as follows:

1. With an increase in rock brittleness, the AE energy
gradually shows a sharp increase during rock
failure. At the moment of rock failure, the
proportion of AE with lower RA and higher AF
increases gradually, indicating that tensile cracks
increase with brittleness.

2. Based on the Gutenberg and Richter law in
earthquakes, combined with the distribution law
of AE events energy of rock, an AE index ibg-
value is proposed, reflecting the rock’s crack
propagation state.

3. The ibg-value is used to evaluate the brittleness of
the rock based on the internal crack propagation
law of the rock. A comparison of the existing rock
brittleness evaluation methods shows that the
evaluation method proposed in this paper is both
stable and reliable, and has a higher resolution for
the evaluation of different brittle rocks.
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