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Rockburst is a highly destructive geological disaster caused by excavation and unloading of hard and brittle rock mass under high
geostress environment. Quantitative evaluation of rock brittleness and rockburst proneness is one of the important tasks in
potential rockburst assessment. In this study, uniaxial compression and acoustic emission tests were carried out for basalt, granite,
and marble, and their brittleness and rockburst proneness were quantitatively evaluated. (e acoustic emission evolution
characteristics of the three rocks during uniaxial compression were analyzed, and the differences of fracture mechanism of the
three rocks were compared. (e results show that (1) based on the brittleness evaluation index, basalt is the most brittle rock,
followed by granite, and marble is the weakest; (2) based on the rockburst proneness evaluation index, combined with the
macroscopic failure phenomenon and morphology of the samples, the rockburst proneness of basalt is the strongest, followed by
granite, and marble is the weakest; (3) there exists a positive correlation between rockburst proneness and brittleness, and the
fitting results show that they are approximately exponential; and (4) brittleness has an important influence on the rock fracture
mechanism. Unlike marble, basalt and granite with strong brittleness continuously present high-energy acoustic emission signals
in the stage of unstable crack propagation, and large-scale fracture events continue to occur; from the calculation results of the
acoustic emission b value, the stronger the brittleness of rock, the larger the proportion of large-scale fracture events in the
failure process.

1. Introduction

As the representative of dynamic disasters under high stress
conditions [1–6], rockburst makes rock mechanics re-
searchers gradually realize the importance of revealing the
brittle failure mechanism of rock for engineering safety.
Brittleness of rock refers to its ability to resist plastic de-
formation [7–9], which is a comprehensive reflection of rock
mineral composition, grain cementation strength, and
structural characteristics. (e process of brittle failure of
rock includes the initiation, propagation, and coalescence of
cracks until the formation of the macroscopic fracture
surface. In the aspect of quantitative evaluation of rock
brittleness, many scholars put forward a lot of evaluation
indexes based on the stress-strain curve of rock. Altindag
[10] proposed two brittleness indices according to the peak

strength, residual strength, and corresponding peak strain
and residual strain in the stress-strain curve. Li et al. [11]
summarized twenty basic brittleness evaluation methods
and established a comprehensive brittleness evaluation in-
dex based on the stress-strain curve. Tarokh et al. [12] treated
brittleness as a structural response rather than a material
property and proposed two brittleness indices. Ai et al. [13]
defined brittleness as the ability of a rock to accumulate
elastic energy during the prepeak stage and to self-sustain
fracture propagation in the postpeak stage and proposed. Xia
et al. [14] proposed a brittleness index based on the postpeak
stress drop rate of the stress-strain curve and the ratio of
elastic energy released during instability failure to total
energy stored before peak strength. Chen et al. [15] com-
prehensively considered the postpeak stress-drop rate and
the stress growth rate between the crack initiation stress and
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the peak stress and established a brittleness index calculation
method based on the whole stress-strain curve.

As a nondestructive testing method, acoustic emission
technology plays an important role in the rock mechanics
test, especially in the crack propagation mechanism. (e
acoustic emission characteristics are different due to the
reason that rocks possess different deformation and failure
mechanisms. (e commonly used acoustic emission (AE)
parameters in the fracture mechanism include AE count, AE
energy, and AE b value. Eberhardt et al. [16, 17] studied the
characteristics of fracture initiation strength and damage
strength of Lac Du bonnet granite under uniaxial com-
pression by using the acoustic emission test method. It was
found that the parameter of the AE count has the advantage
of quantitatively describing the stress threshold of rock. (e
asperity degradation characteristics of soft rock-like frac-
tures under shearing were investigated based on AE energy
[18]. Zhou et al. [19] systematically discussed the advantages
and disadvantages of AE parameters in determining the
stress threshold value of rock. AE characteristics of Beishan
granite under conventional triaxial compression (CTC) and
hydromechanical (HM) coupling tests are conducted by
Zhou et al. [20], and the results show that AE events pro-
portion at the same loading period changes under different
confining pressures, which illustrates that the failure pattern
develops from splitting to ductile shearing failure with the
increasing confining pressure. Wong and Guo [21] inter-
preted the microcracking behavior of two specimen types in
the mode I fracture toughness test by analyzing acoustic
emission catalogs including the spatial-temporal evolution
of AE events, variations of energy-related AE parameters,
and the AE event energy distributions.

(e rockburst proneness and in-situ stress level are the
main factors influencing the rockburst prediction of un-
derground engineering [22–24]. Among them, the evalua-
tion of rockburst proneness is an important basis for the
analysis and prediction of rockburst disaster after excava-
tion.(ere are more than ten kinds of evaluation indexes for
rockburst proneness. At present, the widely used rockburst
proneness indexes in civil engineering include the peak
strength strain energy storage index W

p
et [1], maximum

stored elastic strain energy index Es [25], elastic energy index
Wet [26, 27], impact energy index Wcf [28], and residual
energy index WR [29].

Brittleness and rockburst proneness are important
properties to describe the mechanical characteristics of hard
rock. (e existing research studies mainly focus on the
quantitative evaluation of brittleness and rockburst prone-
ness of rocks with different methods, and there is no sys-
tematic research on the relationship between rock brittleness
and rockburst proneness; furthermore, the influence law of
brittleness on acoustic emission characteristics and the
failure mechanism of rock have not been fully investigated.
In this study, three types of hard rock basalt, granite, and
marble were used to carry out the uniaxial compression test
and simultaneous acoustic emission test; combined with the
test results and sample failure phenomenon, the brittleness
and rockburst proneness of the three kinds of rocks were
evaluated; based on the acoustic emission test results, the

influence of brittleness on acoustic emission parameters (AE
energy, AE count, and AE b value) and failure mechanism of
rocks were analyzed. (e research results have a certain
guiding significance for understanding the brittle failure
process and mechanism of hard rock.

2. Testing System and Specimen

(e instrument used in the uniaxial compression test is the
RMT-150C testing machine. In order to obtain the complete
stress-strain curve of rock, the axial displacement control
method is used to load the sample, and the loading rate is set
to 0.12mm/min. (e acoustic emission system is an 8-
channel acoustic emission monitoring system produced by
PAC Company. (e type of acoustic emission probe is
PICO. (e acquisition frequency of AE signal is 1MHz. (e
threshold value of acoustic emission signal is set to 40 dB,
which can effectively filter the interference of noise on the
acoustic emission signal. (e test system is shown in
Figure 1.

Rock samples used in the tests were bought from a
quarry in Wuhan City, Hubei Province. (e basalt, granite,
and marble used in the test are standard cylindrical samples
with a diameter of 50mm× height of 100mm.(e density of
basalt, granite, and marble is 2.97 g/cm3, 2.61 g/cm3, and
2.85 g/cm3, respectively. After measurement before the test,
the size and accuracy of sample meet the requirements of test
specifications according to the IRSM recommended
methods.

3. Analysis of the Test Results

3.1. Characteristics of Strength. (e three diagrams shown in
Figure 2 are typical stress-strain curves of three kinds of
rocks under uniaxial compression. As listed in Table 1, the
stress-strain curves of specimens 1-2, 2-2, and 3-2 are shown
in Figure 2 as typical curves. It is not difficult to find that the
rock does not show an obvious yield phenomenon before the
peak strength, and the axial stress drops rapidly after the
peak strength which means that the three kinds of rocks
show typical brittle failure characteristics. Compared with
marble, the stress-drop rate of basalt and granite after peak
strength is faster and the curve is steeper, so the brittle failure
of basalt and granite is more obvious.

According to the shape of the stress-strain curve, the
uniaxial compression process can be divided into five
different stages: crack compaction stage, linear elastic
deformation stage, stable crack growth stage, unstable
crack propagation, and postpeak failure stage. Among
them, the transition from stable crack growth to unstable
crack growth means that microcracks in rock begin to
connect with each other and form macroscopic fracture
surface. (e stress value corresponding to the transition
point is called the damage strength σcd of rock. Under this
stress level, even if the axial compression load does not
increase any more, the internal cracks in the rock will
continue to expand, eventually leading to the occurrence of
rock macrofailure. (e stress value is also called the long-
term strength of rock [19]. (erefore, the analysis of
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damage strength is of great significance to the under-
standing of brittle failure of rock. (e damage strength can
be determined according to the volume strain curve or
acoustic emission characteristic curve of rock. In this study,
the strain measurement method is used to determine the
damage strength, that is, the axial stress corresponding to
the inflection point of volume strain is the damage strength,
as shown in Figure 3. (e volume strain is obtained
according to the following calculation formula:

εV � εaxial + 2εlateral, (1)

where εaxial and εlateral are the axial and lateral strain,
respectively.

As given in Table 1, the ratio of damage strength to peak
strength σcd/σp of basalt ranges from 70.63% to 85.90%, with
an average of 76.26%, that of granite ranges from 67.60% to
74.51%, with an average of 70.57%, while that of marble

ranges from 43.93% to 61.46%, with an average of 52.04%.
(erefore, the ratio of damage strength to peak strength of
basalt is the largest, followed by granite and marble.

3.2. Brittleness Evaluation. Because of the lack of standard
definitions and measurement methods for rock brittleness,
various brittleness indices have been proposed and used by
different authors for their respective practical use [30].
Because of the convenience to conduct compression tests of
rocks, indices derived from stress-strain curves are widely
used to evaluate rock brittleness. (rough summarizing the
disadvantages of the indices based on stress-strain curves,
Meng et al. [30] proposed a new brittleness index based on
the postpeak stress drop degree and drop rate and verified
the index through experimental tests. (e calculation for-
mula of the index is as follows:

(a) (b)

Pressure
sensor

Acoustic
emission probe

Displacement
sensor

Specimen

(c)

Figure 1: Testing system: (a) loading machine; (b) acoustic emission test system; (c) sensor placement.

Advances in Civil Engineering 3



Table 1: Main mechanical parameters of rock samples.

Rock type Sample no. σcd (MPa) σp (MPa) εp σr (MPa) εr E (GPa) Bd Es (MJ·m− 3)

Basalt
1-1 198.76 281.43 0.00383 0 0.00493 85.79 0.541 0.462
1-2 208.28 288.32 0.00503 0 0.00600 71.41 0.547 0.582
1-3 228.05 265.41 0.00561 0 0.00617 73.65 0.568 0.478

Granite
2-1 135.86 200.98 0.00503 0 0.00589 55.63 0.537 0.363
2-2 131.08 188.32 0.00493 0 0.00569 55.41 0.539 0.309
2-3 153.93 206.58 0.00494 0 0.00865 53.28 0.475 0.400

Marble
3-1 55.07 125.37 0.00364 0 0.0054 54.50 0.485 0.144
3-2 56.74 111.83 0.00521 0 0.00695 35.82 0.481 0.175
3-3 76.38 124.27 0.00444 0 0.00627 44.47 0.483 0.175

σcd, σp, σr are the damage stress, peak strength, and residual strength, respectively; εp and εr are the peak strain and residual stain, respectively.
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Figure 3: Sketch of the method to obtain the damage strength σcd.
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Figure 2: Typical stress-strain curves of three kinds of rocks.
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In formula (2), τp and τr are the peak strength and
residual strength, respectively. kac (AC) represents the
postpeak stress drop rate, as shown in Figure 4. B1d and B2d
represent the postpeak stress drop degree and drop rate,
respectively. (e geometric interpretation of kac (AC) means
the slope of the line from the initial yielding point (i.e., point
A or a) to the starting point of the residual strength (i.e.,
point C or c). For most rocks under a certain confining
pressure, plastic deformation occurs, resulting in a yielding
platform in the stress-strain curve and signifying a reduction
in the brittleness.(e peak strength and residual strength are
denoted by points B and C on the curve [30].

Using the brittleness evaluation index Bd, the calculation
results of the brittleness of three rocks are given in Table 1.
According to the evaluation results of brittleness in the table,
basalt has the strongest brittleness with an average value of
0.55, followed by granite with an average value of 0.52, and
marble with an average value of 0.48.

3.3. Evaluation of Rockburst Proneness. In order to quanti-
tatively evaluate the rockburst proneness of rocks, up to
now, rock mechanics scholars have put forward more than
ten evaluation indexes or methods based on different pur-
poses. Table 2 provides the widely used four different
evaluation indexes of rockburst proneness.

Among the four rockburst proneness indexes listed in
Table 2, Wet and WR need complex uniaxial loading and
unloading tests. Because the unloading point of the
unloading test is difficult to obtain accurately and the
number of samples in this test is limited, the two evaluation
indexes mentioned above are not used to evaluate the
rockburst proneness. In addition, the calculation of Wcf is
more complicated because of the need of integral calculation
based on the stress-strain curve. (e index Es can be cal-
culated by uniaxial compressive strength and elastic mod-
ulus. (erefore, in this section, the index Es was taken to
analyze the rockburst proneness of three kinds of rocks. (e
calculation results are listed in Table 1, which show that the
index Es of basalt, granite, and marble is 0.507, 0.357, and
0.164, respectively. (e rockburst proneness of basalt,
granite, and marble belongs to the range of moderate
rockburst, weak rockburst, and no rockburst, respectively.

By comparing the typical failure modes of the three kinds
of rocks in Figure 5, it can be seen that obvious rock mass
ejection occurs during the failure process of basalt, and
residual rock blocks can be observed on the bearing head
after failure of the sample. Granite shows a typical vertical
splitting failure. (e cracks in the sample propagate suffi-
ciently, and the sample is split into plates and flakes by
numerous vertical cracks, which is similar to the rockburst
phenomenon. In the process of rock failure, if obvious shear
behaviors occur, the rough fracture surface will be squeezed,
and then, rock mineral particles will be rolled into powder.
(e marble sample is split into several rock blocks by the
vertical macrofracture surface, and from the residual powder

and fragments on the testing machine, it can be found that
the shear mechanism plays a major role in the failure
process. In addition, there is no ejection phenomenon of
rock blocks and slices. It can be concluded that from the
failure phenomenon and morphology of the samples, basalt
has the strongest rockburst proneness, followed by granite,
and marble is the weakest, which verifies the accuracy of the
above evaluation results based on the rockburst proneness
index.

3.4.AcousticEmissionCharacteristics. In this section, the AE
energy evolution characteristics and AE b value of three
kinds of rocks during uniaxial compression are systemati-
cally analyzed. AE hit refers to the effective rupture signal
identified by the system, AE count refers to the number of
shocks that exceeds the threshold value, and AE energy is a
quantitative characterization parameter of the signal
strength. Figure 6 shows the curves of axial stress, AE energy,
and AE count with loading time. On the whole, the change
trend of AE count and AE energy of rock is almost the same
during uniaxial compression. It can be seen from the curve
in the figure that in different deformation stages, the
characteristics of AE energy and AE count of rocks are
different; in the fracture compaction stage, the AE energy
and AE count are always at a low level. At this stage, the
closure of primary fractures and the friction of fracture
surfaces will produce some acoustic emission signals, but
because it is not a real rock fracture, the intensity of AE
signal is very weak and the value of AE energy is very small.
When the rock enters the linear elastic stage from the crack
compaction stage, the AE count increases suddenly because
of the real crack initiation and propagation in the rock
(different from the compaction stage, the acoustic emission
signal in the compaction stage is caused by the friction of the
fracture surface of the primary crack). During the elastic and
crack stable growth stage, the AE energy of basalt andmarble
increases steadily with the increase of loading time, while
that of granite remains at a low level. After entering the stage
of unstable crack propagation, the AE energy of three kinds
of rocks shows different characteristics. For basalt and
granite, the AE signals of high-energy continue to appear,
indicating that large-scale microfracture events continue to
occur; while for marble, the AE energy shows an approxi-
mate unchanged trend, and almost no high-energy signal
appears. After the peak strength, basalt and granite have only
a few high-energy signals. While marble is different, as the
axial stress drops, the AE energy increases first and then with
the continuous drop of axial stress, and the AE energy
decreases sharply.

According to the abovementioned AE energy evolution
characteristics and the brittleness evaluation results of the
three kinds of rocks in Section 3.2, it can be concluded that
brittleness has an important influence on the AE energy
evolution characteristics of rocks: in the stage of unstable
crack propagation, the rocks with strong brittleness con-
tinuously produce high-energy AE signals which means
large-scale fractures continue to occur, while the rocks with
weak brittleness hardly produce large-scale fracture.
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Figure 4: Schematic diagram of the calculation of Bd.

Table 2: Summary of evaluation indexes for rockburst proneness.

Evaluation index Calculation formula Acquisition method Classification standard

Rockburst
proneness index
[26, 27]

Wet � ER/EDER is the elastic strain energy recovered during
unloading, and ER is the energy dissipated in the loading and

unloading cycle.

(0.8~0.9)σc
σ

ε

ER
ED

o

Wet < 2.0, no rockburst;
2.0≤Wet < 3.5, weak

rockburst;
3.5≤Wet < 5.0, medium

rockburst;
Wet ≥ 5.0, strong

rockburst

Impact energy index
[28]

Wet � E1/E2E1 is the deformation energy stored before the
peak strength, and E1 is the deformation energy lost in the

failure process.

o
E1 E2

σ
σc

ε

Wcf < 2, no rockburst;
2≤Wcf < 3, weak

rockburst;
Wcf ≥ 3, strong

rockburst.

Maximum stored
elastic strain energy
index [25]

ES � R2
c /(2E)Rc is the uniaxial compressive strength, and E is

the elastic modus.
Es

o

σ

σc

ε

Es < 0.2MJ/m3, no
rockburst;

0.2MJ/m3 ≤ ,
Es < 0.5MJ/m3, weak

rockburst;
0.5MJ/m3 ≤ ,

Es < 0.75MJ/m3,
medium rockburst;

Es ≥ 0.75MJ/m3, strong
rockburst.

Residual energy
index [29]

WR � ΔW/|Wd|,ΔW � W
M
e − |Wd|

W
M
e (

εB

εA

σdεe/
εB

0
σdεe

) · 
εA

0
σdε

Wd � 
εC

εM

σdε

A
M

B
C

σ

εεCεMεAεBo

WR < 0, no rockburst;
WR ≥ 0, rockburst.
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Figure 5: Failure modes of specimen: (a) basalt; (b) granite; (c) marble.
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Figure 6: Continued.
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Figure 7 (dB is the amplitude of acoustic emission, andN
is the number of AE hit) shows the distribution of AE
amplitude in the whole process of uniaxial loading for three
kinds of brittle rocks. (e physical meaning of horizontal
axis is the number of hits with AE amplitude greater than a
certain value (>40 means the number of hits with AE
amplitude greater than 40). It can be seen from the figure
that the number of AE hit with high amplitude (greater than
75 dB) of marble is much less than that of basalt and granite
in the whole process of rock failure. It can be seen that for
marble with weak brittleness, although there are many
fractures generated in the rock during the deformation and
failure process, most of them belong to small-scale
microfractures.

(e AE b value comes from the study of seismology. (e
AE b value can reflect the proportional relationship between
large-scale fracture and small-scale fracture in the process of
rock fracture. (e smaller the AE b value, the greater the
ratio of macrocracks to microcracks during the failure
process. (e algorithm for specific acoustic emission b value
is calculated according to the following formula [8, 31, 32]:

log N � a − b
AdB

20
. (3)

As shown in Figure 8, according to the linear fitting
results, the AE b value of basalt is 0.53, that of granite is 1.02,
and that of marble is 1.29. Combined with the physical
meaning of AE b value, it can be concluded that the stronger
the brittleness of rock, the larger the proportion of large-
scale fracture events in the failure process.

4. Discussion

Rockburst is a kind of dynamic disaster in which the strain
energy in the surrounding rock is released suddenly in a very
short period of time, and the rock mass ejection is a typical
external manifestation [33, 34]. Strong brittleness and good
ability of storage of strain energy are the necessary

conditions for rock mass to form rockburst disaster after
excavation. Brittleness means the sudden failure of sur-
rounding rock, which creates conditions for the sudden
release of elastic energy accumulated in surrounding rock.
(e rockburst proneness index emphasizes the possibility of
rockburst from the aspect of energy storage. If there exists a
certain fitting relationship between the brittleness index of
rock and its burst proneness index, the rockburst proneness
index (or the brittleness index) can be calculated according
to the rock brittleness index (or the rockburst proneness
index), and in this way, the number of tests to be carried out
will be greatly reduced.

According to the calculation results of brittleness and
rockburst proneness in Section 3, there is a positive cor-
relation between brittleness and rockburst proneness, that is,
the stronger the brittleness, the larger the rockburst
proneness. Figure 9 shows the relationship between the two
indexes Bd and Es. (e black line represents the result of
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Figure 6: Change curves of axial stress, AE energy, and AE count with loading time: (a) basalt; (b) granite; (c) marble.
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linear fitting, while the blue curve represents the result of
exponential fitting. According to the fitting curve, there is an
exponential relationship between rockburst proneness and
rock brittleness. It should be pointed out that the accuracy of
the fitting formula is not high due to the small amount of
data obtained in this test, and more tests are needed to verify
the accuracy of the conclusion. In addition, since we have
not carried out other relevant tests to measure other
rockburst proneness indexes, the relationship between rock
brittleness index Bd and other rockburst proneness indexes is
not obtained.

5. Conclusions

In this study, the uniaxial compression test is carried out for
basalt, granite, and marble, and the brittleness and rockburst
proneness of the three kinds of rock are quantitatively
evaluated. (rough analysis of the acoustic emission

evolution characteristics, the differences of the fracture
mechanism of the three kinds of rocks are compared. (e
main conclusions are as follows:

(1) Based on the quantitative evaluation index of brit-
tleness Bd, the brittleness of the three rocks is
compared. (e results show that basalt is the most
brittle, followed by granite, and marble is the
weakest.

(2) Based on the evaluation index of rockburst prone-
ness Es, combined with the macroscopic failure
phenomenon and morphology of samples, basalt has
the strongest rockburst proneness, followed by
granite and marble. (ere is a positive correlation
between brittleness and rockburst proneness, that is,
the stronger the brittleness, the larger the rockburst
proneness. (e fitting results show that there is an
exponential relationship between brittleness index
Bd and rockburst proneness Es.

(3) Different from marble, both the basalt and granite
with strong brittleness continuously present high-
energy acoustic emission signals in the stage of
unstable crack propagation, which means large-scale
fractures continue to occur.

(4) According to the calculation results of the AE b value
and its physical significance, for basalt and granite
with stronger brittleness, the proportion of large-
scale fracture events in the failure process is larger
than that of marble.
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