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Abstract: The size of underground openings in rock masses in metal mines is critical to the performance of the openings. In this study, the
mechanical and acoustic emission (AE) characteristics of brittle rock-like specimens containing a circular opening with different ratios of
opening diameter to sample size 4 (A = 0.1, 0.13, 0.17, 0.2, and 0.23) were investigated under uniaxial compression with AE monitoring. The
results indicate that the opening size strongly affected the peak strength and the elastic modulus. Crack initiation first started from the upper
surface of the specimens, not from the periphery of the openings. Tensile and shear cracks coexisted on the roof and floor of the specimens,
whereas tensile cracks were dominant on the two sides. The fracture mode of samples with openings was partially affected by the relative
size of the pillars and openings. The AE response curves (in terms of counts, cumulative energy, cumulative counts, and b-value) show that
brittle failure was mainly a progressive process. Moreover, the AE information corresponded well with microcrack evolution in the samples

and thus can be used to predict sample failure.
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1. Introduction

The excavation and application of underground openings
such as tunnels and vertical circular shafts in deep rock
masses for metal mines are rapidly increasing worldwide.
However, the construction of these underground openings
may lead to stress concentration or release in the surround-
ing rock mass and may consequently cause local degrada-
tion or even overall degradation of the affected rock mass,
decreasing its strength and increasing its hydraulic conduc-
tivity [1-2]. Meanwhile, the area around openings for which
the rock mass state has changed significantly is usually ac-
companied by irreversible deformation, crack propagation,
and the development of new cracks [3]; this affects the me-
chanical behavior of the rock mass over a broad area, thus
affecting the long-term safety of the underground openings.

The stability of underground openings in metal mines has
always been a critical issue, especially for high in situ stress
conditions, which have a greatly increased probability of
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failure. To investigate the failure behaviors of underground
openings, many studies have been carried out to examine
rock or rock-like materials failure near openings through
experiment or numerical simulation. For example, based on
practical experience, Martini ef al. [3] suggested that spal-
ling appears in the area of maximum tangential stress
around the boundary of an opening. Kratzsch [4] summa-
rized four types of shaft deformation and failure patterns,
i.e., the inclination of a central line, vertical compression or
stretching, horizontal extrusion, and dislocation of the shaft
wall. Fakhimi et al. [5] explored the loading failure beha-
viors around the underground excavation in a rock mass us-
ing a sandstone sample with a circular opening under biaxial
loading condition. Gui et al. [6] numerically studied the in-
fluences of non-banded openings on the mechanical beha-
viors and fracture pattern of the rock mass and stated that
the opening in the rock generally decreases the rock’s
strength and stiffness. Weng et al. [7] investigated the frac-
ture evolution behavior around an opening under coupled
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static-dynamic loading and concluded that the initial stress
level remarkably affects the dynamic crack initiation stress,
dynamic crack velocity, and failure mode of the samples.
The previous works have contributed to understanding the
failure characteristics and crack evolution in samples with
an opening. However, the failure mechanism of under-
ground openings is still incomplete. In addition to the effects
of exogenous factors, many parameters of an opening it-
self—such as the opening size, distribution, and shape—can
also affect the failure behaviors of the rock mass around the
opening. For a specific opening shape, little attempt has
been made to distinguish the differences in failure characte-
ristics among specimens with different opening sizes. Prac-
tical experience indicates that the opening size inevitably in-
fluences the mechanical characteristics (such as compressive
strength) and the crack propagation, coalescence, and failure
modes near the opening in a brittle rock. Hence, determining
a reasonable opening size is necessary in engineering prac-
tice.

In the present study, among the various opening configu-
ration parameters, the opening diameter was the only chosen
variable. The behaviors of the prepared brittle rock-like spe-
cimens with circular opening diameters of 15, 20, 25, 30,
and 35 mm were investigated under uniaxial loading condi-
tion. Meanwhile, acoustic emission (AE) monitoring was
conducted throughout the failure process for a detailed analy-
sis. The mechanical strength and deformation, crack evolution
and failure mode, and AE characteristics of the rock-like
samples of interest were systematically analyzed. The re-
search results can significantly enrich the understanding of
brittle rock failure mechanisms and guide rock failure predic-
tion, which can help prevent disasters at mine openings.

2. Experimental
2.1. Specimen preparation

Natural rocks generally have discontinuities, such as
joints, fractures, and bedding planes, which may cause un-
predictable interference in the uniaxial compression loading
test results. Thus, numerous kinds of materials such as gyp-
sum, cement, and cement-sand are widely used to produce
rock-like specimens [2,8]. As a common laboratory test
model material, cement has many advantages, such as its
easy availability, low cost, and reproducibility; thus, it was
selected as the rock-like material in this study to simulate
rock masses with different diameter circular openings. The
prepared synthetic rock-like specimens were made with
high-early-strength cement and tap water in a proportion of
2:1 by weight. The sample preparation fabrication procedure
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was as follows: (1) the weighed mixture (i.e., the
high-early-strength cement and tap water) was poured into a
mechanical agitator and mixed at low speed for 3 min, and
then mixed at high speed for 2 min to obtain a homogeneous
cement paste. (2) The mixed cement slurry was poured into
a carefully designed steel mold with a cylindrical steel shaft
of known diameter to form an opening inside the sample. (3)
The steel mold with the cement slurry was affixed to the vi-
bration table and vibrated for approximately 1 min to ex-
haust the air bubbles inside the sample. (4) The paste was
left to build up strength for approximately one hour, and
then the specimen was carefully removed from the steel
mold by dismantling it to ensure the specimen integrity. (5)
The specimens were stored and cured in a standard curing
box at a temperature of 20+ 1°C and a humidity of ap-
proximately 95% for seven days before laboratory testing.
The specimen preparation procedure is presented in Fig. 1.
Note that the outer wall of the cylindrical steel shaft was
coated with a lubricant (petroleum jelly) so that the sample
can be easily separated from the steel shaft. The dimensions
of the artificial rock-like specimens were 150 mm x 150
mm (height x width) with a thickness of 75 mm, and the
circular opening diameters (D) inside the specimens were 15,
20, 25, 30, and 35 mm, as shown in Fig. 2. The ratio of
opening diameters to the height or width of the entire model
(4) was approximately 0.1, 0.13, 0.17, 0.2, and 0.23, respec-
tively. Compared with natural rocks, the rock-like samples
exhibit more homogeneous and isotropic features because
their particle size distribution is uniform and refined. The
physical and mechanical properties (average values) for the
intact rock-like samples are listed in Table 1. In terms of the
strength parameters, the uniaxial compressive strength (UCS)
of the intact sample is 30.18 MPa; the rock-like specimen can
be considered as soft rock. Additionally, the ratio of the UCS
to the uniaxial tensile strength exceeds 15, which indicates
that the rock-like specimens exhibit significant brittleness [9].

Fig. 1. Specimen preparation procedure: (a) weighing cement;
(b) mixing and stirring; (c) vibration table; (d) standing for
about an hour; (e) removing a specimen from a mold; (f) stan-
dard curing box.
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Fig. 2. Rock-like models with opening A values of 0.1, 0.13,
0.17, 0.2, and 0.23, and an intact rock-like sample.

Table 1. Properties of the intact rock-like samples
Item Experimental result
Density, p / (g-em™) 1.76
Uniaxial compressive strength, UCS / MPa 30.18
Uniaxial tensile strength, o,/ MPa 1.96
Elastic modulus, E / GPa 0.76
Poisson’s ratio, v 0.15
2.2. Test system

An RLW-3000 computer-controlled servo-hydraulic
compression machine (Fig. 3(a)) was used for mechanical
behavior testing. This machine contains a main loading
structure with vertical and horizontal loading systems,
which allows for uniaxial and biaxial loading tests. The
maximum load capacity (vertical direction) of the machine
is 3000 kN, and the axial load and displacements can be ac-

quired automatically by the loading equipment. A
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six-channel AE monitoring system (PCI-2) (Fig. 3(b)) pro-
duced by Physical Acoustics Corporation (PAC), USA, was
used to monitor the AE signals generated during specimen
loading. The AE transducer (type R6a, from PAC) (Fig. 3(c))
is a resonant and highly sensitive instrument with a fre-
quency response range of 0 to 300 kHz. The AE monitoring
system has the advantages of a low threshold, fast
processing speed, high reliability, and low noise, which ef-
fectively reduces the sampling noise. A schematic diagram
showing the AE event waveform parameters is presented in
Fig. 4, and detailed definitions of AE event terminology can
be found in [10].

AE transducer

Fig. 3. RLW-3000 servo-controlled testing machine (a), PCI-2
AE monitoring system (b), and Réa AE transducers (c).

Rise-time
E
Loading F Y nerey
IBEREEEREE y 9 - Ring-down count
% ’ Peak amplitude | | f A \\
Rocksample B =ie b Threshold
o  NEUUUWN ITLTITIN VNNV

Cracking }

tibr et
Loading

& transducer \j

Event duration

\/ NN \Y 4

Fig. 4. Features of transient AE waveform generated from a loaded rock-like sample (modified as in Zhao et al. [11]).

2.3. Testing methods

Uniaxial loading was applied to the rock-like samples to
study the rock mass behavior near openings with different 1
values (Fig. 5(a)). The uniaxial loading test’s experimental
procedures involved the following steps: (1) Four AE trans-
ducers were arranged around the opening at four points ap-
proximately 30 mm away from the nearest specimen boun-

dary (Fig. 5(b)) to better cover the specimen and precisely
record the AE signals. The sensors surfaces were coated
with a thin layer of petroleum jelly, and then the sensors
were affixed to the specimen’s surface with a rubber band to
achieve good acoustic coupling between the sensors and the
specimen and reduce AE signal attenuation. (2) The pre-
pared sample was arranged on the test bench. The top and



1220

bottom compressed planes of the specimen were coated with
petroleum jelly to reduce the end friction between the sam-
ple and the loading platens during the test. (3) A 1 kN ver-
tical load was pre-applied to ensure that the compressed
planes of the specimen were in full contact with the loading
platens and prevent the contact noise that is generated dur-
ing contact from affecting the AE monitoring results. The
vertical load was then gradually increased until the sample
failed, and the AE signals were monitored continuously in
real time. The entire experiment was monitored by a video
recorder. Displacement-control mode was employed for the
loading configuration, and the constant loading rate was set
to be 0.1 mm/min to eliminate dynamic influences on the
sample [2]. Note that in all tests, the compression machine
and AE host were grounded to eliminate noise caused by the
current. The AE signals transmitted from the four AE sen-
sors were amplified with a gain of 40 dB to eliminate the in-
fluence of background noise. The trigger threshold magni-
tude of AE was set to 45 dB, and the full waveform data
were automatically recorded at a 1 MHz data acquisition
rate. Moreover, the timing of each test data acquisition sys-
tem was synchronized before the tests to ensure that the data
from the mechanical test and that of AE were strictly tem-
porally matched.

Fig. 5. Uniaxial loading configuration (a) and the designed
positions of AE transducers on the specimen (b).

3. Results
3.1. Strength and deformation behavior of specimens

Fig. 6 shows the complete stress-strain curves of the un-
iaxial load test of the rock-like specimens. The specimens
exhibited similar curve shapes, as expected, and experienced
an initial compaction stage and a linear elastic deformation
stage, and then the stress dropped sharply with the ringing
sound of rupture, showing significant elastic-brittle failure,
with a small amount of plastic deformation appearing near
the peak strength. The stress—strain curves of the specimens
in the uniaxial compression test (Fig. 6) agree well with the
typical brittle behavior model, as illustrated in Fig. 7. It is
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worth noting that the curves in the initial compaction stage
are slightly bent upward (Fig. 6), which may be a conse-
quence of the compaction of a large number of microscop-
ic/submicroscopic flaws/cracks, such as grain boundaries
and internal and transgranular cracks in the specimens. Al-
though the synthetic rock-like specimens are devoid of pri-
mary pores, they inevitably contain these microcracks,
which are randomly distributed throughout the sample vo-
lume.
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Fig. 6. Complete stress—strain curves for specimens with dif-
ferent opening sizes in the uniaxial compression test.
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Fig. 7. Various post-peak responses used in continuum mod-
els [9].

Fig. 8 shows the experimentally obtained peak strength
versus A. The peak strength of the specimens decreased as 4
increased from 0.1 to 0.23. The UCS of the intact specimen
was 30.18 MPa (Table 1); the UCSs of specimens with A =
0.1, 0.13, 0.17, 0.2, and 0.23 decreased by approximately
3.88%, 8.15%, 14.41%, 15.41%, and 19.12%, respectively.
Hence, it can be deduced that the opening size had a signif-
icant influence on the specimen’s strengths. Specifically, the
changes in the UCS imply that the sample is more suscepti-
ble to cracking as the opening diameter increases. This is
mainly due to the decrease in the relative size of the pillar,
which aggravates the concentration of tensile stress around
the opening, leading to early failure. Additionally, Fig. 8 il-
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lustrates the change in the experimentally obtained elastic
modulus (E) with 4 to investigate the effect of 4 on the elas-
tic modulus. In the experimental results, £ was calculated
using the tangent modulus at the 1/2 failure stress level of
the complete stress—strain curve. As depicted in Fig. 8, the £
of the samples increased as A increased from 0.1 to 0.2 and
decreased as A increased from 0.2 to 0.23, ranging generally
between 0.59 and 0.78 GPa. The E of the intact specimen
was 0.76 GPa (Table 1); the specimens with A = 0.1, 0.13,
0.17, and 0.23 exhibited decreases in £ of approximately
22.37%, 22.37%, 13.16%, and 21.05%, respectively, while
the specimen with 4 = 0.2 showed an increase of approx-
imately 2.63%. Consequently, the effects of 4 on the elastic
modulus are remarkable. This result suggests that the open-
ing size also plays a critical role in sample deformability. It
should be noted that the trend in £ is not consistent with the
peak strength, and the samples with different A values had
high strength and low elastic modulus. Generally, elastic
modulus and strength are different macroscopic manifesta-
tions of the mechanical properties of rock samples and are
usually positively correlated. However, they have no defi-
nite mechanical relationship, and there are many exceptions,
including negative correlation and noncorrelation [12—-13].
This can be explained because a rock sample is an aggregate
of mineral particles that are heterogeneous and anisotropic
both microscopically and macroscopically; it is not an ideal
linear elastomer. As mentioned earlier, the rock-like samples
used were likely to contain microscopic/submicroscopic
flaws/cracks, which may lead to the approximate negative
correlation between elastic modulus and strength. This cha-
racteristic, however, still needs to be further studied.
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Fig. 8. Influences of opening diameter on the uniaxial com-
pressive strength and the elastic modulus of the specimens.

3.2. Characteristics of failure mode and crack evolution

The failure behaviors of a rock mass with an opening are
closely related to the stress distribution around the opening

in the loaded condition. To better understand the failure
mode and crack evolution of the tested specimens, the stress
distribution characteristics around a circular hole needs to be
briefly analyzed. Fig. 9(a) illustrates a circular cavity located
in a homogeneous, isotropic, linear elastic, and non-creeping
surrounding rock mass subjected to a vertical stress P and a
horizontal stress kP (k is the lateral pressure coefficient).
According to the elasticity theory, the stress distribution in
the surrounding rock mass with a planar circular opening is
given by [14]

7’2 r r
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2 4
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where o,, gy, and 7,4 are the radial stress, tangential stress,
and shear stress, respectively, on the circumference at a dis-
tance » from the center of the circular opening in the polar
coordinate system; R is the radius of the circular hole; 6 is
the angle between the radius and the horizontal axis; P is the
vertical stress; and & is the lateral pressure coefficient, which
is equal to zero when the loading is uniaxial.
When r = Ry, Eq. (1) can be further simplified as
0,=0
0y =P(l+k)-2P(1—k)cos20 2
=0
In the uniaxial loading condition (k = 0), the tensile stress
concentration coefficient at the roof and floor periphery of

T,

%

the opening is 1.0, and the compressive stress concentration
coefficient at the periphery of the opening sidewall reaches
3.0. Accordingly, the tensile damage of the materials first
appears, and the main tensile cracks will be theoretically
formed at the roof and floor of the opening. A plot of the
stress distribution law in an elastic rock mass around a cir-
cular opening subjected to uniaxial compressive load is pre-
sented in Fig. 9(b). It can be found that the maximum com-
pressive stress is in the horizontal orientation, while the
maximum tensile stress is parallel to the loading orientation,
in other words, at the center of the roof and floor periphery
of the opening. Therefore, tensile failure tends to appear in
the center of the top and bottom of the opening, and the two
sidewalls of the opening are prone to compressive failure.
Note that although Egs. (1) and (2) are suitable only for an
opening located on an infinite plane, the excavation stress
disturbance range of a circular opening is 3-5 times the
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opening radius. If the smallest disturbance multiple, 3, is se-
lected, the specimen sizes that are used can be considered to
have little influence on the mechanical behavior of the rock

(b)
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mass near the opening. In addition, many other scholars
have calculated the stress distribution around an opening of
samples with similar sizes using Egs. (1) and (2) [15-16].

—_—

k=0

Fig. 9. A circular opening in an infinite medium (a) and the stress distributions around circular openings in homogeneous rock

under uniaxial loading (b) [14].

Detailed views of the ultimate fracture behavior of the
rock-like samples with 4 equal to 0.1, 0.13, and 0.2 under
uniaxial loading are shown in Figs. 10(a), 10(b), and 10(d).
The two samples with 4 equal to 0.17 and 0.23 burst sud-
denly during uniaxial loading (see the schematic diagrams in
Figs. 10(c) and 10(e)), which may be due to the brittleness
of the samples. Therefore, only the failure mode and crack
evolution characteristics of the samples with A equal to 0.1,
0.13, and 0.2 were analyzed. Video recorder monitoring re-
sults revealed that the sample failures were locally progres-
sive. Crack initiation first started from the upper surface on
all the specimens, rather than at the peripheries of the open-
ings. The cracks then gradually propagated to the holes,
primarily toward points in the horizontal radial direction of
the holes. Moreover, the developed cracks grew parallel to
the loading direction. Specifically, as shown in Figs. 10(a),
10(b), and 10(d), the A values were 0.1, 0.13, and 0.2; initial
cracks (generally tensile cracks) were first found at the top
of the circular openings, and then shear cracks appeared
near the openings and almost penetrated through the entire
sample. Tensile and shear cracks coexisted on the roof and
floor of the specimens. Tensile cracks were dominant on the
two sides, whereas shear cracks generally penetrated
through the openings or the areas near the opening. The mi-
crocracks on the left and right of the openings apparently
tended to further grow toward their original directions.
When the loading stresses reached the peak strengths of the
samples, crack zones on both sides penetrated the entire
specimens and formed macroscopic cracks (Figs. 10(a),
10(b), and 10(d)). This observation aligns with the theoreti-
cal analysis (Fig. 9(b)).

Although the forms of the crucial primary cracks causing
specimen failure in Figs. 10(a), 10(b), and 10(d) are gener-

ally the same, some differences still exist in the obtained
macroscopic overall failure modes among these three sam-
ples with different opening sizes. Specifically, the failure
mode of the specimen with 4 = 0.1 shows splitting along
multiple planes (including shear failure along the opening)
(Fig. 10(a)); the specimen with 4 = 0.13 shows partial shear
near the opening and spalling (Fig. 10(b)); and the specimen
with 4 = 0.2 shows shear failure along the opening and par-
tial spalling (Fig. 10(d)). These differences may be because
the fracture mode of a sample with precut openings is par-
tially affected by the relative size of the pillars and openings.
However, all three failure modes obtained in this study
demonstrate that extension cracks occur at the top or the
bottom of the openings and spalling or slabbing appears on
the sidewalls, which agrees with existing conclusions [7].
This may be because the redistributed stress around the
openings produces lateral stress at the roof and the floor of
the openings. Moreover, the failure modes generally coin-
cide with the sample fracture results of brittle granites ob-
tained by Xu et al. [15]. In summary, the above analysis not
only illustrates the correctness of the failure modes around
the opening obtained in this study but also shows that it is
suitable to use rock-like samples to simulate the failure of a
natural brittle rock with an opening.

Observations of the tested brittle sample failures suggest
that the brittle failure process involves the initiation, growth,
and coalescence of microcracks. Microcrack initiation is
mainly due to stress concentrations at the microscop-
ic/submicroscopic flaw or crack ends in the samples. Nota-
bly, only microcracks with proper directions and dimensions
will create new microcracks at their tips. In addition, the
crack coalescence process can be considered a function of
the distribution and interrelationship of the preexisting mi-
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croscopic cracks [17]. This view is supported or supple-
mented by various failure modes of the rock-like samples
under uniaxial compression in this study (Fig. 10). During
uniaxial loading, the crack initiation begins at the preexist-
ing microcrack tips in the samples and then reaches the
stage of stable crack growth, which is followed by unstable
crack propagation starting below the crack-damage stress.
The unstable crack propagation ultimately results in sample
failure. Moreover, the density, distribution, and mode of the
microcracks during the stable and unstable crack propaga-
tion stages are quite different from the properties of the
preexisting microcracks [17]. The crack locations formed
around the openings during loading are basically aligned
with the orientation of the maximum principal stress (here,
the vertical direction). The direction of the macroscopic
crack is nearly the same as that of the maximum principal
stress.

Additionally, with increased opening diameter, the width
of the final formed crack tends to increase (Fig. 10). The
opening may function as a stress concentrator as the speci-
men is subjected to uniaxial compression. As the opening
diameter enlarges, the stress concentration location will typ-
ically be easy to fracture. Hence, corresponding support
measures should be taken during the construction of large
underground circular cavities to prevent collapse.

N Shear crack
— Tensile crack

Fig. 10. Ultimate fracture behaviors of rock mode with dif-
ferent 1 values during uniaxial loading: (a) 4 =0.1; (b) 4 =10.13;
(©)2=0.17; (d) 2=0.2; () A= 0.23.

3.3. Acoustic emission characteristics of specimens

During the early phase of specimen loading, the initial
microscopic/submicroscopic flaws or cracks in the speci-
mens are compacted and closed, causing an AE phenome-
non. The continuously increasing load will cause drastic
changes in the stress around the opening, and numerous AE
events will occur, along with the formation of considerable
microcracks in the specimen when the sample stress reaches
a certain level. As a phenomenon that accompanies the sam-
ple failure process, AE contains much information about the
sample’s internal deformation characteristics and mechani-

cal behavior [18-19]. The AE information can directly re-
flect the evolution of microcracks in samples and can also
be used to capture the precursors of sample failure. Many
parameters (such as AE absolute energy, waveforms, counts,
hits, rise time, duration, and derived b-value) have been used
to characterize the AE characteristics of a rock mass [20]. In
this paper, AE counts, cumulative energy, cumulative counts,
and b-value are employed to reflect the AE behaviors of the
tested samples during loading. Notably, for each specimen,
four sensors were placed to record the AE signals. However,
to ensure the AE signals can be effectively and continuously
recorded during sample fracture, of the four sensors, only
the sensor with the best and most comprehensive AE data
and that best matches the stress—strain curves was selected
to calculate the AE parameters [21-23].

Fig. 11 shows the evolution characteristics of the AE
counts accompanied by the corresponding stress—time—count
curves during uniaxial loading. It can be seen that the
change trends of the AE counts of the samples with the five
opening diameters (i.e., 2 = 0.1, 0.13, 0.17, 0.2, and 0.23)
are highly similar. Generally, the AE events accumulated
throughout the uniaxial test of rock-like specimens in this
study show a noticeable “stage” characteristic over the en-
tire test process and can be classified into four main stages:
the loading stage, the pre-event stage, the random event
stage, and the coalesced fracture stage. The loading stage
applies to the portion of the specimen testing with limited
AE events, which are caused by the initial microscop-
ic/submicroscopic flaw or crack closure and friction in the
compaction process. The pre-event stage is the loading span
during which no appreciable AE events occur in the sample
when it is loaded below its strength. The random event stage
signifies the beginning of appreciable AE event occurrence.
During the random event stage, AE events are typically dis-
tributed randomly throughout the specimen. The AE events
in this stage signify the material reacting to a loading condi-
tion that causes micro-fractures throughout the sample. The
randomized nature of the events in this stage reflects the
load finding the weak or stress-concentrated regions in the
specimen. The coalesced fracture stage occurs when rando-
mized events begin to coalesce into a predictable macro
fracture direction; this stage continues until the fracture of
the main sample. The typical fracture stage classification in
the AE events versus loading plot can be seen in Fig. 11. On
the other hand, the final AE count values for the A = 0.13
and 0.17 specimens are approximately equal and are slightly
greater than those of the other three specimens. Additionally,
the five AE response curves in Fig. 11 show that the AE
drop in the coalesced fracture stage is not apparent in brittle
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failure. The rock-like specimens failed immediately after the
AE peak, which corresponds to the stress change characte-
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ristics. Consequently, the AE peak can be regarded as an in-
dication for the failure of the brittle specimens.
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Fig. 12 illustrates the cumulative energy and count—time
curves for the unconfined load test on the rock-like speci-
mens. For the specimens with A value from 0.1 to 0.23, the
AE evolution laws in terms of cumulative energy during
stress loading are similar and generally have three stages: (1)
During the initial stage, the cumulative energy of AE is
close to zero, and the curves are approximately horizontal
straight lines. (2) In the steady increase stage, the cumula-
tive energy gradually increases in a step shape. (3) In the
sudden increase stage, the cumulative energy increases

sharply in a very short time, and the curves rise steeply. This
result validates the accelerated release of AE energy before
the failure. On the other hand, the cumulative count curves
for samples with different opening sizes have similar gener-
al trends and all feature slow increase and sudden increase
processes (Fig. 12). However, the cumulative count curves
also show significant differences in the slow increase stage.
The differences may not only be caused by the differences
in the opening diameters of the samples, which also proba-
bly reflects the fact that a single consistent AE response
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curve does not exist but that there are diverse AE response
curves [21]. Based on the AE cumulative count curves under
uniaxial compression obtained in this study (Fig. 12), four
typical cumulative count curves are summarized in Fig.
13(a). The labels on each AE curve are numbered “1”
through “4”; a region of linear elastic deformation, labeled
“2” on each curve, was present in all four signatures. These
signatures and descriptions are of great help for viewing the
AE response curves of each specimen for which data were
obtained. The AE cumulative counts cover all important
processes that occur in the specimens from the initial appli-
cation of the load to the complete failure. Theoretical con-
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siderations and AE cumulative counts can give us insight
into the mechanism of specimen fracture in compression.
Therefore, an interesting generalized observation is made on
the typical AE cumulative count curves versus the imposed
stress level of the specimens analyzed, as presented in Fig.
13(b), which can be correlated with the heuristic concepts of
the brittle rock fracture process given by Bieniawski [24].
The labels “1” through “4” on the AE curve correspond with
the regions identified in Fig. 13(a). As noted in Fig. 13(b),
the process of fracture growth in the rock-like specimen is
mainly characterized by two stages: stable and unstable
fracture growth.
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The b-value analysis (i.e., magnitude-frequency distribu-
tion analysis) can provide an additional means to character-
ize specimens with different A values. The original relation-
ship determined by Gutenberg and Richter [22] was adapted
to correlate the annual number (average frequency) of
earthquakes with corresponding earthquake magnitudes. To
date, this relationship has been widely used to investigate
rock failure, especially the propagation and evolution
processes of rock cracks, in geotechnical and rock mechan-
ics applications [22,25-26].

The relationship between the magnitude and frequency
can be expressed as
log,(N)=a—-bM 3)
where M is the earthquake magnitude; N is the number of
earthquake events that lie within M + AM, which is consi-
dered as the number of AE events of samples in this study;
and a and b are empirical constants.

Eq. (3) shows that the constant b represents the slope of
the magnitude-frequency distribution plot. For rock AE,
the b-value represents a function of the crack propagation
scale [26]. The basic concept is that as the rock damage be-
comes more localized, the b-value decreases. Previous stu-
dies suggest that the b-value drops to a value far less than
approximately 1.0 when samples become unstable, such as
during the generation of macrocracks in samples [24].
Moreover, the b-value is closely related to the size of the AE
sample space, the AE N value, and the determination of
magnitude M. Commonly, the AE energy presented on a lo-
garithmic scale can replace the earthquake magnitude M.
The magnitude step spacing was selected to be 0.5, i.e., AM
= 0.5, and the N value is the count by the cumulative fre-
quency. According to the AE test acquisition frequency, to
prevent the calculation error of the b-value from being too

large due to a too-small calculation interval, 100 AE events
are taken as sliding windows and the initial time of the
windows is taken as the time for calculating the b-value, and
the AE event frequency N and the average energy value M
representing magnitude in each window are obtained, and
thus, the corresponding b-value is obtained. The b-values
are calculated using an in-house developed MATLAB code.
This yields b-values in the same range as those seen in
seismic applications.

Fig. 14 illustrates the change trends of the h-values with
time in the entire failure process for specimens with various
A values. It can be observed that the variation characteristics
of the sample h-values are basically the same under uniaxial
loading conditions and all show an evolution pattern of
fluctuation in the first half of loading, followed by rapid de-
cline before failure. Specifically, from the start of loading to
approximately 90% of the peak stress, the b-values of the
samples fluctuate within a certain range (generally between
0.1 and 0.5) and show an overall downward trend, which re-
flects the gradual development of microcracks. The fluctua-
tion of the b-values also indicates the stress adjustment in-
side the samples due to crack propagation, but the samples
still maintain their structural integrity during this process.
The physical meaning of the b-value is a measure of crack
development and evolution [26]. In other words, the overall
magnitudes and change trends of the b-value are closely re-
lated to the development of cracks in the samples. As shown
in Fig. 14, when the b-value decreases in a phase, it indi-
cates that the proportion of small AE events decreases and
the number of large AE events increases. When the b-value
increases in a phase, it means that the number of small AE
events increases. When the h-value changes steadily with a
small amplitude in a phase, it implies that the number of
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occurrences of large and small AE events is roughly equal
and stable (such as Fig. 14(c)), and the crack growth of the
sample is gradual and stable under this condition. Remarka-
bly, each large drop occurs after a phase of gradual increase
in b-value, as shown in Fig. 14; that is, small cracks first
occur and then a large one occurs, implying coalescence of
the just-formed cracks. In addition, the b-values of the sam-
ples drop sharply when the corresponding stresses drop be-
fore failure. After that, the b-values drop rapidly and reach
their lowest points at the main point of rupture. Combined
with the stress—strain curve, it is believed that a sudden
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change in the b-value corresponds to a stress drop in the
samples and brittle failure of the samples. Near the peak
stress, the small cracks coalesce and develop into large ma-
crocracks. At this time, the number of large-energy events
increases. An abrupt decrease in the b-value indicates a
change in the development form of cracks in samples, and
cracks propagate dramatically, which is a sign of an increase
in AE events, and the samples may be damaged. The physi-
cal mechanism of the decrease in b-value before sample
failure can be attributed to two aspects [27]: the microcracks
in the sample change from tensile fracture to shear fracture,
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and secondly, the crack interaction is highly enhanced. The
combined effect of these two aspects significantly increases
the number of large events and decreases the b-value. The
minimum point on the b-value curve of a sample is close to
the curve’s final decline stage, when the AE feature is ex-
tremely active. This point can be regarded as the precursor
point of the sample failure. The precursor points of the sam-
ples with different A values are marked in Fig. 14. The stress
values corresponding to the precursor points of the samples
with 2 = 0.1, 0.13, 0.17, 0.2, and 0.23 are approximately
91.28%, 90.26%, 94.70%, 90.09%, and 94.51% of their own
peak stresses, respectively. This result can be applied to pre-
dict damage at underground openings.

4. Discussion

As noted, the peak strength of all rock-like samples con-
taining a single circular hole used in this paper is less than
30 MPa, which is much lower than that of real hard rocks
(such as sandstone and marble). However, the experimental
results obtained in this paper are comparable. For example,
Li et al. [16] studied the deformation and fracturing process
of marble samples with a single circular or elliptical hole
using digital image correlation. They found that for samples
with holes of different geometric shapes, the fracture devel-
ops from primary tensile fractures to secondary fractures
and then to shear fractures. The two tensile cracks first in-
itiate from the top and bottom of the existing openings and
propagate along the loading direction. With the initiation
and propagation of secondary cracks on the left and right
sides of the openings, the two tensile cracks gradually close,
and the tensile strain concentration areas disappear. Finally,
the diagonal high-strain zones intersect at the left and right
sides of the openings, resulting in the final macroscopic
failure of the samples. Crack coalescence behavior around
elliptical and circular openings in sandstone specimens was
investigated by Huang et al. [28] using photographic and
AE monitoring; they found that the tensile cracks appeared
at the upper and lower parts of the samples, while shear
stress concentration occurred on the sidewalls of the hole.
With increasing load, more tensile damage appeared at the
top and bottom of the hole. However, shear failure patterns
were only captured at the two sides of the hole. Moreover,
cracks originating from the perimeter surfaces of the oval or
circular holes were considered to be shear cracks, tensile
cracks, and composite shear and tensile cracks. In summary,
the above test results further validate the inferences in this
study, that is, those of the composite tensile and shear cracks
shown in Fig. 10.
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The fracture behaviors of a brittle sample with an open-
ing are closely correlated with the scale, particle size, and
discontinuity of the sample. A visual inspection of the sam-
ples tested in this study indicates that the designed sample
diameters are more than 20 times larger than that of the rock,
meeting the recommendations by the International Society
for Rock Mechanics (ISRM) [7]. Moreover, the opening
sizes are much greater than the particle size, and the expe-
rimental results from samples with different opening diame-
ters prepared under the same conditions follow an accepta-
ble trend. As mentioned previously, the height and width of
the tested specimens were each 150 mm, and the thickness
was 75 mm. Thus, the aspect ratio of the samples is equal to
1.0, which is considered small compared to the ISRM test
criterion, which suggests an aspect ratio of 2.5-3.0 for un-
iaxial compression loads. For a brittle sample with a small
aspect ratio (< 1.0), the fractures at areas far from the open-
ing are typically caused by tensile failure, because large
sections of the sample may be subjected to greater con-
finement due to the friction between the specimen and the
platens [29-30]. Similarly, Hajiabdolmajid et al. [9] pointed
out that brittle failure mainly results from the growth and
coalescence of tensile cracks, and that tensile crack genera-
tion precedes shear failure, based on the theoretical analysis.
This conclusion is also strongly supported by the results ob-
tained in the present study (Fig. 10). Conversely, the failure
mode of brittle samples that have a large aspect ratio (> 1.0)
appears to be shear failure [31]. However, these conclusions
still need to be validated by the real failure mode of under-
ground openings in mining engineering.

To achieve our goal, the prepared rock-like samples can
be regarded as isotropic rock masses, which eliminates the
interference of other factors on the opening failure behavior.
In mining engineering practice, the rock mass around the
underground openings usually shows anisotropy due to
preexisting and/or mining-induced discontinuities, such as
joints and faults. The existence of such discontinuities alters
the peripheral stress distribution pattern around the under-
ground openings in terms of orientation and magnitude,
which may lead to various rock mass failure modes, such as
spalling, slabbing, and V-shaped notches, around the open-
ings [2]. Consequently, the real fracture behaviors of mining
engineering rock masses around underground openings may
not be completely consistent with those of the homogeneous
isotropic rock-like samples tested in the laboratory. However,
Weng et al. [7] stated that the influence of the discontinui-
ties is not remarkable and results similar to those in labora-
tory tests can be obtained under the condition of relatively
high in situ stress in the natural brittle rock mass. Therefore,
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further studies are still necessary to investigate the degree of
influence of discontinuities with different scales and occur-
rence on the failure modes around the brittle rock mass
openings.

Additionally, during the excavation and service of under-
ground openings in metal mines, vault displacement is gen-
erally used as an important monitoring parameter to assess
the stability of the openings. The displacement monitored at
the top can be used as an early warning signal for the failure
of rock masses with small and large openings. The failure
mode and the time required for the failure of openings with
different sizes vary. The experimental results in this study
show that with the increased opening size, the sample failure
time tends to decrease (Figs. 11 and 14). As Sagong et al. [2]
explained, in a rock mass with a large opening, the fracture
of the rock mass is likely to be disastrous and unexpected.
Similarly, in this study, the samples with A values of 0.17
and 0.23 suddenly burst during loading. This may be coin-
cidental, but it also warns us that for rock masses with large
opening sizes, special care is required even with a small
rock mass displacement. However, the displacement caused
by rock fracture can be expected to be more gradual with a
small opening size and a stable rock mass. The observations
obtained here show that different in sifu opening stability
monitoring standards in metal mines should be formulated
and used for rock masses with different opening sizes.

5. Conclusions

(1) The prepared rock-like samples exhibited significant
brittleness. The peak strength of the specimens decreased as
the ratio of the opening diameters to the model’s height or
width, 4, increased from 0.1 to 0.23. The opening size
strongly affected the peak strength and the elastic modulus
of the samples. Larger diameter openings and smaller rela-
tive pillar sizes can aggravate the tensile stress concentration
degree around the opening, leading to earlier failure. More-
over, the opening size appears to play a critical role with re-
spect to the samples deformability.

(2) In the uniaxial compression test, the failures of all
tested samples were locally progressive. Crack initiation
first started on the upper surface of the specimens, not from
the periphery of the openings. Tensile and shear cracks
coexisted on the roof and floor of the specimens. Tensile
cracks were dominant on the two sides, whereas shear
cracks generally penetrated through the openings or in the
area near the opening. The fracture mode of the samples
with an opening was partially affected by the relative size of
the pillars and openings. The prepared cement samples ef-

fectively simulated the failure of a brittle rock with an
opening.

(3) The AE information effectively reflected the evolu-
tion of microcracks in the samples and thus can be used as
an additional predictor of sample failure. The change trend
of the AE counts of the samples with different opening di-
ameters are highly similar and can be classified into four
main stages: the loading stage, the pre-event stage, the ran-
dom event stage, and the coalesced fracture stage. The AE
peak can be regarded as an indication of the failure of brittle
specimens. The AE cumulative energy curves of all tested
samples generally had three stages: an initial stage, a steady
increase stage, and a sudden increase stage, demonstrating
the accelerated release of AE energy before sample failure.
The cumulative count curves of the samples with the five
opening diameters showed significant differences in the
slow increase stage. From the start of loading to approx-
imately 90% of the peak stress, the b-values of all tested
samples fluctuated within a certain range (generally between
0.1 and 0.5) and exhibited an overall downward trend,
which reflects the gradual development of the microcracks.
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