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Analysis of the cracking mechanisms in pre-cracked
sandstone under radial compression by moment tensor

analysis of acoustic emissions

Guozhu Wang1, Xulin Luo2, Lei Song3, Yu Wang4, Mouwang Han5,
Zhaocun Song6, Linjun Wu7, Zukun Wang8

Abstract: Rock masses, especially those with different pre-existing cracks, are prone to instability
and failure under tensile loading, resulting in different degrees of engineering disasters. Therefore, to
better understand the effect of pre-existing cracks with different dip angles on the tensile instability
failure behaviour of rocks, the mechanism of crack initiation, propagation and coalescence in pre-
cracked sandstone under radial compression loading is investigated through numerical simulations. The
temporal and spatial evolution of acoustic emission (AE) events is investigated by the moment tensor
(MT), and the fracture mode of micro-cracks is determined. The results show that the pre-existing
cracks weaken the specimens. The strength, crack initiation points and macro-failure modes of the
specimens differ significantly depending on the dip angle of the pre-existing crack. For different dip
angles of the pre-existing cracks, all the micro-cracks at the crack initiation point are tensile cracks,
which are dominant during the whole loading process, and mixed cracks are mainly generated near the
upper and lower loading ends after the peak stress. Of the total number of events, more than 75% are
tensile cracks; approximately 15% are shear mode cracks; and the remainder consist of mixed mode
cracks. The study reveals the instability and failure mechanism of pre-cracked rock, which is of great
significance to ensure the long-term stability of rock mass engineering.

Keywords: acoustic emission, cracking mechanisms, moment tensor, pre-cracked sandstone, radial
compression

1PhD. St., China University of Mining and Technology (CUMT), State Key Laboratory for Geomechanics and
Deep Underground Engineering, Xuzhou 221116, China, e-mail: guozhuwang@cumt.edu.cn, ORCID: 0000-
0003-2025-0907
2Prof., PhD., Zhengzhou University of Industrial Technology, School of Architectural Engineering, Zhengzhou
451150, China, e-mail: luoxulin_zuit@163.com, ORCID: 0000-0001-7263-4860
3Prof., PhD., CUMT, Xuzhou 221116, China, e-mail: leisong@cumt.edu.cn, ORCID: 0000-0002-2747-6805
4PhD. St., CUMT, Xuzhou 221116, China, e-mail: yuwang@cumt.edu.cn, ORCID: 0000-0003-4538-4055
5PhD. St., CUMT, Xuzhou 221116, China, e-mail: 02190803@cumt.edu.cn, ORCID: 0000-0002-0283-3511
6PhD. St., CUMT, Xuzhou 221116, China, e-mail: 18260720976@163.com, ORCID: 0000-0003-1905-3754
7PhD. St., CUMT, Xuzhou 221116, China, e-mail: TB21220021B1@cumt.edu.cn, ORCID: 0000-0001-7242-
2753
8PhD. St., CUMT, Xuzhou 221116, China, e-mail: 02180589@cumt.edu.cn, ORCID: 0000-0003-3975-2413

https://doi.org/10.24425/ace.2022.141896
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:guozhuwang@cumt.edu.cn
https://orcid.org/0000-0003-2025-0907
https://orcid.org/0000-0003-2025-0907
mailto:luoxulin_zuit@163.com
https://orcid.org/0000-0001-7263-4860
mailto:leisong@cumt.edu.cn
https://orcid.org/0000-0002-2747-6805
mailto:yuwang@cumt.edu.cn
https://orcid.org/0000-0003-4538-4055
mailto:02190803@cumt.edu.cn
https://orcid.org/0000-0002-0283-3511
mailto:18260720976@163.com
https://orcid.org/0000-0003-1905-3754
mailto:TB21220021B1@cumt.edu.cn
https://orcid.org/0000-0001-7242-2753
https://orcid.org/0000-0001-7242-2753
mailto:02180589@cumt.edu.cn
https://orcid.org/0000-0003-3975-2413


448 G. WANG et al.

1. Introduction

Rock is a natural brittle material, its tensile strength is far less than its compressive
strength, and tensile failure is one of the main forms of rock instability failure in engi-
neering [1–5]. In particular, due to the existence of initial cracks with different shapes,
sizes and geometric distributions, the tensile failure behaviour of this kind of rock mass is
usually complex [6–9]. The initial cracks will not only reduce the strength of the rock mass
but also induce new cracks [10–12]. Therefore, an in-depth understanding of the tensile
characteristics of pre-cracked rock masses is of great significance to ensure the long-term
stability of rock mass engineering.
To understand the tensile properties of pre-cracked rock, researchers have conducted

a large number of experimental studies with rich results. In the 1970s and 1980s, Awaji
and Sato [13] and Atkinson et al. [14] conducted a series of experimental studies on the
pre-cracked Brazilian disc to study the stress intensity factors. It was found that the stress
intensity factors depends on the length and dip angle of the pre-existing crack. During
the research process, the type I and type II fracture toughness values were determined.
Luo et al. [15] conducted a series of radial compression tests on pre-cracked Brazilian
discs with different dip angles and lengths to study the effects of pre-cracks on the me-
chanical properties, crack initiation and propagation of Brazilian discs. Zhou et al. [16]
conducted Brazilian tests at different loading angles on the filling of a central straight
notched Brazilian disc to study the effect of filling cracks on crack propagation. Erarslan
and Williams [17] conducted static and cyclic radial compression tests on an inclined
cracked chevron notched Brazilian disc and found that the dip angles of pre-existing cracks
and loading conditions have a strong impact on the opening and closing of cracks, crack
initiation point and angle.
At present, research regarding themacro law of pre-existing cracks on rock tensile prop-

erties has been quite sufficient. However, the microscopic characteristics of crack initiation
and propagation in the rock tensile process are difficult to obtain through laboratory tests.
Therefore, numerical simulation has been widely used in the study of the micro-failure
mechanism of pre-cracked rock because of its fast and convenient advantages [18–21].
Among them, the discrete element method has significant advantages in analysing the
micro-failure mechanism of rock masses [22–24]. Hazzard and Young [25] introduced
MT theory into the PFC numerical model and developed a MT model of AE, which pro-
vides a new perspective for analysing the micro-mechanisms of rock mass fractures. The
simulation of AE events can not only provide a deep understanding of the micro-fracture
mechanism of pre-cracked rock masses but also lay a solid foundation for the study of the
fracture micro-seismic activity of fractured rock masses.
As commonly accepted, the macro failure of rock is formed by the propagation and

coalescence of micro-fractures. Therefore, to deeply understand the micro mechanism of
crack initiation and propagation of pre-cracked rock mass under tensile loading, a series of
laboratory tests were carried out on pre-cracked sandstone disc samples with different dip
angles. Then, the numerical model is verified by the macro failure mode and stress–strain
curve obtained from the test. Finally, the numerical simulation is carried out by using the
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verified numerical model. The MT of an AE event is decomposed into a spherical tensor
and a partial tensor to study the temporal and spatial evolution of AE events and determine
the failure form of micro-cracks and focal parameters such as moment magnitude.

2. Modelling method

In this paper, particle flow software for the discrete element method, and an AE MT
algorithm [25] are used to simulate the failure mechanism of pre-existing cracks in red
sandstone under radial compression loading.

2.1. Selection of the bonding model

The selection of the bond model is central to discrete element calculations. The parallel
bond model (as shown in Fig. 1) in particle flow code (PFC) numerical software is used
to simulate adhesive materials between particles that are in contact [18, 26]. The parallel
bond model can be regarded as a spring with normal and tangential components of bond
stiffness on the contact surface, and these components can be transferred to both force and
moment. As shown in Fig. 1, [A] and [B] represent two particles that are in contact; 𝑥 [A]

𝑖
,

𝑥
[𝐵]
𝑖
and 𝑥 [𝐶 ]

𝑖
denote the centre coordinates of particles [A], [B] and bond respectively;

𝑅 is the bond radius, and 𝐿 is the bond thickness. The initial values of the force 𝐹𝑖 and
moment 𝑀 𝑖 are zero after parallel bonding. 𝐹𝑖 and 𝑀 𝑖 can be decomposed into normal
components 𝐹𝑛

𝑖
and 𝑀𝑛

𝑖
, and tangential components 𝐹𝑠

𝑖
and 𝑀𝑠

𝑖
, respectively. Under the

2

Bond model

Fig. 1. Parallel bond model
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action of an applied load, the normal stress 𝜎 and the tangential stress 𝜏 on the parallel
bond can be expressed as:

(2.1)


𝜎 =

−𝐹𝑛

𝐴
+

���𝑀𝑠
𝑖

��� 𝑅
𝐼

𝜏 =

���𝐹𝑠
𝑖

���
𝐴

+

���𝑀𝑛
𝑖

��� 𝑅
𝐽

where, 𝐴 is the area of the parallel bonding interface, 𝐽 is the polar moment of inertia
of the interface, and 𝐼 is the moment of inertia of the interface along the contact point
in the direction of rotation. Similarly, when the normal or tangential stress exceeds the
corresponding parallel bond strength 𝜎 or 𝜏, parallel bond failure occurs, resulting in
tensile micro-cracks or shear micro-cracks, respectively.
According to the existing numerical simulation studies, the parallel bond model has

been widely used in sandstone simulations [27–29]. Therefore, the parallel bond model
was chosen in this study.

2.2. AE simulation method and MT decomposition

It is well known that the rupture strengths of earthquakes, microseisms and AEs gen-
erally follow exponential distributions. In the process of a PFC micro-fracture simulation,
if each micro-fracture is regarded as an AE event and the rupture strength is calculated
according to the source information for micro-fracture inversion, then the rupture strength
is almost the same for all AE events, which is seriously inconsistent with the distribution
law of rupture strengths observed in laboratory tests and field monitoring. Therefore, when
the PFC code is used to simulate an AE, it is assumed that multiple micro-cracks are
generated by bond fracture. If micro-cracks are relatively close in time and space, then they
are considered to be the same AE event.
When the discrete element method is used for a numerical calculation, the MT is the

displacement caused by the force acting on the particle surface, which can be equivalent to
the effect of physical force. With the movement of the source particles, their bonding states
change after a bond failure, which leads to a changes in the contact force. The loaded area
of a micro-crack is the area defined by the centre of the micro-crack and a radius equal to
the largest diameter of the source particles. Therefore, by multiplying the changes in all the
contact forces on the source particle by the corresponding force arms (the distance between
the contact point and the centre of the micro-crack), the MT component can be obtained
by the summation operation as [25]:

(2.2) 𝑀𝑖 𝑗 =
∑︁
𝑠

(
Δ𝐹𝑖𝑅 𝑗

)
where:Δ𝐹𝑖 is the 𝑖th component of the contact force variation, and 𝑅 𝑗 is the 𝑗-th component
of the distance between the contact point and the micro-crack centre. If the AE event
contains only one micro-crack, the spatial location of the AE event is the centre of the
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micro-crack. If the AE event consists of multiple micro-cracks, the geometric centre of all
micro-cracks is the spatial location of the AE event.
The energy released by AE events evolves with time, so the MT can be expressed as

a function of time. To save compute costs and improve the compute efficiency, the MT with
the maximum scalar moment is used to characterise each AE event. The expression of the
scalar moment is

(2.3) 𝑀0 =
©«
3∑︁
𝑗=1

𝑚2𝑗/2
ª®¬
1/2

where 𝑚 𝑗 is the 𝑗-th eigenvalue of the MT matrix.
Furthermore, according to the peak scalar moment of an AE event MT, the calculated

AE event rupture strength is

(2.4) 𝑀 =
2
3
lg𝑀0 − 6

If the MT calculated by formula (2.2) is decomposed into a spherical tensor and
a partial tensor, then the AE rupture type can be evaluated according to the proportion of
the spherical tensor [30].

(2.5)


𝑃ISO ≥ 30% Tensile crack
−30% < 𝑃ISO < 30% Shear crack
𝑃ISO ≤ −30% Mixed-mode crack

2.3. Construction of the numerical model

Sandstone is one of the most common geological rock masses in underground engi-
neering rock mass [31]. The rock sample used in this study is red sandstone, with a reddish
brown appearance, massive fine-grained sandy structure, pore cementation, and no visible
cracks observed by naked eyes. In order to reduce the adverse effect of material heterogene-
ity, the rock samples used are taken from the same rock. The mineral contents are quartz,
potash feldspar, plagioclase, calcite, clay minerals and a small amount of haematite. The
size of the red sandstone disk sample is Φ 50 mm × 25 mm, and a small drilling rig and
emery rope saw [32,33] are used to prefabricate a crack with a length of 2𝑎 = 15 mm and
a width of 0.8 mm in the centre of the disc. At the same time, a cylinder specimen with
dimensions Φ 50 mm ×𝐻 100 mm is made for the uniaxial compression test. The test was
carried out on a DNS 300 rock servo-controlled testing machine at the China University
of Mining and Technology, and the loading test was carried out by the displacement con-
trol method with a loading rate of 0.01 mm/s. The physical and mechanical parameters
of the red sandstone obtained from the test are shown in Table 1. The size of the PFC
numerical simulation sample is consistent with that of the sample used in the laboratory
loading tests. To comprehensively study the influence of the loading angle on the fracture
behaviour of pre-cracked discs, seven pre-existing crack dip angles are used in this paper
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(𝛽 = 0◦, 15◦, 30◦, 45◦, 60◦, 75◦ and 90◦), as shown in Fig. 2. To simulate the laboratory
loading test more realistically and effectively, displacement-controlled loading is also used
in the simulation; that is, simulated loading is carried out by moving the upper and lower
walls, and the loading rate is 0.05 m/s.

Table 1. Physical and mechanical properties of red sandstone

𝜌

(kg/m3)
𝑉𝑃
(km/s)

𝜎𝑐

(MPa)
𝜎𝑡

(MPa)
𝐸

(GPa) a
𝜑

(%)

2434.73 2.9465 76.56 6.52 16.47 0.21 9.71

𝑃 – density; 𝑉𝑃 – P-wave velocity; 𝜎𝑐 – compressive strength; 𝜎𝑡 – tensile strength;
𝐸 – Young’s modulus; a – Poisson’s ratio; 𝜑 – porosity

Fig. 2. Numerical model of a pre-cracked disc

2.4. Micro-parameters calibration

Before the particle flow simulation of the loading test, the micro-parameters should
be calibrated reasonably. The parallel bond model mainly includes the particle contact
modulus, parallel bond modulus, parallel bond stiffness ratio, friction coefficient, parallel
bond strength and other micro-parameters. After selecting the relevant micro-parameters,
a numerical simulation was carried out to obtain the stress–strain curve, failure mode
and other results; these simulation results were compared with the corresponding macro-
mechanical parameters obtained from the laboratory test. The “trial and error method” was
used for continuous debugging until the simulation results were close to those form the
laboratory test. The final micro-parameters selected for the numerical model are shown in
Table 2.
To show the rationality of the micro-parameters in Table 2, the failure mode and stress–

strain curve obtained by the numerical simulation are compared with the results obtained
by the test, as shown in Fig. 3. According to Fig. 3, the failure modes obtained by numerical



ANALYSIS OF THE CRACKING MECHANISMS IN PRE-CRACKED SANDSTONE . . . 453

Table 2. Micro-parameters for red sandstone

Parameters Value Parameters Value

Minimum particle size (mm) 0.15 Friction coefficient 0.5

Maximum particle size (mm) 0.24 Parallel bond tensile strength (MPa) 26.5

Density (kg·m−3) 2400 Parallel bond cohesion (MPa) 32

Porosity 0.15 Parallel bond friction angle (◦) 45

Contact bond modulus (GPa) 0.6 Parallel bond modulus (GPa) 7.0

Contact bond stiffness ratio 1.0 Parallel bond stiffness ratio 1.5

simulation and testing are tensile splitting failure. The tensile strength measured by the
intact disk test is 6.52 MPa, while the tensile strength calculated by numerical simulation
is 6.61 MPa, with a difference of only 1.4%. Because at least three particles are in contact
with a given particle in PFC, the particles are relatively close together, which makes it
impossible to simulated the initial pore compression stage of the sample, so the peak strain
in the numerical simulation is less that in the test.

Fig. 3. Comparison of numerical simulation results and experimental results

Comparing the results of the radial compression test and PFC simulation shows that,
the micro-parameters selected in this paper are reasonable. The results show that the PFC
simulation results are very close to the laboratory test results, which verifies the rationality
of the micro-parameters. The comparison of stress–strain and failure modes under different
pre-existing crack dip angles is shown in Table 3.
Figure 4 shows the variation in the average value of the tensile strength of pre-cracked

sandstone with pre-existing crack dip angle 𝛽 in the laboratory tests and particle flow
simulations. Fig. 4 shows that in the laboratory tests, the tensile strength of the pre-cracked
disc is significantly lower than that of the intact disc, and the tensile strength has a nonlinear
relationship with the dip angle 𝛽, first decreasing, then increasing, then decreasing again,
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Table 3. Comparison of the numerical simulation and experimental results

Dip angle Stress–strain curve Test results Numerical results

0◦

15◦

30◦

45◦

60◦

75◦

90◦
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and finally increasing oncemore. The results show that the tensile strength of rock specimen
modelling in PFC2𝐷 is consistent with that of the laboratory test, but the tensile strength of
rock specimen modelling in PFC2𝐷 is larger than that of the laboratory test for the same dip
angle 𝛽, because the specimen composed of a two-dimensional disk in PFC2𝐷 cannot fully
simulate complex three-dimensional heterogeneous sandstone. The above analysis shows
that the selected micro-parameters can better study and simulate the mechanical parameters
of sandstone under loading.
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Fig. 4. Normalized failure load versus dip angle of the crack

3. Results and interpretation

3.1. Micro-crack distribution

Due to the influence of cracks on AE signal propagation, most of the current experimen-
tal studies mainly focus on AE-MT information before the peak stress [34, 35]. However,
many practical results show that crack propagation in the post-peak stage is very important
for the fracture of rock masses. Therefore, in this paper, the AE-MT numerical algorithm
is used to study the distribution characteristics and fracture mechanism of micro-cracks
in pre-peak and post-peak stages of pre-cracked red sandstone disks. Because discrete el-
ement software cannot truly express the pre-peak pore compaction stage, the crack space
evolution process of 90% before the peak, the peak, 95% after the peak, 90% after the peak
and 85% after the peak (90%, 100%, 105%, 110% and 115% below) is mainly studied.
Figs. 5–11 show the spatial distribution of different types of cracks under radial com-

pression. The blue circles represent tensile cracks, the red rectangles represent shear cracks,
and the green triangles represent mixed cracks.
When the pre-existing crack dip angle is 𝛽 = 0◦ (Fig. 5), the damage inside the sample

is small before the peak stress; only a small number of micro-cracks are found at the upper
and lower loading ends and the pre-existing crack tip, and these is a small number of tensile
cracks, which indicates that the tensile stress begins to concentrate in the pre-existing
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crack tip area. When the stress reaches the peak stress, the micro-cracks grow rapidly from
the pre-existing crack tip to the loading end, and the specimen is mainly subject to axial
splitting failure, which is caused by two tensile cracks at both ends of the pre-existing crack.
During this period, tensile mode cracks are dominant, accompanied by a small number of
shear mode cracks; and the mixed mode cracks are mainly generated at the upper and lower
loading ends, which is consistent with the macro-fracture results in Fig. 5f.

Fig. 5. Spatial distribution of different types of cracks with stress (𝛽 = 0◦)

When the angle of pre-existing crack is 𝛽 = 15◦ (Fig. 6), the position of the crack
initiation point and the process of micro-crack propagation are similar to those when the
angle of pre-existing crack is 0◦. However, when the pre-existing crack angle is 15◦, the
growth rate of the upper crack is not faster than that of the lower crack, and tensile micro-
crack are dominant throughout the loading process. This different from the pre-existing
crack dip angle is 0◦, because mixed mode cracks begin to appear after the peak stress at
the pre-existing crack dip angle is 15◦.
It can be seen from Fig. 7 to Fig. 9 that the macro-failure mode of the specimen is shear

failure, which is different from macro-failure when the pre-existing crack dip angle is 0◦
and 15◦ in that micro-cracking is always accompanied by shear micro-cracking during the
whole propagation process. Although tensile micro-cracks always dominate, shear micro-
cracks are distributed uniformly during loading. This is mainly because the radial region of
the disk is mainly affected by the tensile stress under radial compression loading. Moreover,
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Fig. 6. Spatial distribution of different types of cracks with stress (𝛽 = 15◦)

Fig. 7. Spatial distribution of different types of cracks with stress (𝛽 = 30◦)
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Fig. 8. Spatial distribution of different types of cracks with stress (𝛽 = 45◦)

Fig. 9. Spatial distribution of different types of cracks with stress (𝛽 = 60◦)
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the micro-mechanism of crack failure is very different from the macro-mechanism, and the
sizes of the micro-cracks are mainly in the mm range.
It can be seen from Fig. 10 and Fig. 11 that with the increase in the dip angle of the

pre-existing crack, the crack does not start from the tip of the pre-existing crack, but at
a certain distance from the tip of the pre-existing crack, and the crack initiation times of
the upper and lower cracks are also different. When the angle of the pre-existing crack is
90◦, the crack initiation point is basically at the centre of the disc.

Fig. 10. Spatial distribution of different types of cracks with stress (𝛽 = 75◦)

Fig. 5 to Fig. 11 show that the angle of the pre-existing crack has different effects on the
macro- mechanical and micro-mechanical mechanisms, such as the crack initiation point,
crack propagation process and micro-crack distribution. However, the common points are
as follows: (1) regardless of the location of the crack initiation point, the micro-crack at
the crack initiation point is always a tensile crack, which is mainly due to the influence of
the loading mode and tensile stress concentration at the crack tip. The existing numerical
analysis results show that there is a large tensile stress concentration at the crack tip,
which is the fundamental reason for crack initiation and propagation. (2) In the process of
micro-crack propagation, tensile cracks are always dominant, primarily because the radial
region of the disk is mainly affected by the tensile stress under radial compression loading,
and the shear stress cannot be concentrated in a certain region during the loading process,
forming a larger shear stress concentration region. (3) Mixed mode cracking mainly occurs
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Fig. 11. Spatial distribution of different types of cracks with stress (𝛽 = 90◦)

after the peak stress, primarily because mixed mode cracking has an internal contraction
component, and the internal contraction mechanism occurs only when the macro-crack
reaches a certain degree.

3.2. Percentage of tensile cracks, shear cracks and mixed mode cracks

Figure 12 shows that tensile cracks are dominant during the whole loading process of
specimens with different pre-existing crack dip angles. Before the peak stress, there are
few shear cracks and no mixed cracks. Many micro-cracks occur after the peak stress.
Table 4 shows that approximately 80% of the AE events are caused by tensile fracture,
approximately 15% are caused by shear fracture, and only approximately 5% are caused
by mixed fracture. The AE events of tensile fracture are much larger than those of shear
fracture and mixed fracture, which indicates that the AE events are mainly caused by tensile
failure in the specimen under radial compression loading, and only a few AE events are
caused by shear failure or mixed failure, which is basically consistent with the previous
research results. There is no fixed proportion of the crack types that produce AE in the
process of loading to failure, and the proportion of each crack type is related to the loading
conditions and internal structure of the sample.
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Fig. 12. Fracture types under different stress levels
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Table 4. Ratios of fracture types of AE events

Dip angle
(◦)

Total number
of cracks

Tensile fracture
(%)

Shear fracture
(%)

Mixed fracture
(%)

0◦ 137 75.91 19.71 4.38

15◦ 142 77.46 15.50 7.04

30◦ 140 80.00 15.00 5.00

45◦ 165 81.21 14.55 4.24

60◦ 145 77.93 17.24 4.83

75◦ 140 81.43 13.57 5.00

90◦ 120 81.66 14.17 4.17

3.3. Magnitude analysis of AE events

In seismology, the 𝑏 value represents the relationship between the earthquakemagnitude
and frequency, i.e., the Gutenberg–Richter relation [36]:

(3.1) log 𝑁 = 𝑎 − 𝑏𝑀

where 𝑀 is the magnitude of earthquakes; 𝑁 is the number of earthquakes in the range of
𝑀 + Δ𝑀; 𝑎 is the constant of seismicity degree; and 𝑏 is the 𝑏 value in seismology, which
is only for the magnitude range on the right side of the peak magnitude in the magnitude
frequency distribution. Therefore, the 𝑏 value is equal to the absolute value of the slope of
the regression line between 𝑀 and log 𝑁 in a certain range on the right side of the peak
magnitude.
Figure 13 shows the relationship between the AE event frequency and AE magnitude

of samples with different pre-existing crack dip angles. The AE magnitudes of all samples
are between – 8.5 and – 7.0, and the 𝑏 values are between 1.52 and 2.00. The results of
Kim et al. [37] show that the 𝑏 values of sandstone are between 1.5 and 2.5, which also
shows the correctness of the AE-MT programme used in this paper. The conditions of
pre-existing crack dip angles of 75◦ and 90◦ are excepted, when the magnitude is greater
than – 8.0, the cumulative number of AEs increases rapidly with decreasing magnitude.
It should be noted that the distribution range of high-frequency magnitudes of specimens
with pre-existing crack dip angles of 45◦ and 60◦ is relatively narrow. According to Fig. 4,
when the dip angles are 45◦ and 60◦, the bearing capacity of the specimens is relatively
low, and the specimens are most likely to be damaged during the loading process, which is
consistent with the research results of Ghazvinian et al. [38].
The relationship between the number of AE events and the number of micro-cracks

in each AE event is shown in Fig. 14. The results show that the relationship between the
number of AE events and the number of micro-fractures approximates negative exponential
function. The number of AE events with only one micro-fracture is the highest, accounting
for approximately 50–60% of the total number of AE events. If more than one micro-
cracks is produced in each AE event, then the number of AE events decreases rapidly
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Fig. 13. Relationship between AE event frequency and AE magnitude

with increasing number of micro-cracks. Approximately 20% of AE events contain two
micro-fractures. The number of AE events with 10 or more micro-fractures accounts for
only 1% of the total number of AE events.
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Fig. 14. Relationship between the number of AE events and the number of micro-cracks
in each AE event

In addition, for the specimenswith different pre-existing crack dip angles, themaximum
number of micro-cracks contained in a single AE event also differs. For example, when
the fracture dip angle is 75◦, the maximum number of micro-fractures in a single AE event
is 17, but there is only one such AE event. When the fracture dip angles are 45◦ and 60◦,
the number of micro-fractures in a single AE event is the lowest, 9 and 10, respectively,
and there is only one of each event. This is consistent with the strength of samples under
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different fracture dip angles shown in Fig. 4. There is a certain relationship between the
number of micro-cracks in a single AE event and the strength of the specimen; much more
data are needed to confirm and define this relationship.

4. Conclusions

To analyse the micro-mechanisms of crack initiation and propagation in pre-cracked
rock mass under tensile loading, the focal mechanism of AE events during loading is
simulated by the discrete element method. The temporal and spatial distributions of AE
events during loading are analysed. At the same time, the relationship between the type of
micro-cracks, the magnitude of AE events, the number of AE events and the number of
micro-cracks is discussed. The main conclusions are as follows:
1. The macroscopic failure mode is affected by the angle of the pre-existing crack. When
the dip angle 𝛽 ≤ 60◦, micro-cracks initiate at the pre-existing crack tip and expand to
the loading end, resulting in macro failure. When the dip angle 𝛽 > 60◦, micro-cracks
initiate on the upper and lower surfaces of the pre-existing crack and expand to the
loading end, rather than from the tip of the pre-existing crack.

2. For different pre-existing crack angles, at the crack initiation point, there are tensile
micro-cracks, shear micro-cracks appear randomly in the loading process, and mixed
micro-cracks mainly appear near the loading end. The results show that the micro-crack
initiation of pre-cracked rock mass under radial compression is caused by tensile stress.

3. When rock undergoes ultimate failure, the number of tensilemicro-cracks is significantly
greater than that of shearmicro-cracks andmixedmicro-cracks, indicating that themacro
failure mode of pre-existing crack samples in the process of radial compression is mainly
controlled by tensile failure.

4. There is a power law relationship between the AE event magnitude and cumulative event
frequency. There is a narrow distribution of events with the most frequent magnitude in
samples with pre-existing crack dip angles of 45◦ and 60◦. Laboratory tests show that
the bearing capacity of the specimens is relatively low when the dip angles are 45◦ and
60◦. This shows that the magnitude distribution can reflect the rock strength to a certain
extent.

5. The relationship between the number of AE events and micro-cracks approximates
a negative exponential function. Only one micro-fracture has the largest number of AE
events, accounting for 50–60% of the total AE events, and the AE events with 10 or
more micro-cracks account for only 1% of the total number of AE events. The maximum
number of micro-cracks of a single AE in high strength samples is greater than that in
low strength samples. There is a good correspondence between the maximum number
of micro-cracks of a single AE and the peak strength.
In conclusion, the numerical simulation of acoustic emission simulation algorithm

based on MT theory can better compensate for the shortcomings of laboratory technical
means. As a reliable technology, in-depth micro mechanism research on pre cracked rock
is conducive to the safe and stable operation of the rock project.
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