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Abstract

The lithology and thickness of the rock beam affect its mechanical properties and acoustic emission
characteristics when it is fractured. In this study, three-point bending tests of rock beams were carried out.
Then, we proposed to utilize the percentage of peak energy to characterize the intensity of energy release
during fracture. Finally, the energy release mechanism of coal roof fracture was discussed. The evolution
process of acoustic emission includes five stages. The acoustic emission amplitude distribution of rock beams
has three typical patterns. Most of the cracks after fracture are tensile cracks, the proportion of tensile cracks
is positively correlated with the elastic modulus. The percentage of peak energy is positively correlated with
thickness and elastic modulus. More energy is released when thick and hard roof fractures. When necessary,
measures such as reducing the thickness or the strength of the roof could be taken to improve the safety of
mining.

Keywords
Rock beam fracture; three-point bending test; acoustic emission; AE energy; crack mode

Graphical Abstract

three-point bending rock beam specimens. l
»

¥

. | S

Strain testing system

Received August 22, 2021. In revised form October 24, 2021. Accepted October 25, 2021. Available online October 26, 2021
https://doi.org/10.1590/1679-78256711

Latin American Journal of Solids and Structures. ISSN 1679-7825. Copyright © 2021. This is an Open Access article distributed under the terms of the Creative
BY Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Latin American Journal of Solids and Structures, 2021, 18(8), e414 1/16


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-2017-7244
https://orcid.org/0000-0002-1976-5914
https://orcid.org/0000-0003-3589-4537
https://orcid.org/0000-0002-5771-6187
https://orcid.org/0000-0001-8823-1003
https://orcid.org/0000-0003-0899-8584

Research on mechanical properties and acoustic emission characteristics of rock beams with different Tong-bin Zhao et al.
lithologies and thicknesses

1 INTRODUCTION

At present, coal mining is deeply threatened by rock bursts (Zhao et al. 2018a; Zhao et al. 2018b; Zhao et al. 2021).
Generally, rock burst can be divided into four types according to different disaster mechanisms: coal pillar instability,
fault slip, fold structure and roof fracture (Pan et al. 2003; Lu et al. 2018; Yu et al. 2018; Hu et al. 2017). Among them,
the roof fracture-type rock burst has the characteristics of high occurrence frequency, large impact strength and massive
energy release, which seriously threatens the production safety of coal seam (Tan et al. 2021; Guo et al. 2019a). Many
studies (Marcak 2012; Zhao et al. 2018c) have shown that thick and hard roof is a typical geological condition that induces
roof fracture-type rock burst, and the large amount of energy released by fracture under the action of bending load is
the root cause of roof fracture-type rock burst. Therefore, the mechanical properties and energy release laws of rock
beams with different lithologies and thicknesses under bending loads are issues of great concern in the field of coal
mining engineering.

In recent years, many scholars have tried to explain the mechanical properties of roof fracture by theoretical analysis
(Yang et al. 2011; Zhou et al. 2011) and field measurements (Lu et al. 2019; Guo et al. 2017). However, research at the
current stage of engineering scale is limited to quantitative analysis due to many on-site influencing factors. On the
contrary, the theoretical analysis method usually ignores the influence of some factors in the process of solving, which
makes the research results have certain limitations. Therefore, more researches of the rock beam fracture problems are
carried out by lab experiments and numerical simulations.

In lab experiments, three-point (Dong et al. 2017; Stavrakas et al 2016) and four-point (Ayatollahi et al. 2013; Efimov
2011; Koudelka et al. 2020) loading are generally used to provide bending loads for rock beams. AE (Acoustic Emission)
test is a very effective method to study the fracture of rock beams. It has significant effects on the research of crack
propagation (Bing and Einstein 2017; Du et al. 2018; Cao and Liu 2020), damage mechanism (Wu et al. 2020) and failure
precursor information (Guo et al. 2019b; Guo et al. 2019c) of rock beams. Zhang et al. (2019) analyzed the damage
evolution mechanism of limestone beams based on the AE characteristics under bending load. Zhang et al. (2015) used
the method of combining AE and DIC to study the deformation and failure process of sandstone rock beam specimens
under three-point bending load, and reached similar conclusions with Wang et al. (2018). Both Lietal. (2020) and
Du et al. (2020) analyzed the distribution of RA-AF obtained in the AE test, and studied the classification of cracks in the
process of rock beams fracture.

In addition, some studies on the fracture mechanism of rock beams have been carried out using numerical
simulations. For example, Xi et al. (2020) based on the non-local extended finite element method and mixed-mode rock
fracture model, it is concluded that the rock beam fracture energy is highly correlated with the peak load. Zhao et al.
(2018) introduced the three-point bending model into the engineering site, and analyzed the instability process of the
rock beams by FLAC3D.

Although the above studies all involve the mechanical properties and the energy release laws of rock beam, the
main research object is a single type of rock beam specimens. Whether the lithology and thickness of the rock beam will
cause the mechanical behavior and energy release characteristics to change when it fracture, which will affect the
engineering, is still unconfirmed. Therefore, this study carried out three-point bending tests of rock beams with different
lithologies and thicknesses, obtained the influence of lithology and thickness on the mechanical properties, and described
the fracture process and characteristic of different rock beams based on multiple parameters in the AE test. In addition,
a parameter that characterizes the intensity of energy release when the rock beams fracture is proposed, and the energy
release mechanism of the rock beams fracture in the roof of the coal seam is discussed. This study can provide a
theoretical basis for the occurrence mechanism and control measures of roof fracture-type rock burst.

2 SPECIMEN PREPARATION AND TEST SCHEME

2.1 Specimen preparation

In order to study the mechanics and energy release characteristics of rock beam when it fractures, three-point
bending tests of rock beams with different lithologies and thicknesses is carried out. Five types of rocks were processed
in the test, namely red-sandstone, yellow rust stone, marble, yellow-sandstone, and granite. Rock specimens of the same
lithology are cut from the same piece of rock. They were processed into rectangular cross-section beam-shaped
specimens, and surface flatness of specimens were processed again to make the processing accuracy meet the ISRM
standard, as shown in Figure 1. Before the bending test, the physical and mechanical parameters of different lithologies
were tested, including density, compressive strength, tensile strength, elastic modulus, shear wave velocity and
longitudinal wave velocity. The test results are shown in Table 1.
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Figure 1 Rock specimens of three-point bending and uniaxial compression.

Table 1 Physical and mechanical parameters of rock beams.

Lithology Density Compressive Tensile Elasticity Shear wave velocity ;Z:g':::‘;:;;
(g:cm-3) strength (MPa)  strength (MPa) modulus (GPa) (m/s) (m/s)
Red-sandstone 2.57 35.85 3.41 5.68 1733.85 2486.02
Yellow rust stone 2.81 99.94 9.32 12.31 3304.15 3805.90
Marble 2.69 93.47 10.53 10.07 2706.36 4744.96
Yellow-sandstone 2.47 36.15 1.22 4.13 2301.50 3593.89
Granite 2.87 152.51 14.87 14.13 3802.28 4722.55

2.2 Test scheme and equipment

In order to systematically study the mechanical properties of different types rock beams, the effects of lithology and
thickness were considered in the test. To ensure the accuracy of the test, three identical specimens were prepared for each
scheme. Table 2 shows the ID and parameter information of each specimen. Strain gauges and AE sensors were arranged on
the surface of the specimen to monitor the changes of strain and AE signals during the experiment, as shown in Figure 2.

Table 2 Specifications for three - point bending beam specimens.

Specimen ID Lithology Length (mm) Width (mm) Thickness (mm)
1-1,2,3,4,5 Red-sandstone 200 40 20, 30, 40, 50, 60
2-1,2,3,4,5 Yellow rust stone 200 40 20, 30, 40, 50, 60
3-1,2,3,4,5 Marble 200 40 20, 30, 40, 50, 60
4-1,2,3,4,5 Yellow-sandstone 200 40 20, 30, 40, 50, 60
5-1,2,3,4,5 Granite 200 40 20, 30, 40, 50, 60
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Figure 2 Sketch of three-point bending rock beam specimens.
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Figure 3 Sketch of test system.

The test system includes the loading system, the AE testing system and the strain testing system, as shown in
Figure 3. These tests were conducted using an RLJIW-2000 servo-controlled rock pressure testing machine, which can
provide a maximum axial force of 2000kN, a sampling frequency of 10hz, and a sampling accuracy of +1%. In the tests,
the loading rate is 0.05 mm/min. Two AE sensors were arranged on the surface of each specimen. The AE test equipment
is an AMSY-6 acoustic emission system produced by Vallen. The test frequency, the preamplifier gain and the threshold
are 10 Mhz, 34 dB and 40 dB, respectively. Vaseline was used to improve the coupling between the AE sensor and the
specimen. The sampling frequency of the strain testing system is set to 20 Hz to match with the testing machine. The
strain gauges are connected by a quarter bridge, and the temperature compensation gauges is connected at the same
time to offset the influence of different temperature and material.

3 BASIC MECHANICAL PROPERTIES

3.1 Load-deflection and stress-strain curves

Figure 4 shows the load-deflection curves of five kinds of rock beams, which are quite different each other. The pre-
peak curves of the red-sandstone and yellow-sandstone specimens are approximately linear, while the pre-peak curves
of the other three types of rock beams have obvious upward concave characteristics. Because granite, marble and yellow
rust stone are composed of larger crystalline particles, they show obvious compaction characteristics in the test. The
post-peak curves of all rock beams show the characteristics of brittle fracture, and the post-peak residual strengths are
much lower than the peak loads. The load-deflection curves of rock beams with different thicknesses are similar, but the
peak load and deflection at peak load are obviously different, both of which are positively correlated with the thickness.
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Figure 4 Load-deflection curve: (a) red-sandstone; (b) yellow rust stone; (c) marble; (d) yellow-sandstone;(e) granite.

12 40
—— T=20mm 33
0F —T=30mm
—— T=40mm 30
|  ——T=50mm g 5l
—— T=60mm 225 &
- ‘f’ 20 é
E 15 z
F & &
10 )
2L
05 Iy
0 I ! L L L I | 00 W | o B I L | I L ]
0 40 80 120 160 200 240 20 0 40 80 120 160 200 240 20 o 50 100 150 200 250 300
Tensile strain (us) Tensile strain (us) Tensil e strain (pe)
(a) (b) (c)
12 - 18 -
6r ——T=20mm
—— T=30mm
I ——T=40mm
7 Tl ——T=50mm
= =3 —— T=60mm
Z z 10|
= g
» st
4|
3
| 0 I I ! L ]
300 o 100 200 300 400 300

Tensile strain (us) Tensile sirain (ps)

(d) (e)

Figure 5 Stress-strain curve: (a) red-sandstone; (b) yellow rust stone; (c) marble; (d) yellow-sandstone; (e) granite.

In order to analyze the stress-strain relationship of the three-point bending rock beams, the tensile stress and tensile
strain at the bottom midpoint of the rock beam are obtained according to the test results, as shown in Figure 5. During
the data processing, the original data measured by the strain gauge is used as the tensile strain at the corresponding
position of the rock beam, and the tensile stress of the rock beam is calculated according to the vertical load value
monitored by the testing machine (Ju et al. 2021). The calculation formula is shown as Eq.(1):
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, M, 3
x [)’ bhgy

z

(1)

In Eq.(1), P is the axial force of the three-point bending, / is the span between the two loading points at the bottom, b is
the width of the beam, h is the thickness of the beam, and y is the position of the calculated tensile stress.

The shape of the pre-peak part of the stress-strain curve changes with lithology. It is approximately linear for the
low-strength rock beam, while obviously concave downwards for the high-strength rock beam. The peak tensile stresses
of rock beams with different lithologies are quite different. The peak tensile stress of granite is more than 13 times that
of the yellow sandstone. This fully reflects the difference in tensile strength of different lithologies.

3.2 Mechanical parameters and failure modes

Figure 6a shows the tensile strength of different rock beam specimens. Obviously, thickness and lithology of the
specimens affect the magnitude of the tensile strength. The tensile strength of the 20mm granite rock beam is
16.61 MPa, while the 20mm yellow-sandstone rock beam only 0.94 MPa. The variation of tensile strength shows obvious
size effect. As the thickness increases, the tensile strength of the rock beam decreases, which is very obvious on the
yellow rust stone specimens. The tensile strength of the 20mm specimen is 1.29 times that of the 60mm specimen. In
addition, the tensile strength is obviously affected by the lithology of the rock beam. The tensile strength of red-
sandstone and yellow-sandstone are significantly lower than those of the other three lithologies.

Figure 6b shows the maximum tensile strain at fracture of different rock beam specimens. The maximum tensile
strain of the 20mm granite rock beam is about 0.396x10°3, while that of the 60mm marble rock beam is only 0.171x1073.
The maximum tensile strain is also negatively correlated with the thickness of rock beam, which means that the thinner
beam needs to be bent to a higher degree before it can be fractured. In addition, lithology also affects the maximum
tensile strain. The yellow-sandstone and granite are obviously higher than the other three lithologies, indicating that the
yellow-sandstone and granite have better bending resistance than the other three rock beams.
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Figure 6 Test results of different rock beam specimens: (a) tensile strength; (b) maximum tensile strain.
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4 INFLUENCE OF ROCK LITHOLOGY AND THICKNESS ON AE CHARACTERISTICS

4.1 Influence of rock lithology

Figure 7 shows AE counts evolution of rock beam specimens with different lithologies. The data were normalized
during the analysis process. This process can be simply summarized as: divide each set of data by the maximum value to
obtain a new set of dimensionless data in order to summarize the characteristics. The AE characteristics in the fracture
process of a rock beam can be divided into five stages, the calm stage, the development stage, the incremental stage,
the explosive stage and the residual stage. Rock beams all have a sharp increase in AE when they reach the peak load,
but the AE characteristics before the peak load are slightly different. The AE development stage of red-sandstone and
yellow-sandstone lasted longer, which is believed to be related to the large number of tiny primary cracks. The rock beam
with a large elastic modulus shows brittle fracture in the AE characteristics. There is no obvious increase in AE counts in
the early stage of loading, and a large number of AE signals erupt when the specimen failed. For example, when the
granite sample reaches the peak load, the instantaneous AE count is more than 2.6 times the cumulative total in the
previous period.
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Figure 7 AE evolution characteristics of three-point bending rock beams with different lithologies: (a) red sandstone; (b) yellow rust
stone; (c) marble; (d) yellow sandstone; and (e) granite.

The AE amplitude refers to the peak amplitude of an AE signal. Figure 8 shows the distribution of the AE amplitude
during the loading process of the rock beams. The AE amplitude distributions of five kinds of lithological rock beams are
very different, and can be roughly divided into three categories: ‘low-low-low’, ‘high-low-high’, and ‘high-high-high’.
Taking sandstone as an example, the amplitude distribution of the first type of rock beam during the fracturing process
is relatively uniform, mainly concentrated in 40-60dB. It shows that the AE signal released by the crack propagation of
rock beam is relatively weak, mainly with low amplitude (less than 60 dB). The second type of rock beam takes marble
and granite as examples. In addition to more AE counts in the low-amplitude area, a large number of AE counts also
appeared in the high-amplitude area (with an amplitude greater than 90 dB). It is worth noting that these two lithological
rock beams exhibit stronger brittleness characteristics when fractured. This matches with the distribution law of AE
amplitude during the loading process of the specimens. The third type of rock beam takes yellow rust stone as an
example, with a large number of AE signals distributed between 50 and 100 dB in amplitude. This indicates that strong
AE signals have been accompanied by the rock beam loading process. Most of these AE signals originate from the crack
propagation and crystal particles ifriction inside the rock beam.
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6 I —= Yellow rust stone
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—— Yellow-sandstone
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AE counts /10*

Peak amplitude (dB)

Figure 8 AE peak amplitude distribution characteristics of three-point bending rock beams of different lithologies.
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AE duration refers to the duration of an AE signal exceeding the preset threshold (40 dB). Figure 9 shows the
distribution of AE duration of different lithological rock beams. It can be seen that the duration of most AE events is
greater than 100 pus. Among them, the AE duration of the two kinds of sandstone is concentrated in 100~1000 us. For
rock beams with higher strength, AE duration is distributed between a larger range of 1000 to 10000 us, and the AE
counts is significantly more than that of sandstones. This shows that as the strength of the rock beam increases, the
strength of the AE signals becomes greater and the duration becomes longer.
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Figure 9 AE duration distribution characteristics of three-point bending rock beams of different lithologies.

During the specimens loading process, the energy stored inside the rock beams will be released as the crack
develops and expands. The amount of energy released can be reflected by AE energy. Figure 10(a) shows the AE energy
release process of different lithological rock beams. The AE energy release process of each rock beams shows a step
increase. The AE energy release process of the sandstone is relatively gentle. The total AE energy released by the red-
sandstone and yellow-sandstone specimens is about 2.40x 10° ms-mV and 1.77x10° ms-mV, respectively. For rock beams
with greater strength, such as granite, the AE energy of the specimens increases sharply when the specimen fails. The
total AE energy is 3.98x10'° ms-mV, which is 22.5 times that of the yellow-sandstone rock beam. The AE energy
distribution of different lithologies is also different, as shown in Figure 10(b). The AE energy of the two kinds of the
sandstone is concentrated in 100~1000 ms-mV, while the AE energy of the granite and the yellow rust stone is
concentrated above 10% ms-mV. This shows that the AE energy of low-strength rock beams is mainly concentrated in the
low-energy range, and high-strength rock beams also have AE counts in the high-energy range.
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Figure 10 AE energy characteristics of three-point bending rock beams with different lithologies: (a) AE energy evolution
characteristics; (b) AE energy distribution characteristics.
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The RA value (RA= rise-time/ peak amplitude) changes with AF (AF=ring down counts/ duration) in the AE signals
and carries important information, which can be used to distinguish different crack modes (Li et al. 2020). Higher AF and
lower RA represent tensile failure, and lower AF and higher RA represent shear failure. The AF values of the five
lithological specimens are all between 0 and 1000 kHz, and there are very few points higher than 800 kHz. Based on the
classification criteria in the literature (Du et al. 2020), the proportions of different types of cracks are roughly calculated,
as shown in Figure 11. Most of the cracks in the three-point bending specimens are tensile cracks, and the shear cracks
account for only a very small proportion. For example, the shear cracks of granite rock beam account for only 0.31%. It
can be seen from Figure 11(a) and (d) that the proportion of tensile cracks in red-sandstone and yellow-sandstone are
91.98% and 88.91%, which are significantly lower than that of the other three rock beams. Since the tensile strength of
two kinds of sandstones is very low, the proportion of tensile cracks in their failure process is very small. It is worth noting
that the proportion of tensile cracks is roughly positively correlated with the elastic modulus of the rock. It shows that
the greater elastic modulus of the rock beam, the stronger ability of resistance to deformation. When the rock beam is
fractured by bending load, the friction and slip action between particles is weaker, so the tensile cracks accounts for a
larger proportion.
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Figure 11 RA-AF distribution of three-point bending rock beams with different lithologies: (a) red sandstone; (b) yellow rust stone;
(c) marble; (d) yellow sandstone; and (e) granite.

4.2 Influence of rock beam thickness

In order to analyze the influence of thickness on the AE characteristics of rock beams, Figure 12 shows the evolution
of AE counts of the yellow rust stone specimens with different thicknesses. Similarly, the data is normalized and divided
into stages. The five stages of AE counts in the process of rock beam loading are highly consistent with the evolution of
the load-deflection curve. The calm stage of AE corresponds to the crack compaction stage, during which almost no AE
counts are observed. Then, after the rock beam passes through the elastic deformation stage and the crack propagation
stage, the AE counts continues to increase, during which the micro-cracks inside the rock beams begin to develop. When
the internal cracks in the rock beam develop for a period of time, it enters the unsteady crack propagation stage, the
load reaches the peak, and the number of AE counts reaches the maximum. After that, the rock beam will be fractured.
Due to the friction of the crack section, a large number of AE counts will still be generated at this stage, but overall the
trend is that the rate of AE counts gradually decreases.
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Figure 13 shows the distribution of AE amplitudes of rock beams with different thicknesses. There are differences
in the AE amplitude distribution of rock beams with different thicknesses. When the thickness of the rock beam is 20 mm,
the amplitude range with the most AE counts is 50~65 dB. When the thickness of the rock beam is 30 mm, this range
becomes 55~70 dB. When the thickness of the rock beam is 60mm, the amplitude range with the most AE counts has
exceeded 90 dB. This shows that as the thickness of the rock beam increases, more high-amplitude AE events occur, and
the rock beam failure becomes more severe.
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—— T=50mm,yellow rust stone
—+— T=60mm yellow rust stone

60 70 80
Peak amplitude (dB)

Figure 13 AE peak amplitude distribution characteristics of three-point bending rock beams of different thickness.

Figure 14 shows the distribution of AE duration of rock beams with different thicknesses. As shown in Figure 14, the
AE duration distribution laws of rock beams with different thicknesses are roughly similar, and the duration of more AE
events is between 103 ~10* ps. With the increase of the thickness, duration less than 100 ps and greater than 100 us
appeared almost opposite trends. More AE counts appeared in the duration greater than 100 us, while the opposite was
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observed in the duration less than 100 us. This shows that as the thickness of the rock beam increases, the duration of
the AE signals gradually increases.
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Figure 14 AE duration distribution characteristics of three-point bending rock beams of different thickness.

Figure 15 shows the AE energy release processes of rock beams with different thicknesses, which are roughly similar,
and they are almost unchanged in the early stage of loading and increase sharply when the specimen failed. As the
thickness of the rock beam increases, the explosion stage of AE energy is relatively lagging, and AE energy value gradually
increases. The total AE energy released by the 20mm and 60mm thick rock beams is 8.01x10° ms-mV and 2.14x10°
ms-mV with an increase of 167.2%. The AE energy distribution of rock beams with different thicknesses has regularity,
as shown in Figure 12. The rock beam with a thickness of 20mm has the most AE counts when the AE energy is in the
range of 103~10* ms-mV. When the thickness increases to 60mm, the AE counts with AE energy above 10’ ms-mV are
the most. It shows that with the gradual increase in thickness of rock beams, the AE counts are concentrated in the high-
energy range, and the total AE energy released is also greater.
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Figure 15 AE energy characteristics of three-point bending rock beams with different thickness: (a) AE energy evolution
characteristics; (b) AE energy distribution characteristics.
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Figure 16 RA-AF distribution of three-point bending rock beams with different thickness: (a) 20mm; (b) 30mm; (c) 40mm; (d) 50mm;
and (e) 60mm.

Figure 16 shows the AF-RA distributions of rock beams with different thicknesses, which are also roughly similar,
and the average frequency is concentrated around 120 kHz. The proportion of tensile cracks in the rock beam has a
negative correlation with the thickness. The tensile cracks of the rock beam with a thickness of 20 mm are 98.95%. When
the thickness of the rock beam increases to 60 mm, the proportion of tensile cracks is reduced to 90.35%. This is because
as the thickness increases, the fracture area of the rock beam increases, and the frictional slip between the fracture
surfaces becomes more intense. More AE signals of shear cracks are collected, which reduces the occupancy rate of
tensile cracks.

5 DISCUSSION ON THE INFLUENCE OF LITHOLOGY AND THICKNESS ON THE ENERGY RELEASED BY ROOF
RACTURE

According to this study, the influence of lithology and thickness on the energy released by rock beam fracture can
be attributed to two aspects: energy released and peak load of fracture. Figure 17(a) shows the total energy released
during the fracture of the rock beam. Rock beams with different lithologies and thicknesses released a total of
4.31x10%~7.50x10%° ms-mV of energy from loading to complete fracture. As the thickness of the rock beam increases,
the total AE energy gradually increases. Figure 17(b) shows the peak AE energy released during the rock beam fracture
process. The peak AE energy released by rock beam fracture is 3.80x108~5.94x10%° ms-mV. The peak AE energy tends to
increase with the increase of rock beam thickness. It is worth noting that the total AE energy of the yellow rust stone
specimens under the same thickness is less than that of the marble specimens, but the peak AE energy is consistently
larger than that of the marble specimens. This might be related to the mechanical characteristics of the rock. The elastic
modulus of the yellow rust stone used in the test is greater than that of the marble, but the tensile strength is lower than
that of the marble. According to the results of the five sets of tests, the total AE energy is positively correlated with the
tensile strength of the rock. Therefore, the tensile strength of the rock might be the main influencing factor of the total
AE energy.

Latin American Journal of Solids and Structures, 2021, 18(8), e414 12/16



Research on mechanical properties and acoustic emission characteristics of rock beams with different
lithologies and thicknesses

AE energy (ms'mV)

1E+11 ¢

1E+10 |
1E+09 L
—0— Red-sandstone (¢,=3.41MPa)
15408 | —0— Yellow rust stone (6,=9.32MPa)
—— Marble (6,=10.53MPa)
—=7— Yellow-sandstone (6,=1.22MPa)
—<— Granite (6,=14.87MPa)
1E+07 1 1 1 1 1

40 50
Thickness (mm)

60

AE energy (ms'mV)

1E+11 ¢

1E+10

1E+09

1E+08

1E+07 |

1E+06 L L

Tong-bin Zhao et al.

—0— Red-sandstone (£=5.68GPa)

—o— Yellow rust stone (£=12.31GPa)

—— Marble (E=10.07GPa)

—+— Yellow-sandstone (E=4.13GPa)

—<— Granite (E=14.93GPa)
1

40 50
Thickness (mm)

60

(a) (b)

Figure 17 AE energy released of three-point bending rock beams fracture: (a) total energy; (b) peak energy.

In order to characterize the intensity of energy released when the rock beam is fractured, the percentage of peak
energy during the failure process of the specimen is proposed.

(2)

»
i
IR

In Eq.(2), Vip is the peak AE energy of the specimen fracture, and V; is the total AE energy of the specimen fracture.
According to Eq.(2), the percentage peak energy of rock beams with different lithologies and thicknesses are
calculated, and the calculation results are shown in Figure 18. As the thickness increases, the percentages of peak energy
of the rock beams also increases to varying degrees. When the thickness of the rock beam increases from 20 mm to
60 mm, the percentages of peak energy increases by 15.9% to 68.9%. The percentage peak energy with different
lithologies are quite different, and the distribution range is 17.12% to 89.27%. The average values of five kinds of
lithological are 32.73% (yellow-sandstone), 36.09% (red-sandstone), 37.11% (marble), 70.30% (granite), and 75.44%
(yellow rust stone), respectively, which show a positive correlation with the elastic modulus of rock. The only anomaly
appears between yellow rust stone and granite, which may be related to the closeness of the elastic modulus of the two

rock lithologies. Therefore, the increase of thickness and elastic modulus will cause more energy to be released when
the rock beam fractures.
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Figure 18 Percentage of peak energy of three-point bending rock beam.
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In addition, the lithology and thickness will affect the peak load of beam fracture. When the rock beam is bent, the
maximum tensile stress appears at the midpoint of the bottom surface. According to Eq.(1), the peak load when the
beam fractures is:

_2[o-,)]bh2 (3)

In Eq.(3), [ob] is the tensile strength of the rock.

Obviously, tensile strength and thickness determine the difficulty of the beam fracture. However, in the actual
process of coal mining, the parameters of the roof rock layer are inherent. In other words, roofs with different geological
conditions have different limit spans before fracturing. The greater the thickness and tensile strength of the rock beam,
the longer the limit span when it fractures, and the more energy it releases. Therefore, when there is a thick rock layer
or a hard rock layer in the roof, special attention should be paid to the damage of this part of formation. When necessary,
measures such as reducing the thickness of the roof (such as cutting the roof) or reducing the strength of the roof (such
as pre-crack drilling) should be taken to improve the safety of coal mining.

6 CONCLUSION

Three-point bending tests of rock beams with different lithologies and thicknesses were carried out. The shape of
the load-deflection curve and stress-strain curve of the rock beams are related to the lithology. The tensile strength and
maximum tensile strain of rock beams show obvious size effect. The tensile strength and maximum tensile strain are
negatively correlated with the thickness of the rock beam.

The AE parameters characteristics during the fracture process of rock beams are analyzed. The evolution process of
AE includes calm stage, development stage, incremental stage, explosive stage and residual stage, and the energy release
process shows a step increase. Rock beams with small elastic modulus have a longer AE development stage, with more
AE counts before the peak, and less energy released. Different lithology will cause an order of magnitude difference in
the energy released by the fracture of rock beams, while the thickness has not so much influence.

The AE signal intensity during the fracture process of rock beams are analyzed. The AE amplitude distribution of
rock beams has three typical characteristics: ‘low-low-low’, ‘high-low-high’ and ‘high-high-high’. With the increase in the
strength and thickness of the rock beam, the AE phenomenon becomes stronger during fracture, more high-amplitude
AE events appear, and the duration of the AE signal becomes longer.

According to the distribution of RA and AF of the AE signals, the crack mode of the rock beams are analyzed. The AE
average frequency of rock beam specimens is mostly concentrated below 800kHz. Most of the cracks after rock beam
fracture are tensile cracks, accounting for 99.69% of granite. The proportion of tensile cracks is positively correlated with
the elastic modulus of the rock, and roughly negatively correlated with the thickness of the rock beam.

The total AE energy released by the three-point bending rock beam fracture is 4.31x10%~7.50x10%° ms-mV, and the
peak AE energy range is 3.80x108~5.94x10'° ms-mV. The percentage of peak energy that characterizes the intensity of
energy release during fracture is proposed. The coefficient ranges from 17.12% to 89.27%, which is roughly positively
correlated with rock thickness and elastic modulus. Although the load threshold is higher when a thick and hard roof
breaks, it releases more energy when it fractures. When necessary, measures such as reducing the thickness of the roof
(such as cutting the roof) or reducing the strength of the roof (such as pre-crack drilling) are taken to improve the safety
of coal mining.
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