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Abstract: To reveal the influence mechanism of mining speed on roof fracture-type rockburst, the
Brazilian split technique combined with acoustic emission monitoring technology was employed to
study the effects of loading rates on the tensile failure characteristics and acoustic emission parameters
of coal series sandstone. The linear relationship between the tensile strength of the samples and the
change rate of tensile stress was determined. The mining speed was introduced into the mechanical
model of initial and cyclic fracture of the hard roof, and the quantitative relationship between the
maximum rate of change of tensile stress within the hard roof and the mining speed was derived.
Based on this, a computational model for the bending elastic energy of the hard roof during initial and
cyclic fractures, considering the mining speed, was established. The main findings are as follows: As
the loading rate increases, the distribution range of acoustic emission energy in sandstone Brazilian
split samples before failure widens, with a significant rise in acoustic emission ring-down counts
and energy at failure. At lower loading rates, acoustic emission events primarily occur near sample
failure, whereas at higher rates, they mostly happen in the early loading stage. The higher the mining
speed, the less opportunity there is for internal micro-fractures to develop and expand before the
hard roof fractures, which macroscopically results in increased tensile strength and a larger amount
of energy released at the moment of fracture. Bending elastic energy rises approximately linearly
with mining speed, and the thicker the hard roof, the more sensitive the bending elastic energy is to
changes in mining speed. This effect is even more pronounced during cyclic fractures. Optimizing
mining speed is crucial for preventing roof fracture-type rockbursts, especially in mining workfaces
with thick and hard roofs.

Keywords: hard roof; Brazilian splitting test; tensile strength; bending elastic energy; mining speed

1. Introduction

The occurrence of rockbursts in coal mines is significantly influenced by the behavior
of hard roofs [1], where tensile failure, along with the dynamics of energy accumulation
and release, plays a crucial role. An understanding of the interplay of mechanical failure
and energy dynamics is essential for comprehending rockburst mechanisms. Additionally,
the mining speed significantly affects the fracture characteristics of hard roofs, mainly
because of the fact that it induces the variations in the loading rate of the overlying rock
load on the roof [2]. This means that in order to reveal the mechanisms as mentioned above
and to understand how they are affected by the mining speed, it is necessary to analyze the
tensile failure characteristics and establish an energy model for hard roofs subjecting them
to the influence of varied mining speeds.

Currently, research on the effects of loading rates on the tensile failure characteristics
of rock bodies primarily relies on experimental analysis, with direct tension and Brazilian
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split tests being the main experimental methods. For example, Wu [3] found through
experimental research that the tensile strength of granite significantly increases with an
increase in the loading rate. Li et al. [4] conducted direct tensile tests on gypsum and granite
under different strain rate conditions and concluded that tensile strength significantly
increases with the loading rate, consistent with the results of the Brazilian split tests.
Zhou et al. [5] carried out uniaxial tensile strength tests on hard and brittle marble at
different loading rates, finding that the peak tensile strength of the rock samples increases
logarithmically with the loading rate. Gong et al. [6] conducted Brazilian split tests on
sandstone under different loading rates within the quasi-static and dynamic strain rate
range, and based on the test results, established an empirical equation describing the
strain rate effect on the tensile strength of sandstone. Yang et al. [7] understood the rule
that the tensile strength of sandstone increases with the loading rate through Brazilian
split experiments and explained the mechanism by which the loading rate affects the
tensile strength using elastic dynamics methods and the principles of molecular scale
functions. Deng et al. [8], taking surface sandstone as the research object, conducted split
tests under different loading rates within the quasi-static strain rate range, and found
that the tensile strength increases rapidly at first and then more slowly with the loading
rate, and by analyzing the energy parameters and changes in the morphology of the split
surface, revealed the impact mechanism of loading rate on tensile strength. Cui et al. [9]
studied Brazilian split tests of granite, basalt, and limestone under different loading rates,
analyzing the impact of the loading rate on the morphology of the split surface based on
optical 3D scanning technology. Liu et al. [10] conducted direct tensile tests on granite
under different loading rates, showing that both tensile strength and the roughness of the
split surface increase with the loading rate. Liu et al. [11] performed Brazilian split tests on
coal samples under different loading rates, analyzing the impact of the loading rate on the
acoustic emission parameters, infrared radiation, deformation field, and energy evolution.
Vasyliev et al. [12] improved an analytical technique to calculate the strength of cylindrical
rock samples taking into consideration standard horizontal stresses. Winkler et al. [13]
investigated the influence of different transversely isotropic parameters and their ratios
on the elastic behavior of cylindrical rock samples in uniaxial compression tests. Piscopo
et al. [14] developed new design formulas for the ultimate strength of platings under
uniaxial compression, with short and/or long edges elastically restrained against torsion.
Choo et al. [15] investigated size effects on the compressive strength and cracking behavior
of flawed rocks through high-fidelity simulations of mixed-mode fracture in quasi-brittle
materials. Tomporowski et al. [16] obtained the modelling of fractures in pre-flawed marble
specimens during uniaxial compression by Application of the 3D DEM.

Research on the influence of mining speed on the energy accumulation in hard roofs
primarily focuses on theoretical analysis. For instance, Feng et al. [17] derived an analytical
expression for the bending elastic energy density by deducing certain things from the
cantilever beam model of the hard roof, indirectly and qualitatively analyzing the impact
of the main factors (cantilever length, peak stress concentration factor, peak stress distance
from the coal wall) on bending elastic energy under the control of mining speed. Based
on the relationship between the tensile strength of rock layers and loading rates, Zhao
et al. [18] established a calculation method for finding the bending elastic energy of hard
roofs that considers the effect of loading rates.

The research mentioned above has achieved certain results in understanding the
effects of loading rates on the tensile strength of rock bodies and the influence of mining
speed on energy accumulation in hard roofs. However, there are still some research gaps
in the following areas: the impact of loading rates on the acoustic emission characteristic
parameters of coal series sandstone, the relationship between mining speed and the rate
of change in tensile stress within the hard roof, and the direct influence pattern of mining
speed on the bending elastic energy of hard roofs. Therefore, this paper utilizes the Brazilian
split test to explore the influence of loading rates on the tensile failure characteristics and
acoustic emission parameters of coal series sandstone. Through theoretical deduction, the
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relationship between mining speed and the rate of change in tensile stress within the hard
roof was derived. A computational model for the bending elastic energy of the hard roof
during initial and cyclic fractures, taking into account the mining speed, was established,
and an analysis of the main influencing factors was conducted.

2. Methods
2.1. Experimental Purpose

A vast body of experimental research has demonstrated that the tensile strength of
coal series sandstone is approximately linearly related to the loading rate [19-23]. However,
due to the wide distribution of coal series sandstone and the significant variation in its
mechanical properties, coupled with the diversity in loading methods and the range of
loading rates, the coefficients in the linear relationship are difficult to directly determine.
Therefore, it is necessary, considering the actual conditions of the research subject of
this paper, to explore the tensile failure characteristics of hard sandstone roofs under
different loading rates. This exploration work involves analyzing the mechanical response
characteristics, spatiotemporal evolution characteristics of acoustic emission parameters,
and pre-peak energy accumulation characteristics under different loading rates, to lay the
experimental foundation for establishing an energy calculation model for hard roofs.

2.2. Experimental Design and Scheme
(1) Sample Acquisition

The experimental rock samples were obtained from the fine sandstone roof of the
23,908 working face of the No. 9 coal seam, Xi San Mountain mining area, Zhang Shuanglou
Coal Mine, Pei County, Xuzhou City, Jiangsu Province. Based on the impact propensity
identification results, the average uniaxial compressive strength is 51.84 MPa, and the
average elastic modulus is 9.70 GPa, indicating a strong tendency for impact. In accordance
with the Methods for Determining the Physical and Mechanical Properties of Coal and
Rock Part 10: Methods for Determining the Tensile Strength of Coal and Rock (GB/T
23561.10-2010 [24]), the rock samples were processed into specimens with a diameter of
50 mm and thickness of 30 mm, as shown in Figure 1.

Figure 1. Brazil splitting test specimen.

(2) Experimental Scheme Design

Currently, the Brazilian split test is a widely applied method for rock tensile failure
experiments [25]. This chapter uses the Brazilian split test to study the mechanical charac-
teristics of hard roof sandstone under different loading rates. The experiment is conducted
on an MTS C64.106 (Metus Industrial Systems Co., LTD, Shanghai, China) electro-hydraulic
servo universal testing machine (see Figure 2), using a Brazilian split test mold to secure
the specimen at the center of the testing machine’s pressure plate. The loading is controlled
by load, with loading rates set at 0.1, 0.5, 1.0, and 5.0 kN /s, for a total of four levels. Three
sets of experiments are conducted for each loading rate level. To analyze the evolution of
micro-cracks within the rock sample during the loading process, the Express-8 acoustic
emission system is used to monitor the acoustic emission signals in real time during the
experiment. The acoustic emission threshold is set to 40 dB, the peak identification time is
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set to PDT = 50 us, the hit identification time is set to HDT = 200 us, and the hit lockout
time is set to HLT = 300 ps. The signal collection frequency is set at 140 kHz, with four
acoustic emission probes used, arranged as shown in Figure 3. Before the official start of
the experiment, a coupling agent is applied between the probe and the sample to enhance
signal transmission, and a lead break test is conducted to simulate the signal source, moni-
toring the signal reception of each channel to ensure that each probe can normally receive
signals. Additionally, the acoustic emission system and the testing machine system are
synchronized in timing to ensure that the data collected by the two systems are consistent

in time. Then, the rock samples are loaded at different loading rates until they fracture, and
the related data are stored.
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Figure 2. Test system.
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Figure 3. Arrangement of acoustic emission probes.

3. Results
3.1. Mechanical Response Characteristics
Under the action of radial load, the tensile stress (o) at the center of the Brazilian split
test sample is:
2p
- 1
DL M)

Ox =



Appl. Sci. 2024, 14, 5734

50f 17

where P is axial load, D is the diameter of the Brazilian splitting specimen, L is the thickness
of the Brazilian splitting specimen.

To analyze the mechanical response characteristics of the samples under different
loading rate conditions, the failure load of each group of samples was statistically analyzed.
Using Equation (1), the loading rate was converted into the change rate of tensile stress
at the center of the sample, and the failure load was converted into tensile strength. The
results are shown in Table 1. In the following discussion, the median tensile strength of
the results from each group will be used as the subject of analysis (corresponding sample
numbers are sequentially 1-2, 2-1, 3-3, 4-3).

Table 1. Failure load and tensile strength of each group.

Sample Loading Rate of Change of Tensile Failure Load/kN Tensile Median Tensile
Number Rate/kN-s~1 Stress/MPa-s—1 Strength/MPa Strength/MPa

1-1 16.04 6.81

1-2 0.1 0.04 18.05 7.66 7.66

1-3 18.84 8.00

2-1 18.24 7.75

2 05 021 19.17 8.14 7.75

2-3 16.25 6.90

3-1 16.31 6.93

32 1.0 0.42 19.42 8.25 7.77

3-3 18.31 777

4-1 19.23 8.17

4-2 5.0 2.12 16.22 6.89 791

4-3 18.62 791

The variation curve of tensile stress at the center of the sample under different loading
rate conditions during the loading process is shown in Figure 4. It is observed that, before
the peak failure point, the tensile stress at the center of the sample gradually increases with
the increase in loading displacement. At the moment of specimen failure, the tensile stress
measured at the center represents its tensile strength. The relationship between tensile
strength and the change rate of tensile stress is illustrated in Figure 5. Through fitting
analysis, they approximately exhibit a linear relationship, with a correlation coefficient
reaching 0.89029 (>0.8), indicating a good fit of the regression model.

8 T T T T
——0.1kN/s

6 ——O05kN;s o/
—— 1.0kN/s

5.0 kN/s

Tensile stress/MPa
N

0.0 0.2 0.4 0.6 0.8 1.0
Load displacement/mm

Figure 4. Mechanical response characteristics of specimens under different loading rates.
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Figure 5. The fitting relationship between tensile strength and tensile stress change rate.

3.2. Spatiotemporal Evolution Characteristics of Acoustic Emission Parameters

Under different loading rate conditions, the variation curves of acoustic emission
ring-down counts over time for samples were plotted based on the acoustic emission data
obtained from the experiment, aiming to analyze the evolution characteristics of acoustic
emission ring-down counts of samples. Due to the significant difference in the order of
magnitude of acoustic emission ring-down counts before and at the moment of sample
failure, the analysis was divided into two stages for precise examination, as shown in
Figure 6.

Figure 6a,b reveal that at a 0.1 kN/s loading rate, acoustic emission counts are mostly
under 100, evenly distributed until a surge to 352 just before failure and peaking at
7023 counts at failure, averaging 443 counts/s. According to Figure 6¢,d, at a loading
rate of 0.5 kN /s, before the peak load, the acoustic emission ring-down counts during the
loading process show a slow increasing trend over time, mostly below 200 counts, with
a higher value of 886 counts appearing close to sample failure, and the highest value of
10,839 counts at the moment of failure, followed by several weaker ring-down counts, with
an overall average level of approximately 3259 counts/s. According to Figure 6e,f, at a load-
ing rate of 1.0 kN/s, before the peak load, the acoustic emission ring-down counts during
the loading process exhibit a rapid increasing trend over time, generally below 400 counts,
with a higher value of 502 counts appearing close to sample failure, and two higher values
of 15,057 and 16,207 counts at the moment of failure, followed by fewer ring-down counts,
with an overall average level of approximately 9336 counts/s. According to Figure 6gh, at
a loading rate of 5.0 kIN/s, before the peak load, the acoustic emission ring-down counts
during the loading process exhibit an exponential rapid increasing trend over time, with
ring-down counts mainly concentrated just before sample failure and with high values,
reaching up to 1547 counts, with several higher values appearing at the moment of failure,
up to 13,718 counts, followed by several weaker ring-down counts, with an overall average
level of approximately 15,046 counts/s.

To analyze the evolution characteristics of the acoustic emission energy of samples
under different loading rate conditions, variation curves of acoustic emission energy over
time for samples under different loading rates were plotted based on the acoustic emission
data. Given the significant difference in the magnitude of acoustic emission energy before
and at the moment of sample failure, the analysis was also divided into two stages for
precise examination, as shown in Figure 7.



Appl. Sci. 2024, 14, 5734

7 of 17

20 -

Load
I Acoustic emission ringing count

Load/kN

0 50

(a) 0.1 kN/s (Before Failure)

20 -

Load

Load/kN

0 10

(c) 0.5 kN/s (Before Failure)

20

Load

(e) 1.0 kN/s (Before Failure)

20
— Load

15

10

Load/kN

100 150
Time/s

I Acoustic emission ringing count

20 30
Time/s

I A coustic emission ringing count

10 15
Time/s

| I Acoustic emission ringing count

0.1

0.01
200

0

Time/s
(g) 5.0 kN/s (Before Failure)

Acoustic emission ringing count/>10° Acoustic emission ringing count/>10° Acoustic emission ringing count/><10°

Acoustic emission ringing count/>10°

Load/kN

Load/kN

Load/kN

Load/kN

0 0.01
183.5 184.0 1845
Time/s

(b) 0.1 kN/s (At the Moment of Failure)
20 - 5 100
10 41
5k
o .
36 a7 38 39 40
Time/s
(d) 0.5 kN/s (At the Moment of Failure)
20 3 100
5} 410
10 41
s5h {01
0 L L 0.01
195 196 19.7 198 19.9 200
Time/s
(f) 1.0 kN/s (At the Moment of Failure)
20 - 3100
15 410
w0}
5k
0 .
6.0 65 7.0 75 8.0

Time/s
(h) 5.0 kN/s (At the Moment of Failure)

Acoustic emission ringing count/>10° Acoustic emission ringing count/>10° Acoustic emission ringing count/>10°

Acoustic emission ringing count/>10°

Figure 6. Evolution characteristics of acoustic emission ringing count under different loading rates.
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Figure 7a,b indicate that at a 0.1 kN/s loading rate, acoustic emission energy remains
low, under 100 ms-mV, before peaking at 5333 ms-mV upon failure, averaging 122 ms-mV/s.
In Figure 7c,d, with a 0.5 kN/s rate, energy ranges up to 250 ms-mV before reaching a
maximum of 20,533 ms-mV at failure, with an average of 1224 ms-mV /s. Figure 7e f show
that at 1.0 kN/s, energy levels are below 300 ms-mV until spiking to 25,808 ms-mV at
failure, averaging 3493 ms-mV/s. Lastly, Figure 7g,h at 5.0 kN /s show energy levels up to
350 ms-mV before a peak of 29,242 ms-mV at failure, with an average of 9166 ms-mV /s,
illustrating a significant increase in acoustic emission energy as loading rates rise.

To analyze the spatial evolution characteristics of acoustic emission (AE) events under
different loading rate conditions, spatial distribution maps of AE events during the loading
process of samples under different conditions were plotted based on the original AE
data obtained from the experiment, as shown in Table 2 (red dots represent the spatial
localization of AE events, and gray dots represent the vertical projection on each coordinate
plane). The proportion of AE events in different phases under different loading rate
conditions is illustrated in Figure 8.

Table 2. Acoustic emission event location and failure state of samples under different loading rates.

Loading
Displacement/mm

0~0.4 (Phase I) 0.4~0.7 (Phase II) >0.7 (Phase III) Failure State

Loading rate 0.1 kN/s

Loading rate
0.5kN/s

Loading rate
1.0kN/s

Loading rate
5.0kN/s
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Figure 8. Proportion of acoustic emission events in each stage under different loading rates.

According to Table 2 and Figure 8, at a loading rate of 0.1 kN/s, a total of 331 AE events
were located throughout the loading process until sample failure. In phases I and II, fewer
AE events were generated, with 107 and 45 events located, accounting for 32% and 14% of
the total, respectively. In phase 11, a larger number of AE events were observed, with a total
of 179 events located, representing 54% of the total. At a loading rate of 0.5 kN/s, a total of
607 AE events were located, with 38 and 99 events located in phases I and II, accounting
for 6% and 16% of the total quantity, respectively. In phase III, the number of AE events
increased rapidly, with a total of 470 events located, accounting for 77% of the total. Ata
loading rate of 1.0 kN/s, a total of 769 AE events were located, with 167 and 185 events
located in phases I and 1II, accounting for 22% and 24% of the total, respectively. In phase
I1I, 417 AE events were located, representing 54% of the total. At a loading rate of 5.0 kN/s,
a total of 266 AE events were located, with 141 and 76 events located in phases I and I,
accounting for 53% and 29% of the total, respectively. In phase III, 49 AE events were
located, accounting for 18% of the total.

4. Discussion
4.1. Energy Calculation Model for Hard Roof Considering Mining Speed and Analysis of
Influencing Factors

In calculating the initial collapse step distance and cyclic collapse step distance of
the roof, two commonly used models are the beam fracture model and the plate fracture
model [26]. Generally, both the initial and cyclic collapse step distances of the roof are
relatively small compared to the length of the working face. Therefore, a rock beam of unit
width (1 m) can be taken from the middle of the working face, and the plane strain theory
can be applied to analyze the stress on the roof.

(1) During the Initial Fracture Period

Based on the relevant theories of material mechanics, a beam model for the roof during
the initial fracture period is established (as shown in Figure 9). The normal stress (¢) at any
point A within the beam is:

0= My/]z (2)

where M is the bending moment at the cross-section where the point is located, y is the
distance of the point from the neutral axis of the cross-section, and |, is the moment of
inertia about the neutral axis.



Appl. Sci. 2024, 14, 5734

11 of 17

Figure 9. Stress analysis model of roof during initial fracture.

Since the width of the beam is considered to be of unit width, the moment of inertia of
the beam section occurs at the point where ], = h3/12 (where & is the thickness of a single
layer of the rock stratum). Therefore, the normal stress ¢ at any point A can be expressed
as o = 12My/h®. Assuming that solid coal exists on both sides before the initial fracture of
the roof and that the rock beam is embedded between the overlying rock stratum and the
coal seam, it is therefore treated as a fixed support beam for calculation and analysis. The
maximum bending moment forms at the ends of the beam, Mmax = —qd2 /12. Accordingly,
the maximum tensile stress at that location is:

_ 12X yqd? x5 g (3)
Jmax = 13 = o

We have taken the mining speed and mining duration in the model to be Vy, and tp,
respectively, while in actual production scenarios the face mining speed, mining duration
and face length are V), t,, and L, respectively. Assuming that the shearer maintains a
uniform speed while cutting back and forth before the initial fracture, and the working
face advances at a constant speed, then the span of the rock beam before the initial fracture
in the model can be represented as d = Vyty. In actual production scenarios, d = Vptp,
leading to Vintm = Vp tp. Therefore, the mining speed in the model is:

Vin = t—pV (4)
Let the coefficient = tp/ tm. Since the width of the rock beam in the model is a unit
width of 1 m, and the working face length is L, the time spent cutting coal within the unit
width of the rock beam accounts for 1/L of the entire working face range. Therefore, f =L,
and based on actual conditions, § is taken to be 194.
Substituting the above relationship into Equation (3), the maximum tensile stress in
the rock beam can be expressed as:

Q(thm)z Q(ﬁvptm)z

Omax = N2 = 22 )

To find the partial derivative of omax with respect to time ty,,, we can derive:

d O0max aUmaxﬁ o ,Bqd

Omax = =

otm  od otm h2 P ©)

Equation (6) shows a linear positive correlation between the change rate of maximum
tensile stress in the hard roof and mining speed, indicating that under a specific roof span,
a higher mining speed results in a greater change rate of maximum tensile stress.

Research indicates that the tensile strength of coal series sandstone and the change
rate of tensile stress approximately exhibit a linear relationship [27]:

RTILZ(;'—Fb (7)
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where ¢ represents the change rate of tensile stress, a and b are constants related to the
rock type, which, based on previous laboratory results, are taken to be 0.10151 and 7.70138,
respectively.

Based on Equations (6) and (7), the tensile strength can be expressed as:

aBqgd
Ry = flg Vp +b ®)

Based on knowledge from material mechanics, the maximum span of a rock beam with
fixed supports at both ends at the time of initial fracture is given by dmax = i (2R1/9)'/2. By
combining Equation (8) to eliminate Rt and then rearranging, we can obtain a quadratic
equation in terms of dmax:

2bh?
Dnax — 20BVplmax — - =° 9)

To find the real roots of this equation, we first calculate the discriminant A and find
that A > 0, indicating that the equation has two distinct real roots. Solving the equation, we

can obtain the two real roots as follows:

2
apVp + /a2 2V + %

Amax = or (10)
_ /2p21/2 4 2bh?
apVp —y/a*p~Vg + 4

Clearly, the second root being negative is not practically meaningful, so we analyze
the first root with a positive sign. According to Prof. Avilsen’s viewpoint, the elastic energy
of the coal-rock layer system primarily consists of the volumetric elastic energy of the coal
(Uy), the deformation elastic energy of the coal (U}), and the bending elastic energy of the
roof (U ) [26]. The bending elastic energy of the roof at the time of initial fracture is:

q2d5

e = 576E ]

(11)

By substituting the positive root from Equation (10) into Equation (11), and incorpo-
rating the values of the coefficients a, b, and 8, we can derive an equation as follows:

5
4 - h?
15.4 ) (12)

2
Uy = —1—(194-V, + \/ 376.36 - V2 +

~ 48EK3

which describes the relationship between the accumulated bending elastic energy at the
limit span during the initial fracture process of the roof and the mining speed of the
working face.

(2) During Cyclic Fracture

Assuming that the roof fractures in the form of a cantilever beam during cyclic fracture
processes (as shown in Figure 10), then the maximum tensile stress within the rock beam at
the point of maximum bending moment M,y = gd? /2 is:

12x % L 342
Omax = 3 = 12

(13)

Using the same method as in Section 4.1, we can derive the relationship between the
accumulated bending elastic energy at the limit span during the cyclic fracture process of
the roof and the mining speed of the working face:



Appl. Sci. 2024, 14, 5734 13 0of 17

5
;37 , , 26-h2
Uy = oprs (194 Vp + 376,36 - V3 + ) (14)
A
q
i 4 ¥ v v v v
. R |
A - R !
RSO
D B -

Figure 10. Stress analysis model of roof during periodic fracture.

(3) Analysis of Influencing Factors

To investigate the influence of the elastic modulus and thickness of hard roofs on the
relationship between bending elastic energy and mining speed, a single-factor analysis
method was utilized. The variation curves of bending elastic energy with mining speed
under different influencing factors were drawn, as shown in Figures 11 and 12, respectively.
It is observed that the bending elastic energy approximately exhibits linear growth with
the increase in mining speed. Under the same conditions of mining speed, elastic modulus,
and thickness, the bending elastic energy during the initial fracture period of the hard roof
is higher than that during cyclic fractures, indicating that the elastic energy released during
the initial fracture of the hard roof is higher than that during cyclic fractures.

According to Figure 11, the smaller the elastic modulus of the hard roof, the greater
the accumulated bending elastic energy, and the stronger the sensitivity of the bending
elastic energy to changes in mining speed. This sensitivity difference is more pronounced
during cyclic fracture periods. For instance, during the initial fracture period, with an
elastic modulus of 30 GPa, as the mining speed increases from 0.6 m/d to 6.0 m/d, the
bending elastic energy increases from 198 kJ to 210 kJ, with a growth of 12 kJ; with an elastic
modulus of 5 GPa, as the mining speed increases from 0.6 m/d to 6.0 m/d, the bending
elastic energy increases from 1189 kJ to 1260 kJ, with a growth of 71 kJ. By comparison,
during the cyclic fracture period, with an elastic modulus of 30 GPa, as the mining speed
increases from 0.6 m/d to 6.0 m/d, the bending elastic energy increases from 169 kJ to
194 kJ, with a growth of 25 kJ; with an elastic modulus of 5 GPa, as the mining speed
increases from 0.6 m/d to 6.0 m/d, the bending elastic energy increases from 1012 kJ to
1166 kJ, with a growth of 154 kJ.

According to Figure 12, the thicker the hard roof, the larger the accumulated bending
elastic energy, and the stronger the sensitivity of the bending elastic energy to changes in
mining speed. This sensitivity difference is more pronounced during cyclic fracture periods.
For instance, with a 10 m thickness, increasing the mining speed from 0.6 m/d to 6.0 m/d
raises the bending elastic energy from 38 k] to 48 k], a 10 k] increase. At 60 m thickness, this
speed increase boosts the energy from 1334 k] to 1387 k], a 53 kJ growth. By comparison,
during the cyclic fracture period, for a thickness of 10 m, as the mining speed increases
from 0.6 m/d to 6.0 m/d, the bending elastic energy increases from 33 k] to 58 k], with a
growth of 25 kJ; for a thickness of 60 m, as the mining speed increases from 0.6 m/d to
6.0 m/d, the bending elastic energy increases from 1132 kJ to 1245 kJ, with a growth of
113 KJ.
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Figure 11. Variation in bending elastic energy of hard roof with mining speed under different elastic
modulus. (a) During Initial Fracture, (b) During Cyclic Fracture.
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Figure 12. Variation in bending elastic energy of hard roof with mining speed under different
thickness. (a) During Initial Fracture, (b) During Cyclic Fracture.

4.2. Future Works

In sandstone Brazilian split test samples, the range of acoustic emission energy distri-
bution widens with increasing loading rates before failure. Additionally, both the acoustic
emission ring-down counts and the energy experience a substantial increase at the point
of failure. Atlower loading rates, the generation of acoustic emission events mainly con-
centrates in Stage III near sample failure, while at higher loading rates, the generation
of acoustic emission events primarily occurs in the early loading phase (Stages I and II).
These differences in acoustic emission parameter characteristics indicate that the higher the
mining speed, the less sufficient the development and extension of internal micro-cracks
before the hard roof fractures, manifesting macroscopically as an increase in tensile strength
and an increase in the amount of energy released at the time of fracture. The analysis of
influencing factors of the energy calculation model reveals that the greater the thickness of
the hard roof, the higher the sensitivity of the bending elastic energy to changes in mining
speed, and this characteristic is more pronounced during cyclic fractures. Therefore, when
mining workfaces with thick and hard roofs, the optimization of mining speed should be
emphasized to prevent the occurrence of rockbursts.

This study focuses on the hard roof of coal seams to mitigate roof fracture-induced
rockbursts. It examines the tensile failure properties of hard roofs in relation to mining
speed and formulates a model for calculating the bending elastic energy of hard roofs,
considering the influence of mining speed. These insights are crucial for understanding how
mining speed affects the risk of roof fracture-type rockbursts. Nonetheless, in the context
of rockbursts, coal itself is primarily prone to failure and outburst, with the loading rate
significantly affecting the coal’s mechanical characteristics [28-32]. Future research will aim
to link mining speed with the risk of coal face outbursts, building on this paper’s findings.

5. Conclusions

(1) The tensile strength and pre-peak energy accumulation of sandstone Brazilian split
test samples gradually increase with the increase in loading rate. The coefficients
a and b in the linear relationship between tensile strength and the change rate of
tensile stress are 0.10151 and 7.70138, respectively. As mining speed increases, internal
micro-cracks in the hard roof have less time to develop and expand before fracturing.
This results in a macroscopic increase in tensile strength and a higher amount of
energy released upon fracture.

(2) The maximum rate of change of tensile stress in the hard roof during initial and cyclic
fractures shows a linear positive correlation with the mining speed. The bending
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elastic energy approximately exhibits linear growth with the increase in mining speed.
Under the same conditions of mining speed, elastic modulus, and thickness, the
bending elastic energy during the initial fracture of the hard roof is higher than that
during cyclic fractures.

(3) Through theoretical deduction, the relationship between the mining speed and the
change rate of tensile stress within the hard roof was obtained. A computational
model for the bending elastic energy of the hard roof during initial and cyclic fracture
periods, considering the mining speed, was established, and an analysis of the main
influencing factors was conducted.

(4) The thicker the hard roof, the higher the sensitivity of the bending elastic energy to
changes in mining speed, and this characteristic is more pronounced during cyclic
fractures. Therefore, when mining workfaces with thick and hard roofs, the optimiza-
tion of mining speed should be emphasized to effectively prevent roof fracture-type
rockburst.
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