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Abstract: The source of energy release when rockburst occurs must be determined to understand the
mechanisms underlying disaster formation and achieve accurate prevention and control. Although
previous research has systematically investigated the energy source underlying rockburst from
different perspectives, issues such as an unclear understanding of the energy accumulation state
and inaccurate positioning of the energy release source remain to be resolved. In this study, the
“1-17” major roof accident in the Danshuigou Mine was used as the background to evaluate and
analyze the stress environment and energy accumulation characteristics of roadway surrounding
rock under multiple mining disturbances, and the results showed that a super energy package occurs
in the surrounding rock of the mining roadway. Subsequently, the evolution process of energy in
this region and the mechanism of induced rockburst were elaborated. The results showed that the
degree of stress concentration in the surrounding rock of the roadway will increase several times as
the number of mining disturbances increases. Under the influence of multiple mining disturbances,
the maximum principal stress peak of the surrounding rock of the roadway can reach 5-10 times the
maximum principal stress value outside the mining-affected area. A large amount of elastic energy
was accumulated in the rock surrounding the roadway, and super-high-density energy packages
were formed locally. The maximum energy density value reached 50-185 times the value observed in
areas outside the mining-affected zone. Thus, rockburst may be induced when the large amount of
energy accumulated in the super energy package is suddenly and violently released; moreover, the
degree of energy accumulation in the super energy package is likely closely related to the magnitude
of rockburst. These results have important theoretical significance and application value for clarifying
the mechanism of rockburst and improving the effectiveness of rockburst prediction and prevention.

Keywords: multiple mining disturbances; stress field; energy accumulation; super energy package;
rockburst

1. Introduction

Rockburst is one of the main dynamic disasters threatening the safety and efficient
production of coal mines [1,2]. Over the past five years, eight rockburst accidents have
occurred in China, resulting in 48 deaths and more than 100 injuries. With the increase
in mining scale, mining depth, and mining intensity, a more serious rockburst disaster
development trend is expected to occur [3-5].

Rockburst is a dynamic failure phenomenon caused by the sudden release of elastic
energy accumulated in coal and rock mass when the mechanical system of coal and rock
reaches the strength limit [6-8]. Coal mining under different geological and mining tech-
nology conditions leads to diverse manifestations of rockburst, and although the specific
mechanisms differ [9-11], a consensus has been reached in academic and engineering
circles that rockburst is driven by energy [12-15].
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The formation of rockburst is closely related to the elastic strain energy accumulated in
the surrounding rock [16-18]. According to energy theory [19], rockburst occurs when the
energy released by the coal-surrounding rock system is greater than the energy consumed
when its mechanical equilibrium state is destroyed. This theory was previously used to
explain the cause of rockburst from the perspective of energy conversion. Li et al. [20]
first deduced the calculation formula of the energy distribution of an elastic foundation
beam and analyzed the distribution law of energy accumulation and energy release before
and after the fracture of the hard roof plate in front of the work face. Zhou et al. [21,22]
studied the coupling effect of elliptical cavities and cracks on tunnel stability under static
and dynamic loads. Guo et al. [23] applied elastoplastic mechanics to deduce the stress
distribution formula and releasable strain energy concentration of roadway surrounding
rock. Hao et al. [24] investigated a rockburst accident in the Chengshan Coal Mine by
studying the influence of the upper goaf, roof strength, and excavation time on the energy
distribution in front of the working face. Tan et al. [25] deduced the calculation method
of kinetic energy generated in a coal body due to mining and proposed an evaluation
index of the kinetic energy of rockburst risk. Chen et al. [26] explored the accumulation
horizon of energy that causes rockburst in a coal-rock system, deduced the pre-peak energy
distribution formula of coal-rock combinations, and studied the failure characteristics,
mechanical properties, and energy accumulation law of the combination through tests.
The integral volumetric measures of damage-dangerous volumes where stresses, strains,
or energy surpass their limiting values are long and well known in the works on tribo-
fatigue for systems simultaneously working in the conditions of fatigue, friction, wear,
and thermal loads [27-29]. Sherbakov et al. [30] conducted computer modeling of stress—
strain state and volumetric damageability in the neighborhood of a mine roadway and
calculated volumetric damageability through the model of a deformed solid body with
dangerous volume.

Previous research has systematically investigated the energy source underlying rock-
burst from different perspectives; however, the energy accumulation state is poorly un-
derstood, and a method of accurately locating the energy release source has not been
developed. These issues remain to be resolved.

Based on the “1-17” major roof accident in the Danshuigou Mine, this study examined
and analyzed the stress environment and energy accumulation characteristics of the road-
way surrounding rock under the influence of multiple mining disturbances, and expounded
the evolution process of the surrounding rock energy of the mining roadway and the mech-
anism of inducing rockburst. The results can be used as an important theoretical basis for
determining the size and location of the energy source of rockburst. They also have certain
engineering significance and reference value for further understanding the incubation and
development process of rockburst and improving the monitoring and prevention efficiency
of rockburst disasters.

2. Project Background
2.1. Project Overview

The Danshuigou Coal Mine is located in Xiaopingyi Township, north of Shuocheng
District, Shuozhou City, Shanxi Province, China. The minable coal seams of the Danshuigou
Coal Mine are coal seams 4™1,472 8 9, and 11. The first-level coal seams 4! and 472 are
jointly arranged, and the second-level coal seams 8, 9, and 11 are jointly arranged. The
4203 fully mechanized working face is located to the north of the main roadway in coal
seam 4, the 4202 goaf is located to the east, and the lower part of the 4202 goaf corresponds
to the 9202 goaf of coal seam 9. The strike length of working face 4203 is 1091 m, the
dip length is 215 m, the average thickness of the coal seam is 5.68 m, and the dip angle
of the coal seam is 2-14°, with an average of 5°. The working face adopts the long-wall
coal mining method, the coal mining process is comprehensive mechanized mining, while
the full-caving method is used to manage the roof. The direct roof and main roof of the
working face are medium-coarse sandstone and mudstone, which present undeveloped



Sustainability 2023, 15, 9595

30f17

fissures. The thickness of the direct roof is 5.95 m, which belongs to the Class I stable roof
category, and the thickness of the main roof is 3.97-9.04 m. The direct bottom and old
bottom of the working face are mudstone and fine sandstone, respectively, which present
undeveloped fissures. The thicknesses of the direct and old bottom are 3.91-9.35 m and
5.88 m, respectively.

The 4203 haulage roadway is excavated along the floor of coal seam 4 with a rectangu-
lar cross section. The roof support is a combination of support by bolt, anchor cable, steel
belt, and metal diamond mesh. In the mining process of the 4203 working face, due to the
coal roof of the haulage roadway, roof separation and roadway floor heave have occurred
during mining. To ensure normal mining, some areas need to carry out roadway expansion
operations, such as the expansion and repair of roadway sides, excavation and leveling
of roadway floor. A single column with a steel cantilever beam is used to strengthen
the support.

On 17 January 2017, a major roof accident occurred in the 4203 haulage roadway. The
abnormal ground pressure phenomenon revealed by the accident was the first occurrence
in this coal mine. The specific accident location and on-site excavation engineering layout
are shown in Figure 1.
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Figure 1. Schematic diagram of the accident location and surrounding mining layout of the 4203 working

face haulage roadway:.

2.2. Failure Characteristics of the Accident Roadway

After a major roof accident occurred in the 4203 haulage roadway, the roadway pre-
sented obvious sectional damage characteristics and typical dynamic damage characteristics
as follows.
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The accident roadway showed obvious characteristics of sectional damage. The 4203 haulage
roadway is divided into five sections from the end of the working face outwards. As
shown in Figure 1, the surrounding rock of the roadway within a range of 0—41 m in
front of the working face was severely damaged (length 41 m). The transfer machine
head was inclined, with one side close to the roof and the other side located 350 mm
away from the roof, as shown in Figure 2. The roof with a range of 41-51 m in front of
the working face was basically intact (length 10 m). The 51-70 m section in front of
the working face presented evidence of the impact roof collapse (length 19 m), and its
height of 2.0-2.5 m reached the direct roof. Most of the anchor rods on the side were
exposed, the coal side was collapsed. The 70-200 m section in front of the working
face was the damaged section outside the roof falling area, with 70-115 m being more
severe. The roof and sides appeared to have a net pocket, and the floor bulge was
severe. The normal rock pressure manifestation section was located 200 m away from
the front of the working face, and the roadway surrounding rock was basically intact.
The accident roadway had typical dynamic damage characteristics. Some single hy-
draulic props were bent at 041 m in front of the working face. Within the 19-m-long
roof fall and wall collapse section, more than 30 sets of roof bolts were broken, account-
ing for nearly 30% of the total number of bolts, most of them were broken without
necking, and all 19 anchor cables were pulled apart, which is evidently different from
the breaking and failure characteristics of bolts and anchor cables in ordinary roof
fall accidents, as shown in Figure 3. According to the data provided by the Center of
Seismological Network of Shanxi Province, the SHC Shenchi Station (~42 km away),
PIG Pianguan Station (~83 km away), KEL Kelan Station (~80 km away), and L1410
Yuanping Station (~78 km away) all experienced obvious “earthquake anomalies”
when the accident occurred.

The transfer machine is
severely tilted and tightly
attached to the roof

Figure 3. Photo of the anchor bolt (cable) breaking.
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3. Establishment of a Numerical Model
3.1. Numerical Calculation Model

Based on the actual data for the Danshuigou Mine, a numerical calculation model was
developed (length x width x height = 1000 m x 530 m x 170 m), where the horizontal
displacement of the x and y axis boundary was fixed, and the vertical displacement of the
lower boundary of the z axis was fixed, as shown in Figure 4. A compensation load of
8 MPa was applied to the upper boundary to simulate the unit weight of the rock layer
above the model, and the initial stress field determined from the field stress data was
applied. The Mohr-Coulomb constitutive model and the Mohr—Coulomb failure criterion
were applied for calculation. The physical and mechanical parameters of the rock mass are
shown in Table 1.

530

Figure 4. Numerical calculation model.

Table 1. Mechanical parameters of the stratified rock mass in the model.

Stratum Density/(kg/m®) Bulk Modulus/GPa  Shear Modulus/GPa Cohesion/MPa Friction Angle/°
mudstone 2480 9.97 7.35 4.4 32
medium-coarse 2630 18.7 22,0 6.6 36
sandstone
coal seam 42 1380 491 2.01 3.7 32
fine sandstone 2540 2.7 1.6 4.0 35
mudstone 2480 9.97 7.35 4.6 32
coal seam 9 1380 491 2.01 3.8 32
mudstone 2480 9.97 7.35 4.2 32
fine sandstone 2540 2.7 1.6 4.0 35

For the research of the relationship among the stress environment and energy evolution
observed in the surrounding rock of the 4203 haulage roadway and the impact roof fall
accident, the width and height of the 4203 haulage roadway were set to 5 m x 4 m,
respectively, in the numerical calculation model. Considering the influence of roadway
excavation on the stress change of the surrounding rock, the section size of the surrounding
rock of the 4203 haulage roadway was set to 35 m x 26 m (width x height); that is, the
ratio of width direction to roadway width was 7, and the height direction was 6.5. This
study assumed that the rock mass outside the mining surrounding rock was not affected
by roadway excavation.
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3.2. Calculation Schemes

Based on the mining layout of the working face when the 4203 haulage roadway
roof fall accident occurred in the Danshuigou Coal Mine, four calculation schemes are
proposed, as shown in Figure 5. Scheme I: considering the influence of single mining
disturbance, only the 4203 working face will be mined to 490 m. Scheme II: considering
the influence of double mining disturbances, the 4202 working face is first mined to the
stopping position of 755 m, and then the 4203 working face is mined to 490 m. Scheme
III: considering the influence of double mining disturbances, the 9202 working face is first
mined to the stopping position of 685 m, and the 4203 working face is mined to 490 m.
Scheme IV: considering the influence of triple mining disturbances, the 4202 and 9202 faces
are mined to the stopping position of 755 m and 685 m, then the 4203 face is mined to 490 m.

-
== 4202 4202 4202 gg(tratc_tion
Irection
420 420 42034 42034 of 4203
9202 9202 9202 coal face
0 500 1000 O 500 1000 0 500 1000 0 500 1000

Figure 5. Mining layout schemes of the working face.

4. Stress Environment Characteristics of the Roadway Surrounding Rock
4.1. Vector Characteristics of the Mining Roadway Surrounding Rock Stress State

Figure 6 shows the calculation results of the vector distribution of the main stress
field of the 4203 haulage roadway at 20 m in front of the working face under four different
calculation schemes. According to the results, under the influence of double mining
disturbances, the size of the main stress field significantly increased compared with that of
a single working face; moreover, the direction of the main stress field changed significantly.
However, under the influence of triple mining disturbances, the maximum principal stress
field of the roadway surrounding rock increased several times compared with the influence
of double mining disturbances, while that of the local area increased nearly 10 times.
In addition, the uneven distribution of the principal stress field in the roadway section
increased significantly, especially in the roof of the roadway, where the stress concentration
was higher.

100

90

1T

1T
i — Intermediate principal stress

— Maximum principal stress

X—axis

260 270 280 290

Minimum principal stress

300
10

Figure 6. Vector distribution of the principal stress field of the roadway surrounding rock section

under different mining schemes.
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4.2. Distribution Characteristics of the Surrounding Rock Stress Field of Mining Roadway

According to the above calculation results, the maximum principal stress value in the
area where the depth of the roof surrounding rock was 4 m was extracted along the axial
direction of the roadway, and the center line of the roadway roof was used as a benchmark.
The results are shown in Figure 7. Under the influence of mining disturbance at different
working faces, the distribution of the maximum principal stress field was significantly
different. Among them, the maximum principal stress under the influence of triple mining
disturbances was far greater than the calculation results under the influence of single or
double mining disturbances. From the peak value of the maximum principal stress field,
the calculation result under the influence of triple mining disturbances was 3-5 times the
peak value under the influence of double mining disturbances, 6.6 times the peak value
under the influence of a single mining disturbance, and 7.3 times the peak value outside
the area of a mining disturbance in front of the working face. Among them, a comparison
of Schemes II and III showed that the 9202 working face had a greater impact on the peak
value of the principal stress than the 4202 working face, and the stress increase range under
the influence of triple mining disturbances could reach 300 m in front of the working face.

Model scale/m
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1.5x10° |- Normal section -
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1.0%10° 4
5.0x107 /\'”
\I
8.0x10°
490 531 560 690

Location of different degrees of strata behaviors in 4203 haulage roadway/m

Figure 7. Stress distribution of the roadway surrounding rock in different mining schemes.

Figure 8 shows the calculation results based on Scheme IV when working face 4203
is located at different mining locations. According to the calculation results, in the mining
process of working face 4203, the peak value of the maximum principal stress was 5-10 times
that of outside the mining-affected area and centered on the stopping position of working
face 9202. Before this position, the peak value of the maximum principal stress continuously
increased, while after this position, the peak value gradually decreased, the distribution of the
maximum principal stress no longer appeared in the stress rise area, and the peak value was
directly located near the working face.

The results shown in Figures 7 and 8 were used to compare the damage area of the
accident roadway with the distribution of the stress field. The mining stress field of the
4203 haulage roadway moved dynamically during the advance of the 4203 working face.
With the approach to the stopping position of the 9202 working face, the stress concentration
degree gradually increased. When the working face advanced to the accident location,
the continuously migrating and increasing dynamic high stress acted on the 4203 haulage
roadway, thereby inducing rockburst. The impact stress caused instantaneous destruction
of the roof and floor of nearly 200 m of roadway and the two sides of the coal body,
simultaneously broke a large number of bolts and cables in the local roadway, and led to
local roof fall and wall collapse. Among them, the rockburst induced by multiple mining
stresses was the direct cause of roof fall and wall collapse.
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Figure 8. Stress distribution of the roadway surrounding rock in different mining positions.

5. Energy Accumulation Characteristics of the Roadway Surrounding Rock

When a rock mass undergoes elastic deformation due to external forces, energy ac-
cumulates inside the mass because of work by external forces. If the energy loss is not
considered, then all work done by external forces acting slowly in the elastic range will
be accumulated in the rock mass in the form of strain energy [31]. Therefore, when the
surrounding rock of the roadway is affected by multiple mining disturbances, the rock
mass under strong mining stress may accumulate huge amounts of elastic energy. In the
elastic state, for the mining roadway surrounding rock in a certain area (expressed in (2),
the energy stored in any unit of its space can be expressed as follows [32,33]:

1
f(x,y,z) = 3E {0121' + 03; + 03 — 2i(0109; + 02103 + 0'11'0'31')} * AV 1)
1

where E; is the elastic modulus of the unit; oy;, 05;, and 3; are the maximum, intermediate,
and minimum principal stresses of the unit, respectively; y; is the Poisson ratio of the unit;
and AV is the unit volume.

As a certain plastic zone range usually forms around the roadway surrounding rock
(denoted by (2,) and its micro unit is still considered to be in the elastic state, the elastic
strain energy density of this area can be calculated by Equation (1) (at this time, the elastic
modulus and Poisson ratio are the values under the plastic state). Under this state, the
energy accumulated in the surrounding rock of the mining roadway can be expressed by
Equation (2):

u= [, feepaav = [[f fepaave+ [f, fxy2av, @

where (2, represents the rock mass area in an elastic state, i.e., (2, = 2 — (2.

5.1. Energy Accumulation Characteristics of the Roadway Surrounding Rock

According to the above, within the 4203 haulage roadway surrounding rock section
along the axial direction of the roadway, the roadway surrounding rock with a length
of 2 m was considered as the calculation unit to calculate the energy accumulated in the
mining roadway surrounding rock within this range. Figure 9 shows the calculated energy
accumulation distribution within the surrounding rock of the 4203 haulage roadway under
the four different calculation schemes. According to the results, the energy accumulation
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value of the roadway surrounding rock under the influence of triple mining disturbances
was far greater than that under single or double mining disturbances. The peak value of
energy accumulation of the roadway surrounding rock under the influence of triple mining
disturbances can reach 1.53 x 10° J, which is equivalent to the energy of 364.3 kg TNT
(4.2 x 10° J/kg), 4.6 and 3.1 times the peak value of accumulated energy under the influ-
ence of mining disturbances in the double working faces 4203 + 4202 and 4203 + 9202,
respectively, 24 times the peak value of accumulated energy under the influence of mining
disturbances in the single working face, and 72 times the value of accumulated energy
outside the mining influence area in front of the working face. Under the influence of
triple mining disturbances, the distribution characteristics of the accumulated energy in
the roadway surrounding rock are noticeable and show a trend of initially increasing, then
decreasing, and then tending to be flat. The range of the energy increase zone can reach
300 m away from the front of the working face. Under the influence of single or double
mining disturbances, the zone of increasing energy distribution is small or disappears, and
the range of the zone of increasing energy is relatively small.

The calculation results based on Scheme IV when working face 4203 is located at
different mining locations are shown in Figure 10. According to the results, under the
influence of triple mining disturbances, the accumulated energy of the surrounding rock
of the 4203 haulage roadway was at a high level, and the peak value of the accumulated
energy of the roadway surrounding rock was 15-73 times the accumulated energy value
outside the mining influence area in front of the working face, which gradually increased
while approaching the mining stopping position of the 9202 working face, the accumulated
energy reached the maximum value at the 590 m position and then gradually decreased.
Therefore, from the perspective of the evolution process of the accumulated energy of the
roadway surrounding rock with the mining of the working face, the stopping position of
the 9202 and 4202 working faces significantly affected the change in its peak value.

Model scale/m
450 500 550 600 650 700 750 800 850 900 950 1000
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30x0° NI i

1L
7 ~1
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Figure 9. Distribution of accumulated energy of the roadway surrounding rock under different
mining schemes.

According to the above analysis and the results shown in Figures 9 and 10, the energy
value accumulated in the surrounding rock caused by mining in the 4203 haulage roadway
moved and increased with the dynamic migration and gradual increase in the concentration
of the mining stress field during the advance of the 4203 working face. When the working
face advanced to the accident location, the large amount of energy accumulated in the
roadway surrounding rock provided the energy basis for the occurrence of rockburst.
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Figure 10. Distribution of accumulated energy of the roadway surrounding rock under different
mining positions.

5.2. Super Energy Package of the Roadway Surrounding Rock and Its Evolution Characteristics
5.2.1. Super Energy Package and Its Connotation

The energy density distribution of the roadway section in Figure 6 was calculated,
and the results are shown in Figure 11. Under strong triple mining stress, the stress
concentration degree of the roadway surrounding rock increased several times. Due to
the regional concentration of the mining stress distribution, a super-high-density energy
accumulation area was locally formed in the roadway surrounding rock, and the maximum
energy density value in the section can reach 35 times under the influence of the mining of
a single working face.
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Figure 11. Comparison of the energy density distribution of the roadway surrounding rock section
under different mining schemes.

When working face 4203 was located in different mining positions, according to the
energy accumulation area of the roadway surrounding rock, along the axial direction of the
roadway, i.e., the Y direction, take the section at X = 288 m, and the energy density distribu-
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tion was calculated, as shown in Figure 12. In the mining process of the 4203 working face,
under continuous increases of mining stress concentration, the energy accumulated in the
4203 haulage roadway increased, and the distribution of the energy field also underwent
cumulative adjustment. Simultaneously, combined with the calculation results in Figure 11,
in the mining process of working face 4203, a super-high-density energy package occurred
in the roadway surrounding rock, which is termed as the super energy package in this
study. When a certain energy density value is determined as the boundary of the super
energy package, the energy density value of the rock mass within the boundary of the
super energy package increases in multiples, and a region containing the maximum energy
density is formed in the center, known as the energy nucleus, the center of the energy
nucleus is the region where the maximum energy density is located in the super energy
package. The scope, shape and internal stored energy of the super energy package changes
significantly with the change of the position of the 4203 working face.

Y

0 500 1000
790
= 685: Position of 9202 coal face

755: Position of 4202 coal face
== 290/390/490/590/690/790: Position of 4203 coal face

_— .

0.0  6.0x10° 1.2x10° 1.8x10° 2.4x10° 3.0x10° 3.6x10° 4.2x10° 4.5x10°

Figure 12. Energy density distribution of the 4203 transport roadway surrounding rock when the
4203 working face is located at different mining positions.

5.2.2. Evolution Characteristics of Super Energy Package

To characterize the evolution characteristics of the super energy package with the change
of the mining position of the 4203 working face, the maximum energy density value was
extracted in the surrounding rock section of the 4203 haulage roadway, that is, the maximum
energy density within a certain section of the surrounding rock of the roadway, and the
maximum energy density distribution curve of the surrounding rock in different sections was
formed along the axial direction of the roadway, as shown in Figure 13. Before the stopping
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position of the 9202 working face, the distribution of the maximum energy density presented
a “double peak” feature of “increase — decrease — increase — decrease — flat.” At this time,
the maximum energy density in the super energy package was the maximum value of the
maximum energy density distribution curve. After the stopping position of the 9202 working
face, it transformed into a “single peak” that followed the form “increase — decrease — flat”.
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Figure 13. Distribution curve of the maximum energy density.

Figure 14 shows the calculation results of the maximum energy density distribution
eigenvalue. Here, nuclear is the maximum energy density in the super energy package,
and the center position of nuclear is the distance between the maximum energy density in
the super energy package and the working face. With the continuous approaching of the
working face 4203 and the stopping position of working face 9202, the maximum energy
density in the super energy package gradually increased and reached the maximum values
at 590 m. In this process, the central part of nuclear stabilizes at 7 m in front of the working
face. Afterwards, as the 4203 working face continued to advance, the maximum energy
density in the super energy package began to gradually decrease, and the distance between
the center of the energy nuclear and the working face was also gradually approaching.
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Figure 14. Distribution characteristic values of the maximum energy density.
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Under the influence of triple mining disturbances, the maximum energy density value
of the super energy package in the surrounding rock of the 4203 haulage roadway was
at a high level. The accumulation degree of energy in the super energy package changes
significantly with the position of the working face, and the maximum energy density value
inside the super energy package can reach values 50-185 times that outside the mining-
affected area. Considering the mining of the working face to be 490 m (i.e., the position of
the 4203 working face when the accident occurred) as an example, the maximum value of
the energy density in the energy package was 4.87 x 10° ]/m3, which was 166 times that of
the maximum energy density outside the mining-affected area in front of the working face.
When the huge energy accumulated in the super energy package reached a certain limit, it
may become the main energy source underlying rockburst catastrophe accidents.

6. Discussion

In the process of the deformation and destruction of rocks, energy input, accumulation,
dissipation, and release occurs [34,35]. Consider the mining roadway within a certain range
in front of the coal face as a relatively closed system (4203 haulage roadway with a certain
range, as mentioned earlier), that is, the surrounding rock system of a mining roadway.
The surrounding rock system of the mining roadway likely also experiences energy input,
energy accumulation, energy dissipation, and energy release during working face mining.
The spatiotemporal evolution of these four aspects of energy is closely related to rockburst
disasters induced by energy.

6.1. Energy Evolution Process of the Surrounding Rock of Mining Roadway
(1) Energy input

External energy inputs mainly refer to the work done by external forces. For the
surrounding rock system of the mining roadway, the external force can be considered
mining stress that is constantly moving with the advance of the working face during the
mining process. Increased mining stress acts on the surrounding rock system of the mining
roadway, and the external force impacts the system and also inputs external energy. In
addition, the external force includes the dynamic load caused by rock mass fracture of
the outer roof of the surrounding rock system of the mining roadway, fault activation,
earthquakes, and other mining engineering disturbances.

(2) Energy accumulation

For the surrounding rock system of a mining roadway, part of the external input
energy is accumulated in the surrounding rock of the roadway in the form of elastic
deformation energy, which is reversible and can be released when the increased mining
stress is unloaded. When energy is input from an external source, the surrounding rock
system of the mining roadway accumulates energy continuously, and the distribution of
the energy field forms a super-high-density energy package due to the local adjustment
of the stress state of the mining surrounding rock. Under different mining conditions, the
degree of energy accumulation in the super energy package varies greatly. When the huge
energy accumulated in the super energy package reaches a certain limit, it may become the
main energy source of rockburst catastrophe accidents.

(3) Energy dissipation

When an external force acts to input energy into the surrounding rock system of
the mining roadway, if the stress in the surrounding rock exceeds its elastic limit, the
surrounding rock will produce plastic deformation. Due to the irreversibility of plastic
deformation, this is a process of energy dissipation. Simultaneously, the energy input from
the outside not only leads to the further development of initial damage (cracks and holes) in
the roadway surrounding rock, but also produces new cracks and holes in the surrounding
rock; that is, part of the energy is dissipated in the form of irreversible damage energy. As
the energy input increases, the amount of energy transformed into plastic deformation
energy and damage energy becomes larger. In the surrounding rock system of the mining
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roadway, it is specifically manifested in the expansion of the plastic zone of the surrounding
rock and the increase of the degree of fragmentation of surrounding rock.

(4) Energy release

Energy release mainly refers to the energy released by the surrounding rock system
of the mining roadway to the outside world (mainly refers to the roadway space and
the rock mass outside the system). The intensity of energy release in unit time can be
graded according to the magnitude of the earthquake. When the energy accumulated in
the surrounding rock system is released evenly and slowly, it is mainly manifested in the
form of general ground pressure manifestations, such as roof subsidence, wall bulge, and
floor heave. When the energy accumulated in the surrounding rock system is released
violently in a short time, it is mainly manifested in the form of dynamic destruction of the
surrounding rock, such as rock mass ejection, surrounding rock vibration, and roadway
roof fall, simultaneously, accompanied by the sound of surrounding rock fracture, the
intensity of the released energy is positively related to its destructiveness [36,37], which
can severely destroy mechanical equipment and support components in the roadway space
and cause casualties.

6.2. Mechanism of Rockburst Induced by Energy Accumulation in the Surrounding Rock of
Mining Roadway

In the mining process of the working face, when dynamic changes of the surrounding
rock stress field in the mining space occur and the stress field of the surrounding rock
system of the mining roadway is in a specific stress state, the corresponding energy field has
a specific energy state corresponding to the state [38]. Under certain mining conditions, the
energy of the surrounding rock system of the mining roadway is continuously accumulated
and forms a super energy package with a very high energy density value. Subsequently, the
sudden and violent release of the huge energy accumulated in the super energy package
can induce rockburst. In this process, the formation of the super energy package and the
degree of its energy accumulation are important factors that induce rockburst. The huge
energy accumulated in the super energy package will become the main energy source of the
dynamic disaster accident. As shown in the previous research results, under the influence
of triple mining disturbances, the mining surrounding rock system in a certain area of
the 4203 haulage roadway experienced four processes of energy input, accumulation,
dissipation, and release during the advancing process of the working face. With the
continuous input of external energy, the energy in the mining surrounding rock system
continues to accumulate, and the energy accumulation degree in the super energy package
also continues to increase. When the working face is pushed to the accident location, under
the action of a trigger event, the huge energy accumulated in the super energy package
will be released violently in a short time, thus triggering an impact roof fall accident.

The results of this study indicate that further theoretical exploration is required to
determine how to prevent energy in the rock mass from accumulating at a local height,
release the accumulated energy smoothly, and accurately predict and monitor the location
and degree of rockburst during coal mining operations.

7. Conclusions

(1) The stress environment characteristics of the roadway surrounding rock under the
influence of multiple mining disturbances were studied and analyzed. The degree of
stress concentration in the surrounding rock of the roadway will increase several times
as the number of mining disturbances increases. The stress concentration degree of the
roadway roof surrounding rock and the uneven degree of the stress field distribution
are relatively higher, and the peak maximum principal stress can reach 5-10 times that
outside the mining-affected area. During the mining process of the working face, as
the distance from the stopping position of the adjacent working face decreases, the
stress concentration degree of the roadway surrounding rock continues to increase
during its dynamic migration.
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(2) Under the influence of multiple mining disturbances, a large amount of elastic energy
is accumulated in the roadway surrounding rock and a super-high-density energy
package is formed in the roadway surrounding rock. The maximum energy density
value in the super energy package can reach 50-185 times that of outside the mining-
affected area. The degree of energy accumulation in the super energy package will
change significantly with the change of the location of the working face. When the
huge energy accumulated in the super energy package reaches a certain limit, it may
become the main energy source of the dynamic disaster accident. This relationship
can be used as an important theoretical basis for determining the size and location of
the energy source of rockburst.

(3) The evolution process of the surrounding rock energy of a mining roadway and the
mechanism of induced rockburst are expounded. Under the influence of multiple
mining disturbances, the energy of the surrounding rock system of the mining roadway
is continuously accumulated and forms a super energy package with a very high
energy density value. When the huge energy accumulated in the super energy package
is suddenly and violently released, it can cause dynamic destruction of the surrounding
rock, such as rock mass ejection, surrounding rock vibration, and roadway roof fall,
which are accompanied by the sound of surrounding rock fracture. The degree of
energy accumulation in the super energy package is closely related to the magnitude
of rockburst.
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