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Abstract: To address the frequent occurrence of rock burst disasters in areas with wide coal pillars
during mining in the western mining area of China, the wide coal pillar area of the Tingnan coal
mine in Shanxi Province was used as the research background. Theoretical analysis, numerical
simulation, and field tests were used to establish the mechanical criterion and the energy criterion for
the dynamic instability of wide coal pillars. The process and mechanism of wide coal pillar dynamic
instability under dynamic and static load disturbances were revealed, and a wide coal pillar rock
burst prevention and control scheme was proposed. The results indicated that when the load above a
coal pillar reached the stress failure index and the energy failure index was met, the coal pillar reached
the critical conditions for rock burst. With increasing static load, the stress, energy, and range of the
plastic zone all showed increasing trends on both sides of the coal pillar. Under a given dynamic load,
the stress and plastic zone range of the coal pillar significantly increased compared to those without a
dynamic load. Under a given static load, the greater the dynamic load, the more likely the coal pillar
was to undergo dynamic instability. The evolution of coal pillar dynamic instability was divided
into three stages: energy accumulation, local instability, and dynamic instability. When the critical
stress and energy conditions for coal pillar dynamic instability are exceeded, rock burst will occur. To
reduce the static and dynamic loads of coal pillars, a rock burst prevention and control scheme of
energy release and load reduction was proposed and applied onsite. The monitoring results showed
that this control plan effectively reduced the stress of the coal pillar and the dynamic load generated
by the fracture of the overlying rock layer, indicating safe mining in this area of wide coal pillars.

Keywords: wide coal pillar; superimposition of dynamic and static loads; rock burst; prevention
and control

1. Introduction

With long-term, large-scale, and high-intensity mining, the frequency and destruction
intensity of coal mine rock burst disasters in China are increasing [1–5]. To improve the
ventilation and auxiliary transportation required for high-yield and high-efficiency mining,
working faces in western mining areas in China typically adopt a layout of double roadways
and coal pillars with widths of 20–40 m. At present, multiple coal mines in the western
mining areas have experienced rock burst accidents due to the retention of coal pillars
with inappropriate sectional dimensions [6], posing a serious threat to the safety of coal
mine production. The retention of coal pillars with inappropriate sectional dimensions has
become an important factor influencing the occurrence of rock burst. For example, under
long-term high static loads, coal pillars are prone to damage. Additionally, dynamic loads
induced by fractures in the overlying strata further exacerbate the damage degree of coal
pillars. Under the combined action of the above two types of loads, coal pillars are prone
to impact damage [7]. Therefore, conducting research on the mechanism and prevention
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of wide coal pillar-controlled rock burst under combined dynamic and static loading is
considerably important for achieving the safe and efficient production of coal mines.

Many scholars have conducted extensive research on the mechanism of rock burst
induced by coal pillars and rock burst prevention and control methods [8–12]. Yu et al. [13]
studied the stress distribution of coal pillars under repeated mining influence, obtaining
the stress distribution characteristics of coal pillars after primary and secondary mining.
Zhang et al. [14] theoretically calculated the stress state of coal pillars after roof failure.
Wang [15] analyzed the characteristics of roof fracture along a goaf and the stress char-
acteristics of coal pillars. Zhang et al. [16] suggested that structural control measures
such as roof prefracture should be adopted for the prevention and control of rock burst in
coal–rock masses.

The mechanism by which the overlying strata structure affects the load on coal pil-
lars from a static perspective after the overlying rock layer breaks has been investigated.
However, under the influence of mining activities, the movement of the overlying strata
significantly increases the static load on the coal pillars, and the dynamic load induced by
rock rupture also strongly disturbs the coal pillars [17–19]. In this case, wide coal pillars
are often subjected to combined dynamic and static loading. Dou et al. [20] established a
comprehensive early warning method for rock burst based on the principle of dynamic
and static load superposition. They proposed a method to prevent rock burst by reducing
the static load on a coal–rock mass, mitigating the dynamic load induced by mine-induced
earthquakes, and increasing the critical stress threshold [18,21,22].

Many scholars have conducted in-depth research on the failure of coal pillars under
static or dynamic loading and have obtained many important findings. However, due
to the complexity arising from the superposition of dynamic and static loads, there has
been relatively little research on the failure of wide coal pillars under such combined
disturbances. Therefore, taking the wide coal pillars in the Tingnan coal mine in the
Binchang mining area as the research objects, the critical conditions for dynamic instability
of wide coal pillars were studied. This study aimed to determine the mechanism of coal
pillar dynamic instability under the influence of both dynamic and static loads. Based
on these findings, a technique for preventing and controlling rock burst induced by the
instability of wide coal pillars was proposed, thereby providing theoretical support and
practical experience for the safe production of coal mines under similar conditions.

2. Engineering Background

The Tingnan coal mine is located in Xianyang, Shanxi Province, China, as shown in
Figure 1a. The 207 working face of the Tingnan coal mine is located in the eastern part of
the second panel. The western side is a solid coal area, while the eastern side is the goaf
of the 205 and 206 working faces, with a 30 m wide coal pillar reserved between adjacent
working faces. The buried depth of the working face ranges from 462 m to 714 m. The
average thickness of the coal seam is approximately 15.63 m, with a dip angle ranging
from 0◦ to 7◦. Fully mechanized top coal caving mining technology is adopted here, with a
cutting height of 3.5 m, and the mining speed of the working face is 4.0~4.8 m/d. Within
100 m above the coal seam, there are multiple layers of thick hard strata, such as sandstone
(12.7 m of coarse grained sandstone with gravel and 17.1 m of coarse-grained sandstone),
as shown in Figure 2.

When the No. 207 working face was mined up to 739.6 m, a high-energy microseismic
event with 3.4 × 105 J was detected 65 m ahead and 5.7 m to the west in the transportation
roadway (along the goaf). Moreover, within a range of approximately 35 to 58 m ahead of
the working face, collapse was detected in some areas near the coal pillar side, and severe
deformation and convergence of the roadway were observed, as shown in Figure 1b.
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Figure 1. The area where a rock burst occurred in the 207 working face in the Tingnan coal mine.



Processes 2024, 12, 1634 4 of 21

Processes 2024, 12, x FOR PEER REVIEW 4 of 22 
 

 

the working face, collapse was detected in some areas near the coal pillar side, and severe 

deformation and convergence of the roadway were observed, as shown in Figure 1b. 

 

Figure 2. Borehole stratigraphy of 207 working face in the Tingnan coal mine. 

3. Critical Failure Conditions of Wide Coal Pillars under the Combined Effect of Dy-

namic and Static Loading 

3.1. Stress Conditions 

From a stress perspective, the static load exerted on a coal pillar primarily comes 

from the weight of the overlying strata and the load transferred from the strata above the 

goaf. Additionally, factors such as the strength of the coal itself and the intensity of dy-

namic load disturbances also need to be considered. When the stress exerted on the coal 

pillar reaches 1.5 times its comprehensive compressive strength, the coal pillar will be in 

a critical state of instability. The critical condition for the failure of the coal pillar is 

 c

d
mI =



 
>1.5  

(1) 

where Id is the stress failure index of the coal pillar; λ is the dynamic load disturbance 

coefficient, which is the ratio of the sum of the in situ stress and the dynamic load disturb-

ance stress to the in situ stress; σm is the average stress on the coal pillar (MPa), which can 

be calculated from the transferred load of the overlying strata and the weight of the strata 

[23]; [σc] is the uniaxial compressive strength of the coal (MPa); and   is the average com-

prehensive compressive coefficient of the coal and can be expressed as [24] 

1 1
max min

2 2m

m m

L x x

L L

−
= +    (2) 

NO. Columnar Lithology

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Medium-grained sandstone

Fine-grained sandstone

Fine-grained sandstone

Coarse-grained sandstone

Fine-grained sandstone

Sandy Mudstone

Coarse-grained sandstone

Slity Mudstone

Coarse grained sandstone with gravel

Sandy Mudstone

Coarse grained sandstone with gravel

Slity Mudstone

Coarse-grained sandstone

Slity Mudstone

Sandy Mudstone

No.4 Coal seam

Sandy Mudstone

66.0

12.2

12.9

31.4

17.0

21.3

17.1

7.40

12.7

14.2

2.50

14.0

6.20

33.5

1.37

15.6

20.2

Layer Thickness

（m）

Figure 2. Borehole stratigraphy of 207 working face in the Tingnan coal mine.

3. Critical Failure Conditions of Wide Coal Pillars under the Combined Effect of
Dynamic and Static Loading
3.1. Stress Conditions

From a stress perspective, the static load exerted on a coal pillar primarily comes from
the weight of the overlying strata and the load transferred from the strata above the goaf.
Additionally, factors such as the strength of the coal itself and the intensity of dynamic load
disturbances also need to be considered. When the stress exerted on the coal pillar reaches
1.5 times its comprehensive compressive strength, the coal pillar will be in a critical state of
instability. The critical condition for the failure of the coal pillar is

Id =
λσm

µ[σc]
> 1.5 (1)

where Id is the stress failure index of the coal pillar; λ is the dynamic load disturbance
coefficient, which is the ratio of the sum of the in situ stress and the dynamic load distur-
bance stress to the in situ stress; σm is the average stress on the coal pillar (MPa), which
can be calculated from the transferred load of the overlying strata and the weight of the
strata [23]; [σc] is the uniaxial compressive strength of the coal (MPa); and µ is the average
comprehensive compressive coefficient of the coal and can be expressed as [24]

µ =
Lm − 2x1

Lm
µmax +

2x1

Lm
µmin (2)

where Lm is the coal pillar width; x1 is the range of the plastic zone on the side of the coal
pillar; µmax in the elastic region of the coal is taken to be 3 to 5; and µmin in the plastic or
fractured zone of the coal wall is approximately equal to 1.
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3.2. Energy Conditions

According to the theory of elastic mechanics, the elastic energy stored per unit volume
within the coal–rock mass can be expressed as

Ee =
σ1

2 + σ2
2 + σ3

2 − 2µ(σ1σ2 + σ1σ3 + σ2σ3)

2E
(3)

where σ1, σ2, and σ3 are the maximum principal stress, intermediate principal stress, and
minimum principal stress (MPa), respectively; E is the elastic modulus of the coal and rock
mass (MPa); and µ is Poisson’s ratio.

The shear failure of the coal and rock mass satisfies the Mohr–Coulomb criterion:

σ1 =
1 + sin φ

1 − sin φ
σ3 +

2c cos φ

1 − sin φ
(4)

where φ is the internal friction angle (◦) and c is the cohesion (MPa).
The dimensions of the coal pillar in the length direction are much larger than those in

the other two directions, which constitutes a plane strain problem:

σ2 = µ(σ1 + σ3) (5)

The critical energy of the coal pillar failure is

Es =
Aσ2

3 + 2Bσ3 + 2c2 cos2 φ
(
1 − µ2)

E(1 − sin φ)2 (6)

A = −2µ2 + µ
(

sin2 φ − 1
)
+ 1 + sin2 φ (7)

B = c cos φ[−2µ2 + µ(sin φ − 1) + 1 + sin φ] (8)

When the sum of the elastic energy Ee stored in the coal pillar and the dynamic
disturbance energy Ed exceeds the critical energy Es, the coal mass will undergo dynamic
instability. Thus, the energy condition for the dynamic instability of the coal pillar is [25]

Is =
Es

Ee + Ed
< 1 (9)

where Is is the energy failure index of the coal pillar.
When the load above the coal pillar reaches the stress condition for coal pillar failure

and the sum of the elastic energy stored in the coal pillar and the dynamic disturbance
energy exceeds the critical energy, dynamic instability of the coal pillar will occur.

4. The Mechanical Response and Dynamic Instability Mechanism of Coal Pillars under
Dynamic Load Disturbance
4.1. Model Establishment

To study the mechanical response characteristics and dynamic instability mechanism
of wide coal pillars under the influence of dynamic and static loads, a roof–coal pillar
model was established using FLAC3D (version 6.0). The model dimensions were 50 m
(length) × 50 m (width) × 85 m (height). The boundary conditions of the model were as
follows: horizontal and vertical constraints were applied to the side and bottom of the
model, respectively, and a vertical stress was applied at the top of the model to simulate
the weight of the overlying strata, as shown in Figure 3. Table 1 lists the basic mechanical
parameters of the coal and rock mass.
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Table 1. Mechanical parameters of the coal and rock mass for simulation.

Rock Types Bulk Modulus
(GPa)

Shear Modulus
(GPa)

Tensile Strength
(MPa)

Cohesion
(MPa)

Friction
Angle (◦)

Coarse-grained sandstone 13.24 13.24 13.24 13.24 13.24
Medium-grained sandstone 12.26 12.26 12.26 12.26 12.26

Fine-grained sandstone 7.23 7.23 7.23 7.23 7.23
Coarse-grained sandstone 8.12 8.12 8.12 8.12 8.12

Sandy mudstone 3.12 3.12 3.12 3.12 3.12
Coarse grained sandstone with gravel 10.23 10.23 10.23 10.23 10.23

Silty mudstone 3.12 3.12 3.12 3.12 3.12
No.4 coal seam 1.83 1.83 1.83 1.83 1.83

Mudstone 3.02 3.02 3.02 3.02 3.02

4.2. Simulation Scheme

To determine the position and magnitude of the dynamic load applied during a
simulation, Table 2 presents the statistical results of the maximum energy of microseismic
events during mining from August to October 2017 and from March to April 2018.

Table 2. Statistical results of the maximum energy of microseismic events during mining in the
Tingnan coal mine.

Time Advance Distance (m) Maximum Energy (J) The Central Location

2017.08.15–08.31 70 3.21 × 103 33.6 m above coal seam
2017.09.01–09.30 121 6.43 × 104 65.3 m above coal seam
2017.10.01–10.31 66 3.42 × 104 40.2 m above coal seam
2018.03.01–03.31 96 4.02 × 104 76.2 m above coal seam
2018.04.01–04.21 116 3.40 × 105 85.5 m above coal seam

As shown in Table 2, the source of microseismic event with maximum energy was
located 85.5 m above the coal seam. Therefore, dynamic load waves were applied 85 m
above the coal seam to simulate the dynamic response of coal pillars.

Based on the dynamic load range at the source location, the normal stress generated
by mining-induced seismic events with energies above 104 J generally ranged from 5.0 to
32.7 MPa, while the shear stress typically ranged from 2.88 to 18.8 MPa [26]. According
to Table 2, the maximum energy of the microseismic event reached 3.40 × 105 J. Taking
these factors into consideration, the dynamic load adopted in the simulation was set to
5~20 MPa.

To investigate the mechanical response of wide coal pillars under dynamic load, three
schemes were selected: (1) determining the mechanical response of the coal pillars under
different static loads without a dynamic load applied; (2) determining the mechanical
response of the coal pillars under different static loads and a given dynamic load; and
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(3) determining the mechanical response of the coal pillars under different dynamic loads
and a given static load.

4.3. Mechanical Response of Wide Coal Pillars under Combined Dynamic and Static Loads

(1) Mechanical response of the coal pillar under different initial static loads without a
dynamic load applied

According to the burial depth of the working face, the load above the model was
determined to be 9.1 MPa. To study the stress, energy accumulation, and plastic zone
distribution of the coal pillars under different static loads, four static loads (5 MPa, 8 MPa,
12 MPa, and 15 MPa) were selected for analysis. The mechanical response and curves of
the coal pillars are shown in Figures 4 and 5.
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Figure 5. Mechanical response curves of coal pillar under different static loads (5 MPa, 8 MPa,
12 MPa, and 15 MPa).

As shown in Figures 4 and 5, without considering a dynamic load, as the static load
increases, the vertical stress, energy accumulation, and extent of the plastic zone above
the coal pillar all increase. When the static load is 8 MPa, plastic failure zones 6 m wide
form on both sides of the coal pillar (as shown in Figure 4c), but the overall stability of the
coal pillar is maintained. As the static load further increases, the stress on the coal pillar
continues to rise, and the plastic zones also gradually expand on both sides of the coal
pillar. When the static load increases from 5 MPa to 15 MPa, the peak vertical stress above
the coal pillar increases from 11.1 MPa to 39.5 MPa, with a rate of increase of approximately
256%; the peak energy density increases from 27.0 kJ/m³ to 206.5 kJ/m³, with a rate of
increase of approximately 665%; and the plastic zone extends from 5 m to 9 m, with an
increase of approximately 80%.

(2) Mechanical response of coal pillar under a given dynamic load (10 MPa) and different
static loads

Under the condition of four tested static loads (5 MPa, 8 MPa, 12 MPa, and 15 MPa),
a dynamic load of 10 MPa was applied. Figures 6 and 7 present the mechanical response
contour maps and curves of the coal pillars.
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Figure 6. Mechanical response contour maps of coal pillar under a given dynamic load (10 MPa) and
different static loads (5 MPa, 8 MPa, 12 MPa, and 15 MPa).
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Figure 7. Mechanical response curves of coal pillar under given dynamic load (10 MPa) and different
static loads (5 MPa, 8 MPa, 12 MPa, and 15 MPa).

As shown in Figures 6 and 7, when applying the dynamic load, the vertical stress
above the coal pillar significantly increases compared to the condition without the dynamic
load, and the extent of the plastic zone also further expands. For instance, under a static
load of 12 MPa, after applying dynamic loads, the peak stress increases by approximately
59.3%, and the plastic zone extends from 8 m before applying dynamic load to 10 m.
Additionally, when the static load is 15 MPa, the elastic zone of the coal pillar is only 2 m,
with a core zone rate of only 6.67%. Previous research has indicated that when the core zone
rate is less than 11.92%, the coal pillar is highly likely to undergo catastrophic instability
and failure [26].

(3) Mechanical response of coal pillar under a given static load (9 MPa) and different
dynamic loads

Under a static load of 9 MPa, different dynamic loads (5 MPa, 10 MPa, 15 MPa, and
20 MPa) were applied. The specific simulation results are shown in Figures 8 and 9.

Figures 8 and 9 show that under a given static load, as the dynamic load increases,
the stress, energy accumulation, and plastic zone of the coal pillar all increase. When the
dynamic load increases from 5 MPa to 20 MPa, the peak vertical stress above the coal pillar
increases from 22.7 MPa to 70.9 MPa, with a rate of increase of approximately 212%, and
the peak energy density increases from 56.3 kJ/m³ to 438.5 kJ/m³, with a rate of increase of
approximately 679%. Meanwhile, the plastic zone extends from 7 m to 30 m, with a rate of
increase of approximately 329%.
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Figure 8. Mechanical response contour maps of coal pillar under a given static load (9 MPa) and
different dynamic loads (5 MPa, 10 MPa, 15 MPa, and 20 MPa).
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Figure 9. Mechanical response curves of coal pillar under a given static load (9 MPa) and different
dynamic loads (5 MPa, 10 MPa, 15 MPa, and 20 MPa).

4.4. Critical Conditions of Dynamic Instability of Wide Coal Pillars under the Superposition of
Dynamic and Static Loads

(1) Critical failure analysis of coal pillar under a given dynamic load and different static loads

By substituting the numerical simulation results into the stress failure condition and
energy failure condition, the stress failure index (Id) and energy failure index (Is) of the coal
pillar under given dynamic load and different static loads can be obtained.

Figure 10 presents the stress failure index of coal pillars under given a dynamic load
(10 MPa) and different static loads, along with the corresponding critical value. It can be
observed that Id increases with increasing static load. When the static load is below 12 MPa,
Id is lower than the critical value, indicating that the coal pillar has not yet failed. However,
when the static load exceeds 12 MPa, Id surpasses the critical value for coal pillar failure,
indicating that the coal pillar has reached the failure condition.

Processes 2024, 12, x FOR PEER REVIEW 13 of 22 
 

 

 

Figure 10. Stress failure index of coal pillars under a given dynamic load (10 MPa) and different 

static loads (5 MPa, 8 MPa, 12 MPa, and 15 MPa). 

Furthermore, Figure 11 illustrates the energy failure index of coal pillars under a 

given dynamic load (10 MPa) and different static loads, along with the corresponding crit-

ical value. Under the given dynamic load, when the static load is below 12 MPa, the energy 

failure index of the coal pillar exceeds the critical value. This suggests that the coal pillar 

has not reached the energy condition for dynamic instability. However, when the static 

load is 15 MPa, the critical energy condition for dynamic instability is met, indicating that 

the coal pillar will experience dynamic instability. 

Based on the stress failure index and energy failure index results of the coal pillars, 

under the same dynamic load, whether a coal pillar experiences dynamic instability is 

closely related to the magnitude of the static load. When the static load applied to the coal 

pillar is relatively low, the likelihood of dynamic instability is minimal. However, when 

the static load reaches a certain level, the combined effect of the dynamic load can easily 

reach the critical conditions for dynamic instability. 

 

Figure 11. Energy failure index of the coal pillar under a given dynamic load (10 MPa) and different 

static loads (5 MPa, 8 MPa, 12 MPa, and 15 MPa). 

(2) Critical failure analysis of coal pillar failure under a given static load and different 

dynamic loads 

6 8 10 12 14 16

1.1

1.2

1.3

1.4

1.5

1.6
 Critical  Value

 Id Value

S
tr

es
s 

fa
il

u
re

 i
n
d
ex

(I
d
)

Static load(MPa)

5MPa

8MPa

12MPa

15MPa

0 5 10 15 20 25 30

0.5

1.0

1.5

2.0

2.5

Coal pillar width(m)

E
n

er
g

y
 f

ai
lu

re
 i

n
d

ex
 (

I s
)

 5MPa   8MPa

 12MPa   15MPa

 Critical  Value

Figure 10. Stress failure index of coal pillars under a given dynamic load (10 MPa) and different static
loads (5 MPa, 8 MPa, 12 MPa, and 15 MPa).

Furthermore, Figure 11 illustrates the energy failure index of coal pillars under a given
dynamic load (10 MPa) and different static loads, along with the corresponding critical
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value. Under the given dynamic load, when the static load is below 12 MPa, the energy
failure index of the coal pillar exceeds the critical value. This suggests that the coal pillar
has not reached the energy condition for dynamic instability. However, when the static
load is 15 MPa, the critical energy condition for dynamic instability is met, indicating that
the coal pillar will experience dynamic instability.
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Figure 11. Energy failure index of the coal pillar under a given dynamic load (10 MPa) and different
static loads (5 MPa, 8 MPa, 12 MPa, and 15 MPa).

Based on the stress failure index and energy failure index results of the coal pillars,
under the same dynamic load, whether a coal pillar experiences dynamic instability is
closely related to the magnitude of the static load. When the static load applied to the coal
pillar is relatively low, the likelihood of dynamic instability is minimal. However, when the
static load reaches a certain level, the combined effect of the dynamic load can easily reach
the critical conditions for dynamic instability.

(2) Critical failure analysis of coal pillar failure under a given static load and different
dynamic loads

According to the numerical simulation results and the stress and energy conditions
for coal pillar failure, the Id and Is of coal pillars under a given static load and different
dynamic loads can be obtained.

Figure 12 presents the stress failure index under a given static load (9 MPa) and
different dynamic loads, along with the corresponding critical value. Figure 12 shows that
Id increases with increasing dynamic load. When the dynamic load is less than 15 MPa,
Id is lower than the critical value, indicating that the coal pillar has not yet failed. However,
when the dynamic load reaches 20 MPa, Id surpasses the critical value for coal pillar failure,
indicating that the coal pillar will reach the failure condition.

Figure 13 shows the energy failure index under different dynamic loads with a given
static load of 9 MPa, and the critical value is also indicated. As shown in Figure 13, under
the given static load, when the dynamic load is less than 15 MPa, the energy failure index
of coal pillar is greater than the critical value in most areas, indicating that the coal pillar
does not meet the energy conditions for dynamic instability. However, when the dynamic
load is 20 MPa, the critical energy for coal pillar dynamic instability is satisfied, resulting in
coal pillar dynamic instability.

According to the stress failure index and energy failure index results of the coal pillars,
under the same static load, whether the coal pillar undergoes dynamic instability is closely
related to the value of the dynamic load. When the dynamic load induced by the breaking
of the overlying rock strata is relatively low, the coal pillar generally does not experience
dynamic instability and exhibits only an increase in stress. However, when the dynamic
load exceeds its critical value, the coal pillar is highly susceptible to dynamic instability
due to the combined effect of dynamic and static loads.
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Figure 12. Stress failure index of coal pillars under a given static load (9 MPa) and different dynamic
loads (5 MPa, 10 MPa, 15 MPa, and 20 MPa).
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Figure 13. Energy failure index of coal pillars under a given static load (9 MPa) and different dynamic
loads (5 MPa, 10 MPa, 15 MPa, and 20 MPa).

4.5. Dynamic Instability Mechanism of Wide Coal Pillars under Superimposed Disturbance from
Dynamic and Static Loads

To analyze the dynamic instability mechanism of coal pillars under dynamic and static
loads, Figure 14 shows the mechanical response of coal pillars before and after the dynamic
load is applied. The following observations were made from this figure: (1) Before the
working face is mined, the coal and rock mass are not affected by mining activities, and
a coal pillar bears only a static load, resulting in a low probability of dynamic instability.
(2) As mining progresses, the extraction space below the roof strata gradually increases.
When the roof strata reach their ultimate tensile strength, the roof breaks, releasing elastic
energy and forming impact stress waves. These stress waves propagate to the coal pillar,
causing the coal pillar, which was initially under a static load, to be subjected to the
combined effect of dynamic and static loads. Under a lower dynamic load, the stress waves
attenuate to some extent during propagation, having a minor impact on the coal pillar and
only increasing its stress level. However, under a higher dynamic load, the combination
of the dynamic and static loads can easily exceed the ultimate bearing capacity of the coal
pillar, leading to dynamic failure of the coal pillar and resulting in rock burst.
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Figure 14. Mechanical response of a coal pillar before and after dynamic loads are applied.

Combining the criteria for coal pillar dynamic instability and the superposition of
dynamic and static loads on a coal pillar, the evolution of coal pillar dynamic instability
was divided into three stages, the energy accumulation stage, local instability stage and
dynamic instability stage, as shown in Figure 15. In the energy accumulation stage, the
coal pillar bears a certain static load influenced by the gravity of the overlying strata. As
mining advances, the overlying strata break, further increasing the load applied on the coal
pillar and leading to energy accumulation. In the local instability stage, the overlying strata
break and generate instantaneous dynamic load. Under the combined effects of dynamic
and static loads, the ultimate failure strength of the coal mass increases and plastic failure
begins to occur at the sides of the coal pillar. In the dynamic instability stage, the energy
within the coal pillar continues to accumulate under the effect of dynamic loads. The wide
coal pillar rapidly exceeds its ultimate bearing capacity. When the critical conditions of
stress and energy for dynamic instability of the coal pillar are surpassed, rock burst occurs.
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Figure 15. Evolution process of coal pillar dynamic instability.

5. Prevention and Control Plan of Rock Burst Induced by Wide Coal Pillars

At the Tingnan coal mine, wide coal pillars were reserved between some working
faces, with multiple layers of hard roof strata above the coal seam. During mining, wide
coal pillars are prone to stress concentration. Under the disturbance of dynamic load from
the breakage of the overlying strata, rock burst is easily induced. Based on the above
analysis, taking the 3409 working face of the Tingnan coal mine as an example, a prevention
and control plan for mining through the wide coal pillar area was proposed and applied
onsite. The 3409 working face mainly contained the No. 4 coal seam, which had a thickness
of approximately 8.0 to 18.58 m. A coal pillar with a width of 30 m was preserved between
the 3409 working face and the adjacent 3407 goaf. The depth of this region ranged from
approximately 470 to 710 m, as shown in Figure 16. According to the borehole stratigraphic
diagram, multiple layers of hard and thick roof strata were present above the coal seam.
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Regarding the coal pillars of the 3409 working face, a scheme of energy released and
load reduction for rock burst prevention and control was proposed and applied onsite,
including blasting to break the roof and coal seam drilling for pressure relief.

5.1. Energy Release Scheme for Roof Blasting

Based on the ZK5-4 borehole stratigraphy (Figures 16 and 17), multiple thick sandstone
layers were present within 30 m above the coal seam, and a coarse-grained sandstone
layer containing gravel, approximately 11.63 m thick, was located 70 m above the coal
seam. These thick sandstone layers with high strength were key strata in the overlying rock
movement and were identified as the target layers for roof blasting (Figure 17). Considering
the dynamic instability mechanism under the combined effects of dynamic and static loads,
roof blasting holes were constructed in the roof of the return airway, with the parameters
shown in Table 3 and Figure 18.
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Figure 17. Stratigraphic diagram of the ZK5-4 borehole (partial) of the 3409 working face in the
Tingnan coal mine.

Table 3. Roof blasting plan of the 3409 working face in the Tingnan coal mine.

Hole Number 1# 2# 3# 4#

Hole depth/m 44 35 34 70
Elevation angle/◦ 47 65 73 90
Azimuth angle/◦ 184 184 94

Explosive charge/kg 45 35 35 40
Explosive charge length/m 14 11 11 12

5.2. Load Reduction Scheme for Coal Mass

Before mining, large-diameter boreholes were drilled into the coal pillar within a
300 m range ahead of the working face along the return airway crosshead for pressure relief.
Figure 19 shows the plan layout of the boreholes in the coal pillar area. As depicted in the
figure, the pressure relief boreholes had a diameter of 153 mm and were drilled vertically
along the roadway sides. The length of boreholes on the mining side were 30 m, and those
on the coal pillar side were 20 m.

5.3. Control Effect Analysis

To validate the effectiveness of the above control scheme, Figure 20 presents micro-
seismic monitoring data collected during mining through the coal pillar section (from
1 February to 30 April 2023) [27,28]. As shown in Figure 20, after implementing the afore-
mentioned prevention and control measures, the energy of the microseismic events detected
during this period remained below 104 J, and there were no events of energy detected
exceeding 104 J. The energy of the microseismic events remained below the critical thresh-
old, indicating that the energy release scheme of roof prefracture and blasting effectively
reduced the dynamic load resulting from the breakage of the overlying strata.
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Figure 19. Schematic diagram of plane view of drilling hole around the coal pillar of the 3409 working
face in the Tingnan coal mine.
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Figure 20. Microseismic monitoring data during mining around the coal pillar of the 3409 working
face in the Tingnan coal mine.

Furthermore, Figure 21 presents the stress monitoring data from one set of measure-
ment points during the transition of the coal pillar (from 1 February 2023 to 10 June 2023).
As shown in the figure, when the working face passed through the coal pillar, the stress
monitoring data for both the deep and shallow boreholes remained below the early warning
threshold, and no sudden increases were observed. This indicates that the load reduction
strategy of this high-stress coal effectively reduced the stress applied on the coal pillar.
Overall, after adopting the energy release and load reduction strategy, the stress on the coal
pillar and the dynamic load following the fracture of the overlying strata were effectively
reduced, supporting the safe mining of this area.
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Figure 21. Stress monitoring data collected during the mining period around the coal pillar of the
3409 working face in the Tingnan coal mine.

6. Conclusions

The stress criteria for the failure of wide coal pillars under the combined effect of
dynamic and static loads, as well as the energy criteria for dynamic instability, were
analyzed. When the load applied on the coal pillar reaches the stress failure index for pillar
failure and simultaneously satisfies the energy failure index, rock burst will occur.

The mechanical response of coal pillars under the combined effect of dynamic and
static loads was investigated. With an increase in the static load, both the stress within
the coal pillar and the size of the plastic zones on both sides of the coal pillar tend to
increase. Under a given dynamic load, the stress and the range of the plastic zones
increase significantly compared to those under conditions without a dynamic load applied.
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Under a given static load, as the dynamic load increases, the coal pillar is more prone to
dynamic instability.

For coal pillars with both a static load and a dynamic load caused by overburden rock
fracturing, the evolution process of coal pillar dynamic instability of energy accumulation–
local instability–dynamic instability was proposed. When the critical conditions for coal
pillar dynamic instability in terms of stress and energy are met, rock burst will occur.

Based on the rock burst occurrence mechanism involving wide coal pillars, a rock
burst prevention and control scheme of energy release and load reduction was proposed
from the perspective of reducing both the static and dynamic loads on coal pillars. This
scheme was implemented on the wide coal pillar area of the 3409 working face in the
Tingnan coal mine, effectively reducing the threat of rock burst occurrence.
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