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Abstract: The occurrence of rock bursts due to penetrating faults are frequent in China, thereby
limiting the safe production of coal mines. Based on the engineering background of a 501 working
face in a TB coal mine, this paper investigates stress and energy evolution during the excavation of
this working face due to multiple penetrating faults. Utilizing both theoretical analysis and numerical
simulations, this study reveals the rock burst mechanism within the triangular coal pillar influenced
by the penetrating faults. Based on the evolution of stress within the triangular coal pillar, a stress
index has been devised to categorize both the rock burst danger regions and the levels of rock
burst risks associated with the triangular coal pillar. Furthermore, targeted stress relief measures
are proposed for various energy accumulation areas within the triangular coal pillar. The results
demonstrate that: (1) the superimposed tectonic stress resulting from the T6 and T5 penetrating
faults exhibits asymmetric distribution and has an influence range of about 90 m in the triangular
coal pillar, reaching a peak value of 11.21 MPa at a distance of 13 m from the fault plane; (2) affected
by the barrier effect of penetrating faults, the abutment stress of the working face is concentrated
in the triangular coal pillar, and the magnitude of the abutment stress is positively and negatively
correlated with the fault plane barrier effect and the width of the triangular coal pillar, respectively;
(3) the exponential increase in abutment stress and tectonic stress as the width of the triangular
coal pillar decreases leads to a high concentration of static stress, which induces pillar burst under
the disturbance of dynamic stress from fault activation; (4) the numerical simulation shows that
when the working face is 150 m away from the fault, the static stress and accumulated energy in the
triangle coal pillar begins to rise, reaching the peak at 50 m away from the fault, which is consistent
with the theoretical analysis; (5) the constructed stress index indicates that the triangular coal pillar
exhibits moderate rock burst risks when its width is between 73 to 200 m, and exhibits high rock
burst risks when the width is within 0 to 73 m. The energy accumulation pattern of the triangular
coal pillar reveals that separate stress relief measures should be implemented within the ranges of
50 to 150 m and 0 to 50 m, respectively, in order to enhance the effectiveness of stress relief. Blasting
stress relief measures for the roof and coal are proposed, and the effectiveness of these measures is
subsequently verified.

Keywords: triangle coal pillar; penetrating fault; stress evolution; rock burst

1. Introduction

Influenced by the tectonic evolution of the Tianshan Mountains [1,2], many faults exist
in the TB mine in the Liuhuanggou mining area, which is located at the foot of the Tianshan
Mountains. The 501 working face studied in this paper exposed 28 faults during mining,
including 5 penetrating faults, which caused frequent high-energy microseismic events
when the working face was excavated. Triangle coal pillar is formed between the working
face and the penetrating fault when the fault tends to penetrate the working face [3]. The
triangular coal pillar is affected by the superposition of tectonic stress [4] and abutment
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stress [5] during the mining process of the working face. Its stress evolution is complex
and the concentration is high, which induces dynamic disasters such as pillar burst [3,6],
and seriously restricts the safe production of the coal mine. For example, on 3 November
2011, when the 21,221 working face of the Qianqiu Coal Mine was excavated for the large
F16 fault, rock burst occurred in the triangular coal pillar and caused 10 deaths [7]. On
1 April 2012, a rock burst occurred during the mining of the triangular coal pillar formed by
f3110-1 and f3109-1 faults in the Chaoyang Coal Mine, resulting in 17 injuries or deaths [8].

Some scholars have conducted a thorough investigation into the mechanisms through
which tectonic stress and fault activation trigger rock bursts during excavation of the
working face towards the fault. Yang et al. [9] and Zhu et al. [10] revealed that fault tectonic
stress is an important factor in rock burst through stress monitoring data and numerical
simulation; they found that the proximity of the fault correlates positively with tectonic
stress. Wang et al. [11] and Li et al. [12] investigated the influence of the roof structure
on fault activation by establishing mechanical models for the fault and the roof. Xiao
et al. [13] revealed that the excavation of the working face towards the fault induced the
activation of the fault, releasing high-energy microseisms, which induced coal pillar burst
with high static stress. Zhang et al. [14] demonstrated through numerical simulations that
the maximum principal stress difference between the two sides of the fault is the main
reason for fault shear-slip. Jiang et al.’s [15] analysis of the microseismic data reveals that
fault activation occurs approximately 250–350 m ahead of the working face. By establishing
numerical models, Cao et al. [16] and Kong et al. [17] found that dynamic stress from
fault activation increases the rock burst hazard for the coal pillar. Furthermore, the energy
and distance of fault microseisms are positively and negatively related to the stability of
the coal seam, respectively. Zhou et al. [18] proposed a pre-mining evaluation method of
fault stability based on fault orientation, in-situ stress and pore fluid pressure, which can
evaluate the risk of rock burst. Zhu et al. [19] found that stress mutation would induce
fault slip; they proposed a break-tip blast to control fault stress and thereby reduce the
risk of rock burst. The aforementioned research underscores that the intricate interplay of
tectonic static stress, structural alterations in the roof, and fault-activated dynamic stress
collectively contribute to the occurrence of rock burst. The specific disturbance mechanisms
and the extent of their influence are intimately tied to the unique characteristics of fault
preservation [20,21]. A penetrating fault is generally characterized by a throw that exceeds 5
to 20 m, with the maximum fault throw reaching hundreds of meters [22–25]. Furthermore,
it is observed that the tectonic stress on the fault is typically positively correlated with the
magnitude of the fault throw [14,26]. Therefore, fault protection coal pillars are strategically
positioned within the working face to effectively isolate the influence of high tectonic
stress, ensuring the safety of mining operations. A large amount of research focuses on
elucidating the rock burst mechanism triggered by fault activation during mining near
fault protection coal pillars. For instance, Cao et al. [27] and Bai et al. [28] posit that
variations in displacement and stress within the overlying strata above the working face
are the primary factors contributing to the activation of adjacent faults. Wang et al. [29]
revealed that the loose space formed by the falling of overlying strata on the working face
is necessary for fault activation and stress release. The unloading of horizontal and vertical
principal stresses in the mining area serves as the primary factor influencing fault sliding.
As the unloading of horizontal principal stresses intensifies, the possibility of fault sliding
increases, exhibiting a trend that can be characterized as exponential [6,16,23,30,31]. Guo
et al. [32] simplified the fault as a discontinuous boundary and studied the activation law
of faults near the working face in response to decreasing stress levels within the activity of
key strata. Kong et al. [17] verified this activation law through the variation of microseismic
b-values on the fault plane. Fu et al. [33] and Kou et al. [34] revealed, through numerical
simulations, that the stress evolution of surrounding rock during tunnel excavation through
a penetrating fault comprises three distinct stages: reduction, rising, and stability. The
research presented above indicates that mining disturbances outside the fault protection
coal pillar can elicit the large-scale activation of a penetrating fault. Conversely, when
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tunneling through the penetrating fault, the stress evolution within the surrounding rock
in response to small-scale fault movements appears relatively simple. Unfortunately, this
simplified stress evolution does not provide sufficient guidance for implementing effective
rock burst prevention measures during the mining of the 501 working face in TB Coal Mine,
as it mines through the penetrating fault.

Due to the irregular cutting of the working face [35] and the penetrating fault [36,37],
triangular coal pillars are locally formed within the coal seam. Numerous scholars have
delved into the influence of coal pillar width, height, and shape on its stress distribution
characteristics. For instance, as the width of the coal pillar progressively increases, the
length of the hanging roof above the working face gradually increases, subsequently
stabilizing at a particular length. The stress evolution within the coal pillar exhibits three
distinct stages: an initial low-stress phase, followed by a high-stress phase, and ultimately
culminating in a stable stress state [38–44]. Zhu et al. [45], through their experiments,
revealed that the rock burst risk of coal pillars initially intensifies and then gradually
diminishes as the width-to-height ratio of the coal pillar increases. Notably, when the
width-to-height ratio exceeds 3:1, the risk of coal pillar failure is minimized. Xue et al. [45]
posit that there exists a notable disparity in the overlying strata structure on either side of
an irregular coal pillar, resulting in an asymmetric stress distribution within the coal pillar.
Furthermore, they observed a phenomenon of stress mutation where the shape of the coal
pillar undergoes a transition [44].

The fault plane parameters exert additional influences on the stress within the coal
pillar, particularly when the fault and triangular coal pillar combine to form a ‘fault–coal
pillar’ structure [46], which can induce rock burst. For instance, Zhou et al. [47] experi-
mentally demonstrated that the activation of fault planes with high and low roughness
is stick-slip and stable slip, respectively, implying that the corresponding dynamic stress
required for fault activation must differ. Feng et al. [48] investigated the influence of fault
dip angle and azimuth angle on coal pillar stress through numerical simulation. They
determined that when the fault dip angle and azimuth angle at a Hengda coal mine was
75◦ and 50◦, respectively, the risk level associated with the rock burst of the triangular coal
pillar reached its peak. A fault plane represents a discontinuous interface formed by loose
rock masses [32]. The existence of faults exhibits a barrier effect on stress transmission [49];
currently, the study of the stress evolution in triangular coal pillars with varying widths,
subject to the barrier effect of faults, remains unclear. This lack of understanding hinders
the development of a theoretical foundation for targeted prevention measures aimed at
mitigating rock burst in triangular coal pillars containing faults.

The stress concentration within the triangular coal pillar is primarily influenced by
roof abutment stress [38]. Therefore, the prevention and control of rock burst in triangular
coal pillars primarily focus on two aspects: (1) Reducing the length of the hanging roof
and the excess stress on the triangular coal pillar by implementing roof cutting measures.
The primary methods for this include roof blasting [50,51] and hydraulic fracturing [52].
(2) However, the implementation of roof cutting measures can compromise the support
of the roadway. Furthermore, rock burst roadways require higher support strength to
resist dynamic stress. Consequently, rock mass injections [36,53] are employed to control
roof fragmentation in the triangular coal pillar area of the roadway, while additional
cables [54–56] are used to reinforce the support and enhance the roadway’s resistance to
dynamic stress.

The current research focuses on elucidating the rock burst mechanism in the work-
ing face located outside the fault protection coal pillar, whereas the rock burst within
the working face mining through the fault remains largely unexplored. While research
examining the influence of coal pillar size, fault dip angle, and azimuth angle on the stress
within triangular coal pillars adjacent to faults is relatively abundant, there is a notable
lack of relevant research on the stress evolution of triangular coal pillars with varying
widths under the barrier effect of faults. Rock burst cases [7,8] indicate that, although the
microseismic triggering of the rock burst was located on the fault plane, the damage area
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was primarily concentrated on the triangular coal pillars. The triangular coal pillar, being a
rock burst risk area, is influenced by the superposition of tectonic stress, abutment stress,
and fault barrier effects. As the working face mines through the penetrating fault, the width
of the coal pillar varies, and under the barrier effect of the fault, the stress evolution within
the triangular coal pillar exhibits increasingly complex characteristics.

This study focuses on the behavior of triangular coal pillars in the 501 working face of
the TB mine during mining through the T6 penetrating fault, taking into account the fault
barrier effect. Considering that surrounding rock stress contributes to the occurrence of
rock bursts [57], the concept of fault barrier is introduced. Through theoretical analysis,
the stress evolution under such conditions is investigated. Additionally, it reveals the
specific rock burst mechanism in fault triangular coal pillars and enables the determination
of rock burst risk levels for various pillar widths. Energy accumulates within the coal
and rock mass, which serves as an indicator of the degree of damage caused by rock
bursts [58,59]. Through numerical simulation, the accumulation pattern of energy within
the fault triangular coal pillar is investigated, thereby identifying critical regions susceptible
to rock burst damage. Based on these findings, targeted prevention and control measures
are proposed to mitigate the risk of rock burst. This study aims to provide a useful reference
for preventing rock bursts in similar fault triangular coal pillars.

2. Engineering Background

The depth of the 501 working face in the TB coal mine is approximately 500 m, with a
dip length of 203 m and a strike length of 1103 m. It mines the M4-5 coal seam, with an
average thickness and dip angle of 9 m and 18◦, respectively. A 412 gob exists around the
501 working face, with a 40 m coal pillar separating the working face from the gob.

The 501 working face exposed 28 faults during mining, including 5 penetrating faults.
Taking the T6 penetrating fault as an example, it had a dip angle of 75◦ and a drop of 2 m.
The extension length of the penetrating T6 fault was significant, and its azimuth angle
was 53◦, bisecting the 510 working face in the dip direction, resulting in the formation of a
triangular coal pillar with an included angle of 37◦, as shown in Figure 1.
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Figure 1. Triangular coal pillar position of 501 working face.

From 8 March 2021 to 7 April 2021, as the 501 working face was excavated 200 m
away from the T6 penetrating fault, the energy and frequency of microseismic increased
significantly, mainly concentrated in three areas: the 501 working face, the T6 and T5
penetrating faults, and the triangular coal pillar (as shown in Figure 2a). The analysis of the
microseismic concentration area is presented in Figure 2b by quantifying the distribution
of microseismic strike directions with step of 20 m.
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of microseisms. (b) strike distribution of microseisms.

The support of the 501 working face roadway employs a combination of bolts and
cables. The specifications for the bolts in the roof are φ22 mm × 2400 mm, with a row
spacing of 1200 mm and a column spacing of 1000 mm. For the cables in the roof, the
parameters are a diameter of 21.8 mm and a length of 7300 mm, with rows spaced at
1800 mm and columns spaced at 1000 m. Additionally, the parameters for the bolts in the
walls of the roadway are φ22 mm × 2400 mm, with a row spacing of 800 mm and a column
spacing of 1000 mm.

As the working face approached the fault, significant deformation was observed in
both the roof and the walls of the roadway. Consequently, reinforcement measures were
introduced by adding cables to the roof and walls of the roadway. Specifically, the roof
reinforcement cables were upgraded to φ21.8 mm × 9300 mm, with two additional cables
per row installed. Furthermore, the reinforcement for the walls of the roadway involved
adding cables with a diameter of 21.8 mm and a length of 4300 mm, with one additional
cable added every two rows.

Given the relatively intact condition of the on-site roof and walls of the roadway, rock
mass injection measures were deemed unnecessary.

Area 1-501 working face: the microseismic energy and frequency were 1 × 105 J and
143, respectively, which are at a high level. Using the key stratum theory [60,61] to identify
borehole 42-6, a sub key stratum of coarse sandstone with thickness of 37.18 m existed 30 m
above the 501 working face, as shown in Figure 3. The breakage of the key stratum [62,63]
caused the concentration of microseisms within 40 m around the working face.

Area 2-T6 and T5 penetrating fault: the fault was activated by abutment stress 200 m
ahead of the working face [13,29]. Microseismic events were concentrated in 60 m around
the T6 and T5 penetrating faults, and the maximum accumulated energy ranged from
1.11 × 105~1.36 × 105.

In Area 3, the width of the triangular coal pillar was 200 m. The overall microseismic
frequency and energy of the triangular coal pillar was 74.8% and 70.2% of the entire working
face, respectively, indicating a high-level stress throughout the coal pillar. Additionally, the
stress evolution in this area was intricate due to the varying width of the coal pillar.
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3. Rock Burst Mechanism of Triangle Coal Pillar with Penetrating Fault

The stress level of triangular coal pillars is positively correlated with their rock burst
risk [57]. The width variation of the triangular coal pillar during working face excavation
directly affects its stress evolution and rock burst risk. The abutment stress exerted on the
triangular coal pillar arises from the overlying strata above the goaf. Due to the barrier
effect of the fault, the transmission of the abutment stress from the overlying strata is
impeded, resulting in a concentration of abutment stress within the triangular coal pillar.
Additionally, the tectonic stress within the fault structure further exacerbates the stress
concentration within the triangular coal pillar, thereby increasing the level of rock burst
risk in the fault-affected triangular coal pillar. Therefore, this section first establishes a
theoretical model of the abutment stress of triangular coal pillars under fault barrier effects,
analyzes the stress characteristics of triangular coal pillars under different fault barrier
effects and coal pillar widths, and simultaneously considers the superposition effect of
fault tectonic stress. It comprehensively identifies the risk level of triangular coal pillars
with different widths and proposes the rock burst mechanism of triangular coal pillars.

Abutment Stress Characteristics of Triangle Coal Pillar with Penetrating Fault

During the excavation of the 501 working face near the T6 penetrating fault, the
key stratum sank and fractured under gravity. The hanging roof behind the workface
was supported by the gob gangue, the triangular coal pillar, and the T6 fault plane [64].



Appl. Sci. 2024, 14, 8585 7 of 21

Consequently, the mechanical model of triangle coal pillar abutment stress was established,
as shown in Figure 4.
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Figure 4. Mechanical model of triangle coal pillar abutment stress.

The stress transfer characteristics of the “voussoir beam” indicate that half of the
hanging roof load was supported by the gangue, and the remaining half was supported by
the triangular coal pillar and the fault plane [65].

The rock mass along the fault plane exhibits characteristics of weakness and fragmen-
tation. This weak rock mass has the ability to impede the propagation of mining-induced
stresses, leading to asymmetry in stress distribution on either side of the fault. When a fault
transfers high stress from one plate to another, the fault plane will attenuate the transfer of
mining stress to the other plate. The fault plane exhibits a barrier effect on stress transfer
due to the inclusion of weakened and fractured rock [49,66]. Assuming a stress transfer
coefficient K for the fault plane, where the stress on the hanging wall of the fault is σ1, and
the stress transmitted to the footwall through the barrier effect of the fault plane is σ2, the
load transfer coefficient can be expressed as K = σ2/σ1. Here, σ1 is a constant value and
σ2 ranges from 0 to σ1, meaning that K values range from 0 to 1. When K = 1, it indicates
that the fault has no barrier effect, and σ2 = σ1. When K = 0, it indicates that the fault has a
complete barrier effect, and at this time σ2 = 0.

The load of roof In the gob area and the overlying triangular coal pillar transmitted
across the fault to the hanging wall of the T6 fault can be expressed as:

Q = K
(

qL1 +
Qc

2

)
= K

(
qL1 +

qL1

2

)
=

3KqL1

2
(1)

In the formula, Q represents the load transmitted from the sub key stratum to the
hanging wall of T6 fault, kN/m; Qc denotes the load transmitted from the hanging roof to
the working face, kN/m; K stands for the load transfer coefficient of the fault plane, which
is assigned a value of 0.8 based on the fragmentation observed on the T6 fault plane; q is the
load of the sub key stratum and is calculated as q = γh, where γ is the average bulk density
of rock, 25 kN/m3; h represents the thickness of the rock stratum controlled by the sub key
stratum, 75 m; and L1 is the periodic weighting step of the 501 working face, taken as 20 m.

The load carried by the triangular coal pillar IIes the load that was not transmitted to
the hanging wall of the T6 fault, and the gravity of the underlying rock of sub key stratum,
as shown in Equation (2):

QB =
3(1 − k)qL1

2
+ γhz

(
hz tan θ

2
+ B

)
(2)

In the formula, QB is the load of the triangular coal pillar, kN/m; Hz is the thickness of
the underlying rock, which is 28 m; θ is the dip angle of the fault; and B is the width of the
triangular coal pillar, m.
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The depth h of the 501 working face is 500 m, then the abutment stress of the triangular
coal pillar qB is determined by Equation (3):

qB =

3(1−k)qL1
2 + γzhz

(
hz tan θ

2 + B
)

B
+ γh (3)

The characteristics of abutment stress influenced by the width of the triangular coal
pillar and the load transfer coefficient are analyzed in combination with Equation (3), as
shown in Figure 5: (1) The abutment stress exhibits a negative correlation with the width
of the coal pillar. When the width of the coal pillar is less than 50 m, the support stress
increases exponentially. The abutment stress of 5 m triangular coal pillar reaches 17.2 Mpa,
representing 29.3% increase compared to 50 m coal pillar. (2) The abutment stress exhibits
a negative exponential correlation with the stress transfer coefficient. In particular, when
the fault plane lacks barrier effect, indicating that the stress transfer coefficient is 1, the
abutment stress reaches 12.1 Mpa. This value is 71.6% of that when the stress transfer
coefficient is 0.1.

The uniaxial compressive strength of M4-5 coal in TB Coal Mine is 8.69 Mpa. Referring
to the stress-based rock burst risk classification method [57], using 125%, 150%, and 175%
(i.e., 10.86, 13.04, and 15.21 Mpa) of the uniaxial compressive strength of M4-5 coal as
critical points, the weak rock burst, medium rock burst, and strong rock burst risk levels of
the triangular coal pillar are classified, as shown in Figure 5a. When the width range of the
triangular coal pillar is greater than 88 m, between 88 m and 11 m, and less than 11 m, it
has weak rock burst risk, medium rock burst risk, and strong rock burst risk, respectively.
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4. Tectonic Stress Characteristics of Triangle Coal Pillar with Penetrating Fault

The tectonic stress of a fault is determined by in-situ stress, fault dip angle, and fault
length [67,68]. Simplify the fault along the dip profile into an elliptical fracture with a
length of 2F, establish a complex coordinate system z = x + iy based on the fault dip angle.
z represents the complex number of coordinates of any point in plane coordinate system; x
is the abscissa of the point, which is also the real part of the complex number z; and y is the
ordinate of the point, which is also the imaginary part of the complex number y. Through
the conformal transformation of the complex function ζ = ξ + iη = ρeiφ, ζ represents the
complex number of coordinates of any point in the polar coordinate system; ξ and η have
the same meanings as x and y, respectively; ρ represents the radius of any point in polar
coordinates; and φ represents the angle between any point in polar coordinates and the
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horizontal plane. The infinite area outside the fracture is transformed into the unit circle of
the coordinate system, as shown in Figure 6.
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Figure 6. Tectonic stress increment mechanical model of faults.

According to the complex characteristics of stress components and boundary condi-
tions, the tectonic stress increment at point p around the fault is as follows:

△σx = −σa(D − E − 1) (4)

△σy = −σa(1 − D − E) (5)

△τxy = −σaF (6)

In the formula, D, E, and F are intermediate variables, represented as

D =
(

f1/
√

f f1
)

cos[r1 − (r + r2)/2]; E =

[
r2 f1/

√
( f f2)

3
]

sin r sin[3(r + r2)/2];

F = −
[

r2 f1/
√
( f f2)

3
]

sin r cos[3(r + r2)/2].

Where f, f 1, f 2 and r, r1, r2 are the distances and included angles from point p to the
right end, middle and left end of the fault, respectively; σa can be converted from in-situ
stress [69], σa =

σh+σv
2 − σh−σv

2 cos 2θ, in which, σh and σv are horizontal and vertical in-situ
stresses, respectively.

The distance between T6 and T5 penetrating faults is 50 m, meaning that the triangular
coal pillar will be affected by the superposition of two tectonic stresses from both faults.
The extension length of both T6 and T5 faults is 240 m, and the fault dip angles are 75◦ and
85◦ are substituted into the Formulas (4)~(6); the vertical tectonic stress increment in the
triangular coal pillar is shown in Figure 7a. The tectonic stress around T6 and T5 faults is
obviously asymmetric distribution, with the maximum tectonic stress increment reaching
24 MPa.
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Figure 7. Tectonic stress increment of T6 and T5 penetrating faults. (a) distribution of tectonic stress.
(b) characteristics of tectonic stress.

The tectonic stress monitoring line is established based on the spatial relationship
between M4-5 coal seam and faults. The characteristics of tectonic stress in M4-5 coal
seam are shown in Figure 7b. The triangular coal pillar located 90 m away from T6 fault is
significantly influenced by tectonic stress, with the tectonic stress increment of 1.93 MPa.
As the distance from the T6 fault decreases to 13 m, the tectonic stress peaks at 11.21 MPa.
Furthermore, the middle section of the T5 and T6 faults is affected by the superposition of
two faults, resulting in the maximum tectonic stress increment of 22.11 MPa.

The M4-5 coal seam is buried at a depth of 500 m, with a vertical stress of 12.5 MPa.
Therefore, the corresponding tectonic stress increment associated with a high rock burst
risk is 2.70 MPa. Consequently, the coal pillar extending from 0 to 73 m away from the
fault is categorized as a high rock burst risk area, as depicted in Figure 7b. Additionally,
Figure 2b indicates that the T6 fault is active 200 m ahead of the working face. As a result,
the coal pillar located within the range of 73 to 200 m from the fault is determined to be a
medium rock burst risk area.

5. Rock Burst Mechanism of Triangle Coal Pillar

The triangular coal pillar situated between T6 penetrating faults, the 501 working
face, and the 412 goaf is shown in Figure 8a. Affected by the stress barrier effect of fault,
the tectonic stress, the abutment stress of the 412 gob, and the advance abutment stress
are significantly concentrated in the triangular coal pillar. With the excavation of the 501
working face, the width of triangular coal pillar decreases, the abutment stress increases
exponentially, and the peak value of tectonic stress moves closer to the working face,
resulting in a sharp rise in static stress within the triangular coal pillar. The identification
of the rock burst risk level of the triangular coal pillar, based on considering both the
abutment stress and tectonic stress, follows the most unfavorable principle: the working
face is situated at a distance ranging from 73 m to 200 m from the fault, classified as a
moderate rock burst risk, and at a distance ranging from 0 m to 73 m from the fault (i.e.,
the width of the triangular coal pillar spans from 0 m to 73 m), classified as a high rock
burst risk.

The high dynamic stress associated with fault activation is transferred to the triangular
coal pillar, which is already under high static stress. Once the stress in the triangular coal
pillar exceeds its bearing limit [57] (σs + σd ≥ σBmin), a large amount of elastic energy is
released nonlinearly [70], triggering rock burst. In the formula, σs represents the static
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stress within the coal-rock mass and σd denotes the dynamic stress induced by mining
tremors in coal and rock masses. The critical stress, denoted as σBmin, is determined by
introducing graded stress into rock burst prediction. When the coal–rock mass experiences
a rock burst, the magnitude of σBmin is related to the mechanical properties of the coal–rock
mass itself [71]. Therefore, the type of rock burst in the triangular coal pillar is characterized
as “high static-high dynamic stress”, as shown in Figure 8b.
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Figure 8. Rock burst mechanism of triangular coal pillar. (a) stress distribution of triangular coal
pillar. (b) rock burst mechanism.

6. Stress and Energy Evolution of Triangular Coal Pillars

The previous section identified the rock burst risk levels in different areas of the
triangular coal pillar. Considering the positive correlation between energy accumulation
in the triangular coal pillars and the degree of rock burst damage, it is still imperative to
study the energy accumulation patterns of these coal pillars using numerical simulations
as the working face mines through faults. This will help determine the degree of rock burst
damage and identify the appropriate stress relief measures.

Numerical Modelling of Triangular Coal Pillars

FLAC3D (V5.0), as a continuous element numerical simulation software [72], can focus
on exploring the stress evolution of triangular coal pillars as their width varies. Based on
the geological conditions of the TB coal mine and the characteristics of the 501 working
face, a numerical simulation model of a triangular coal pillar was established, as shown in
Figure 9. The numerical model has dimensions of 1000 × 600 × 230 m in length, width,
and height, respectively. It is internally divided into the 412 gob and the 501 working face,
both of which have a strike and inclination length of 800 m and 200 m, respectively. The
width of the coal pillar situated in the section between the two is 40 m.

In the numerical model, the thickness of the overlying strata above the M4-5 coal seam
is approximately 200 m. Considering the depth of the 501 working face is 500 m, a vertical
stress of 7.5 MPa was applied to the top of the model. According to in-situ stress tests at the
TB coal mine, the horizontal stress is 1.5 times the vertical stress. Therefore, a horizontal
stress of 11.25 MPa (calculated as 7.5 MPa × 1.5) should be applied to the model. The coal
and rock masses within the 501 working face and adjacent goaf in the numerical model
are modeled using the Mohr–Coulomb constitutive model [73,74]. The numerical model
initially excavates the adjacent goaf areas, resulting in natural subsidence and damage
to the overlying strata. This process aims to simulate and obtain the conventional lateral
abutment stress characteristics of the adjacent goaf areas on the 501 working face.

The dip angles of the T6 and T5 penetrating faults in the numerical model are 75◦ and
85◦, respectively, with drops of 2 m and 4 m, respectively. The distance between the faults
is 50 m. Coal seam stress monitoring lines 1#, 2#, and 3# are arranged in the 501 working
face and the triangular coal pillar along the transport roadway, the central part, and the
air-return roadway. Additionally, a numerical model without faults was also established.
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Both the numerical models, with and without faults, initially excavate the 412 working
face. After stress equilibrium of models were reached, the 501 working face was excavated
from the boundary in 10 m steps until it completely passed through T5 and T6 penetrat-
ing faults. At the same time, the evolution of stress and energy within the coal seam
was monitored.
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Figure 9. Numerical simulation model of triangle coal pillar.

The numerical simulation model employed the Mohr–Coulomb strength criterion.
There was a notable difference in the mechanical parameters between the rock and rock
mass. Based on the physical and mechanical parameters of the rock obtained from the 42-6
borehole, by utilizing the RQD index to convert the elastic modulus of the rock and the
rock mass [75], the compressive strength of the rock mass could be calculated, as shown
in Equation (7) and Table 1. The physical and mechanical parameters of the model are
presented in Table 2. {

Em/Er = 100.0186RQD−1.91(
σcm
σc

)
=

(
Em
Er

)n (7)

where Em and Er are elastic modulus of the rock and rock mass, respectively, GPa; σcm and
σc are the uniaxial compressive strength of the rock and rock mass, respectively, MPa; and
n is the coefficient of weakening of the rock, which takes the value of 0.63; RQD index is
determined by the 42-6 borehole.

Table 1. RQD conversion of rock and rock mass.

Lithology

Rock

RQD

Rock Mass

Elastic Modulus
Er/GPa

Elastic Modulus
Em/GPa

Shear
Modulus/GPa

Coarse
sandstone 11.78 90 12.60 22.0

Fine sandstone 5.28 81 1.01 3.8

Siltstone 1.20 86 1.10 5.6

Mudstone 19.64 75 9.90 18.0

M4-5 coal 11.42 65 7.68 13.2
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Table 2. Physical and mechanical parameters of model.

Lithology Density/(kg/m3)
Bulk

Modulus/GPa
Shear

Modulus/GPa
Cohesive

Force/MPa Friction Angle/◦

Coarse sandstone 2700 30.0 22.0 130.0 38

Mudstone 2600 5.6 18.0 7.6 39

Fine sandstone 2700 19.4 3.8 12.8 35

M4-5 coal 1400 1.5 13.2 1.1 25

Siltstone 2500 13.1 5.6 3.0 33

Fault plane Cohesion force is 2.0 MPa, friction angle is 30◦

7. Stress Evolution of Triangular Coal Pillars

The stress at a distance of 150 m from the fault in the 501 working face is shown in
Figure 10: (1) the abutment stress in the working face without fault first increased and then
decreased, reaching a peak value of 25.3 MPa at 13 m ahead of the working face; (2) the
monitoring line 3# first reached the T6 fault compared to monitoring lines 1# and 2#. Due to
the barrier effect of the T6 fault, the abutment stress increased from 16.7 MPa to 22.8 MPa,
an increase of 36.5%. The distance between the abutment stress peak and the working face
was reduced to 8 m, and the peak stress reached 30.2 MPa. This indicates that there is a
significant stress anomaly in the triangular coal pillar, which is consistent with the stress
characteristics analyzed previously.
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Figure 10. Stress characteristics of triangle coal pillar. (a) without fault. (b) under influence of fault.

The stress difference at 300 m, 150 m, and 50 m away from the fault was evident
when comparing the 501 working face with and without the fault. Therefore, the stress
nephograms for the above three stages are shown in Figure 11: (1) When the working face
was excavated to 300 m away from the T6 fault, the triangular coal pillar area was primarily
superimposed by advance abutment stress and the abutment stress from the 401 gob. Its
peak stress was 20.0 MPa, which is basically consistent with model without fault. (2) When
the working face was excavated to 150 m from the T6 fault, the triangular coal pillar area
began to be affected by the tectonic stress. The stress increased by 0.1 MPa compared to the
model without fault and increased by 16.3% compared with the initial excavation stage.
(3) When the working face was excavated to 50 m from the T6 fault, the concentration of
abutment and tectonic stress in the triangular coal pillar area was significant due to the
fault barrier effect, and the peak stress reached 29.0 MPa, which was 17.4% higher than that
of the non-fault model.
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Stress concentration in coal is positively correlated with the risk of rock burst [76]. Un-
der the barrier effect of the T6 fault, the abutment stress and tectonic stress in the triangular
coal pillar began to rise at distance of 150 m from the fault, and the rock burst risk also rose.
The peak stress increased significantly as the distance from the fault decreased, indicating
that the narrower the width of the triangular coal pillar, the higher the rock burst risk.
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Figure 11. Stress evolution of triangle coal pillar.

8. Energy Evolution of Triangular Coal Pillars

Similar to the stress nephogram, the energy evolution of the 501 working face is shown
in Figure 12: (1) When the working face was 300 m away from T6 fault, the energy density
of the triangular coal pillar was 1.1 × 104 J·m−2, covering an area of 16 m2, which is
located in front of the working face. (2) When the working face was 150 m away from T6
fault, the energy density peak reached 1.20 × 104 J·m−2, representing a 9.1% increase. The
area of energy concentration expanded to 50 m2, a 212.5% increase, and the concentration
area extended throughout the triangular coal pillar. (3) When the working face was
50 m away from T6 fault, the energy density of the triangular coal pillar increased by
81.8% compared with that 300 m away from the fault, and the maximum energy density
reached 2.0 × 104 J·m−2. The energy concentration within the entire triangular coal pillar
is significant.
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Figure 12. Energy evolution of triangle coal pillar.

The energy accumulation is positively correlated with the damage of rock burst [77].
When the working face was 150 m away from the fault, the energy density in the triangular
coal pillar area began to rise significantly. As the width of the triangular coal pillar decreases,
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the energy density within the coal pillar increased, and the concentration area expanded,
indicating that the larger the rock burst damage area, the more severe the damage.

In summary, when the width of the triangular coal pillar reached 150 m, its energy
accumulation rapidly increased, leading to an exacerbation of the rock burst damage.
Therefore, stress relief measures should be implemented to enhance the effectiveness of
stress relief. At a width of 50 m, the energy accumulation of the triangular coal pillar
reached its peak. Under these conditions, stress relief measures should be optimized to
achieve the highest level of stress release.

9. Engineering Case
Measures of Stress Relief

The stress evolution demonstrated that the triangular coal pillar stress began to rise
significantly when its distance from the fault was less than 200 m, peaking at a distance of
73 m from the fault. Therefore, it is necessary to implement stress relief measures before
the width of the triangular coal pillar affected by this stress increase reaches 200 m. These
measures involve drilling large-diameter boreholes (150 mm diameter, 25 m depth) within
the coal body, with a step spacing of 3 m. However, in the highly stressed region located
within 0–73 m from the fault, the drilling step spacing should be reduced to 2 m to ensure
adequate stress relief.

The energy evolution demonstrated that the triangular coal pillar energy began to rise
at a distance of 150 m from the fault, peaking at a distance of 50 m from the fault. Therefore,
different stress relief measures should be applied within the width range of 50–150 m and
0–50 m, respectively, in the triangular coal pillar to enhance the stress relief. The stress
and energy within the triangular coal pillar is an abnormal concentration due to abutment
stress from roof and tectonic stress from faults, both of which are under the influence of
barrier effect. Therefore, the TB Coal Mine chose the air-return roadway, which is severely
affected by the triangular coal pillar, for roof blasting in order to reduce abutment stress
and for coal seam blasting to alleviate tectonic stress, as shown in Figure 13.
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Figure 13. Measures of stress relief. (a) stress relief blasting for roof. (b) stress relief blasting for
coal seam.

The maximum abutment stress generated by the sub key stratum under the influence
of the barrier effect is 17.2 MPa, therefore blasting measures need to be taken. The blasting
measures were implemented at a distance of 0~150 m from the fault in the air-return
roadway, to enhance the stress relief of the triangular coal pillar. The spacing between
blasting hole steps was 10 m. Each group included 2 blasting holes with a diameter of
75 mm, with elevation angles of 75◦ and 89◦, and lengths of 49 m and 55 m, respectively. The
blasting holes finally reached the middle of the sub key stratum. The length of explosives
were 28.5 m and 32 m, respectively, and the amounts of the explosives were 50 kg and
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56 kg, respectively. The application of roof blasting in high-stress areas of the working face
may induce rock burst, while the restoration of surrounding rock stress can diminish the
stress relief efficacy of blasting holes located far from the working face. Based on historical
experience, it has been established that roof blasting measures should precede the mining
face by approximately 200 m. Given that the average mining speed of the 501 working face
is 4 m per day and the spacing between roof blasting holes is 10 m, the 501 working face
implements roof blasting measures three times weekly

The triangular coal pillar exhibits significant stress concentration at a distance of
0~50 m from the fault, and it is necessary to carry out blasting measures on the coal seam.
Implementing coal seam blasting holes at a distance of 50 m from the fault in air-return
roadway maximizes stress relief on the triangular coal pillar. The step distance is 10 m.
Each group comprises 2 blasting holes, with elevation angles of 36◦ and 26◦, and lengths
of 26.5 m and 23.5 m, respectively. The length of explosives are 15 m and 13 m, and the
amounts of explosives were 36 kg and 31 kg, respectively. Similarly, given the average
mining speed of 4 m per day of working and the step distance of 10 m between coal blasting
holes in the 501 working face, coal blasting measures are implemented three times weekly.

10. Effectiveness of Stress Relief Measures

The rock burst energy [78] before and after the stress relief measures is shown in
Figure 14: (1) before the stress relief measures, the rock burst energy was mainly concen-
trated near the fault, with a maximum index of 40; (2) after the stress relief measures, the
rock burst energy was transferred to the gob, and the maximum index reached 9, which
was 77.5% lower than that before the stress relief measures, and the range was signifi-
cantly reduced. The stress relief measures transformed the microseismic from the fault
activation to the roof caving behand working face, thus reducing the rock burst risk in
air-return roadway.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 17 of 21 
 

 
(a) (b) 

Figure 14. Rock burst energy nephogram. (a) before measures of stress relief. (b) after measures of 

stress relief. 

The distribution characteristics of the microseismic at a distance of 150 m from the 

fault are shown in Figure 15. Compared with Figure 2b, the microseisms in front of the 

working face are significantly reduced and concentrated within 150 m behind working 

face. The maximum total energy of microseismic is 8.0 × 104 J, representing decrease of 

70.0%. This indicates that the roof blasting measures effectively promote roof caving, 

while the coal blasting measures significantly reduce the stress concentration in the trian-

gular coal pillar. 

 

 
(a) (b) 

Figure 15. Microseismic distribution from 501 working face after measures of stress relief. (a) plane 

distribution of microseisms. (b) strike distribution of microseisms. 

11. Conclusions 

This article theoretically analyzes the stress evolution law of triangular coal pillars, 

considering the influence of the fault barrier effect, overlying strata abutment stress, and 

fault tectonic stress. Numerical simulations were conducted to investigate the energy ac-

cumulation pattern within triangular coal pillars as the working face mining through the 

fault. Stress indicators were devised to categorize the rock burst risk regions and levels 

associated with triangular coal pillars, and tailored stress relief measures were proposed 

for various energy accumulation areas. 

In contrast to conventional working faces outside fault protection coal pillars, the 

stress evolution and energy accumulation processes within triangular coal pillars in work-

ing faces mining through faults are more intricate. Thus, the stress and energy classifica-

tion presented in this study offers a universal approach for identifying rock burst risks 

under complex stress conditions in triangular coal pillars. These research findings can 

123456789481216202428323640

Mining Area
Mining Area

200m 150m

Energy
Frequency

M
ic

ro
se

is
m

ic
 E

n
er

g
y

8.0×104

6.0×10
4

4.0×10
4

2.0×104

0
0

Distance in strike direction

 100 200 100 200 300

M
ic

ro
se

is
m

ic
 F

re
q

u
en

c
y

80

70

60

50

40

30

20

10

0

501 Working Face T6 
T5

Triangle 

Coal Pillar

150m

T6 Penetrating Fault T5 Penetrating Fault

E 10
2
J

10
2
J＜E 10

3
J

10
3
J＜E

M
in

in
g

 A
re

a

Area 1

Area 2

 

 

Figure 14. Rock burst energy nephogram. (a) before measures of stress relief. (b) after measures of
stress relief.

Firstly, the microseismic monitoring area is gridded, and the microseismic background
value is calculated based on the overall microseismic energy. Subsequently, the deviation
between the microseismic energy of each grid and the background value is utilized to
calculate the rock burst energy index.

Eεj = log10

(
∑
√

Ei
A · P

)
(8)

where Eεj is the rock burst energy index of the j-th region, which is the one divided by the
longwall panel, log10

√
J; Ei is the energy of the i-th microseismic, which belongs to the

j-th statistical region, J; A is the area of the j-th divided region, m2; and p is the statistical
time, days.
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The distribution characteristics of the microseismic at a distance of 150 m from the
fault are shown in Figure 15. Compared with Figure 2b, the microseisms in front of the
working face are significantly reduced and concentrated within 150 m behind working
face. The maximum total energy of microseismic is 8.0 × 104 J, representing decrease of
70.0%. This indicates that the roof blasting measures effectively promote roof caving, while
the coal blasting measures significantly reduce the stress concentration in the triangular
coal pillar.
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11. Conclusions

This article theoretically analyzes the stress evolution law of triangular coal pillars,
considering the influence of the fault barrier effect, overlying strata abutment stress, and
fault tectonic stress. Numerical simulations were conducted to investigate the energy
accumulation pattern within triangular coal pillars as the working face mining through the
fault. Stress indicators were devised to categorize the rock burst risk regions and levels
associated with triangular coal pillars, and tailored stress relief measures were proposed
for various energy accumulation areas.

In contrast to conventional working faces outside fault protection coal pillars, the stress
evolution and energy accumulation processes within triangular coal pillars in working
faces mining through faults are more intricate. Thus, the stress and energy classification
presented in this study offers a universal approach for identifying rock burst risks under
complex stress conditions in triangular coal pillars. These research findings can provide
valuable guidance for the prevention and control of rock bursts in similar mining cases
involving penetrating fault triangular coal pillars.

The main conclusions from this research are as follows:

(1) The superimposed tectonic stress resulting from the T6 and T5 penetrating faults
exhibited asymmetric distribution and had an influence range of about 90 m in the
triangular coal pillar, reaching peak value of 11.21 MPa at a distance of 13 m from the
fault plane.

(2) Affected by the barrier effect of penetrating faults, the abutment stress of the working
face was concentrated in the triangular coal pillar, and the magnitude of the abutment
stress was positively and negatively correlated with the fault plane barrier effect and
the width of the triangular coal pillar, respectively.

(3) The barrier effect of the fault caused the stress and energy in the triangular coal pillar
to increase as the width of the triangular coal pillar decreased. When the working face
was 150 m away from the fault, energy and stress began to accumulate, and when the
working face was 50 m away from the fault, energy and stress approached their peak.
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(4) The constructed stress index indicates that triangular coal pillars possess moderate
rock burst risks when their widths range from 73 to 200 m, and high rock burst risks
when their widths are between 0 and 73 m. The analysis of the energy accumulation
pattern within the triangular coal pillar reveals that the range of 50 to 150 m in width
represents the most critical zone for implementing stress relief measures. Meanwhile,
for the range of 0 to 50 m, specific measures should be undertaken to further enhance
the effectiveness of stress relief.

(5) Roof blasting is employed to reduce abutment stress, and coal seam blasting is em-
ployed to reduce tectonic stress. After implementing the stress relief measures, the
microseismic activity transformed from fault activation to roof caving, concentrated
within range of 150 m behind the working face. The maximum total energy of micro-
seismic was 8.0 × 104 J, a decrease of 70.0%, verifying the effectiveness of the stress
relief measures.
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