www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Disaster-causing mechanism and
control technology of interlayer
rock breakage in gently inclined
close distance coal seams mining

Xiaogian Yuchi'™?, Xuanhong Du?, Pan Shu?, Lan Yu?, Wulin Lei', Wenhua Yang? & Ze Zhang?

Aiming at the complex issue of dynamic disasters induced by hard rock layers fracture during the
mining of gently inclined close distance coal seams, this study employs an integrated approach
combining numerical simulation, microseismic monitoring, and mechanical analysis to investigate
the fracture evolution process of hard rock layers under the influence of an inverted trapezoidal
overburden. A cantilever beam structural model of interlayer rock layers was established, from which
the deflection curve and rotation angle equation at the critical fracture state were derived. The elastic
energy released upon fracture of the cantilever beam was quantified. Furthermore, by considering
the characteristics of the overburden above residual coal pillars, the interplay among the total energy
released during interlayer rock fracture, the strength of the cantilever structure, and the inverted
trapezoidal overburden load was elucidated. Specifically, a heavier inverted trapezoidal load increases
the disaster-induced energy applied to the cantilever structure, a longer cantilever beam accumulates
greater elastic energy, and a stiffer beam structure can accumulate more energy. The interaction
between these three factors makes it easy to induce strong mining pressure when the hard rock layers
break during close distance coal seam mining. Accordingly, combined prevention measures involving
water injection softening and blasting roof cutting were proposed to mitigate dynamic hazards and
ensure safe mine production.

Keywords Close distance coal seams, Hard rock layers, Microseismic monitoring, Cantilever beam, Blasting
roof cutting

Reasonable and effective utilization of coal resources is highly effective in reducing carbon emissions, achieving
carbon peak, and promoting stable energy supply' . In high-quality coal fields in China, there are often more
than one coal seam that can be mined within the zone How to fully recover all the recoverable coal seams while
ensuring safety support is a major help to improve coal utilization efficiency?. However, in the face of extremely
complex geological problems such as rock bursts and high permeability of CH, or coalbed methane, layered
mining often presents many technical challenges’~, especially the instability of hard strata between close range
coal seams, which is one of the key factors inducing dynamic disasters'®-12. In addition, close range coal seam
mining will cause multiple mining disturbances to the overlying strata in the same area'?, and the structural
characteristics inside the overburden will gradually deteriorate under the disturbance. The extension of primary
fractures and the increase in the number of associated fractures will ultimately result in local instability and
fracture of the overburden', release of elastic energy from overlying rock aggregation to form mining pressure
manifestation, spatiotemporal displacement of rock layers, and structural distortion on site!>~'".

In this context, extensive research has been conducted on the structural evolution of overburden in thick coal
seams, including mechanisms of instability and corresponding monitoring and early warning systems. These
studies have addressed significant challenges under specific geological conditions. For instance, Lai et al.!8-20
conducted similar simulation experiments on the “Acoustic - Thermal” evolution characteristics to address
the problem of dynamic fracture of hard rock columns between steeply inclined and thick coal seams. Their
work revealed the disaster mechanism induced by mining stress distortion and contributed to the development
of a roof control strategy for such mining conditions. Yu et al.>'?> examined the geological characteristics of
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alternating thick coal seams and hard roofs in multiple mining areas in Bangladesh, proposing a layered and
staggered mining layout method to prevent disasters in stratified overburden mining. Zhang et al.>>?* employed
various research methods to establish mechanical models for safe multi-seam mining under thick igneous rocks,
analyzing the disaster mechanism caused by fracture instability and crack propagation characteristics, ultimately
proposing a backfill mining-based control technique. Deng et al.?® studied overburden fracture height during
layered mining in the Gonggeziying Coal Mine using ABAQUS simulations and field monitoring, establishing a
linear relationship between fracture height and extracted seam thickness, thereby optimizing the mining method.
Huang et al.?*~?® focused on water conservation mining in the Yushen mining area, using physical simulations
to analyze fracture evolution and interlayer rock stability in shallow-buried thick coal seams, and proposed
pillar layout distances along with water-preservation measures. Peng et al.? based on elastoplastic theory and
numerical simulation, identified a linear relationship between middling pillar width and stope offset in close-
distance seams, exploring stress transmission through pillars into the floor and clarifying stress distribution
between lower stopes and pillars. Zhang et al.** analyzed the weakening technology of residual pillars in close
range multi seam goaf mining, evaluating stress disturbance from residual pillars on underlying extraction and
outlining floor stress distribution before and after pillar unloading. Wang et al.*! studied overburden behavior in
fully mechanized faces, identifying instability mechanisms of coal pillars under thick direct roofs and proposing
control techniques for middle and lower layered sections.

In recent years, because of the development of microseismic monitoring technology, the application of this
monitoring to warn of the manifestation of rock burst and dynamic disaster characteristics in mining areas and
tunnels, and to obtain the location of overburden fractures, has become a commonly used monitoring method
in major mines***3. Monitoring results provide a valuable basis for numerical simulations and mechanical
analysis, facilitating in-depth investigation of disasters induced by overlying rock fractures*. In this regard, Cui
etal.*>* studied rock burst mechanisms associated with gently inclined roof failure. By integrating microseismic
monitoring with 3DEC numerical simulations, they analyzed the fracture behavior of key strata and the evolution
of overburden structures during mining. Their findings offer technical support for early warning and prevention
of rock bursts under similar conditions.

Due to the significant differences in geological and overburden rock characteristics in close distance coal
seams mining, and the varying mechanisms of interlayer rock fractures, research in this area still needs to
be continuously strengthened. The paper focuses on the strong mining pressure manifestation caused by the
breaking of interlayer hard rock in the close distance coal seams mining of Kuangou Mine. Stemmed from
microseismic monitoring and numerical simulation results, the evolution process of interlayer hard rock strata
under two seams mining is analyzed. At the same time, a cantilever beam structure model of interlayer hard
rock strata influenced by residual coal pillar is established to analyze parameters such as deflection, rotation
angle, and elastic energy under the critical breaking state of interlayer rock strata, and to form the relationship
between the total energy of interlayer rock strata breaking and the cantilever structure and inverted trapezoidal
overburden. Based on this, the pressure reduction and prevention measures for slicing mining were developed,
providing a guarantee for the safety production of the mine.

Analysis of the disaster characteristics caused by overburden fracture
Kuangou Mine mainly mines the B2 and B4-1 coal seams, both of which have an average inclination angle of 14°.
There are thick and hard sandstone layers between the coal seams.

The thickness of the B4-1 seam is 3 m. The thickness of the lower B2 seam is 9.5 m. In the B4-1 coal seam,
there are mainly two working faces, W1143 and W1145. The B2 coal seam mainly includes two working faces,
W1121 and W1123. The position relationship of the working face is shown in Fig. 1. To ensure safe mining, the
upper B4-1 coal seam had been mined first, followed by the lower B2 coal seam. Thus, the mining sequence of
the four working faces in the study zone is: W1143 > W1145 > W1121 > W1123. The mining of W1143 and
W1145 working faces had been completed with the 5 m coal pillar remaining. The W1121 working face had been
fully mined. Currently, the W1123 working face is being mined, with a 15 m coal pillar left. According to the
mining deployment, the W1145 goaf is located above the W1123 working face, with a vertical height difference
of 44 m between the two coal seams. In terms of direction, the horizontal projection of the W1145 goaf overlaps
significantly with the local area of the W1123 working face.

Due to the difference in thickness between the B2 and B4-1 coal seams, the W1145 and W1143 working
faces adopt the strike longwall mining method, while the W1121 and W1123 working faces adopt the fully-
mechanized top coal caving mining method. Therefore, as the W1123 working face continues to be mined,
some of its mining areas will gradually approach the goaf above, which will result in the superposition of mining
disturbance stresses in the two coal seams. In addition, the influence of the residual coal pillar (5 m) in the B4
coal seam has led to significant mining pressure in W1123 working face. In this case, it is highly prone to energy
shock caused by the rupture of hard rock layers in the mine.

Microseismic monitoring has become a widely adopted technique in recent years for assessing the stability
and energy release characteristics of surrounding rock in major mines. This method involves deploying sensors
within the rock to capture elastic waves generated by rock fractures due to mining-induced disturbances.
These signals are used to locate microseismic events in time and space and to estimate their magnitudes.
Based on principles of seismology, the source mechanisms are inferred through analysis of P-wave and S-wave
characteristics, enabling the interpretation of stress field changes and the assessment of potential geotechnical
hazards. Such analyses provide a scientific basis for early warning of mining-related dynamic disasters. In light
of the specific problems faced in the mining area examined, we utilizes an ARAMIS microseismic monitoring
system to record energy events occurring between 620 m and 770 m during the mining of the W1123 working
face.
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Fig. 1. Relationship diagram of B2 and B4-1 coal seams: (A) Working faces layout plan, (B) Layout plan of
working face section.

According to the requirements for instrument use and the mining situation, all microseismic events are
classified into levels I to V based on their energy levels. The energy discrimination standard for level I
microseismic events is 0-10° J, for level II microseismic events it is 103-10* J, for level III it is 104-10° J, for level
IV it is 10>-10° J, and for level V it is 10°-107 J. From the perspectives of the location and characteristics of the
disaster causing events, this paper analyzes the causes of the disaster after the overburden rock fracture in two
coal seams mining.

Determination of prone zones for disaster events caused by gently inclined close distance
coal seams mining

According to Fig. 2, microseismic events of magnitude Il and IV are mainly distributed in a zigzag pattern along
the edge of the W1145 goaf; The V-level high-energy events are mainly distributed in the 15 m coal pillar and
its surrounding tunnels. From a vertical perspective, the distribution of III-V level microseismic events mainly
occurs in the interlayer hard rock layers above the 15 m coal pillar, while V level events frequently occur below
the 5 m coal pillar in B2 coal seams. Especially when the stope advanced 719 m, the maximum energy event
during the monitoring period occurred, with an energy of 4.2 x 10°]. At this time, a rock burst occurred in the
15 m coal pillar within a range of 50 m ahead of the stope, accompanied by a loud sound. After the sound was
detected, it was found that there was a clear phenomenon of fragmentation at the bottom corner of the roadway
around the coal pillar. Overall, as the B4-1 coal seam goaf approaches, microseismic events at all levels will
occur more frequently around the hard interlayer rock layers, indicating that the overburden of W1123 working
face is gradually disturbed by the dual mining. The interlayer rock layers will continuously accumulate elastic
properties and eventually break and release energy.

Energy characteristics analysis of microseismic events

By analyzing all the microseismic events that occurred during the mining of the W1123 working face from
620 m to 770 m, it is known that a total of 28,785 microseismic events were monitored, with a total energy
of 1.758 x 108 J and an average single event energy value of 6110 J. Among them, the number of grade I and
II microseismic events (<10’ J) was huge, reaching 28,097, accounting for 98% of the total events, but their
total energy accounted for only 27%, indicating that the occurrence of such events is a signal of the continuous
expansion and development of internal joints and fractures in coal and rock under mining disturbance; However,
there were only 673 microseismic events with magnitude III and IV, but the energy accounted for 34%. It can be
seen that the frequent occurrence of such events means that the stress in the coal rock is concentrated, and the
coal rock structure is gradually deteriorating; Finally, although there were only 15 V-level high-energy events
(106107 J), their energy proportion reached 42.85%. The occurrence of such events indicates the sudden release
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Fig. 3. The characteristics of microseismic events of different energy levels.

of energy from coal rock accumulation, often resulting in significant mining pressure manifestations (as shown
in Fig. 3; Table 1).

Finally, by analyzing the relevance between the position of the stope and the microseismic energy and
number of events, it can be found from Fig. 4 that as the mining zone of W1123 stope gradually approaches or
is located below the W1145 goaf, the microseismic energy and number of events show a gradually increasing
trend. This indicates that under the combined action of residual coal pillar in the upper part and multiple
mining disturbances in the stope, the interlayer hard rock layers in the upper part of B2 coal seam will gradually
accumulate high energy until they reach the threshold for energy release, which is also the main cause of disaster.
Once a V-level high-energy event (10°-107 J) occurs, there is often a noticeable manifestation of mining pressure.
Combined with the occurrence location and distribution pattern of high-energy microseismic events, it can be
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Microseismic events | Energy level | Number of events | Average energy per individual event | Proportion of total events | Total energy per level event | Energy proportion
I-level 0-10%] 21,633 212] 75.15% 4.58x10°] 4.02%
II-level 103-10*] 6464 3400J 22.45% 2.19x 107 19.23%
TI-level 10%-10°] 626 2.95x10%] 2.17% 1.84x107] 16.16%
IV-level 10°-10°] 47 43x10°] 0.16% 2.02x107] 17.74%
V-level 106-107J 15 3.25x10°] 0.0521% 4.88x107] 42.85%
Table 1. Characteristics of energy levels to total microseismic events.
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Fig. 4. Distribution characteristics of microseismic events during the 620-770 m mining of W1123 working
face.

found that the instability and fracture of interlayer hard rock will directly affect the safe of the entire W1123
stope.

Numerical simulation of the fracture process of interlayer hard rock after close
distance coal seams mining

On site microseismic monitoring found that interlayer rock are the main location where disasters occur in the
mine. To further analyze the migration law of overburden and the fracture of interlayer hard rock, we used 3DEC
(3-Dimensional Distinction Element Code) software (version DP 5.20, developed by Itasca Consulting Group,
Inc.) based on Discrete Element Method (DEM) for numerical simulation analysis. This software can explicitly
simulate the mechanical behavior of rock block systems cut by discrete joint networks, and is particularly adept
at dealing with large deformation and failure problems in discontinuous media. These numerical simulation
works could provide a foundation for the subsequent construction of mechanical models.

Construction of discrete element numerical model

The construction of the model relies on the rock occurrence characteristics and historical mining situation of
Kuangou Mine. The inclination angle between the B2 and B4-1 coal seams simulated by the model is 14 °, with
a coal seam spacing of 44 m. The size of the model simulated by the model is 520 m x 10 m x 400 m. The width
of the coal pillar in the W1123 working face section simulated by the model is 15 m, and the residual coal pillar
width in the B4-1 coal seam is 5 m. The Mohr Coulomb criterion built into the simulation software is selected as
the constitutive model. Subsequently, displacement constraints are applied to both sides and the bottom of the
model, with no limit on the top displacement.

Apply a vertical load of 2.5 MPa at the top to ensure that the coal seam coverage is consistent with the site.
This simulation strictly follows the on-site mining sequence, starting with B4-1 coal seam (W1143 and W1145
working face), and then the B2 coal seam (W1121 working face), to analyze the overburden rock structure
evolution under close range coal seams mining. The constructed numerical calculation model is shown in Fig. 5.
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Fig. 5. Numerical calculation model of close distance coal seams mining.
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Fig. 6. Fracture morphology of overburden under disturbance during close distance coal seam mining: (A)
W1143 excavation to balance, (B) W1145 excavation to balance, (C) W1121 excavation for 3000 steps, (D)
W1121 excavation to balance.

Analysis of fracture morphology and displacement characteristics of interlayer hard rock

Figure 6 shows the fracture morphology of the overburden under the disturbance of mining in B4-1 and B2
coal seams. According to Fig. 6A and B, due to the mining of B4-1 coal seam, the upper rock layer of B2 coal
seam has collapsed to a certain extent. Because of the presence of 5 m residual coal pillar, the overburden rock is
relatively intact and distributed in an inverted ladder shape, and there are obvious overburden fracture lines on
both sides of the pillar. According to Fig. 6C and D, it can be seen that as the excavation of the W1121 working
face in the B2 coal seam reaches equilibrium, there is a large range of overburden rock movement on the right
side of the entire model. Compared with the mining situation of the W1143 working face in the upper part, the
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range of overburden rock fracture lines that have already appeared is significantly larger, extending to the blue
area, and the cracks generated by the overburden rock fracture are wider. In addition, the inverted trapezoidal
overburden rock carried by the residual coal pillar in the B4-1 coal seam significantly affects the deflection of the
interlayer rock layers. At this time, the interlayer rock layers near the 15 m coal pillar side show obvious bending
and eventually form a fracture, which triggers the subsidence and migration of the entire overburden rock. In
addition, there is a hanging phenomenon of interlayer rock layers on the right side of the 15 m coal pillar, and a
small triangular separation zone appears in the lower part. The overburden rock fracture line on the 15 m coal
pillar continues to extend upwards, eventually connecting with the fracture line formed by mining, resulting in
a large-scale subsidence on the right side of the entire model.

Figure 7 shows the distribution characteristics of the displacement field of the overburden rock under the
disturbance of mining in B4-1 and B2 coal seams. From Fig. 7A and B, it can be seen that with the two working
faces mining of B4-1 coal seam, the overburden rock of the B4-1 coal seam exhibit a large-scale migration
phenomenon, but the migration amount is relatively small, fluctuating between 1.75 and 3.2 m, as shown in the
grass green area extending to the surface in Fig. 7B. From Fig. 7C and D, it can be seen that when the excavation
calculation of the W1121 working face reaches equilibrium, the interlayer rock and their overlying rocks show
significant subsidence. This can be seen in the red orange triangular area of Fig. 7D. At this time, it can be found
that the 5 m coal pillar left in the B4-1 coal seam has already undergone unstable subsidence, resulting in a hump
shaped displacement peak area around the 15 m section of the coal pillar in the W1123 working face.

Based on the fracture morphology of interlayer hard rock and the overall characteristics of overburden
rock migration, it can be concluded that the 5 m residual coal pillar of B4-1 coal seam are the main cause of
the fracture of the lower interlayer hard rock, and the inverted trapezoidal overburden structure is the key
to the occurrence of this overburden rock migration process. In addition, with the breaking and collapse of
interlayer rock, this inverted trapezoidal overlying rock structure will also experience overall subsidence and
eventually collide with the B2 coal seam floor, which is also one of the sources of high-energy events in previous
microseismic monitoring.

Mechanism of interlayer hard rock fracture and analysis of disaster energy
Mechanical analysis of interlayer hard rock with loading to fracture

In microseismic monitoring and numerical simulation, it can be found that as the interlayer hard rock is affected
by multiple mining disturbances, the cantilever structure formed by mining will be directly affected by the
residual coal pillar. Therefore, the unbroken trapezoidal overburden load on the residual coal pillar is the main
force source for the bending of the hanging rock layer. As the W1121 or W1123 working face advances through
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Fig. 7. Deformation characteristics of overburden during close distance coal seams mining: (A) W1143
excavation to balance, (B) W1145 excavation to balance, (C) W1121 excavation for 3000 steps, (D) W1121
excavation to balance.
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the goaf of the B4-1 coal seam, the hard rock layers between the layers undergo flexural fracture, leading to the
overall subsidence of the inverted trapezoidal overlying rock. In this dynamic instability process, the fracture
of the cantilever rock layer will release a lot of elastic energy accumulated due to stress concentration, while
the sinking of the upper trapezoidal overburden will release gravitational potential energy and collide with the
bottom plate. Due to the close release time of elastic energy and gravitational potential energy, the surrounding
roadways and coal pillar are prone to dynamic disasters. Therefore, conducting mechanical analysis of interlayer
hard rock fracture is the key to obtaining the disaster mechanism. The loading characteristics of the rock can be
shown in Fig. 8.

As shown on the right side of Fig. 8, the paper simplifies the load characteristics of interlayer strata and
forms a cantilever structure model of interlayer strata for gently inclined coal seams. To simplify the calculation,
a Cartesian coordinate system is established with pivot point O as the coordinate origin. From this, it can be
seen that this cantilever structure is mainly subjected to the combined effects of its self weight stress G in the
y-axis component, the overlying load Q supported by the residual coal pillar in the upper coal seam in the y-axis
component, and the force F, of the broken overlying rock structure formed by the mining disturbance of W1145
working face on the cantilever beam. On this basis, Egs. (1)-(3) can be obtained, and the load on the cantilever
beam can be simplified to obtain Egs. (4) and (5).

G =Go+ G (1)
Go = ’Y()ho(l — l1)Z (2)
G1 = ’yohollz (3)
g0 = G0 (4)
-1
g1 = @COSCM (5)
1

In the equations, G is the gravity of the cantilever beam, kN; G, is the gravity of the x-direction (0, I-],) section
of the cantilever beam, kN; G, is the gravity of the x-direction (I- » I) section of the cantilever beam, kN; [ is
the critical breaking length of the cantilever beam, m; [, is the length of the bottom rock layer of the inverted
trapezoidal overlying rock, m; F| is the force of the broken overlying rock on the cantilever beam in the W1145
goaf, kKN; Q is the load of the inverted trapezoidal overlying rock supported by the residual coal pillar in the
upper coal seam, kN; g, is the y-direction uniformly distributed load of the simplified cantilever beam in the (0,
I-1,) section, MPaq, is the y-direction uniformly distributed load of the simplified cantilever beam in the (I-1,
I) segment, MPa " b is the thickness of the cantilever rock layer, m; y, is the bulk density of the cantilever rock
layer, kN/m®- z is the depth in the z-direction of the coordinate system, m. .

Using the cross-sectional method again, the moment M(x) of any cross-section of the cantilever beam under
local concentrated stress can be obtained from Egs. (4) and (5):

2

l
M(z) = %04132 + (gols — qul1 — qol)z + %012 + (g0 — q1)§1 + (g1 — qo)lul (6)

On this basis, the deflection curve equation of the cantilever beam can be formed:

N e P

Fig. 8. Schematic diagram of interlayer loading mechanics model.
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In the equation, EI represents the bending stiffness of the cantilever beam, kN-m?. .
Integrating Eqgs. (6) and (7) together yields I:

I — qili — qol 13
Bl (2) = BI0 = %o° + T T2 1007 ¢ [q;lz + (g0 — @) 3 + (@ - qo)llz] s+C1 (8)
Elw(z) = %x‘* + W:f’ + [quz? + 2 ;‘h 2+ 2 ;qolll] P+ Ciz+C (9)

In the equations., w(x) is the deflection at a certain point of the cantilever beam; 6 is the ultimate rotation angle of
the cantilever beam, °. Substituting the boundary conditions, if the deflection and rotation angle at the fulcrum
O of the cantilever beam are both 0, it means that when x=0, 6, =0, w(0) =0. By substituting into Egs. (8) and
(9), it can be concluded that both C, and C, are 0. From this, we can obtain the deflection curve equation and
the rotation angle equation:

go a4, qoli —qli —qol 3 [6]0 2 Qo— Q12 } z?
_ G, 9—9, — @)l 10
wiz) = gypr® * 6EI R e R U QLY vy (10)
Qo 3, Qoli —qili —qol » [qo 2, G0 —q1 2 } x
0 = — i L L =1 l — i — 11
(z) GEI” + SET LA e 1+ (@1 —qo)h ol (11)

When x =1, the deflection of the cantilever beam is maximum. Substituting it into Eq. (10), we can obtain:

qo ;4 , 91 —qo, ;3 , 9o —q1, 2,2
—SEIZ + 3BT 007+ Vol 1171 (12)

wmax =

The maximum moment of the cantilever beam occurs at its critical fracture position, that is, when x=0.
Substituting it into Eq. (6), we can obtain:

2

l
Mmax = %)12 + (g0 — Q1)§1 + (g1 — qo)l1l (13)

Among them, g, and g, in Eq. (13) can be substituted according to Eqs. (4) and (5). To avoid redundancy, only
explanation is provided here.

On this basis, by combining the bending strain energy equation inside the cantilever beam and substituting
the maximum moment M, the elastic energy released by the fracture of the cantilever beam can be obtained:

Mmax?l
Vi = 14
et — 2E[ ( )

In the equation, V,, is the elastic energy released by the fracture of the cantilever beam, J. .

Analysis of inverted trapezoidal overburden upper the residual coal pillar

As previously analyzed, the mining of B4-1 coal seam resulted in broken overburden on both sides of the residual
coal pillar, causing the overlying strata of the coal pillar to be distributed in an inverted ladder shape. Among
them, under the influence of coal seam dip angle, the side with a larger overburden fracture angle is often located
at the upper end of the coal pillar, while the overburden fracture angle at the lower end of the coal pillar is often
relatively smaller. For the determination of the overburden load, the calculation of the inverted trapezoidal
overburden structure can be simplified, as shown in Fig. 9.

Assuming the total thickness of the inverted trapezoidal overlying rock is , the left overlying rock fracture
angle caused by the mining disturbance of W1123 is #, and the right overlying rock fracture angle caused by
the mining disturbance of W1145 is 3, the inverted trapezoidal overburden has 7 layers, counted as the Ist to
n layers, and the height of the ith layer is h,. Since its lowest layer (assumed to be the Ist layer) is connected to
the end of the cantilever beam, the length of the bottom of the lowest layer is the length from the end of the
cantilever beam to the cutting of W1145, which is l1' Therefore, it is assumed that the length of the bottom of the
second layer is L,, the length of the bottom of the nth layer is [ , and the bottom of the latter layer is exactly the
top of the previous layer. The length of the top layer is [ _,, from which we can obtain:

h=hy +ho + - - + hy (15)
B hi1 hi1 _ tan(n — a) + tan(B + «)
=h+ tan(n — «) + tan(B + ) bt tan(n — «) tan(B + «) (16)
B tan(n —a) +tan(8 + ) ,  tan(n — )+ tan(f + o)
ls=l2 + ha tan(n — o) tan(B8 + «) =h+ tan(n — ) tan(8 + «) (h1 +ha) (7

tan(n — ) + tan(8 + «)
tan(n — ) tan(B8 + «)

1=l + (h1 4+ ha+ - +hy) (18)
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Fig. 9. Overburden inverted trapezoidal rock stratum structure.

On this basis, assuming that the unit bulk density of each rock layer is y,, ,, ..., ,, the gravity load of each layer
can be obtained, that is:

Iy + la tan(n — «) + tan(B + «)
Qr=7m1h =mhiz [11 + tan(y — o) tan(B + a) h1:| (19)
Q2="2h2 L2 ; s _ Yahaz |:l1 + tatzg?n_—ac)y)—i—t;fll(l,éﬂ—l—_'—a?) (h1+h22 )} (20)
B In +lny1 tan(n — ) + tan(8 + «) o hn
Qu = b = [11 e s (CEIREY ST )} 1)

From this, it can be concluded that under the influence of gravity, the load Q of the inverted trapezoidal overlying
rock structure acting on the coal pillar is:

Q=Q1+ -+ Qn:Z%‘hi |}1 + tiZl(q?Zn — ;;;ﬁnﬂ’iJr e th - = ‘| (22)
=1

By substituting it into Eq. (14), the final gravitational potential energy V, generated by the sinking of the inverted
trapezoidal overlying rock can be obtained as:

B _ - " tan(n — )+tan,6+a ~hi
Ve = Qhsz = hs ;’Y’Lhzz [ll + tan(n — ) tan(B8 + « Z h ‘| (23)

Therefore, based on the previous numerical simulation of the interlayer rock fracture process, it can be found
that the elastic energy released by the cantilever beam fracture and the gravitational potential energy generated
by the sinking of the inverted trapezoidal overlying rock due to the cantilever beam fracture are the main energy
sources of the entire disaster process. Thus:

B _ Mmax1 - " tan(n — «) + tan(8 + «)
V=Ve + Ve = =07 +hszmhzz [l1+ tan(7— o) ten(F 1 o (Zh (24)

In the equation, V' is the total disaster energy induced by the entire breaking process, J; V,, is the elastic energy
released by the cantilever beam breaking, J; V is the gravitational potential energy generated by the sinking of
the inverted trapezoidal overlying rock, J; h_ is the sinking distance of the inverted trapezoidal overlying rock
structure, mo .
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Analysis of the disaster mechanism caused by the fracture of interlayer rock

Through an analysis of the entire calculation process, it can be observed that key relationships—such as those
between the bending deformation parameters (deflection w, rotation angle 6), the ultimate moment M . and
the released elastic energy V, during fracture—all incorporate three fundamental rock parameters: the length
[ of the cantilever beam, the loads g, and g, borne by the cantilever beam, and the bending resistance of the
cantilever beam itself (bending stiffness EI). Thus, it can be concluded that:

Firstly, the formation of the cantilever beam structure within the interlayer hard rock stratum results from
mining-induced disturbances in the B4-1 and B2 coal seams, which trigger a redistribution of the overburden
structure. The overhanging length 1 of the beam increases progressively as the working face advances. By
combining the critical deflection (Eq. (12)) and the elastic energy release expression (Eq. (14)), it can be seen
that the length [ of the cantilever beam is directly proportional to its ultimate deflection w_, _and the released
elastic energy V.. This implies that a greater cantilever length leads to higher elastic energy accumulation and
release during bending and failure.

Secondly, a greater weight of the inverted trapezoidal overlying rock results in higher elastic energy associated
with disaster initiation in the cantilever structure. This is due to the product of the uniformly distributed loads
g, and g, borne by the cantilever beam and its cantilever length /s the total load of the cantilever beam. Among
these, the load Q from the unbroken overburden supported by the residual coal pillar serves as the primary force
source and is entirely applied to the left segment [, of the cantilever. As indicated by Eq. (13), only when the
gravitational force from the inverted trapezoidal overlying rock reaches a sufficient magnitude can the maximum
moment M___be generated, leading to the bending and fracture of the cantilever beam.

Thus, the flexural capacity of the cantilever beam itself plays a decisive role in the amount of elastic energy
released upon its failure. As indicated in Eq. (7), for a given ultimate deflection w, a higher bending stiffness
EI results in a greater ultimate moment M,___that the beam can sustain, thereby enabling the accumulation of
more elastic energy V.. Consequently, the magnitude of disaster energy is intrinsically linked to the length and
strength of the cantilever structure, as well as the weight of the overlying rock. The interplay of these three factors
readily contributes to the initiation of dynamic disasters during the hanging and fracturing of hard rock layers
in close-distance coal seam mining.

Weakening and cutting roof measures for interlayer hard rock

Based on the law of energy release caused by the breaking of hard rock layers between layers, it can be concluded
that with the breaking of cantilever rock layers, a large amount of elastic energy accumulated due to stress
concentration will be released, leading to the manifestation of dynamic disasters. Therefore, how to accelerate
the breaking process of interlayer hard rock, weaken their lithological strength, and reduce the overhanging
length of the rock is of great significance for pressure reduction and prevention Due to the high-density and
high-strength hard rock between the B2 and B4-1 coal seams in Kuangou Mine, only by using a combination of
water injection weakening and roof cutting blasting measures can the integrity of the hard rock be destroyed*’,
and the internal cracks and structural weak planes of the rock layer that need to be broken be rapidly expanded
along the tangential direction of the blasting surface®® while the axial strength of the interlayer hard rock is
reduced®. The ultimate goal is to weaken the degree of fracture and energy release of this rock layer, to achieve
the goal of pressure reduction prevention and safe mining in the working face (in Fig. 10).

Firstly, water injection weakening drilling was carried out in the W1123 lower groove and blasting working
roadway, with a drilling diameter of 100 mm, a hole depth of 50 m. The construction requirements for water
injection weakening holes were to be arranged 45 m ahead of the W1123 stope, with a total of 6 sets of sections
arranged, each with 3 holes. 2 holes were arranged in the W1123 lower groove (with drilling angles of 67.5
° northwest to north and 22.5 ° respectively), and 1 hole was arranged in the blasting process roadway (with
drilling angles of 67.5 ° northwest to north), with an interval of 10 m between adjacent sections. The drilling was
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Fig. 10. Water injection weakening and blasting roof cutting borehole layout effect.
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Order number Angle (°) Drilling length (m) | Charge length (m) | Explosive charge (kg) | Sealing length (m) | Detonator
Lower groove 1# Northwest direction 45° | 35 25 120 10 6

Lower groove 2# North direction 0° 35 25 120 10 6

Lower groove 3# Northeast direction 22.5° | 35 25 120 10 6

Blasting roadway 1# | Northwest direction 67.5° | 35 25 120 10 6

Blasting roadway 2# | Northwest direction 45° | 35 25 120 10 6

Blasting roadway 3# | North direction 0° 35 25 120 10 6

Total 210 150 720 60 36

Table 2. Single group blasting hole parameters.
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Fig. 11. Water injection weakening and blasting roof cutting process diagram.

carried out using the ZDY-4000 fully hydraulic tunnel drilling rig and its supporting drill pipe, and the borehole
sealer was used in conjunction with cement sealing. The model of the pressurized water pump is BZW125/50
coal rock high-pressure water injection pump, with a rated flow rate of 125 L/min, a rated water injection
pressure of 50 MPa, and a water injection time of 4-7 h or stopped when the roof of the roadway within 10 m
before and after the water injection section is flooded.

Subsequently, blasting roof cutting holes were arranged 50 m ahead of the working face, and the construction
position of the blasting boreholes was W1123 lower groove and blasting working roadway. A total of 6 sets of
sections were arranged for blasting and roof cutting work, with 6 boreholes drilled for each Sect. 3 of them were
in the W1123 groove and 3 were in the blasting process lane. The adjacent two sets of sections were spaced 10 m
apart and distributed in a fan-shaped pattern. The drilling diameter is 100 mm, the hole depth is 35 m, and
the No. 3 emulsion explosive is used for blasting. The diameter of the explosive is 90 mm, the charge length is
25 m, the sealing length is 10 m, and the forward charge is used with a charge density of 4.8 kg/m. The explosive
charge for each borehole is 120 kg, and the total explosive charge for one blasting group is 720 kg. A single group
requires 6 detonators. The blasting adopts a wire connection method, with parallel connections inside the holes,
and one blasting hole detonates once. In addition, both water injection and blasting drilling are carried out using
the ZDY-4000 fully hydraulic tunnel drilling rig. The blasting hole parameters are shown in Table 2.

The water injection weakening and blasting roof cutting process is shown in Fig. 11.

Monitoring and analysis of weakening and cutting roof effect

To verify the effectiveness of weakening and cutting roof measures, two methods of microseismic and acoustic
emission (AE) monitoring were used to analyze the manifestation of mining pressure before and after the
implementation of the measure. The entire microseismic monitoring process started 15 days before the control
measures were taken and ended 15 days after the completion of the control measures. According to Fig. 124,
before taking roof prevention and control measures, there were significantly more microseismic energies and
event numbers, with an average daily microseismic energy of 588 x 10* ] and an average daily microseismic event
number of 956. With the implementation of weakened roof cutting, the interlayer rock were cut off on the 16th
day of the monitoring period. Afterwards, both microseismic energy and event count significantly decreased,
with an average microseismic energy of 180 x 10* ], a decrease of 69.4% compared to before the implementation
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Fig. 12. Analysis of weakening and cutting roof effect: (A) Microseismic monitoring, (B) AE monitoring.

of the measures; The average number of microseismic events was 410, a decrease of 57.1% compared to before
the implementation of the measures.

From Fig. 12B, it can be seen that the hourly energy of AE was relatively high 15 days before the implementation
of prevention and control measures, with an average energy of 16.4x 10* ] and a large fluctuation amplitude.
After the completion of the measures, the AE energy significantly decreased and the fluctuation amplitude also
decreased. Among them, the average hourly energy of AE during the monitoring period of 17-31 days was
9.8x10%*]J, a decrease of 40.2% compared to 0-15 days.

By analyzing the above monitoring results, it can be concluded that before these control measures are taken,
the interlayer hard rock will gradually accumulate and release a large amount of elastic properties. With the
adoption of these measures, the integrity of coal and rock masses can be effectively destroyed, their energy
storage capacity can be reduced, the danger of large-scale overhanging of interlayer rock can be eliminated, and
the elastic performance of the rock layer can be smoothly released, providing a guarantee for the safe mining of
gently inclined close distance coal seams.

Conclusions

1. The mechanism of interlayer hard rock fracture in gently inclined close-distance coal seam mining is at-
tributed to the failure of its cantilever structure and the overall subsidence of the overburden. This process
evolves through three stages: energy accumulation within the intact overlying strata, critical fracture of the
hard rock cantilever, and energy release resulting from interlayer rock failure. Medium- energy to high-ener-
gy microseismic events observed during this process are distributed in a zigzag pattern along the perimeter
of the W1145 goaf in the horizontal direction, and are concentrated within the interlayer hard rock above the
15 m coal pillar in the vertical direction.

2. A mechanical model of the interlayer rock cantilever beam was established based on the fracture process
in interlayer hard rock. The deflection curve and rotation angle equation at the critical fracture state were
derived, and the relationship between the released elastic energy and the overlying load and structural con-
figuration was quantified. The gravitational load characteristics of the inverted trapezoidal overburden were
analyzed, leading to an integrated model relating the total energy released during interlayer fracture to both
the cantilever geometry and the overburden load. The results indicate that a heavier trapezoidal overburden
exerts greater energy loading on the cantilever structure. Longer cantilever lengths correlate with higher
accumulated elastic energy, while greater structural stiffness enhances energy storage capacity. The interac-
tion of these factors readily induces dynamic disasters during interlayer hard rock failure in close-distance
mining.

3. Based on the energy release mechanism of interlayer hard rock failure, it is concluded that mitigating disaster
risks requires weakening the lithology of the hard rock and reducing the cantilever length. Correspond-
ing control strategies, such as water injection for weakening and blasting for roof cutting, were proposed.
These measures effectively expand primary fractures and structural planes in the target rock, reduce its axial
strength, and compromise its integrity. Implementation has significantly reduced large-scale roof hanging
events, achieving mine pressure relief and disaster prevention objectives. This approach provides a technical
reference for layered mining under similar conditions.

Data availability
The datasets generated and/or analysed during the current study are not publicly available due to requirement of
confidentiality, but are available from the corresponding author on reasonable request.
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