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China University of Mining and Technology, Beijing, China, 5School of Civil Engineering and
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In underground coal mining operations, particularly in fully mechanized top-
coal caving (FMTC) faces of extra-thick coal seams, structural instability after key
stratum fracturingwill cause severe deformation and damage to the surrounding
rock mass of the working face. The methods of field investigation, theoretical
analysis, physical similarity simulation, and engineering tests were employed
to investigate the instability characteristics and interaction laws of the lower
and upper trapezoidal block structures in the FMTC face in extra-thick coal
seams with dual key strata during periods of pressure. A mechanical model
of the stability of the lower and upper trapezoidal blocks above the working
face with severe and weak periodic pressures was established, and the stability
transformation law, interaction relationship, and influencing factors of the
stability of the lower and upper trapezoidal blocks with the dual key strata
working face in the extra-thick coal seamwere studied. The results show that (1)
it is easy to induce the sliding instability of the lower and upper trapezoidal blocks
with the advance of the working face. (2) The sliding instability coefficients
of the lower and upper trapezoidal blocks are positively correlated, whereas
the rotational deformation instability coefficients are negatively correlated.
(3) An increase in the distance between the lower and upper key strata
easily induces sliding instability in the upper trapezoidal block and sliding
instability and rotational deformation instability in the lower trapezoidal block. (4)
Increasing the mining height could improve the sliding stability of the lower and
upper trapezoidal blocks and the rotational deformation stability of the upper
trapezoidal block, but it is easy to induce rotational deformation instability of
the lower trapezoidal block. (5) A higher support force on hydraulic supports
improves sliding stability in lower and upper trapezoidal blocks but does not
affect rotational deformation stability. Finally, the rationality and reliability of the
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study are verified by engineering applications in the 8309 working face of the
Tongxin Coal Mine.

KEYWORDS

extra-thick seam, periodic pressure, lower and upper trapezoidal blocks, structural
instability, surrounding rock control

1 Introduction

Coal, a quintessential fossil fuel, holds a pivotal position in
global energy consumption.The coal sector serves as a fundamental
pillar of economic structure for numerous nations and regions
around the world (Panaedova et al., 2023; Chen et al., 2023a; b;
Liu et al., 2024; Lou et al., 2024). In China, reserves of extra-
thick coal seams represent more than 20% of the nation’s total
coal reserves, serving as the predominant mining seams for a
significant number of mines with production capacities exceeding
ten million tons (Lv et al., 2019; Xie et al., 2022; Lou et al., 2025).
Fully mechanized top-coal caving mining technology (FMTCMT)
is extensively employed in the extraction of extra-thick coal seams
(Wei et al., 2022). This approach offers substantial benefits in terms
of large-scale operations, high output, and enhanced efficiency.This
technology has been extensively developed and applied in China,
where it has demonstrated substantial economic potential and
has attracted considerable attention from the international mining
community (Zhang et al., 2019; Guo et al., 2024). The mining space
of the working face with FMTCMT in the extra-thick coal seam
is extremely large, and the movement of the surrounding rock is
very complex and unprecedented, resulting in very severe mining
pressure behavior (Kuang et al., 2019; Wu et al., 2024). The control
of surrounding rock is extremely difficult, which severely affects
the normal production of coal mines (Hao et al., 2022; Chai et al.,
2024). Consequently, rigorous research on the failure mechanisms
and control technologies of the surrounding rock in the fully
mechanized mining faces of extra-thick coal seams is highly
important.

Numerous experts and scholars have investigated the
overburden structure and the laws of mine pressure behavior in
overlying strata within fully mechanized top coal caving (FMTC)
working faces of thick coal seams (Zhou and Yu, 2022; Jing et al.,
2021; Shi et al., 2021; Vu, 2022; Wu et al., 2025; Li et al., 2025).
In terms of the structural form of key strata, Tu et al. (2020)
and Zhao et al. (2021) investigated the overburden structure and
stress evolution characteristics of the FMTC face, determined the
distribution range of the internal and external stress fields, and
established the optimal layout positions for the roadway. Yu and
Yan, (2020) provided a classification standard for the immediate
and main roofs of extra-thick coal seam working faces through field
measurements, numerical simulations, and othermethods.The rock
stratum existing in the form of a cantilever structure from bottom to
top is termed the immediate roof, and the rock stratum existing in
the form of a hinged structure above the immediate roof is termed
the main roof. Liu et al. (2015) and Li et al. (2019) reported that in
the FMTC working face of an extra-thick coal seam, the overlying
strata manifest as a “upper main roof-masonry beam and lower
main roof-inverted step combination cantilever beam” structure.
Based on this structural characterization, they established the rated

working resistance for hydraulic supports and thereby optimized
the support system to accommodate site-specific geological and
mechanical conditions. Furthermore, Yu, (2016) and Li et al. (2024)
conducted a detailed analysis of the mechanism of periodic pressure
and strong mining pressure formation in the thick coal seam of the
Datongmining area and elucidated the influence of rock fracture and
movement in the near and far fields on mining pressure behavior. In
terms of the stability of key blocks,Wang et al. (2015) andWang et al.
(2024) reported that, during the periodic pressure period, the main
roof of an extra-thick coal seam working face manifests a static
three-hinged arch structure. They further elucidated the conditions
for the sliding and rotational deformation instability of themain roof
structure. Furthermore, Zhu et al. (2020) noted that the far-field key
stratum (within 8–15 times the mining height from the coal seam)
in the large space mining field of extra-thick coal seams forms a
“transverse O-X” type initial fracture and a “transverse U-Y” type
periodic fracture, whereas the near-field key strata (within 4–6 times
the mining height from the coal seam) exhibit a “lengthwise O-X″

type fracture. Additionally, they proposed a stability discrimination
method for arc-shaped triangular blocks of far-field key strata. In the
study of the stability of overlying rock structures, Zhang et al. (2022)
employed theoretical analysis, physical similarity simulation, and
numerical simulation methods to demonstrate that with increasing
mining height, the rotation angle of the “masonry beam” block
continuously increases. This progressive increase in the rotation
angle leads to destabilization of the structure, ultimately resulting
in the formation of a “composite cantilever beam” structure.
Yang et al. (2021) established a planar-hinged rockmass equilibrium
mechanical model and analyzed the stability transformation law
of key blocks. He et al. (2020) established a stability mechanical
model for the arc-shaped triangular block above the gob-side
roadway of an extra-thick coal seam and analyzed the stability
transformation law. Qin et al. (2022) established a mechanical
model of the main roof trapezoidal block and provided criteria
for identifying instability. Lv et al. (2023) analyzed the stability
of a right-angled trapezoidal block with a special-shaped load.
These advancements offer valuable references and robust theoretical
underpinnings for the control of the surrounding rock in FMTC
faces of extra-thick coal seams. Notably, the above research mainly
focuses on the stability of the surrounding rock in the working face
with a single key stratum. The dynamic behaviors and interaction
mechanisms after the dual key strata fractured during the advance
of the working face in extra-thick coal seams with dual key strata
are extremely complex, and the influence on the mining safety
of the working face remains insufficiently addressed in current
research.

To address this issue, this study integrates multiple
methodologies, including field investigations, theoretical analyses,
physically similar simulations and engineering tests. A novel
mechanical model for the stability of lower and upper trapezoidal
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FIGURE 1
Histogram of coal and rock seams in Tongxin Coal Mine.

block structures in extra-thick coal seams was developed,
incorporating the characteristics of severe and weak periodic
pressure. Comprehensive analyses were conducted on three
fundamental aspects: 1) the stability transformation trend of the
lower and upper trapezoidal blocks, 2) the interaction relationship
of the lower and upper trapezoidal blocks, and 3) the quantitative
relationship of influencing factors and the dual trapezoidal blocks.
The research conclusions derived from this research have been
effectively utilized to guide the control of mining pressure behavior
in the working face, and the effect was significant. These findings
hold the potential to serve as a salient reference for the control of
the surrounding rock inmining areas with analogous geological and
production conditions.

2 Engineering background

The Tongxin Coal Mine is located in northern Shanxi Province,
China, and is a large and modern underground mining operation.
The mine primarily exploits the No. 3-5 coal seams of the
Carboniferous‒Permian system. The average thickness of the coal
seam is 15 m, with an average dip angle of 1.5°. FMTCMT was
adopted.The cutting height of the shearer is 3.9 m.The stratigraphic
column of the working face is shown in Figure 1.

According to key strata theory (Chen et al., 2023a; b; Feng et al.,
2023), dual key strata exist above working faces, controlling mining
pressure behavior. The lower key stratum consists of fine sandstone,
which is positioned 8.77 m above the coal seam and has a thickness

FIGURE 2
The law of periodic pressure of the FMTC face in the extra-thick seam.

of 13.95 m, whereas the upper key stratum consists of coarse
sandstone, which is positioned 21.69 m above the coal seam and has
a thickness of 41.72 m.

The final working resistance of the hydraulic supports for each
cycle of movement during extraction in the Tongxin Coal Mine was
analyzed, and the mining pressure behavior was obtained. As shown
in Figure 2, when themine pressure affects theworking face, the final
working resistance of each cycle in the middle position experiences
a greater increase than those at the head and tail positions do. With
the extraction of the working face, there is a phenomenon of cyclic
alternation in the lower and upper final working resistance of each
cycle for the hydraulic support, which indicates that theworking face
follows the law of severe and weak periodic pressure on the working
face. The average step distances of the severe and weak periodic
pressures are 45 m and 23 m, and the dynamic load coefficients
are 2.01 and 1.74, respectively. Field investigations revealed that the
severe periodic pressure exerted on the working face often leads to
significant mining pressure. As illustrated in Figure 3, this pressure
results in the breaking of the hydraulic support column, whereas the
timber supports in front of the working face become compressed
and deformed.

3 Theory and methods

3.1 Fundamental assumptions

During extraction, the key strata undergo periodic fracturing,
and the fracture line is in front of the working face (Yang et al.,
2020).This progressive failure ultimately generates an approximately
isosceles trapezoidal block structure above the working face,
complemented by arc-shaped triangular block structures along
both sides of the excavation (Chen et al., 2019). For analytical
simplification, the arc-shaped triangular blocks are considered right-
angled triangular blocks, as shown in Figure 4.
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FIGURE 3
The Documentation of support system failures during the severe periodic pressure. (A) Catastrophic fracture propagation in hydraulic support column
assemblies; (B) Progressive deformation of timber supports.

FIGURE 4
Fracture pattern of key stratum.

Following strata fracturing, the trapezoidal block rotates
and forms a stable structure with the unbroken key stratum,
and the trapezoidal block forms during the previous period of
pressure. If a trapezoidal block experiences sliding or rotational
deformation instability, severe mining pressure behavior and even
working face instability can occur. For FMTC working faces
in extra-thick coal seams with dual key strata, simultaneous
fracturing and rotation occur in both the lower and upper
key strata during severe periodic pressure episodes, with the
lower trapezoidal block supporting its self-weight combined
with overburden-transmitted loads (Figure 5A). Conversely,
under weak periodic pressure conditions, only the lower key
stratum fractures and rotates while the upper stratum remains
continuous, resulting in the lower trapezoidal block bearing its self-
weight plus loads transferred from the weakened interstrata rock
mass (Figure 5B).

3.2 Mechanical model

Theposition and attitude characteristics, geometric dimensions,
and force conditions of the trapezoidal blocks were comprehensively
considered during the period of periodic pressure. The lower and
upper trapezoidal blocks were selected as the research objects, and
a structural stability mechanical model was established, with a
detailed schematic representation provided in Figure 6.

3.2.1 Mechanical model of the lower trapezoidal
block

As illustrated in Figure 6, the lower trapezoidal block
experiences multiple axial constraints, including the support force
of the coal body (FH), the support force of the hydraulic support
(FS), the support force of the goaf gangue (RDG), the shear stress
(RDA) and normal stress (TDA) of the lower key stratum in front of
the working face, the shear stress (RDC) and normal stress (TDC)
of the lower trapezoidal block that has completed rotation, the
shear stress (RDT) and normal stress (TDT) of the lower arc-shaped
triangular blocks on both sides, the gravity (QD), the load of the
weak rock strata between the lower and upper key strata (QDS), and
the pressure exerted by the upper trapezoidal block (Fn). When
the upper trapezoidal block forms a stable structure and the weak
rock strata separate from the lower trapezoidal block, Fn is 0. When
the upper trapezoidal block becomes unstable, Fn is the sum of the
gravity and the normal stress of the weak rock strata on the upper
key strata.

The governing horizontal force equilibrium equation for the
lower trapezoidal block is mathematically expressed as:

TDA −TDC − 2TDT cosθD = 0

where θD is the bottom angle of the arc-shaped triangle blocks on
both sides of the lower key stratum, °.

TDC =
(QDS +QD + Fn)LD
2(hDb − LD tanβD1)

where hDb is the thickness of the lower trapezoidal block, m; LD is
the length of the lower trapezoidal block along the strike direction,
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FIGURE 5
Distribution of overlying strata during the period of periodic pressure. (A) Severe periodic pressure; (B) Weak periodic pressure.

FIGURE 6
Mechanical model of lower and upper trapezoidal blocks.

m; and βD1 is the rotation angle of the lower trapezoidal block, °.

βD1 = arctan
hc −∑hi(Kpcmin − 1)

LDT

where hc is the mining height of the coal seam, m; ∑hi is the distance
between the lower key stratum and the working face, m; Kpcmin is
the residual bulking coefficient of the immediate roof; and LDT is
the length of the lower triangular block along the dip direction of

the working face, m.

LDT = LD√(LD/b)2 + 1.5− LD/b

where b is the length of the working face along the dip direction, m.

TDT =
LDTQDT

2hDb − LDT sinβD2
where QDT is the sum of gravity and the overlying load of the lower
triangular block, MPa; and βD2 is the rotation angle of the lower
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triangular block, °

βD2 = arctan
hc −∑hi(Kpcmin − 1)

LDT

The governing vertical force equilibrium equation for the lower
trapezoidal block is mathematically expressed as:

QDS +QD + Fn − FH −RDG −RDC − 2RDT − FS −RDA = 0

The support force exerted by the coal seam on the lower
trapezoidal block is

FH = ∫
LH

0

CC

tanφC
[e

2 tanφC(LH−x)
hcλ − 1](b− 2x

tanθD
)dx

where LH is the length of the coal body below the lower trapezoidal
block along the strike direction, m; x is the horizontal distance
between the selected position and the fracture line of the lower
key stratum, m; CC is the cohesion of the coal, MPa; φC is the
friction of coal, °; and λ is the horizontal pressure coefficient of
the coal rib.

The support force generated by the ganguewithin the goaf acting
upon the lower trapezoidal block is

RDG = −∫
LD

LSD
ζ ln
[(LD − x) sin βD1 + hpcmin − hZKpcmin]

hZ(Kpcmax −Kpcmin)
(b− 2x

tanθD
)dx

where LSD is the horizontal distance between the hydraulic support
and the lower key stratum fracture line, m; hpcmin is the compression
height of the goaf gangue, m; ζ is the coefficient of the rock seam
load, hZ, is the thickness of the immediate roof, m; and Kpcmax is the
origin bulking coefficient of the goaf gangue.

The shear stress transmitted from the triangular blocks to the
adjacent lower trapezoidal block is

RDT =

[[[[[[[[[[

[

TDT(hb − LDT sinβD2)cos θD+

∫
LT1

0
2ytanθD[(

CC
tanφD
+ P

λ
)e

2 tanφD(LT1−y)
hcλ − CC

tanφD
](LT − y)dy+

∫
LT2

LT1

{2EGytanθD(LDT−y)[ysinβD2−hc+(hc−hC+hz)(Kpcmin−1)]}

(hc−hr+hz)Kpcmin
dy

+∫
LDT

LT2

{2EGytanθD(LDT−x)[ysinβD2−hc+hz(Kpcmin−1)]}

hzKpcmin
dy+ QDTLDT cosβD2

3

]]]]]]]]]]

]
LDT cosβD2

where y is the distance from the selected position to the fracture line
of the lower triangle blocks, m; LT2 is the distance from the uncaved
position of the working face head/tail to the fracture line of the lower
triangle blocks, m; EG is the support coefficient of gangue for lower
trapezoidal blocks, MPa; hC is the thickness of the coal seam, m;
LT1 is the distance from the coal rib of entry to the fracture line
of the lower triangle blocks, m; and Kpcmin is the residual bulking
coefficient of goaf gangue.

LT1 =
λhc

2 tanφC
ln[

λ(tanφCKγH+CC)
λCC + tanφCP

]

where γ is the specific gravity of the overlying strata, kN/m3;
H is the burial depth of the coal seam, m; P is the support

resistance of the coal rib, MPa; and K is the coefficient of stress
concentration.

The moment equilibrium equation governing the lower
trapezoidal block can be expressed as

RDCL−∫
LD

LS
xζ ln
[(LD − x) sin βD1 + hpcmin − hZKpcmin]

hZ(Kpcmax −Kpcmin)

(b− 2x
tanθD
)+

LH

∫
0

x[
CC

tanφC
e

2 tanφ(LH−x)
hcλ −

CC

tanφC
]

(b− 2x
tanθD
)dx+ FSLS −

TDC(hb − LD sinβD1)
2

−TDT sinθD cosθD(hb − LDT sinβD2) =
(QDS +QD + Fn)L

2

3.2.2 Mechanical model of the upper trapezoidal
block

As shown in Figure 6, the upper trapezoidal block experiences
multiple axial constraints, including the shear stress (RGA) and
normal stress (TGA) of the upper key stratum in front of the
working face, the shear stress (RGC) and normal stress (TGC) of
the upper trapezoidal block that has completed rotation, the shear
stress (RGT) and normal stress (TGT) of the upper arc-shaped
triangular blocks on both sides, gravity (QG), the load on the
upper key stratum (QGS), the support force of the goaf gangue
(RGG), and the normal stress exerted by the lower trapezoidal
block (-Fn).

The governing horizontal force equilibrium equation for the
upper trapezoidal block is mathematically expressed as

TGA =
(QGS +QG − Fn)LG
2(hGb − LG tanβG1)

+
2LGTQGT cosθG
2hGb − LGT sinβG2

where θG is the bottomangle of the arc-shaped key triangle blocks on
both sides of the upper key stratum, °; LG is the length of the upper
trapezoidal block along the strike direction,m; hGb is the thickness of
the upper trapezoidal block, m; βG1 is the rotation angle of the upper
trapezoidal block, °;QGT is the sum of gravity and the overlying load
of the upper triangular block, MPa; and βG2 is the rotation angle of
the upper triangular block, °.

βG1 = arctan
hc −∑hi(Kpcmin − 1)

LG

LGT = LG√(LG/b)
2 + 1.5− LG/b

βG2 = arctan
hc −∑hi(Kpcmin − 1)

LGT

The governing vertical force equilibrium equation for the upper
trapezoidal block is mathematically expressed as:

QGS +QG − Fn +∫
LG

LD
ζ ln
[(LG − x) sin βG1 + hpcmin − hZKpcmin]

hZ(Kpcmax −Kpcmin)
(b− 2x

tanθG
)

dx−RGC −
2[3TGT(hb − LGT sinβG2)cos θG −QGTLGT cosβG2]

3LGT cosβG2
−RGA = 0
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The moment equilibrium equation governing the upper
trapezoidal block can be expressed as

RGCL−∫
LG

LD
xζ ln
[(LG − x) sin βG1 + hpcmin − hZKpcmin]

hZ(Kpcmax −Kpcmin)

(b− 2x
tanθG
)dx+RGTLG

−
TGC(hb − LG sinβG1)

2
−TGT sinθG cosθG

(hb − LGT sinβG2) =
(QGS +QG − Fn)L

2

3.2.3 Instability analysis of lower and upper
trapezoidal blocks

Through the aforementioned calculations, the instability
coefficients kD1, kD2, kG1 and kG2 are established. Specifically, kD1
(kG1) serves as the criterion for assessing the sliding instability of
lower (uupper) trapezoidal blocks, with the condition for sliding
instability being kD1 (kG1)≤1. Similarly, kD2 (kG2) is utilized as the
criterion for evaluating the rotational deformation instability of
lower (upper) trapezoidal blocks, where the condition for rotational
deformation instability is kD2 (kG2) ≥1.

{{{{
{{{{
{

kD1 =
TDA tanφD

RDA
,kD2 =

TDA

SDξσt

kG1 =
TGA tanφG

RGA
,kG2 =

TGA

SGξσt

where φD and φG are the internal friction angles of the lower
and upper trapezoidal blocks, respectively, °; ξ is the squeezing
coefficient of the trapezoidal blocks; σ t is the ultimate compressive
strength of the trapezoidal blocks, MPa; and SD and SG are
the contact surface areas of the hinge interfaces of the lower
and upper trapezoidal blocks, respectively, where SD specifically
represents the interface area between the lower trapezoidal blocks,
whereas SG corresponds to the interface area between the upper
trapezoidal blocks.

4 Results and analysis

4.1 Parameters of the mechanical model

The parameters of the mechanical model for both the lower
and upper trapezoidal blocks are detailed in Table 1, and the other
parameters are shown in Figure 1.

4.2 Stability transformation law of lower
and upper trapezoidal blocks during
extraction

The stability transformation characteristics of the lower and
upper trapezoidal blocks under severe and weak periodic pressures
are shown in Figure 7.

(1) Under severe periodic pressure, the kD1 and kG1 values tend to
decrease as the distance from the fracture line decreases, with
the rate of decrease gradually diminishing. This phenomenon
suggests that with ongoing extraction, the support area of the

TABLE 1 Calculation parameter of mechanical model.

Parameters Value Parameters Value

φC(°) 28 γ(MN) 0.025

LG/LD(m) 45/23 ξ 0.3

λ 0.7 CC(MPa) 1.2

ζ 5.4 b(m) 200

Kpcmin 1.15 Kpcmax 1.8

σt(MPa) 86.48 hDb(m) 20

hC(m) 15 hGb(m) 14

P(MPa) 0 H(m) 540

EG(MPa) 0.4 φD(°) 35.15

K 1.5 φG(°) 30.35

Fs(kN) 15,000 hc(m) 3.9

intact coal seam beneath the trapezoidal blocks progressively
decreases, leading to a reduction in the normal stress acting
on the blocks and consequently increasing their susceptibility
to sliding instability. When the working face is 18 m away
from the fracture line, the kG1 value reaches the critical
value of 1. As the working face continues to be extracted,
the upper trapezoidal block experiences sliding instability,
whereas the lower trapezoidal block does not. Notably, at
every mining position, kD1>kG1, indicating that, compared
with the upper trapezoidal block, the lower trapezoidal block
is not prone to sliding instability, which is very beneficial for
the lower trapezoidal block to bear the load above. During
weak periodic pressure, the decreasing trends of the kD1
and kG1 values are the same as those during severe periodic
pressure.

(2) During periodic pressure, the kD2 and kG2 values remain
invariant with respect to mining advance, consistently
maintaining values below the critical threshold of 1.0. This
effectively eliminates the potential for rotational deformation
instability in both the lower and upper trapezoidal blocks
throughout the mining process.

(3) Comparative analysis of the stability variation between
severe and weak periodic pressure conditions reveals distinct
behavioral patterns for the lower trapezoidal block. Within
the range of 10 m ≥ LH ≥ 0 m, the kD1 value during severe
periodic pressure is less than that during weak periodic
pressure, indicating that the lower trapezoidal block is more
stable during weak periodic pressure and is not prone to
sliding instability. Conversely, in the range of 23 m ≥ LH
> 10 m, this trend reverses. The kG1 value during severe
periodic pressure is greater than that during weak periodic
pressure, indicating that the lower trapezoidal block is less
prone to rotary deformation instability during weak periodic
pressure.
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FIGURE 7
Stability transformation law of trapezoidal blocks. (A) Severe periodic pressure; (B) Weak periodic pressure.

FIGURE 8
Stability interaction relationship of the lower and upper trapezoidal blocks. (A) kD1 and kG1; (B) kD2 and kG2.

4.3 Stability interaction law of lower and
upper trapezoidal blocks

Through the integration of kD1 and kG1, Fn can be offset,
and the sliding stability interaction relationship between the
lower and upper trapezoidal blocks can be obtained. Analogously,
with the integration of kD2 and kG2 in the formula, the rotary
deformation stability interaction relationship between the lower and
upper trapezoidal blocks can be obtained. Figure 8 illustrates these
interaction laws through analysis conducted at three critical working
face positions (0 m, 5 m, and 10 m) relative to the key stratum
fracture line.

(1) The kG1 value increases with increasing kD1 value, but
the rate of increase gradually diminishes, demonstrating
that enhanced sliding stability in the lower trapezoidal
block nonlinearly elevates the sliding stability of the upper
trapezoidal block. Nevertheless, with the improvement in the
sliding stability of the lower trapezoidal block, the influence

on the sliding stability of the upper trapezoidal block gradually
weakens.

(2) The kG2 value decreases with increasing kD2 value, and the
rate of decrease gradually decreases, revealing that enhanced
rotational deformation stability in the lower trapezoidal
block inversely correlates with rotational deformation stability
in the upper trapezoidal block. With increasing rotational
deformation stability of the lower trapezoidal block, the impact
on the rotational deformation stability of the upper trapezoidal
block gradually weakens.

4.4 Influence of the distance between the
lower and upper key strata on the
trapezoidal block

Figure 9 systematically illustrates the stability evolution of
the lower and upper trapezoidal blocks with different distances
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FIGURE 9
Influence of the distance between the lower and upper key strata on the stability of the lower and upper trapezoidal blocks. (A) kD1 and kG1; (B) kD2 and
kG2.

FIGURE 10
Influence of mining height on the stability of lower and upper trapezoidal blocks. (A) kD1 and kG1; (B) kD2 and kG2.

between the lower and upper key strata, analyzed at three critical
advance positions (0 m, 5 m, and 10 m) relative to the key stratum
fracture line.

(1) As depicted in Figure 9A, the distance between the lower and
upper key strata increases from 10 m to 100 m. When the
working face is 0 m, 5 m, and 10 m away from the fracture line,
the kD1 values decrease from 41.12, 46.01 and 96.48 to 4.64,
20.71 and 69.39, and the kG1 values decrease from 42.75, 2.21
and 0.83 to 0.01, 0.01 and 0.12, respectively.This phenomenon
indicates that an increase in the distance between the lower and
upper key strata significantly compromises the sliding stability
of the lower and upper trapezoidal blocks, which can easily
induce sliding instability in the lower and upper trapezoidal
blocks, with the sliding instability of the lower trapezoidal
block demonstrating heightened sensitivity to changes in the
distance between the lower and upper key strata.

(2) As shown in Figure 9B, the kG1 and kG2 values do not
change with increasing distance from the fracture line.
When the distance from the fracture line is 0 m, 5 m, or
10 m, the variation laws of kG1 and kG2 with the distance
between the lower and upper key strata are the same. The
distance between the lower and upper key strata increases
from 10 m to 70 m, kG1 at 0 m, 5 m, and 10 m from
the fracture line decreases from 0.0012 to 0.0001, whereas
kG2 increases from 0.0135 to 0.0300. Notably, this inverse
proportionality suggests that enhanced rotational deformation
stability in the lower trapezoidal block (by increasing the
distance between the lower and upper key strata) occurs at
the expense of rotational deformation stability in the upper
trapezoidal block.

In short, from both a technical perspective and application
conditions, controlling the stability of trapezoidal blocks through
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FIGURE 11
Influence of working resistance on the stability of the lower and upper trapezoidal blocks. (A) kD1 and kG1; (B) kD2 and kG2.

TABLE 2 Mechanical parameters of the similarity model.

Lithology Bulk density (kg/m3) Compressive
strength(MPa)

Elastic modulus
(GPa)

Internal friction
angle(°)

Gravelly coarse sandstone 2,100 42.68 3.4 45.62

Coarse sandstone (Upper key
stratum)

2,700 86.48 23.81 35.15

Interbedding of sandy
mudstone and coarse

sandstone

2,300 42.35 16.25 32.54

Fine sandstone (Lower key
stratum)

2,710 86.48 35.12 30.35

Coarse sandstone 2,380 49.68 21.92 37.23

Coal seam 1,400 15.06 2.77 28.22

Sandy mudstone 2,500 39.68 1.5 35.11

changes in the distance between the lower and upper key strata
has certain limitations in terms of technique and application. While
interlayer distance adjustments partially influence the stability of
trapezoidal blocks, they fail to holistically address the competing
stability requirements of dual strata in practical engineering
scenarios.

4.5 Influence of the mining height on a
trapezoidal block

Figure 10 shows the stability evolution of the lower and upper
trapezoidal blocks across mining height variations (4–15 m) at
three critical advance positions (0 m, 5 m, and 10 m) relative
to the key stratum fracture line.

(1) As shown in Figure 10A, an increase in themining height from
4 m to 15 m increases the kD1 values at 0 m, 5 m, and 10 m
from the fracture line from 9.60, 14.40, and 41.36 to 24.90,
28.70, and 82.50, respectively, whereas the kG1 values increase
from 0.03, 0.19, and 0.33 to 0.22, 0.29, and 0.42, respectively.
These results demonstrate that increasing the mining height of
the working face can enhance the sliding stability of the lower
and upper trapezoidal blocks. Furthermore, the mining height
variation has a greater effect on the sliding instability of the
lower trapezoidal block than on the sliding instability of the
upper trapezoidal block.

(2) As demonstrated in Figure 10B, the kG1 and kG2 values
exhibit position-independent behavior across the fracture line
distance. When the distance from the fracture line is 0 m,
5 m, or 10 m, the variation laws of kG1 and kG2 with mining
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FIGURE 12
Model building and mining: (A) The model of physical similarity simulation; (B) Layout characteristics of lower and upper key blocks during severe
periodic pressure; (C) Layout characteristics of lower and upper key blocks during weak periodic pressure.

height are the same. The mining height increases from 4 m
to 15 m, and the kG1 value increases from 0.001 to 0.0375,
whereas the kG2 value decreases from 0.028 to 0.0084. This
finding indicates that increasing the mining height can reduce
the rotational deformation stability of the lower trapezoidal
block and enhance the rotational deformation stability of
the upper trapezoidal block.

In summary, mining height escalation enhances the sliding
stability of the lower and upper trapezoidal blocks and the
rotational deformation stability of the upper trapezoidal block but
significantly reduces the rotational deformation stability of the lower
trapezoidal blocks.The lower trapezoidal block is prone to rotational
deformation instability. Therefore, relying solely on mining height
adjustments for stability control presents inherent limitations.
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FIGURE 13
Stress distribution of surrounding rock during periodic pressure.

4.6 Influence of hydraulic support working
resistance on the stability of lower and
upper trapezoidal blocks

Figure 11 shows the stability evolution of the lower and upper
trapezoidal blocks under different working resistances of the
hydraulic supports when the working face is positioned 0 m, 5 m,
and 10 m from the key stratum fracture line.

(1) Figure 11A shows that increasing the hydraulic support
working resistance from 0 kN to 15,000 kN enhances the
stability of the lower and upper trapezoidal blocks as follows:
the kD1 values at 0 m, 5 m, and 10 m from the fracture
line increase from 13.27, 21.54, and 67.36 to 24.90, 28.70,
and 82.50, respectively, whereas the kG1 values increase from
0.05, 0.18, and 0.36 to 0.22, 0.29, and 0.42, respectively. This
progression indicates that enhancing the working resistance
simultaneously improves the sliding stability of both the
lower and upper trapezoidal blocks, with hydraulic support
variations exerting a more significant influence on the
lower trapezoidal blocks’ sliding stability than on the upper
trapezoidal blocks.

(2) As shown in Figure 11B, the working resistance of the
hydraulic supports increases from 0 kN to 15,000 kN, and
both the kD2 and kG2 values maintain constant values of
0.0375 and 0.0084, respectively. Therefore, the change in the
working resistance of hydraulic supports does not affect the
stability of the rotational deformation of the lower and upper
trapezoidal blocks.

Notably, variations in working resistance exclusively influence
the stability of dual trapezoidal blocks without inhibiting their
rotational deformation. The stability of trapezoidal blocks can
be adjusted by adjusting the working resistance of hydraulic
supports, whereas the rotational behavior is governed by geological
constraints.

5 Validation

5.1 Physical similarity simulation

5.1.1 Design and process
Based on the overlying strata characteristics of the typical

FMTC face in the Tongxin coal mine, a physical similarity
simulation experiment was conducted using a specifically designed
experimental platform measuring 1.8 m in length, 0.16 m in width,
and 1.4 m in height. The experimental setup was established
with a geometric similarity ratio of 100:1 and a specific gravity
similarity ratio of 1.6:1 while maintaining an overburden load of
0.048 MPa on the model surface. The mechanical parameters of
the model are presented in Table 2. To monitor the subsidence
of the strata accurately during working face extraction, the
displacement measuring points were systematically arranged on
the model, with horizontal and vertical spacings of 0.1 m, as
illustrated in Figure 12A.The coal seam in the model was excavated
unidirectionally, with the working face supported by a small-scale
support structure fabricated from acrylic material. The model’s
excavation time similarity ratio was maintained at 7.07:1.

5.1.2 Fracture characteristics of rock strata
The fracture characteristics of the key strata under severe and

weak periodic pressures are shown in Figures 12B,C.
Simultaneous fracturing of both the lower and upper key strata

triggers concurrent collapse of the overlying strata above the upper
key stratum and soft rock between the lower and upper key strata,
as shown in Figure 12B. This results in the lower key block bearing
the combined load from all collapsed overburden strata, inducing
severe periodic pressure. In contrast, fracturing of the low-key
stratum alone leads to destabilization of soft rock between the
lower and upper key strata, as shown in Figure 12C. The low-key
block becomes subjected to dual loading mechanisms: gravitational
forces from collapsed soft rock and stress transfer caused by
elastic deformation of the upper key stratum, manifesting as weak
periodic pressure. A comparative analysis of the degree of fracture
development of the immediate roof reveals significantly greater
damage accumulation under severe periodic pressure conditions
than under weak pressure scenarios, confirming enhanced strata
pressure manifestation during severe periodic events.

Strain gauges were strategically positioned on the floor of the
coal seam tomonitor surrounding rock pressure variations following
fractures in both the lower and upper key strata, with spatial
distribution details illustrated in Figure 13.

The postfracture observations of the key strata revealed a
substantial increase in the abutment stress at the working face. The
quantitative analysis revealed that the floor pressure magnitudes at
the hydraulic support heads and tails during simultaneous lower
and upper key strata fracturing were 2.40 and 3.12 times greater,
respectively, than those in the scenarios involving lower key stratum
fractures. These measurements clearly reveal that severe and weak
periodical pressure characteristics are present in the extraction.

When the distance between the lower and upper key strata
approaches infinity, the fracture and spatial configurations of the
lower and upper key blocks above the working face are shown in
Figure 14A. Compared with Figure 12B, the thickness of the weak
rock above the lower key stratum increases with increasing distance
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FIGURE 14
Layout characteristics of lower and upper key blocks with different influencing factors: (A) Infinite distance between lower and upper key strata; (B)
Mining height of 40 mm; (C) Absence of hydraulic supports.

between the lower and upper key strata. When the distance reaches
a certain value, the working face experiences periodic pressure,
the upper key stratum no longer fractures, and the lower key
stratum experiences slight sliding instability. The roof and rib of the
working face are severely damaged.This phenomenon confirms that
increasing the distance between the lower and upper key strata can
reduce the sliding stability of lower key blocks.

The fracture and spatial configurations of the lower and upper
key blocks with increasing mining height are shown in Figure 14B.
Compared with Figure 12B, reducing the mining height from
150 mm to 40 mm results in marked sliding instability of the lower
key blocks, which confirms the positive correlation between the
mining height and sliding stability of the lower key block.

The fracture and spatial configurations of the lower and upper
key blocks with changes in the working resistance of the hydraulic
supports are shown in Figure 14C. Compared with Figure 12B,

during severe periodic pressure, the hydraulic supports are removed,
and the lower key block experiences significant sliding instability.
The degree of plastic damage to the working face roof and rib
increases, and the mining pressure behavior becomes severe. The
finding that the sliding stability of lower key blocks increases
with increasing working resistance of hydraulic supports has
been verified.

5.2 Engineering test

The mine pressure behavior of the 0∼700 m mining advance
in the 8309 working face of the Tongxin coal mine was
comprehensively analyzed.

The extraction phase exhibited pronounced severe and weak
periodic pressure alternations, characterized by key strata fracturing
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FIGURE 15
Mining pressure behavior analysis of 8309 working face: (A) Periodic pressure law; (B) Mining pressure behavior of coal rib; (C) Mining pressure
behavior of tail entry.

and notable compression deformation in the hydraulic support
columns during periods of pressure. As documented in Figure 15A,
five critical positions (254 m, 347 m, 394 m, 630 m, and 677 m in
advance) initiated severe periodic pressure events, manifesting as
(1) catastrophic roof fragmentation, (2) extensive coal rib spallation,
(3) rapid surge in hydraulic support resistance, and (4) systematic
activation of safety valves. The reasons are as follows: the upper
trapezoidal block sliding instability occurred during severe periodic
pressure, resulting in the obvious ground pressure behavior of the
working face. In the above fivemining advances, the lower and upper
key strata sliding instabilities occurred at the same time, and the
load of the lower key strata and its overlying strata was transmitted
to the coal rib and hydraulic supports through the immediate roof,
resulting in severe ground pressure behavior of the working face.

Integrated mechanical modeling and physical similarity
simulation analyses revealed that while elevated mining height
enhances sliding stability in the lower and upper trapezoidal
blocks above the working face, it concurrently elevates rotational
deformation instability coefficients in lower blocks, predisposing
them to rotational deformation instability. This relationship
fundamentally precludes reliable trapezoidal block stabilization
through mining height modulation alone. Based on the actual
situation of the working face, field practice has introduced enhanced
hydraulic support working resistance. Commencing at 700 m,
hydraulic supports with a rated working resistance of 15,000 kN
increased the initial working resistance from 7,400 kN to 12,800 kN;
the effect comparison is shown in Figure 15A.

Postimplementation of enhanced hydraulic support measures,
monitoring data confirmed the complete elimination of severe
periodical pressure events with a reduction in medium periodical

pressure events. As shown in Figures 15B,C, field documentation
captured during periodic pressure empirically validates this
stabilization strategy, and the roof and rib of the working face are
intact, demonstrating that optimized hydraulic support working
resistance effectively suppresses trapezoidal block instability.

6 Discussion

Severe periodic pressure, resulting from the simultaneous
instability of lower and upper trapezoidal blocks, triggers the failure
of the surrounding rock of the working face (Guo et al., 2024).
To guarantee safe and smooth mining, implementing strategies to
control the rock surrounding the working face becomes essential.
The newly proposed stability mechanical model of lower and upper
trapezoidal blocks offers a viable solution to such problems.Through
comparative analysis of the effects of the distance between the lower
and upper key strata, the mining height and the working resistance
of hydraulic supports on the stability of the lower and upper
trapezoidal blocks, the feasibility of the working face rock stability
control method is confirmed. While stability control for working
faces with a single key stratum performs well (Qin et al., 2022;
Lv et al., 2023; Chen et al., 2023a; b), the complex ground pressure
behavior in working faces with multiple key strata leads to poor
control effectiveness. In contrast to the traditional single key stratum
surrounding rock control method, our control approach provides
quantitative guidance for dual key strata working face surrounding
rock control, thereby enhancing the control effectiveness.

However, the overlying rock strata above the working face are
complex, and the adaptability of idealized mechanical models to
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actual working conditions on site still needs to be improved. The
variation patterns of the sliding instability coefficients and rotational
deformation instability coefficients obtained in field instances
provide valuable insights into the trends of stability changes in
the lower and upper trapezoidal blocks. While these patterns
deepen our understanding of the manifestation of mining pressure
behavior during extraction, they are insufficient for precisely
predicting the magnitudes of these changes. Effective guidance can
only be achieved by integrating these insights with actual field
observation data.

7 Conclusion

(1) Systematic monitoring of alternating severe and weak periodic
pressure patterns in FMTC faces within an extra-thick coal
seam enabled the development of a mechanical model for
the stability of the lower and upper trapezoidal blocks. The
analytical results demonstrate a progressive deterioration in
the sliding stability of the lower and upper trapezoidal blocks
as the face advances during periodic pressure, whereas the
rotational deformation stability remains constant.

(2) The equations of stability interaction revealed the relationship
between the sliding and rotational stability mechanisms of
the lower and upper trapezoidal blocks. Under fixed advance,
the sliding stability coefficient between the lower and upper
trapezoidal blocks exhibits a strong positive correlation,
whereas the rotational stability coefficient manifests negative
interdependence.

(3) Based on mechanical modeling and physical similarity
simulations, (i) increasing the distance between the lower and
upper key strata decreases the sliding stability of the lower
and upper trapezoidal blocks and the rotational deformation
stability of the lower trapezoidal block while simultaneously
enhancing the rotational deformation stability of the upper
trapezoidal block. (ii) Increasing the mining height enhances
the sliding stability of both the lower and upper trapezoidal
blocks and the rotational deformation stability of the upper
trapezoidal blocks but can easily induce instability in the
rotational deformation of the lower trapezoidal blocks. (iii)
Increasing the working resistance of hydraulic supports
effectively enhances the sliding stability of both the lower
and upper trapezoidal blocks without affecting their rotational
deformation stability.
(4) Field implementation in the Tongxin 8309 working face
through initial working resistance optimization of the hydraulic
support successfully mitigated severe pressure behavior during
periodic pressure. The successful implementation of this
operational strategy validated the rationality and reliability of
the mechanical model and physical similarity simulation for the
stability of the lower and upper trapezoidal blocks.
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