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Abstract The variation in the width of the mining
face significantly affects the stability of the face, lead-
ing to potential roof fracturing and collapse. Addi-
tionally, strong mining pressure can manifest, severely
impeding the safe production of coal mines. This
study uses the No. 16705 conventional working face
of Jinda Coal Mine as its engineering background to
investigate the characteristics of roof strata movement
and instability under conditions of variable-width
mining in shallow-buried thin coal seams. First, the
dynamic load of the roof strata is estimated based on
the key strata theory. Next, a mechanical model of
the immediate roof strata movement in the working
face is established based on the theory of elastic thin
plates, which has been used to reveal the impact of
different dimensions of the overhanging plate struc-
ture and residual overhanging structures in the corner
on roof movement and its associated fracture mechan-
ics. The findings indicated that the maximum bend-
ing deformation, deformation moment, and bending
stress all have an exponential function relationship
with the roof width. Similarly, these metrics have an
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exponential function relationship with the overhang-
ing span of the roof. In addition, these parameters
all have a linear functional relationship with the size
of the residual overhanging structures in the cor-
ner. Finally, the effect of roof instability on overly-
ing pressure is analyzed, and both the initial fracture
step length and cyclic movement fracture step length
of the roof are estimated. These insights offer valu-
able scientific guidance and a theoretical foundation
for analyzing the adaptability of load-bearing pillars
pressure in thin coal seam mining faces, bearing sig-
nificant relevance to safety production.

Highlights

1. A mechanical model was constructed by theory
of the thin plate and the key layer that cloud ana-
lyze the initial and periodic roof breakages of
conventional working face.

2. During the periodic roof breakage phase, the
mechanical response of the roof’s bending under
stress was more obvious than the initial fracture
stage.

3. The study can provide scientific guidance and
technical support for the stability control of the
working face roof and the selection of load-bear-
ing pillars.
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1 Introduction

Underground coal mining is mainly influenced by
complex geological conditions. Mining activities dis-
rupt the original mechanical equilibrium of the rock
mass, causing deformation of the surrounding rock,
roof fractures, subsequent collapses, and strong min-
ing pressure. These factors considerably impact the
safety of coal mine operations. One primary cause
of mining pressure manifestations in working faces
is the instability of the overlying roof structure. Sig-
nificant deformation and fracture mainly contribute to
this instability. He et al. (2007) applied electromag-
netic radiation technology to monitor and analyze
the characteristics of roof fracture instability. Pang
et al. (2022) used monitoring load data from hydrau-
lic supports to predict roof disasters. Bu et al. (2022)
established the mining induced bearing mechanical
model to reveal the characteristics of impact from the
strong mining pressure caused by the thick-hard roof
breakage. Przytucka et al. (2022) used Differential
Interferometry Synthetic Aperture Radar and Persis-
tent Scatterer Interferometry to monitor terrain sub-
sidence disasters caused by roof fractures in Poland’s
Upper Silesian Coal Basin mining area. Wang and Lu
(2022) used the theory of small deflection thin plate
bending to establish and analyze four types of bound-
ary conditions for the roof plate structure model, and
adopted the adapted MATLAB and FLAC3D numeri-
cal simulation methods to analyze the roof plate
fracture law and macroscopic mechanical response.
To explain these manifestations, numerous scholars
have proposed various theories and hypotheses (Song
et al. 2017, 2019; Qian and Xu 2019; Qian 2017; Zuo
et al. 2018), including the cantilever beam hypothesis,
masonry beam hypothesis, and key strata theory.

The research on the movement characteristics
of roofs in shallow-buried thin coal seam working
faces has continued in recent years. Building on
the key strata theory, Hou (2000, 2001) introduced
the composite key strata theory. Xu et al. (2009)
divided the key layer structure into single key layer
and multiple key layers, and proposed that the
mining damage in shallow-buried coal seams has
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special characteristics primarily derived from sin-
gle key layer structures. Zhao et al. (2020) exam-
ined the arching effect of pressure transmission in
the roof strata under conditions of shallow-buried
thin bedrock, focusing on fractures in overlying key
strata. Zhou and Huang (2019) employed physical
and numerical simulations to analyze the stability
of the high-level inclined step rock beam structure
in single-key strata and the inclined step rock beam
and masonry beam structure in double-key strata on
large mining height faces, demonstrating the mech-
anisms of rapid and cyclic pressures in single and
double key strata working faces. Huang et al. (2017,
2019) utilized field measurements, physical similar-
ity simulations, and theoretical analysis to explore
the formation conditions of double-key strata in
interlayered rock layers of shallow coal seams, as
well as the stability of double key strata structures
and methods for calculating support loads. Yuan
et al. (2022) examined roof movement and stress in
the surrounding rock of complex working faces with
multiple key strata structures, utilizing the RFPA-
Strata numerical simulation method to explore the
fracture characteristics of different key strata pre-
and post-fracture and the stress response of differ-
ent key strata in broken conditions. Duan and Zheng
(2022) investigated the roof movement and pressure
patterns in the No. 42303 working face of a Shen-
hua mine, examining the movement and pressure
patterns through physical and numerical simula-
tions. Wei et al. (2022) conducted experiments and
numerical simulations on overburden and surface
damage in shallow coal seam mining under gul-
lies. Zhang and Li (2021) assessed trends in support
pressure changes and roadway stability during the
mining process in shallow coal seams, recommend-
ing initial pressure step distances of 35-42 m and
periodic pressure step distances of 13-16 m. Ren
(2020) employed similarity simulation experiments
to analyze the evolutionary process of full-thickness
roof layer cutting events in shallow deep working
faces, examining the interaction between working
face supports and the roof and the spatiotemporal
characteristics of full-thickness roof layer cutting.
Hou et al. (2021) investigated the disturbance and
fracture characteristics of overlying strata during
over-gully mining of shallow coal seams, highlight-
ing the vertical fractures appearing in the roof over
the coal seam during mining. Wang et al. (2017)
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combined experimental simulation, theoretical
analysis, and field application methods to explore
the fracture characteristics of old roofs in typical
longwall mining of shallow coal seams, propos-
ing the pillar method to adjust classical mechanical
model parameters of old roof structures and refine
mathematical models for support forces on the over-
burden. Zhao et al. (2017) investigated the fracture
characteristics of overlying key strata and the mani-
festations of mining pressure during upslope mining
of working faces in gully areas lacking key strata.
Zhang et al. (2023) compared and analyzed the
characteristics of balanced mining and roof move-
ment patterns between the NOO mining approach
and conventional mining methods, emphasizing
the balanced mining attributes of the NOO method
across four parameters: strata movement character-
istics, strata damage coefficients, strata subsidence
displacements, and strata crack progression. Ning
et al. (2020) investigated the mechanical mecha-
nism of overlying strata fracturing and the develop-
ment of fractured zones during close-proximity coal
seam group mining in the Gaojialiang coal mine,
formulating a mechanical model for the secondary
activation of broken overlying strata and ascertain-
ing the associated mechanical activation conditions.
Sun et al. (2019), grounded in the key strata theory
and mechanical analysis of overburden, introduced
a novel analytical solution named the analogous
hyperbola subsidence model (AHSM) to portray the
movement and damage of the internal burden. Ma
et al. (2023) used indoor experiments and numeri-
cal analysis methods to study the key mechanisms
controlling microcrack initiation and extension in
layered and heterogenous rock masses which pro-
vided scientific basis for analysis of roof fracture in
shallow buried coal seams. Tan et al. (2023) studied
the stability of residual coal pillar mining in multi-
seam mining, and established the linkage between
the failure and instability of residual coal pillars and
rock strata, and defined the boundary between two
forms of failure, progressive versus dynamic which
could guide the roof stability control of residual
coal mining.

Based on the analysis above, scholars have pro-
duced research outcomes related to the roof move-
ment characteristics of shallow-buried thin coal seam
mining faces. However, studies on such faces’ roof
movement and instability fracture characteristics are

relatively limited. In addition, variations in face width
affect the safety of the No. 16705 conventional work-
ing face at Jinda Coal Mine. This research examines
the roof movement and instability fracture character-
istics of shallow-buried thin coal seam conventional
mining faces to address this issue, aiming to provide
scientific support for safe production.

2 Analysis of mining load on roof strata
2.1 Engineering background

The mining operation at the No. 16705 conventional
working face of Jinda Coal Mine targets the #16 coal
seam, located at depths between 317.4 and 368.2 m.
The coal seam averages approximately 1.0 m in thick-
ness. The No. 16705 conventional working face lies
on the eastern side of the seventh mining area, with
unmined areas to its east, west, and within the seventh
mining area. To its south is the goaf of the No. 16703
working face, while the F301 fault is to the north.
This face operates as a single-face system, measuring
an average of 1150 m in length and 93.8 m in width.
The employed roof support system utilizes DW-type
(external diameter 100 mm) single hydraulic column
supports, complemented by on-site articulated roof
beams and column supports. The single-end columns
have shoes and caps that advance 1.2 m per cycle.
The immediate roof is composed of gray limestone,
and coal extraction occurs via the inclined longwall
retreat mining method, where the total height from
roof to floor is mined in one pass. The entire goaf
roof is managed using the full-collapse method. The
roof strata primarily consist of gray limestone, mud-
stone, and fine sandstone layers, with their physical
and mechanical parameters presented in Table 1.

2.2 Analysis of mining load

Based on the theory of key strata controlled by rock
layers, the dynamic loads supported by key strata are
calculated using the following equation:
Elh?(ylhl + }/2h yt e+ Ynhn)
E\li + E;h + -+ + E

(@) = ey

where #; is the thickness of each rock layer (i=1, 2,
..., n); y; 1s the volume density (i=1, 2, ..., n); E, is
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Table 1 Physical and
Mechanical Parameters of

the Rock Strata

Serial number Rock stratum Rock stratum Bulk density/ Elastic
thickness/m kg/m? modulus/
GPa
1 Gray limestone 55 2600 1.6
2 Mudstone 0.7 2200 1.0
3 Gray limestone 0.55 2600 1.6
4 Mudstone 17 2200 1.0
5 Fine sandstone 9.7 2700 4.0
6 Gray limestone 2.1 2600 1.6
7 Mudstone 6.5 2200 1.0
8 Fine sandstone 5.4 2700 4.0
9 Gray limestone 4 2600 1.6
10 Mudstone 6 2200 1.0
11 Fine sandstone 10 2700 4.0

the elastic modulus (i=1, 2, ..., n). The first and nth
rock layers deform synchronously in this equation,
forming a composite beam.

Based on the definition and deformation character-
istics of key strata, the overlying rock layers they con-
trol also deform in unison as the key strata deform. As
a result, the loads they support are not required to be
supported by the underlying rock layers. The first rock
layer acts as the first key stratum, and its control range
extends to the nth layer. Therefore, the (n+ 1)th layer
emerges as the second key stratum and must fulfill the
subsequent condition:

In+1 <4, (2)

IL,<l, (m=12,..k 3)

where ¢,,, and ¢, are the loads borne by the first
layer when calculating up to the (n+ 1)th and nth lay-
ers, respectively; [, represents the fracture distance of
the nth layer, and & is the number of hard rock layers
determined in the above equation.

Given the physical and mechanical parameters of the
rock layers listed in Table 1, the self-load g, of the first
layer, identified as the gray limestone layer, is calcu-
lated in the manner below:

g, = 143 kPa, (q,), = 158 kPa,
(g3), = 1723 kPa, (q,), = 28.1 kPa < (¢3),

The first layer offers load-bearing assistance to the
second and third layers but does not support the subse-
quent fourth layer.

@ Springer

The self-load g, of the fourth layer, recognized as a
load-bearing layer, is computed as follows:

g, =374kPa, (gs), = 364.8 kPa

The fourth layer consists of a 17 m thick mudstone.
In contrast to the fifth layer, the 9.7 m thick fine sand-
stone, the fourth layer has reduced hardness and dis-
plays interlayer fractures. Thus, it does not offer load-
bearing assistance to the layers above it.

The self-load g5 of the fifth layer, designated as a
load-bearing layer, is determined as follows:

gs = 2619 kPa, (ge)s =315.2 kPa,
(¢7)s = 425.7kPa, (gg)s = 483.5 kPa,
(q9)s = 554.2kPa, (g,9)5 = 628.3 kPa,
(911)s = 600.8 kPa < (g,)5

This fifth layer comprises a 9.7 m thick fine sand-
stone with considerable hardness and thickness. It
crucially supports several overlying rock layers, dis-
playing distinct key stratum features in relation to its
mechanical attributes.

Based on extensive prior research on coal seam
mining, while the coal seam has a thickness of nearly
1 m, the roof strata display a hinging structural insta-
bility during mining-induced fracturing. The fifth
layer, made up of fine sandstone with a thickness
of 23.75 m from the coal seam’s roof, surpasses the
height of the mining-induced fracture zone associated
with coal seam extraction. Its mining effect exerts
minimal influence on the pillars of this face.
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The most noticeable impact on the pillars within
this face arises from the mining-induced instability
and strata pressure of the 5.5 m thick gray limestone
layer (first layer) and the 17 m thick mudstone layer
(fourth layer). The fourth layer can impose initial
and periodic pressures on the face pillars, potentially
influencing the roof strata. In addition, with variable
face widths, shifts in roof strata hanging dimensions
affect the stability and safety of the face pillars. Thus,
a dynamic analysis of the immediately hanging roof
strata is crucial to uncover the mechanical principles
behind roof movement and fracture influences in a
varying-width face scenario. This examination will
be a theoretical guide for ensuing research on min-
ing impacts and the adaptability of roof support for
the No. 16705 conventional working face in standard
mining practices.

3 Analysis of roof movement and instability
breakage theory

3.1 Mechanical model analysis before initial
breakage of key strata

Most scholars considered the key layer structure of
the overlying rock as a beam structure for research
(Song et al. 2017, 2019; Qian and Xu 2019; Qian
2017; Zuo et al. 2018), and these achievements pro-
vide some ideas for the analysis of the paper model.
Due to the fact that the mining area is a three-dimen-
sional space, it is more realistic to consider the key
layer structure of the overlying rock as a plate struc-
ture before the initial mining fracture (Jiang et al.
2016). When calculating elastic thin plates in elastic
mechanics, it is required that the plane width is much
larger than the thickness. For the process of coal min-
ing, the length of the working face and the distance of
the working face are much larger than the thickness of
the key layer structure of the overlying rock. There-
fore, the key layer structure in the overlying rock layer
can be regarded as an isotropic elastic thin plate com-
posed of uniform unit bodies. Therefore, the move-
ment law of the key layer of overlying strata in coal
mining can be studied by using the small deflection
deformation method of elastic thin plates (Li 2017).
When considering the mid-plane as the xy-plane with
the z-axis pointing vertically downward, the elastic
thin plate, upon bending, causes various points on the

Fig. 1 Depicts the mechanical model before the initial fracture
of the key layer

mid-plane to undergo a specific deflection w(x, y) in
the direction of the z-axis.

The key strata structure before the initial break-
age can be visualized as the mechanical model shown
in Fig. 1. It is assumed that the rectangular thin plate
is rigidly supported on all four sides and subjected to
a uniform load g (tensile stress is positive, compres-
sive stress is negative). Here, a represents the span of
the hanging roof strata, and b represents the width of
the hanging roof strata. The boundary conditions are as
follows:

Prior to the initial breakage, the key strata structure
can be likened to the mechanical model presented in
Fig. 1. This model assumes a rectangular thin plate,
supported rigidly on all four sides and subjected to
a uniform load g (where the tensile stress is positive
while the compressive stress is negative). In this con-
text, a denotes the span of the hanging roof strata, and
b indicates the width of the hanging roof strata. The rel-
evant boundary conditions are presented in the follow-
ing section.

ow
wlx—O = a|x=0 =0
W, =0 2, =
ox [ @
ow
le=0 = a_ylyz() = 0
ow
Wy, = a—y|y=b =0

J

Based on these boundary conditions, Eq. (5) serves
as the bending equation for the rectangular plate struc-
ture preceding the initial breakage of the key strata.

@ Springer
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w=A, smz%csm2 ”by 5)

Solving Eq. (5) yields:

62_w A 2—”2 cos @smz Y
0x? a2 b
?*w _ g 277 o mx 2my
1 ()_yz = 1? Sin 7COST (6)
*w 7 . 2xx 2my
—— =A;—sin —sin —
oxady ab a b

The general function of the plate structure is
expressed as follows:

=_//<de

0*w 0*w
—) 231 _M)ldzdy

2 2
M, =-—p( %Y 4,90
0x? 0y?

2
= —27z2A D l cos 2—sm22 + = Y gin® X cos 24
a? a b b2 a b
)]
27%A,D 2ga’b*
Mo = Ml o=t = ===~ 351 30 4 20207]
(10)

The maximum tensile stress strength theory is
employed as the foundation for roof breakage in the
mining region, namely M,,,, > —2~, where o, is the
tensile strength of the roof strata in MPa.

7
<0x6y> ]dxdy /qwdxdy @)

where D is the flexural stiffness of the elastic thin
plate, which can be obtained from the equation
D = Eh*/12(1 —1?); E is the elastic modulus of the
key strata; A is the thickness of the key strata; v is the
Poisson’s ratio; g is the load exerted on the key strata
by the overlying strata.

Allowing % = 0, and Eq. (6) can be rearranged as
follows:

_ ga*b*
" Dr[3b* + 3a* + 2a2b?]

®)

The bending equation for the four-sided rigidly
supported plate structure is as follows:

Fig. 2 "O-X" fracture pat- /111110111111
tern of the roof (Qian and
Xu 2019)

1177777777777777777/
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3.2 Mechanical model analysis before the periodic
breakage of key strata

Investigating the mining pressure and strata control
theory reveals that fractures emerge when the hang-
ing roof strata in a mining zone attain their maximum
strength. For instance, in a mining area with a hang-
ing roof supported on all sides, fractures first mate-
rialize at the center of the boundary on the lengthier
sides, followed by the center of the boundary on the
shorter sides. Ultimately, the surrounding fractures
join to form an O-shaped crack pattern. Thereafter,
fractures arise at the mid-bottom boundary of the
plate, extending from the center of the plate towards
its four corners, culminating in an X-shaped crack

UL oo 1111,

/ /////m//////

77T SRTTTTTTT) T7777T A~ TTTTTT)
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pattern. This progression results in the definitive O-X
fracture pattern of the roof, as illustrated in Fig. 2.
Once the O-X fracture pattern manifests in the
roof, triangular hanging plate structures linger at the
four corners. These residual triangular hanging plates
exert mechanical forces on the hanging roof, shaping
an angular plate structure, as demonstrated in Fig. 3.
These remnants are equivalently modeled as rec-
tangular hanging plate beam structures with equal
areas to analyze the mechanical impact of triangular
hanging plate remnants in the field, as depicted in
Fig. 4. The analysis employs the principles of mini-
mum potential energy and synchronous deformation.
Before the periodic breakage of the roof in the
working area, the roof structure above the working

Fig. 3 Illustrates the
structural changes in the
overlying rock key layers
before and after mining

Mudstone

limestone

No.16 coal sea

Fig. 4 The simplified
cyclic roof structure

Periodic rectangular

plate structure

face is perceived as an elastic thin plate. When the
mid-plane is used as the xy-plane and the z-axis is
oriented vertically downward, the elastic thin plate
experiences a specific deflection w(x, y) in the z-axis
direction when it bends. The mechanical influence
of the triangular hanging plate remnants on the roof
structure at the hanging end before periodic break-
age is noted. As a result, the periodic roof structure
simplifies to a three-sided supported and one-sided
free periodic rectangular plate structure, synchro-
nously deforming with the angular hanging plate
beam structure. A subsequent mechanical analy-
sis of the periodic roof structure of the key strata
above the working face is conducted, as illustrated
in Fig. 5.

Periodic rectangular
plate structure

beam structure

b

Periodic rectangular
plate structure
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Boundary conditions for the periodic rectangular
plate structure with three sides fixed and one side free:

ow

W|x=0 =0 a|x=0 =0
ow

W—q =0 alm =0 (11)
ow

W|y=0 =0 a_yly=0 =

The boundary conditions are established for a
rectangular periodic plate structure with three sides
fixed and one side free. Based on this structure and its
boundary conditions, the following equation is cho-
sen as the bending equation for the rectangular plate
structure before periodic breakage in the key strata:

2
W=A<1—COS”—x> 1—0052
2a b

Based on the above equation, the following solu-
tion is obtained:

12)

(62w n24 X 27ry
—=—co0 1 —cos —
o a2 7a b
02w 47°A 2zy < X
J 2 (1-cos %) 1
0y = cos , cos " (13)
0w #wA . wx . 27y
=—— sin == sin —
| 0x0y ab 2a b

The function of the rectangular plate structure is
represented as follows:

o-2 [{ (%

2
0? *w 92
ay dx? dy

_ <dx0y> ] }dxdy // gwdxdy — W,

Fig. 5 Depicts the mechanical model before the key layer’s
cyclic failure

The corner’s triangular hanging plate beam struc-
ture is equated with a rectangular hanging plate beam
structure with matching areas. The hanging span in
the mining face direction (x) and the lateral span in the
transverse direction of the mining face (y) are labeled
m and 1, respectively. Establishing boundary conditions
for this structure and based on the hanging rectangular
plate beam structure with its conditions, the bending
equation for the hanging rectangular plate beam struc-
ture is deduced:

ow,

=0
S

Wily—o =0 (16)

Based on the hanging rectangular plate beam struc-
ture and its boundary conditions, the bending equation
for the hanging rectangular plate beam structure is cal-

culated as follows:

(14)

where W, represents the equivalent work done for the
rectangular hanging plate beam structure with equal
areas.

When W,=0, allowing % = 0, the outcome is:

(77,' —2)abgq

A=
[Dzr“[ -4 4(3:: S)a] 4

6403 27rab 2ab

64x(r — 2)a*bq

*(n+4>(1—u)D]

y

0*w, 2B cos
42 21

P 4

s)

- D[37%b* + 3275 (n — 4)a?b? + 25675(3n — 8)a* + 3275 (xw + 4)(1 — p)a?b?]
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The fu.nction of the hanging rectangular plate beam 32,14z — 2) 27l
structure is represented as: s A<1 — Ccos —>
Elx b 22)
P\ q AEIxr’ (1 cos 27:1)
w = — — =
o= EL [ (2% 4 / aw dy (18) ' DR —2) b
2 0y?

where [ represents the moment of inertia, namely
1=hn/12.
Under the action of a uniform load g and letting

% = 0, the following equation can be obtained:
32ql*(x - 2)
B =" 19
a Eln (19)

When the hanging rectangular plate beam structure
and the rectangular periodic plate structure deform
together, we consider w,(l) = w/(a, D).

At this point, the work done by the hanging rectan-
gular plate beam structure on the rectangular periodic
plate structure is determined by:

W, = / qw,dy — / qow,dy

AEIn® 2rxl
= |22 (- —)— 23
[3214(7:—2)( R q"] =
my
B (1-c0s )
; cos =

The following simplified form can be derived by
substituting this above equation into the functional for

z 2zl
W= Bl(l — cos 2—);) =wa,)=A (1 — cos 7”) the rectangular plate structure and letting % =0.
(20)
[64a4b4(7z ~2) = 1286 xim(1 - cos 2 (”7‘2)]% (24)
A=
D 3rb* +32a°h*(x — 4) + 25637 = 8)a* | s (1 s 2 >2
+32a°b*(z 4+ 4)(1 — p) P b
Solved as: The bending equation for a rectangular plate struc-
27l ture with three sides fixed and one side free is:
BI=A<1—cos7> Q1)
M = _D<02_W + M()z_w>
In other words, when the hanging rectangular plate * 0x? 0y?

beam structure and the rectangular periodic plate
structure deform together, the equivalent load of the
hanging rectangular plate beam structure is

_ 72AD
2a?

[32a2b4(7r —2)— 64ab37rlm(

M

xMax —

M|

x=0,y= g

T2A X 2my
=—D|:ECOSZ—a<1— ST 25)
+v4”2A @(1 — cos E)
b? b 2a
1 —cos 2 ) (=2 q
b x (26)

3zb* + 32a°b*(x — 4) + 256(37 — 8)a*
+32a°b*(z + 4)(1 — p)

1

|

2xl

“)

_ 8a3b3mElx3

o —cos =

(1
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Using the maximum tensile stress strength

theory as th(za basis for the roof failure, namely
M, >—2 In the criterion, o, is the tensile

strength of the roof rock, MPa.

4 Influence of different overhang structure sizes
on roof movement and its fracture mechanics

Based on the preceding analysis, the study exam-
ines a 17 m thick mudstone roof, focusing on the

influence of various overhang structure sizes on
roof movement and fracture mechanics.

(a)

The initial assumptions are: the mudstone roof
thickness is 17 m, the elastic modulus is 1.0 GPa,
and the Poisson’s ratio is 0.2. Before the initial roof
break, the overhang width was set to 30 m with
24 m periodic breaks. The roof experienced a load
of 0.365 MPa. The periodic plate structure dimen-
sions for the triangular overhang (both in the min-
ing face direction (x) and transverse direction (y))
are 10 m each. The study employed the plate bend-
ing deformation equations (Eqs. 5 and 11) and plate
deformation moment equations (Eqs. 8 and 29) to

assess the impact of different mining face widths on
the initial and periodic roof movements and fracture
patterns and the effect of varying overhang spans.

0.000
02310

0.4620
0.6930

.

0.9240
LIS

1386

2 deformation mm

1617

Bendin

1848
201
2310

(b)

Fig. 6 Bending deformation characteristics of the roof under different overhang widths. a 75 m; b 150 m

(a)

2% i 2 B 60
=0 am
§ 0.000
2 432
2
g
g 8640
=}

(b)

Fig. 7 Deformation bending moment characteristics of the roof under different overhang widths. a 75 m; b 150 m
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Fig. 8 Bending stress characteristics of the roof under different overhang widths. a 75 m; b 150 m
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Figures 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, 20 and 21 present the results.

4.1 Influence of different overhang widths on the
initial fracture of the roof rock stratum

With a constant overhang span of 30 m, Figs. 6, 7 and
8 illustrate the roof’s bending deformation, deforma-
tion bending moment, and bending stress characteris-
tics for overhang widths of 75 m and 150 m.

Figures 6, 7 and 8 indicate that the primary bend-
ing deformation occurs at the overhang structure’s
center during the roof rock layer’s initial fracture
stage. The bending moment and bending stress are

predominantly concentrated in the middle section of
the structure’s length and at the overhang’s center.
These areas are crucial for the onset of fractures and
instability.

Given the substantial thickness of the mudstone
roof, it offers a significant resistance to bending,
causing minor deformation magnitudes under load.
However, mechanically, as the roof width increases
during the initial fracture phase, the bending defor-
mation and its associated moment and stress exhibit
logarithmic growth, as shown in Fig. 9. The regions
with the highest bending moment and stress predomi-
nantly lie in the structure’s middle length and at the
overhang’s center.
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4.2 Influence of different overhang spans on the
initial fracture of the roof rock stratum

Figures 10, 11 and 12 display the roof rock layer’s
bending deformation, deformation bending moment,
and bending stress characteristics for an overhang
width of 75 m under varying overhang spans (10 m
and 35 m).

The analysis reveals that during the roof rock lay-
er’s initial fracture stage, a 10 m roof span results
in @ maximum bending deformation of 0.029 mm,
a maximum deformation moment of 2.44 MN-m,
and a peak bending stress of 0.051 MPa. A smaller
overhang span yields a low mechanical response
under load. Increasing the span to 15 m results in
the bending deformation peaks at 0.145 mm, the
deformation moment at 5.4 MN-m, and the stress
at 0.113 MPa. As the span expands, the mechani-
cal response intensifies. At a 35 m overhang span,
the roof bending deformation tops at 3.96 mm, the
deformation moment at 25.4 MN-m, and the bend-
ing stress at 0.53 MPa. Overhang span augmenta-
tion markedly amplifies the roof bending’s mechan-
ical reaction, displaying exponential growth, as
indicated in Fig. 13. The overhang span stemming
from mining activities directly instigates roof move-
ment and fractures.

4.3 Effect of residual overhanging structures at
corners (horizontal overhang span) on periodic
fracture of roof rock stratum

Figures 14, 15 and 16 show the roof deformation
curve characteristics under various conditions when
the fixed overhang structure size (width along the
mining face direction, x) is 10 m and the overhang
span in the horizontal direction of the working face
(y) varies.

When the overhang span along the transverse
direction of the working face (y) is 0 m, indicating no
residual overhang structure in the transverse direc-
tion, the maximum bending deformation of the roof
reaches 14.9 mm. The bending deformation mainly
occurs in the middle part of the free edge of the over-
hang structure where the maximum bending moment
reaches 26.8 MN-m, and the bending moment is
mainly concentrated in the middle part of the fixed
support along the long edge of the overhang structure.
The maximum bending stress is mainly concentrated

@ Springer

in the middle part of the fixed support along the
long edge of the overhang structure with a peak of
0.556 MPa. This middle part of the overhang struc-
ture’s fixed support along the long edge, namely the
middle part of the working face roof, is where frac-
ture instability occurs.

During the periodic fracture phase of the roof
rock layer, the corner’s residual overhang structure
mechanically affects the load-bearing state of the rec-
tangular roof structure, with three sides fixed and one
side free. As the overhang span increases, the bend-
ing deformation, bending moment, and bending stress
all intensify, displaying a robust positive correlation,
as illustrated in Fig. 17. The middle part of the fixed
support along the long edge of the overhang structure,
namely the middle part of the working face roof, is
the critical location where fracture instability occurs.

4.4 Effect of residual overhanging structures at
corners (trend overhang span) on periodic
fracture of roof rock stratum

Figures 18, 19 and 20 present the characteristics of
roof deformation curves under different circum-
stances when the overhang span along the mining
direction of the working face (x) changes and the
fixed overhang structure size (width along the mining
direction, y) is 10 m.

If the width along the mining direction (x) is O m,
indicating no residual overhang structure in this direc-
tion, the maximum bending deformation of the roof
is 14.9 mm. The deformation primarily occurs at the
overhang structure’s free edge center. The maximum
bending moment is 26.8 MN-m, concentrated in the
center of the overhang structure’s long edge along the
fixed support. The peak bending stress is 0.556 MPa,
primarily located in this area. The overhang struc-
ture’s long edge center, corresponding to the working
face’s center, is a crucial fracture instability point.

The study shows that during the periodic fracture
stage of the roof rock layer, the mechanical response
of the overhang structure amplifies notably with the
growth of the overhang span in the mining direction
(x). There is a strong positive correlation in bending
deformation, bending moment, and bending stress
with the overhang span compared to the mechanical
response when considering the span’s mining direc-

tion (y).
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In summary, the presence and dimensions of the
residual overhang structure significantly influence the
roof rock layer’s mechanical behavior and stability
during its periodic fracture phase. The overhang span
in the mining direction (x) has a more pronounced
effect on the mechanical response than the span in the
mining direction (y), as illustrated in Fig. 21.

From the case study results, the corner residual
overhang structures increase the mechanical stress in
the periodic roof structure’s long edge center, lead-
ing to fractures and instability. In mining operations,
it is vital to consider the roof structure’s periodic
overhang, accurately predict the roof’s periodic step
distance, and monitor the rear supporting pillars’ sta-
bility to ensure the working face’s safe and efficient
mining. Adopting such a proactive strategy is impera-
tive to uphold the stability and safety of the working
face and supporting pillars during mining operations.

5 Analysis of roof unstable overburden impact
and breakthrough step distance estimation

An analysis of the impact of unstable roof overburden
in the No. 16705 conventional working face is pre-
sented by combining the excavation engineering con-
ditions of the No. 16705 conventional working face
with the analysis results of the roof layer’s mining load
estimation using the key layer theory. The primary coal
seam is approximately 1.0 m thick, and its roof con-
sists, sequentially from the bottom, of a 5.5 m thick
gray limestone layer, a 0.7 m thick mudstone layer, a
0.55 m thick gray limestone layer, a 17 m thick mud-
stone layer, and a 9.7 m thick fine sandstone layer. The
5.5 m gray limestone layer lies within the caving zone,
the 17 m mudstone layer resides in the fractured zone,
and the 9.7 m fine sandstone layer is situated within
the bending zone. During the excavation process of
the No. 16705 conventional working face, the first roof
layer, the 5.5 m gray limestone layer, undergoes direct
roof pressure. Meanwhile, the overlying fifth layer,
the 9.7 m thick fine sandstone layer, supports numer-
ous overlying rock layers due to its relative hardness
and thickness. However, this layer’s unstable deforma-
tion outside the fractured zone minimally influences the
mining-induced roof pressure below the working face.

18.05 re

17.95 y=-0.427In(x) + 19.874

179 L R? =0.9606

17.85

Roof breaking span/m

17.8

17.75 |

1777 1 1 1 1 ]
70 90 110 130 150 170

Overhang width/m

Fig. 22 Variation curve of roof’s initial breakthrough step dis-
tance with exposure width

Therefore, the analysis should prioritize the unstable
step distance of the 5.5 m gray limestone layer.

Using the key layer theory, the roof layer’s estimated
mining load is outlined as follows: the 5.5 m gray lime-
stone layer supports a load of 0.172 MPa, a 0.7 m over-
lying mudstone layer, and a 0.55 m thick gray limestone
layer. The gray limestone layer possesses an elastic
modulus of 1.6 GPa, a Poisson’s ratio of 0.2, and a ten-
sile strength of 0.72 MPa. Equations 9 and 30, which
determine roof bending stress, are employed to calcu-
late the initial and periodic breakthrough step distances
of the roof.

(1) Initial breakthrough step distance of roof
movement
M Max — Mx|

X x=0,y= ’E’

_ 2x0.172 612 4
72[3b* + 3a* + 2a%h?]
2
L _05x55
6

The variation in the initial breakthrough step distance
of the 5.5 m limestone layer, representing the roof’s
first layer, in relation to hanging width, is illustrated
in Fig. 22, displaying a logarithmic decline.

(2) Roof movement periodic breakthrough step
distance
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Figure 23 exhibits the periodic breakthrough step dis-
tances of the 5.5 m limestone layer, also representa-
tive of the roof’s first layer, in connection with the
hanging width, showing a logarithmic decrease.

The theoretical calculations suggest that the
roof movement’s initial breakthrough step distance
for the topmost 5.5 m gray limestone layer var-
ies between 17.76 and 18.05 m. The roof, having
a 75 m short exposure width, is 0.3 m longer than
the roof, with a 150 m long exposure width. Simi-
larly, the roof movement’s periodic breakthrough
step distance for this layer ranges between 7.48 and
8.01 m. A roof with a 50 m short exposure width is
0.5 m longer than the one with a 150 m long expo-
sure width. Throughout the periodic overburden
phase of the mining process, the difference between
the 75 m short exposure width roof and the 150 m
long exposure width roof becomes evident. The
roof fracture instability span increases considerably.
In practical mining endeavors, careful consideration
must be given to the exposure of the periodic roof
structure. Accurate prediction of the roof’s periodic
step distance and monitoring the stability of load-
bearing pillars behind the working face is essential
for ensuring the safe and efficient mining of the
working face.

@ Springer

6 Conclusion

This paper combines the engineering geological con-
ditions of the No. 16705 conventional working face,
estimates the mining load of the roof rock layer based
on the key layer theory, analyzes the mechanical
model of the roof rock layer movement of the work-
ing face, reveals the influence of different suspended
slab structure sizes on the roof movement and its
fracture mechanics, analyzes the impact of the unsta-
ble weighting of the working face roof, and estimates
the roof fracture step distance of the No. 16705 con-
ventional working face, the following conclusions can
be drawn:

1. Based on the key stratum theory, analysis of the
mining load on the roof layers demonstrates that
the 5.5 m thick gray limestone, from bottom to
roof, serves as the immediate roof. This imme-
diate roof sustains the load from the succeeding
layers: a 0.7 m thick claystone, a 0.55 m thick
gray limestone, and a 17 m thick mudstone. Nota-
bly, the fifth layer, a 9.7 m thick fine sandstone
known for its significant hardness and thickness,
plays a vital role in supporting the layers above
and is designated as the key stratum for the No.
16705 conventional working face.
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2. A comprehensive analysis of both initial and
periodic roof breakages was performed by apply-
ing the thin plate theory from elasticity mechan-
ics. This analysis shows that, during the periodic
roof breakage phase, the long side of the panel
structure in the goaf area exists in a simply sup-
ported mechanical state. Consequently, the panel
structure’s mechanical response becomes more
pronounced than during the initial roof break-
age phase, leading to a heightened risk of frac-
ture instability. In terms of the roof movement’s
impact on deformation, bending deformation pre-
dominantly manifests in the central section of the
panel structure’s exposure adjacent to the goaf.
Thus, ensuring the stability of the load-bearing
pillars behind the working face becomes para-
mount to prevent potential instability.

3. As the width of the roof extends, the maximum
bending deformation, deformation moment, and
bending stress all exhibit a logarithmic increase.
A similar trend is observed with an extended
roof exposure span, with exponentially increas-
ing maximum bending deformation, deformation
moment, and bending stress. Meanwhile, as the
dimensions of the remaining angular protrusions
(horizontal and trend overhang spans) expand,
the maximum bending deformation, deformation
bending moment, and bending stress grow lin-
early.

4. In the context of the mining conditions at the
No. 16705 conventional working face, an analy-
sis concerning the implications of roof instabil-
ity was carried out. The findings suggest that
initial and periodic breakthrough step distances
diminish logarithmically as the exposure width
expands.
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