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Abstract

As the shallow coal seams are gradually being exhausted, mining of the lower group of coal seams in the shallowly buried
proximity coal seam group becomes inevitable. Due to geological conditions affecting the upper group coal seams, various
coal mining methods have resulted in a significant number of non-sufficient and sufficient collapse mining areas. The pres-
ence of water and gas in these mining areas can potentially impact the safe production of the lower group coal seams through
inter-layer rock fractures. Therefore, studying the evolution characteristics and formation mechanism of inter-layer rock
fractures is of utmost importance. In this paper, we employ theoretical analysis, numerical simulation, and similar simulation
methods to investigate the evolution characteristics and formation mechanism of inter-layer rock fractures during the min-
ing of the lower 37! coal seam. We specifically focus on the formation of different mining areas in the upper 272 coal seam,
using the mining of 272 and 3! coal seams in the Hanjiawan coal mine as our research context. The study results reveal that
the inter-layer rock fractures exhibit an overall positive trapezoidal distribution in different mining areas. We quantify the
variation in density and width of inter-layer rock fractures in the two mining areas by utilizing the concept of rock damage
degree. We analyze the overall damage degree, tensile damage degree, and shear damage degree ratios. The formation of
inter-layer rock fractures is primarily influenced by the combined effect of various coal mining methods in both the upper
and lower coal seams. The stress changes resulting from mining activities in these seams contribute to the development of
transverse separation fractures and longitudinal breaking fractures within the inter-layer rock. The stress changes induced
by mining operations in the upper and lower coal seams have been analyzed, and distinct stress regions have been identified.
To understand the mechanism of inter-layered rock fracture development in the upper and lower coal seams, a mechanical
expansion model of inter-layer rock fractures has been constructed for different stress regions.

Highlights

e The evolution process and development characteristics of inter-layered rock fractures, as well as their differences when
different coal mining methods are employed in the upper coal seam, have been revealed.

e To determine the influencing factors and development patterns of inter-layered rock fractures under different coal mining
methods.

e Quantitatively comparing and analyzing the damage of inter-layered rock and the percentage of damage degree under
different coal mining methods, we found that the damage degree was 61% and 52%, respectively.

e The study shows that when mining the upper coal seam, the inter-layer rock primarily extends through primary micro-
scopic fractures. On the other hand, when opening the lower coal seam, the main development is observed in macroscopic
tension fractures and shear misalignment fractures.

e Based on the study of the development process of macroscopic fractures and microscopic fractures in the inter-layered
rock, the mechanism of fracture development and evolution of the inter-layered rock under different coal mining methods
has been determined.
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1 Introduction

The ShenFu coalfield is typically characteristics by geologi-
cal deposits in close proximity to the buried shallow seams.
Due to these geological deposit conditions, different mining
methods are used for the upper seam (Zhu et al. 2018; Zhu
2018; Huang and Han 2019). To improve the mining rate
of the upper coal seam and increase economic efficiency,
a combination of room and pillar coal mining methods
and long-wall fully mechanized coal mining methods are
commonly employed. However, the different mining areas
formed by the upper coal seam mining have a significant
impact on the inter-layer rock structure and fracture develop-
ment. The fracture channels formed by these mining meth-
ods make the lower coal seam vulnerable to water collapse,
spontaneous combustion of the remaining coal seam, and
gas leakage. These factors pose a great threat to the life and
safety of underground personnel and create safety hazards
for the mine's production (Yu et al. 2018; Zhang et al. 2017).

At present, a lot of research has been done on the trans-
port of overburden structure and the law of mine pressure on
both upper and lower coal seams of shallowly buried close
coal seams using the long-wall fully mechanized coal min-
ing method (Huang et al. 2018; Wang et al. 2016; Zhu et al.
2019; Xu et al. 2020). However, the research on the evolution
process, distribution characteristics, and formation mecha-
nism of rock fractures between the upper and lower coal seam
mining layers is not comprehensive enough. Regarding the
fracture development mechanism of the overlying rock seam,
the mechanism of secondary expansion of fractures in the
overlying rock seam at the mining site during the downward
mining of the shallowly buried proximity coal seam group
was studied, and the fracture expansion direction, fracture
initiation stress intensity factor, expansion rate, and fracture
development height calculation formulae were determined
(Huang et al. 2019; Yang and Wang 2018). The study focused
on the dynamic distribution and evolution law of fractures in
the bottom slab under different stresses caused by mining. The
mechanical mechanism of fracture opening and expansion in
different region was determined (Zhang et al. 2015). In addi-
tion, numerical calculations and simulation were used to study
the evolution of overburden fractures and air leakage channels
in shallowly buried coal seams subjected to repeated mining.
The study also investigated the development of porosity in
overburden fractures and the height of fracture development at
different stages (He et al. 2020). Furthermore, the study exam-
ined the degree of fracture penetration in tensile damage strata,
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revealing that when the compressive stress exceeds the com-
pressive strength, longitudinal fractures caused by tensile dam-
age will penetrate the laminate strata (Lu et al. 2020). Based on
the key layer theory, an analysis was conducted on the height
of fracture development in the overlying rock layer. This anal-
ysis led to the determination of judgement criteria and the
ground fracture development pattern (Zhang et al. 2021). As
the research progressed, quantitative description and fractal
dimension analysis of overlying rock fractures were performed
(Wang 2022). In addition, the geological endowment condi-
tions of thin bedrock at shallow burial depths in the ShenFu
mine were considered. The study focused on the expansion
law, distribution characteristics, and key layer relationships
of surface hydraulic conductivity fractures and gas transport
fractures. Furthermore, mechanical models were constructed
to understand the structural breakage of these fractures with
inter-layered rock layers (Zhu et al. 2020; Liu et al. 2021; Cai
et al. 2022; Feng et al. 2021). However, most of the previous
studies have primarily focused on the overall fracture changes
in the overburden rock under a single coal mining method. The
research on the evolution law, distribution characteristics, and
formation mechanism of inter-layered rock fractures under dif-
ferent mining areas is incomplete. In contrast, foreign scholars
have mainly focused on the expansion of microscopic fractures
in the rock seam, studying evolutionary laws and stress inter-
relationships (Song et al. 2023; Wang et al. 2019, 2021). Their
research tends to be more focused on the rock body and micro-
scopic level, and the research methods mostly involve labora-
tory studies and numerical simulation calculations (Aben et al.
2016; Gong et al. 2023).

After mining of the 272 coal seam in HanJiaWan coal
mine, three different areas were formed: the not mining area,
the room and pillar-mining area, and the fully mechanized
mining area. Due to the different coal mining methods in
the upper coal seam, there are significant differences in
the stresses on the inter-layer rock. As a result, the fracture
evolution, expansion pattern, and formation mechanism of
the inter-layer rock during the mining of the lower 37! coal
seam exhibit different states. The unclear nature of fracture
development poses a potential threat to mine safety and
production. Therefore, this study focuses on the inter-layer
rock between the 272 and 37! coal seams in HanJiaWan coal
mine. It aims to investigates the distribution characteristics
and formation mechanism of inter-layer rock under different
mining areas during the mining process of the upper and
lower coal seams.



Analysis of Fracture Evolution Characteristics and Formation Mechanism of Inter-Layer Rock... 3789

Fig. 1 Plane section location

drawing of coal seam 2! and
37! in the study area

3301 Workface

3302 Workface

3303 Workface

3304 Workface

*
o —_— I [room and pillar| ! [not mining !
IH—| ully mechanised mining area . mining area | area 1

2 Geological Background and Project Profile

The HanJiaWan Coal Mine is situated in the northern part
of the ShenFu mining area. It has a production capacity of
4.0 Mt/a and extracts coal from three seams: the 272 seam,
37! seam, and 472 seam. Currently, the mining of the 37!
seam is nearing completion, while the 472 seam is in the
primary stage of mining. The seam have a gentle produc-
tion slope and are nearly horizontal, with an inclination of
approximately 1°. The mining operation follows a downward
direction.

The 272 coal seam is situated in the upper part of the
fourth section of the Yan’an Group. The thickness of the
coal seam varies from 0.5 to 5.5 m, with an average thick-
ness of 4.06 m. The average depth of the coal seam is 80 m,
and it covers a recoverable area of 11 km?. The thickness
of the coal seam gradually decreases from west to east.
The eastern boundary of the well field is the not mining
area, extending along the coal seam strike for 418 m. The
room-and-pillar mining area is located between the long-
wall mining area and the not mined area, within a width
ranging from 135 to 550 m. The long-wall mining area is
positioned to the west of the room-and-pillar mining area.
The working face has a length of 268 m, a mining height
of 4 m, and a strike length of 1820 m. Fully mechanized
coal mining with a long wall is employed in the working
face, where the entire height is mined at once, and the roof
of the mining area is managed using the collapse method.

The thickness of 37! coal seam ranges from 2.1 to 3.4 m,
with an average thickness of 2.9 m. The recoverable thick-
ness is between 1.5 and 3.4 m, with an average of 2.95 m.
The burial depth of the coal seam ranges from 101.50
to 157.07 m, and the recoverable area is 12.77 km?. The
geological structure of the coal seam is relatively simple,
with a local layer of approximately 0.3 m thickness con-
sisting mainly of sandstone. The relationship between the
upper and lower coal seams is illustrated in Fig. 1, and the
physical and mechanical parameters of the coal seams are
presented in Table 1.

3 Analysis of Fracture Evolution
and Distribution Characteristics
of Inter-Layer Rock

Based on the engineering and geological background of
HanJiaWan coal mine, this study focus on the distribu-
tion characteristics of inter-layer rock fractures during the
mining process of the lower coal seam 3302 working face.
The study examines the 272 fully mechanized mining area,
room-and-pillar mining area, and not mining area of the
upper coal seam separately. Laboratory similar simulation
and numerical software calculations are used to analyse
and determine the evolution pattern of inter-layer rock
fracture when mining the lower coal seam 3302 working
face through different mining areas. The objective is to
understand the evolution pattern and distribution charac-
teristics of inter-layered fractures in the lower coal seam
3302 workings across different mining areas. Both the lab-
oratory similar simulations and numerical simulation are
conducted based on the actual geological conditions in the
field. The similar simulation tests platform and numerical
model are constructed using the parameters provided in
Table 1. The physical similarity simulation test system is
illustrated in Fig. 2.

This experiment utilizes a two-dimensional planar
physical similarity simulation platform with dimensions
of 2000 x 200 x 1000 mm (length, width, and height). The
auxiliary monitoring equipment includes a handheld frac-
ture monitor, a digital total station, a stress monitoring
acquisition system, and an acoustic emission monitoring
system. The handheld fracture monitor is primarily respon-
sible for monitoring and collecting data on microscopic and
macroscopic fractures. The digital total station monitors
macroscopic fractures and displacements in the inter-layer
rock. The acoustic emission monitor is used to monitor all
types of fractures (macroscopic, microscopic, and micro-
scopic) within the inter-layer rock. Its working principle
involves making the object audible through external condi-
tions and deducing the object's state and changes in internal
structure based on its sound. The stress monitoring system
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Table 1 PhySiCﬁl and _ Lithology [Thickness Depth Density Compressive Strength of Elasticity Cohesion Poisson
mechanical parameters of o - m | (kgm) strength/MPa extensio/MPa | modulus/MPa GPa ratio
Silver sand 4.55 1850 0.9 0.05 145 0. 25 0. 05
ground Clay - 1800 2.8 0.1 548 0.98 0.08
Siltstone 2680 3.95 1420 5.1 0.25
Post stone 2650 4.25 3765 4.3 0.23 |
Mudstone 2461 1115 3.6 0. 29 |
Post stone 2650 3765 4.3 0.23
Medium sand 2700 6214 4.8 0.19
Post stone 2650 3765 4.3 0.23
Mudstone 2461 1115 3.6 0.29
Post stone 2650 3765 4.3 0.23
Sandy mudstone » 2 2875 4.7 0.24
Post stone 3765 4.3 0.23
Sandy mudstone | 2875 4.7 0.24
 Mudstone | 1115 3.6 0.29
Medium sandstone| | 2 6214 4.8 0.19 |
Post stone 4 3765 4.3 0.23
Sandy mudstone 1 2875 4.7 0.24
2“coal 0. 1376 2.2 0.28
Siltstone 3. 1420 5.1 0.25
Sandy mudstone 1. 85 2875 4.7 0.24
Siltstone 3.95 1420 5.1 0. 25
Mudstone 1 1115 3.6 |
Post stone 4, 26 3765 4.3 0.23 |
Medium sandstone| 2.5 6214 4.8 0.19
3"coal 1.05 1385 2.2 0.28
Siltstone 3.95 1420 5.1 0.25
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W
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Fig.2 Physical similarity simulation experiment system

focuses on monitoring the distribution characteristics and
evolution of stress during the mining process of the 272 coal
seam and the 37! coal seam. It is primarily distributed in
the bottom plate of the 37! coal seam.

The physical similarity simulation test material for the
coal rock seam in Hanjiawan coal mine consists primarily of
river sand as the main material. Auxiliary materials include
gypsum, carbonate, coal, water, and mica flakes. Based on
the physical and mechanical parameters provided in Table 1
and the similarity conditions of the coal rock seam (geomet-
ric similarity ratio a;: 1:100, time similarity ratio a,: 1:10,
and speed similarity ratio a,: 1:10), the ratio of physical
similarity simulation test materials for coal rock seam with
different rock characteristics is determined. The similarity
simulation test platform is constructed using the layer-by-
layer compaction method. River sand is used as the aggre-
gate, gypsum, and white powder serve as the cementing
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material, coal is used as the main simulation material for
the coal seam, and mica flakes are used as the separating
material between the interfaces of the coal and rock seams.

The experimental process and main monitoring proce-
dures for coal seam mining are as follows: 272 coal seam
comprehensive mining area—2 coal seam room-and-pillar
mining area—2"2 coal unmined area—3"! coal comprehen-
sive mining section (comprehensive mining airspace) —3!
coal comprehensive mining section (room-and-pillar mining
airspace) —3~! coal comprehensive mining section (27 coal
unmined area). The laboratory conducts similar simulations
of the mining process based on the field 3302. The exca-
vation sequence of the working face is determined, with a
mining step of 2 m each time, and the room-type mining
coal pillar measures 10X 10 m. During the mining process
of the working face, the acoustic emission monitor, fracture
monitor, and total station are used to primarily monitor and
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Fig. 3 Physical similarity simulation experiment material properties and test process

analyze the fracture distribution characteristics and evolu-
tion law of the inter-layers. The stress monitoring system
continuously monitors the experimental process to capture
the stress distribution characteristics. The physical similarity
simulation experiment material properties and test process
are illustrated in Fig. 3.

The numerical simulation was performed using the
UDEC discrete element numerical calculation software. The
model was established based on the characteristics of the
rock stratum, as indicated by the column diagram of No.8
borehole of Hanjiawan Mine, and the parameters of each
coal rock in Table 1. The size of the model was designed to
be 150 mx 134 m (length x width). Since the 272 seam and
37! seam are shallow buried coal seams, the horizontal stress
was set to be 1.25 times the vertical stress. The overlying
rock layer was simplified in the modeling process, and the
unit size of the model was divided based on the physical
and mechanical properties and thickness of each rock layer.
To analyze the deformation, yielding, and damage state of
different rock seams in detail, the unit size varies and is
determined according to the strength of the rock seam. The
specific coal rock parameters and coal seam arrangement are
determined based on Table 1. The numerical calculation is
constructed using a Moore Cullen model in the YZ direction.
In the distance of the 272 coal seam from the upper surface
is set to 80 m, the inter-layer distance between the 272 coal
seam and the 37! coal seam is set to 35 m. These values are
determined based on the actual geologic conditions of the
Hanjiawan Coal Mine and the characteristics of coal seam
distribution. The UDEC discrete element numerical mod-
eling is illustrated in Fig. 4. The rock mechanical parameters
used in the numerical simulation are provided in Table 2.

Since the rock layer at the coal mine site contains a signif-
icant number of joints and natural fissures, contact surfaces

are introduced between the layers of rock to realistically sim-
ulate the development of fissures and the movement of the
rock layer. The boundary condition of the numerical model
is set to leave a 15 m boundary coal pillar on each side of the
model. The mining process begins by sequentially mining
3 m to complete the 272 coal seam, followed by mining the
37! coal seam. The main focus of this numerical simulation
is to study the development of inter-layer rock fractures in
the upper and lower coal seams. By monitoring the num-
ber of contacts between the inter-layer rock seams damaged
under the three types of mining airspace formed during the
mining of the lower group 37! coal seam by the upper group
coal mining, the mechanism of inter-layer rock fracture
development is explored. This analysis involves comparing
the patterns of inter-layer rock fracture development and dis-
tribution characteristics.

T T 22Coal |
3-1 Coal
siltstone

T

mudstone
siltstone
mesquite |

134m

wee

| 150m |

Fig.4 UDEC discrete element numerical modeling
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Table 2 Numerical simulation of mechanical parameters

Rock name Volumetric Volume modu-  Shera modulus Poisson ratio Tensile Cohesion Fraction
weight (kg/m?) lus (MPa) (MPa) strength (MPa) (MPa) angle

(deg)

Coal seam 1350 2381 1163 0.29 0.8 1.3 33

Silt stone 2500 3372 3816 0.14 1.2 45 21

Medium sandstone 2350 2204 1723 0.19 0.9 1.8 32

Fine-grained sandstone 2600 9302 9137 0.13 2.1 4.2 28

Mesquite 2600 2135 1668 0.19 0.6 1.0 34

Mud-stone 2300 2895 2930 0.2 1.5 2 30

3.1 Evolution and Distribution Characteristics
of Fractures in Inter-Layer Rock of Fully

Mechanized Mining Area

When the lower group 3302 working face is mined under
the upper coal 272 coal fully mechanized mining area, the

hery T
b s veee

~ ‘l i -

development and distribution characteristics of the fractures
in the inter-layer rock are shown in Fig. 5.

The characteristics of fracture development at the early
stage of mining are shown in Fig. 5a. At the early stage of
mining in the lower coal seam, the inter-layer rock has tiny
transverse separation fractures. When the breaking strength

(a)In the early stage

o o o et

(c) In the late stage

Fig.5 Similar simulation of inter-layer rock fracture development and distribution characteristics
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Fig. 6 Numerical simulation of inter-layer rock fracture development and distribution characteristics

Key stratum Interlayer rock
rock breaking fracture penetration

Roof collapse of
room and pillar goaf

Room pillar goaf
coal pillar broken

(b) Inter-layer rock fractures penetrate the mining area

Fig.7 Similar simulation of fracture development and distribution characteristics of inter-layer rock under room-and-pillar area
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of the inter-layer rock layer exceeds the ultimate shear
strength, longitudinal breaking fractures appear, and the
inter-layer rock gradually forms longitudinal and transverse
through fractures. When the rock stratum breaks periodi-
cally, the width of transverse breakage fractures increases,
the development height increases, the longitudinal breakage
fractures pass through, and the breakage spacing is similar
to the step distance of the periodic pressure. The width and
number of fractures on the open-off cut side of the lower
seam at the early stage of mining are larger than those on the
face side. The maximum development height of the fractures
is about 22 m, and the distribution of fractures in the inter-
layers is approximately in the shape of a positive trapezoid.

The development and distribution characteristics of inter-
layer rock fractures during the middle stage of mining are
shown in Fig. 5b. The longitudinal breakage fractures show
an obvious periodic distribution, and the width and number
of these fractures are larger than those of the central break-
age fractures at the side of the open-off cut and working
face. The width of transverse separation fractures is greater
in the upper part than in the lower part, and the maximum
height of fracture development is 35 m, extending up to the
upper coal seam mining area. The number and density of
inter-layer fractures are significantly greater than those at
the beginning of mining, and the overall pattern of fracture
development is positively trapezoidal.

The development and distribution characteristics of inter-
layered rock fractures in the late stage of mining are shown
in Fig. 5c. As the working face of the lower coal seam is
mined, the overlying rock layer significantly influences the
development of the inter-layer rock fractures, as these frac-
tures are connected with the upper mining area. The trans-
verse separation fractures in the middle of the inter-layered
rock have closed, and both the fracture density and fracture
width have decreased. The longitudinal breaking fractures
have partially closed due to the turning back of the break-
ing inter-layered rock and the loading of the overlying rock
mass. The degree of development of inter-layer fractures on
the side of the open-off cut and the side of the working face
is significantly larger than that in the middle part. The mid-
dle part of the inter-layer fractures is gradually closing, and
the development pattern shows a positive trapezoidal shape.
The degree of fracture development is smaller than that in
the middle stage.

To accurately depict the evolution of the fracture devel-
opment and distribution characteristics of the inter-layered
rock, numerical simulation was used for analysis. The spe-
cific evolution process and distribution characteristics are
shown in Fig. 6.
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Figure 6a displays the fracture development process
and distribution characteristics of the inter-layered rock
and overlying rock layer during the mining of the 272 coal
seam of the upper group. The fracture development char-
acteristics are essentially similar to the results of similar
simulation tests. Through the numerical simulation cloud
diagram, it can be clearly observed that the mining of the
upper group of coal seams significantly influences the
development of fractures in the inter-layered rock. The
development of fractures in the inter-layered rock is par-
ticularly noticeable in the lower part of the side of the
open-off cut and the side of the working face mining, with
a development depth of about 15 m. The depth of the cen-
tral part of the development is about 9 m, and the density
and width of the fractures are greater than those in the
central part of the location.

Figure 6b displays the numerical simulation cloud map
of the development and distribution characteristics of the
inter-layered rock cracks during the mining process of the
lower coal seam. When the lower seam is mined to the
middle position, the overall development and distribu-
tion characteristics of the inter-layered rock fractures are
highly similar to the results of similar simulation tests.
The transverse separation fractures and longitudinal break-
age fractures penetrate through the inter-layered rock. The
longitudinal breakage fractures are periodically distrib-
uted, and the inter-layered rock fractures are larger at the
upper position than at the lower position. This accurately
reflects the development and distribution of fractures in
the inter-layer rock, and verifies the consistency with the
development of cracks in the inter-layer rock during the
field mining process.

3.2 Evolution and Distribution Characteristics
of Fractures in Inter-Layer Rock of the Room
and Pillar Mining Area

When the lower group 3302 working face is mined under
the upper group 272 coal room-and-pillar mining area, the
development and distribution characteristics of inter-layer
rock fractures are shown in Fig. 7.

Figure 7a illustrates the development process and dis-
tribution characteristics of the inter-layer rock fractures
before they penetrate the upper mining area. At the early
stage of mining, the fracture development is similar to the
fully mechanized mining area, with transverse separation
fractures. Longitudinal breaking fractures are formed when
the ultimate strength of the inter-layer rock layer is less than
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the breaking strength. In the middle stage of mining, the key
layer between the layers breaks to form transverse separation
fractures and longitudinal fractures. The width and density
of the fractures increase significantly, and huge separation
fractures are formed under the key rock layers. In the late
stage of mining, the transverse cracks of the inter-layer rock
rapidly expand upward, connecting with the upper group of
room-and-pillar mining area. The density and width of the
fractures in the lower part of the inter-layer rock are larger
than those in the upper part of the rock layer.

Compared with the evolution characteristics of the inter-
layer fractures under the fully mechanized mining area,
the periodicity of the development of longitudinal break-
age fractures and lateral boundary breakage fractures is not
obvious. However, the fracture width and density are sig-
nificantly larger than those of the cracks in the rock under
the fully mechanized mining area. The morphology of the
fracture development in the inter-layer rock is similar to the
fully mechanized mining area, which are all in positive trap-
ezoidal shape.

Figure 7b illustrates the development process and distri-
bution characteristics of the fractures in the inter-layer rock
after penetration with the upper mine area. As the working
face of the lower coal seam is mined, the upper transverse
separation fractures and longitudinal breakage fractures of
the inter-layer appear to close. Under the influence of the
load of the overlying rock layer, the stress is gradually trans-
ferred to the coal pillar of the mining area and fractures
appear. At this time, the density and width of the fractures
in the lower rock layer of the inter-layer rock are larger than
those in the upper rock layer.

When the continuity of the coal pillar in the room-and-
pillar mining area is damaged, the development of longitu-
dinal fractures in the inter-layer rock shows periodic evolu-
tion. The location of longitudinal fractures is situated in the
middle of the room-and-pillar mining area. The width and
density of the cracks in the inter-layer rock are larger than
those in the fully mechanized mining area, and the develop-
ment pattern of the fractures is not obvious.

To realistically depict the fracture development and dis-
tribution characteristics of the inter-layered rock under the
room-and-pillar mining area, we refer to Fig. 8a. This figure
shows the fracture development and distribution character-
istics of the inter-layer rock and overlying rock layer after
room-and-pillar mining of the upper coal seam. It can be
observed that the overlying rock layer has slight transverse
separation fractures. The fractures in the lower inter-layered
rock of the room-and-pillar mining area are primarily trans-
verse separation fractures, supplemented by longitudinal

breakage fractures. The depth of fracture development is
about 3 m, and the width and density of the transverse sep-
aration fractures are larger than those of the longitudinal
breakage fractures.

Figure 8b illustrates the development and distribution
characteristics of the inter-layer rock fractures after mining
the 272 coal seam of the upper group to form a room and pil-
lar mining area. During the mining of the lower coal seam,
the degree of development of inter-layer rock fractures is
significantly greater than that of inter-layer rock cracks under
the fully mechanized mining area. Its distribution charac-
teristics are basically consistent with the results of similar
simulation experiments, featuring irregular distribution of
transverse separation fractures and longitudinal breakage
fractures. Generally, the width and density of transverse
separation fractures are greater than those of longitudinal
breakage fractures.

3.3 Comparative Analysis of Fracture Evolution
and Distribution Characteristics of Inter-Layer
Rock

Through quantitative comparative analysis of the evolution
pattern and distribution characteristics of fractures in the
aforementioned inter-layered rock under different mining
areas, this paper introduces the concept of rock damages
degree (Bai et al. 2016; Bai and Tu 2020). The rock damage
degree is used as a quantitative criterion to characterize the
degree of fracture development in the inter-layered rock. The
rock damage degree is defined as the ratio of the sum of the
contact lengths of tensile damage and shear damage occur-
ring in the rock in the monitoring area during coal seam
mining to the total contact length of the rock in the monitor-
ing area. The calculation formula is shown in Eq. (1). The
tensile damage degree is calculated as the ratio of the contact
length of tensile damage to the total contact length of the
monitored area, as shown in Eq. (2). Similarly, the degree of
shear damage is calculated as the ratio of the contact length
of shear damage to the total contact length of the monitored
area, as shown in Eq. (3).

+
K, = ST 100% 1)
o
Ct
K, = — x100% )
o
cS
K, = a % 100% 3)

@ Springer



3796 J.Zhang et al.
|
1
[
[
[
[
. 1
i Overlying strata !
strata e .
crack area |
|
— [
i T |
. — |
[
v . S—— p— 1
v ] o s U i B
22 Coal seam T e e e
- . Interlayer s I
Interlayer - rock crack — —_
rock area 1
_______________________ |
3-1 Coal seam
S
|
[
I
— [
[
Overlying |
strata Overlying strata :
crack area ! ! |
[
B [
s . [
|
. I e [
% oo o 1 |
22 Coal seam| T e e =)
room-and-pi Interlayer — I
Interlayer “r. rock crack . I
1 Interlayer rock 2 area o 1
I
3 Coal seam| 3-1 Longwall header extraction area| |= B — = == = = = = = = = = - - - - - - -

(b) Lower seam mining

Fig. 8 Numerical simulation of fracture development and distribution characteristics of inter-layer rock under room-and-pillar mining area

where K, is the degree of rock damage; K, is the degree of
rock tensile damage; K is the degree of rock shear damage;
¢, is the length of total contact in the rock, m; ¢, is the length
of contact where tensile damage occurs in the rock, m; ¢, is
the length of contact where shear damage occurs, m.
Through continuous monitoring of the damage contact
length of the inter-layer rock fractures under the long-
wall fully mechanized mining area and room and pillar
mining area, the variation in rock damage of the inter-
layered rocks under these mining methods was obtained,
as shown in Fig. 9. The scatter plot in Fig. 9 illustrates
that the overall damage to the inter-layered rock under the
fully mechanized mining area is less than that under the
room-and-pillar mining area. In addition, after the for-
mation of different mining areas in the upper group of
coal seams, the damage to the inter-layered rock gradually
increase towards the fully mechanized mining workings
of the lower group of coal seams. The degree of dam-
age to the inter-layered rock below the room-and-pillar
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mining area is greater in shear than in tension, indicating
that the development of fractures in the inter-layered rock
is primarily influenced by shear damage. In contrast, the
degree of shear damages is greater than tensile damage to
the inter-layered rock below the fully mechanized min-
ing area. This suggests that the fracture development in
the inter-layered rock is mainly driven by shear damage,
although it is less pronounced compared to the shear dam-
age observed in the inter-layered rock in the room-and-
pillar mining area. Inter-layer rock crack damage length
monitoring is mainly determined using various methods
such as acoustic emission in similar simulation experi-
ments and plastic zone and displacement cloud mapping
in numerical simulations.

To accurately and quantitatively characterize the vari-
ation of damage in inter-layered rocks during the mining
of the upper group of coal seams and the lower group of
coal seams, as well as the proportion of shear damage and
tensile damage in each mining process. The proportion of
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Fig.9 Scatter plot of damage degree change of inter-layer rock mass in different area

the monitoring results is shown in Fig. 10. From Fig. 10a,
it can be observed that the degree of fracture damage in
inter-layered rock varies significantly before and after
repeated mining under the long wall fully mechanized
mining area. After mining the upper group of coal seams,
the degree of damage to the inter-layered rock is approxi-
mately 14%, while after mining the lower group of coal
seams, it increases to approximately 52%. Shear damage
degree dominates in both cases, accounting for approxi-
mately 22% and 30% respectively. As depicted in Fig. 10b,
the variation in the degree of fracture damage to the inter-
layered rock before and after repeated mining under the
room-and-pillar mining area is more compared to the long
wall fully mechanized mining area. After mining the upper
group of coal seams, the degree of damage to the inter-
layered rock is approximately 18%, while after mining the
lower group of coal seams, it increases to approximately
61%. Shear damage dominates in both cases, accounting
for approximately 25% and 36% respectively. It is evident
that when the upper group coal is mined by room-and-
pillar mining and long-wall fully mechanized mining, the
former experiences more damaged than the latter during
the mining process of the lower group coal seam. The
room-and-pillar mining area has a significant influence on
the development of inter-seam rock fractures, resulting in
more developed. Therefore, when mining the coal seam
under the room-and-pillar mining area in the lower group
working face, it is crucial to pay attention to the develop-
ment of fractures the inter-layer rock.

4 Analysis of the Mechanism of Fracture
Formation in Inter-Layered Rock

4.1 Analysis of the Mechanism of Rock Fractures
Development Between Seams Mined
in the Upper Group of Coal Seams

4.1.1 Analysis of Inter-Layered Rocks Stress and Depth
of Damage Under Different Mining Methods

When the upper group coal seam is mined using long-wall
fully mechanized coal mining and room-and-pillar coal min-
ing methods, they produce different disturbance effects on
the inter-layered rock. As a result, the fracture evolution pat-
tern and distribution characteristics of the inter-layered rock
exhibit distinct expansion phenomena. These phenomena
can be clearly observed through similar simulation test and
numerical calculation. In the case of mining, the upper group
coal seam using the long wall fully mechanized coal mining
method, the stress state and fracture development form of
the bottom plate of the upper group coal seam and the upper
position of the inter-layered rock differ due to being in dif-
ferent mining stages. With long-wall fully mechanized coal
mining, the stress in the upper part of the inter-layered rock
undergoes a sequence of increasing compression, expansion,
and recovery. The transverse separation fractures experience a
cycle of closing, opening, and closing, while the longitudinal
breaking fractures go through opening, closing, and opening.
This results in the formation of compression region, expansion
region, transition region, and re-compacted region within the
inter-layered rock. On the other hand, when the upper group
of coal seam are mined using room-and-pillar mining, only
the compression region and expansion region are formed in
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the upper position of the inter-layered rock. The inter-layered M kyH + Ctan ¢
rock below the coal pillar fa i i i Yo = i ®
pillar forms the compression region, while 27 tan ¢ nCtan ¢

the inter-layered rock below the room-and-pillar mining area
becomes the expansion region.

(1) Analysis of inter-layer rock stress and damage depth in
long-wall fully mechanized mining. Based on the elasticity
theory and the Mohr—Coulomb strength criterion, the damage
depth of the inter-layered rock caused by mining the upper
group of coal seams during long-wall fully mechanized coal
mining is calculated and analyzed using the slip line calcu-
lation theory. The process of inter-layered rock damages is
illustrated in Fig. 11.

The logarithmic double helix equation for r, ), can be
expressed as:

r=roe’ % @

Approximating the curve in portion of the region shown in
Fig. 11 as a straight line of solution, the geometric relationship
in the figure can be expressed as follows:

r0=xu/2005<%+%> (5)
_x_(z_%a_

) <4 2 9) ©)
sina = cos (a - %) @)
h, =rsina 8)

The equation based on the cohesion of the coal seam C
as parameter x,, is:
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By substituting Egs. (4) to (7) and (9) into Eq. (8) based
on the basic parameters of coal rock mechanics, we can
obtain the maximum depth of damage #,, to the bottom slab
as follows:

h, = M - cos ¢, e(§+%)tan¢d ‘I kyH + C - cot¢p
4n~tan¢-cos<§+%> n-C-cot¢
(10)

where: M is the mining height of the coal seam, m; k is the
stress concentration factor; ¢ is the internal friction angle of
the coal seam, °; H is the mining depth, m; 7 = %ﬁ is the
triaxial stress factor; y is the average capacity weight of the
overlying rock seam, kN / m?; ¢, is the internal friction angle
of the inter-layered rock, °; C is the cohesion of the coal
seam, MPa; x, is the length of the yield region of the coal
seam, m.

According to the mechanical parameters of the upper
group 272 coal in Table 1 and the geological conditions of
the mine, we can analyze and calculate the depth of dam-
age to the inter-layered rock seam during long-wall fully
mechanized coal mining of the upper group coal, the min-
ing height of the 272 coal M = 4.3 m, the internal friction
angle of the rock layer ¢p, = 30°, the triaxial stress coef-
ficient # = % = 3.88 of the overlying rock layer, the
internal friction angle ¢p = 36° of the coal seam, the stress
concentration coefficient k = 2.4 of the upper group coal,
the average capacity weight y = 25 kN / m? of the overlying
rock layer, the burial depth of the upper group coal H = 80
m, the cohesive force of the coal seam C = 2.2. Substitut-

ing each parameter into Eq. (10):
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(2) Room and pillar mining inter-layer rock stress analy-
sis. When mining the upper group of coal seams using
room-and-pillar mining, the stress distribution law below
the upper position of the inter-layered rock, specifically in
the room-and-pillar mining area, is analyzed. The stress
distribution of the coal pillar at the upper position of the
inter-layered rock is considered a plane strain problem.
The research focuses on the coal pillar and the inter-lay-
ered rock, and the inter-layer rock force model and damage
depth are shown in Fig. 12.

According to the constructed mechanical model, the
stress at any point M(x, z) within the inter-layer rock is
solved by considering the micro-length d¢ at a distance
& from the origin O. Based on the half-plane theory, the
stress at the point M can be obtained as follows:

— _2 a2 _q=9)? G
/a/2 [Z +(x E)Z] ¢
=—= —F—d
= EL (11)

_ 2 ra/2 _¢Px-9
Tee = T ./—a/Z [Z2+(x_§)z]2 dé

For the solution of Eq. (11), the permutation method is
used with permutation parameters % = ¢and t. The nega-
tive sign in the above equation indicates that the direction
of the load is opposite to the direction of the coordinate
axis, the solution yields:

a/ 2
oy = —1 Ae=d) —arctang
* 2+0-5)? —a/2
af
o, = {—3[ 2= _ 4 arctan 2% 5]} (12)
© 7| 24082 < —a)2

a/2

— ) a|_ =0
T = { ” [224-(«(—5)2] }

For the determination of g in the above equation, room
and pillar mining will transfer the overlying rock seam load

—a/2

to the coal pillar, so it can be seen as the overlying load act-
ing equivalently and equally on its coal pillar, then the load
acting on the coal pillar is:

b a b?
g=p-py=vH Z+Z+E (13)

where y is the capacity of the overlying rock seam, kN / m3;
H is the average depth of burial of the room mining work-
ings, m; a the width of the coal pillars in the room and pillar
mining area, m; b is the distance between the coal pillars, m;
L is the length of the coal pillars, m.

(Lb+uz +b2 )yH

x+a/2 x—a/2 z(x+a/ 2) 2(x—a/ 2)
o, = —~————>— |arctan == — arctan —= —
x la [ : z Zaera/ 2% Paemaf 22
Lb+a?+b2 )yH ; o
o, = —7( ) arctan x+a/2 _ arctan = a/z + _Hta/D) 5 = d—a/ ) 5
< rla z 22+(x+a/ 2) 2+(x—a/ 2)
(Lb+a2+b2)/l~1 2 2
Ty, = - =
“ ©la 24ata/2?  2+a-a/ 2P

(14)

From Eq. (14), a stress contour plot of the room-and-
pillar mining coal pillar against the inter-layered rock is
obtained, as shown in Fig. 12b. The green curve indicates
the horizontal stress contour, and the black curve indicate
the vertical stress contour. The stress in the inter-layered
rock is primarily in the horizontal direction when its distance
from the central pillar is greater than the width of the pillar.
In this case, the stress in the inter-layered rock is less than
0.2g. On the other hand, the stress in the inter-layered rock
is primarily in the vertical direction when its distance from
the vertical direction is greater than twice the width of the
pillar. In this case, the stress in the inter-layered rock is less
than 0.3q. The vertical stress is the greatest at any depth
directly below the centre of the pillar. The stress in the inter-
layered rock is mainly influenced by the vertical stress, the
horizontal stress have less influence.

According to the production situation of the HanJiaWan
coal mine room and pillar mining site, using Mathematic
software, the stress cloud diagram of the coal pillar trans-
ferring load onto the inter-layers rock can be obtained, as
shown in Fig. 13.

As can be seen from the stress contour of inter-layer rock
in Hanjiawan Coal Mine, the stress contour diagram of the
coal pillar of the inter-layered rock in the upper group of coal
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Fig. 13 Stress contour of inter-layer rock in Hanjiawan Coal Mine

seams shows a ‘alveolar’ shape in the horizontal direction,
and a ‘light bulb’ shapes in the vertical direction. The shear
stresses contours in the inter-layered rock exhibit a ‘biplane’
shape. As the depth increases, the horizontal stresses in the
inter-layered rock become less influential in the horizon-
tal direction. The attenuation of horizontal stresses is more
pronounced in the center of the coal pillar compared to the
sides. The vertical stress in the inter-layered rock gradu-
ally decrease with increasing depth. However, the decrease
in the vertical direction is much less than in the horizontal
direction. The shear stresses in the inter-layered rock are
symmetrically distributed over the centre of coal pillar. This
indicates that the shear stresses have equal magnitude and
opposite direction on each side of the symmetry about the
column, decreasing towards the lower left and right corners.

(3) Room and pillar mining inter-layer rock damage depth
analysis. After the room and pillar mining the upper group of
coal seam, the load of the coal pillar is transferred downwards,
causing damage to the inter-layered rock and compromising
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its integrity. Under the concentrated load of the upper group
of room-and-pillar coal pillars, the maximum shear stress in
the inter-layered rock is located at a depth of half the width
of the coal pillars. Based on the above calculation results and
considering the self-weight stress yz in the inter-layered rock
itself, the principal stress at any point in the inter-layered rock
in the plane strain state is:

0-1 =
03

Damage to inter-layered rock under multi-directional stress
obeys the Mohr—Coulomb damage criterion:

(@ +sina)+yz
b (15)

%(a —sina) +yz

o, —&o; =R, (16)
Substituting Eq. (15) into Eq. (16) to collate gives:
p(E+1 . ) R,
=—|>Z—sina—a |- —— 17
ﬂ7<€—1 -1 an
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Through j—i = (), the maximum depth of damage %, of the
inter-layer rock is obtained as:

£_£<€+1

de  my\é—1

cosa—1> =0 (18)

It is possible to obtain:

-1
cosa = m (19)

The calculation gives:

sl
E+1
Substituting Eq. (20) into Eq. (17) gives the maximum

depth of damage to the inter-layer rock beneath the coal pil-
lar as:

p<2\/g
hmaxz_ -z 5 C
e 1

Ty

a = COS

(20)

_15_1 Rc
® i) e-n @h

Substituting p = yH(l + Z + % + i’—:), Eq. (21) can be

et ) R,
os” —— | -
E+1 r€-1
(22)
where: a is the width of the coal pillar, m; b is the width of
the coal room, m; L is the length of the coal pillar, m; R, is
the uniaxial compressive strength of the upper position of
the inter-layered rock, MPa; H is the burial depth of the
overlying coal seam, m; y is the average allowable weight of
the overlying rock, kN / m3; &= t:g zj ; ¢4 1s the angle of
internal friction of the inter-layered rock.
According to the mechanical parameters of the upper
group 27 coal rock seam in Table 1 and the geological
conditions of the mine, the analysis and calculation of the
damage depth of the inter-layered rock during coal mining
in the upper group room-and-pillar coal mining type is per-
formed. The width of the coal pillar a = 6 m, the width of
the coal house b = 6 m, the length of the coal pillar L = 6
m, the average uniaxial compressive strength R, = 25.6MPa
of the inter-layered rock layer, the burial depth H = 80 m of
the upper group coal seam, the average rock mass capacity
y = 25kN / m3, & = % = 3 of the overlying rock layer,
the angle of internal friction ¢, = 30° of the inter-layered
rock.

expressed as:

h =

max

(La+Lb+a2+b2)H<2 g
-1

rla

6X6+6X6+6%+6) x 80 _
i _ (6x6+6x6+6"+6%) x <32\/§l_ws,1§+i> 25.6

max = 314X6x6 T 253-1)

=28.7 m.

4.1.2 Mechanics of Fracture Evolution of Inter-Layered
Rocks Under Different Mining Methods

By analyzing the stress and damage depth of the inter-layer
rock during the mining of the upper group coal seam, it is
observed that different stress partitions are formed in the
inter-layered rock during room-and-pillar mining and long-
wall fully mechanized mining of the upper group coal seam.
This variation in stress partitions leads to different mechani-
cal mechanisms in the evolution of fractures in the inter-
layered rock. Specifically, when the inter-layered rock is in
the compression region, the fractures bend and expand on
higher stress states (Zhang et al. 2015). No fractures closure,
wheno, < 2%’ and 5, < 2%’(1. k is 3 — 4v in the plane strain
state and £ is % in the plane stress state. v is the Poisson’s
ratio, G, is the shear modulus of the rock between the layers,
03, 1s the lateral stress at the unloading point, o, is the maxi-
mum principal stress, and « = b/ c, ¢ and b are the half-
length axis and half-openness of the elliptical fracture,
respectively. Schematic modeling of inter-layer rock fracture
evolution, as shown in Fig. 14.

When the inter-layer rock is in the compression region,
as shown in Fig. 14a. The conditions under which bending
and extension of fractures occur in the compression region
of inter-layered rock are:

_ \/gchc to

RO

The mean open displacement of primary fractures
(Basista and Gross 1998; Zhou et al. 2005) is:

(o}

(23)

Il'C(l - vé)

E,

b= (75 — 031, cos 6) (24)
where F(0) =sinfcos8; K, is the fracture toughness
of the formation, K, = K;; F = 2c7,4; [, is the length of
the secondary fracture; E| is the modulus of elasticity of
the rock mass; @ is the angle between the fracture and the
direction of the principal stress; o5 is the minimum prin-
cipal stress; Top is the effective shear stress of the rock
mass between the layers that actually produces frictional
sliding, 7, is the cohesion; u is the coefficient of friction,
5 = (0 — 03) cos Osin@ — 7, — (o3 sin> 0 + &, + cos? 0).
When the inter-layered rock is in the transition region,
as shown in Fig. 14b. The lateral stress within the transition
region of the inter-layered rock remains relatively stable,
while the vertical stress decreases significantly. This stage
can be considered as the process of unloading the perimeter
pressure and vertical stress of the inter-layered rock. The
expansion of fractures in the inter-layered rock primarily
occurs in the form of reverse slip (Zhou and Zhang 2007).
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Fig. 14 Schematic diagram of fracture stress evolution in different regions

When o) < z%’a, the wedge force F, on the fractures at
the start of the unloading is:

4Gya 5 .9
F,=2cos0 1 —ul| o3, — 1 cos” 0+ 0y, sin" 0| — 17,

+2cos 9[% (610 = 01 — 03,) sin 20]

(25)

The wedge force F, at any point during the unloading of
the inter-layer rock is:

4Gya 5 )
F, =19 2ucosf O’3—K+] cos” 0 + oy, sin“ 0| + 17,

+2c059[% (61 =010 = O3m) sin29]

(26)

When reverse slip F,, = F, occurs in the inter-layer rock,
then the critical stress for reverse slip is obtained as:

_ [oasin20 8Gya
=172 M7k

> cos? 9 — 2(15 + Uoy,y, sin? 6’)]/ (cosf}sine + ucos? 6’)
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where o, is the axial stress at the starting point of unload-
ing; o, is the average maximum principal stress in the rock
between layers.

When the inter-layer rock is in the expansion region, as
shown in Fig. 14c. In this region, the vertical stress in the
inter-layered rock decreases to zero or becomes tensile
stress, destabilization and expansion of the fracture occurs
when the 5| > :%’a > o5 frictional bending fracture occurs.

Type II open displacements of primary fractures in inter-
layered rock are:

__ﬂ<1_v2) \/ﬁ _ ‘/Za)tan”;lz )
0 wsin Z \/ﬁ

(28)
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The vertical stress required for the unstable expansion of
fractures in the inter-layer rock is:

03 = {—k w+2csind, [z, + (o, — 0y,) X sin, (psin 6, — cos 6, )] }/ [\/Ea)+c sin 20, (y cos 6, + sin 91)] 29)

where [ is the average length of the fracture; w is the half-
length of the fracture spacing between two mutual fractures.
Wheno; < %a the fracture does not bend and expand, but
reverse slip and open deformation of the fracture occurs.

When the inter-layer rock is in the re-compaction region,
as shown in Fig. 14d. In these regions, the vertical stresses
gradually re-compact and close the previously generated
open fractures. The fracture in the inter-layer rock is con-
sidered completely closed when the relative displacement
between points C and C; is assumed to be equal to the open-
ing of the fracture 2b. The critical closure condition of the
fracture is:

8G,

e (01, — 03.)(1 + a) cos 20 (30)

O1c + 03; =
where o5, is the average minimum principal stress in the
inter-layer rock. The closure displacement of the inter-layer
rock fracture in the longitudinal and transverse directions is:

Uy = = [/(0)0) + g,(0)03)c an
Uy = % [(@)0, + g,(8)55]c
where, f1(6) =sinfcos f; +2sin f; cosb
g(0) = —sinfcosp;, , f>(0) = —cosfcosf,
8,(0) = cos B cos f, —2sin ff, sinf. The critical angle of
closure of a fracture can be expressed as:

8&0{ - (0'1 + 0'2)

0, =05arccos =~ (32)
(0'2 - 0'])(1 +a)

By studying the expansion of fractures in the compres-
sion region, expansion region, transition region, and re-
compacted region of the inter-layered rock under different
mining methods of the upper group coal seam, we have con-
structed fracture development models for the inter-layered
rock at different stress regions during the mining process.
We have determined critical conditions for fracture expan-
sion, fracture opening displacement, and other parameters.
In addition, we have analyzed the dynamic evolution process
of the fracture development in the inter-layered rock under
different mining regions for the upper group coal seam.
Through this analysis, we have determined the fracture
development mechanism of the inter-layered rock under the
influence of mining for the upper group coal seam.

4.2 Analysis of the Mechanism Of Rock Fractures
Development Between Seams Mined
in the Lower Group of Coal Seams

4.2.1 Analysis of the Height of Fracture Development
in Inter-Layered Rocks Mined in the Lower Group
Coal Seam

During the mining process of the lower group coal seam, the
inter-layer rock structure undergoes destabilization and col-
lapse due to the overlying load stress and self-weight stress.
This leads to further development of fractures in the inter-
layered rock due to repeated disturbances. To analyze the
height of the inter-layer rock collapse in the lower group coal
seam mining, it is necessary to consider the comprehensive
mining height M, instead of just the height of a single coal
seam. The height of the overburden fracture zone and col-
lapse zone in the lower group coal seam can be expressed
according to the “three lower” coal mining operation regula-
tions as follows:

MZ=M2+<M1_£> (33)
Y2

where M, is the mining height of the upper group of coal
seams, m; M, is the mining height of the lower group of coal
seams, m; L is the distance between the rock seams of the
seams, m; y, is the ratio of the mining collapse height to the
mining height of the lower group of coal seams.

To analyse the height of fracture development in the inter-
layered rock during repeated mining of the lower group coal
seam, we can refer to the calculation method for the develop-
ment height of the “collapse zone” and “hydraulic fracture
zone” in the overlying rock under repeated disturbance from
the lower group coal seam. By comparing the development
height of the “two zones” with the thickness of the inter-
layered rock, we can determine the fracture development
height in the inter-layered rock under the repeated distur-
bance of the lower coal seam. This method provides a basis
for determining the fracture development mechanism in the
inter-layered rock under different mining methods, and helps
determine the development mechanism of transverse sepa-
ration fractures and longitudinal breaking fractures in the
inter-layered rock during mining (Table 3).
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Table 3 Fracture development height of inter-layer rock mass under repeated mining

“Two-band” Lithology Suitable for “Two-band” Lithology Suitable for M < 3 m coal seam
M <3 m coal
seam
Formula one Formula one Formula two
Cavi height  Stiffi = _looM Height of Fractured water- Stiffness = _100M —
aving zone heig iffness Hy = shre 2.5 Ezidu(;tinrga;ounr: water: iffness Hy= s £89 Hy =30V/M + 10
Medium-hard = _1ooM Medium-hard _ _100M _
edium-hard p, = ZPets 322 edim-hard H, = "= +£5.6 H; =20VM + 10
. 100M 100M
Weakness H, = sz + . Weakness H; = Timas0 ¥ 40 H; = 10\/M+ 5
Very soft = Lo Very soft = _loom -
ey so i = e £ 12 eryso Hi = Sovzss =30

M is the effective mining height, the lithology strength is classified according to the uni-axial compressive strength of the rock, with 40-80 MPa
for hard, 20-40 MPa for medium-hard, 10-20 MPa for soft and 10 MPa or less for very soft

4.2.2 Mechanisms of Inter-Layered Rock Fracture
Development in Lower Coal Seam Mining

During the mining of the lower group of coal seams, the
inter-layered rock structure undergoes fracturing. This
results in the formation of transverse separation fractures
and longitudinal breaking fractures. Transverse separation
fractures typically occur at the contact surfaces between dif-
ferent rock layers in the inter-layered rock structure, while
longitudinal breaking fractures occur within rock layer
along its longitudinal section. Since the elastic modulus
and thickness of each rock layer composing the inter-layer
rock are different, transverse separation fractures and lon-
gitudinal breakage fractures are formed in the deformation
and destruction process of the inter-layer rock. Transverse
separation fractures include tension horizontal off-layer
fractures and shear staggered fractures, and longitudinal
breakage fractures include longitudinal tension fractures
and longitudinal shear fractures.

When there is a significant difference in bending stiffness
between the rock layers within the inter-layer, synchronous
bending and deformation of these layers becomes challeng-
ing. As a result, separation occurs at the contact surface of
the adjacent rock layers, leading to the formation of tension
horizontal off-layer fractures, as depict in Fig. 15a. Con-
versely, if each rock layer within the inter-layer undergoes
synchronous bending and deformation, horizontal shear
stress is generated at the contact surface of each adjacent
rock layer. When this horizontal shear stress is exceeds the
shear strength of the contact surface, horizontal shear stag-
gered fractures emergence along the contact surface, as illus-
trated in Fig. 15b. In the longitudinal direction, there are ver-
tical shears stresses and horizontal positive stresses between
the layers within the inter-layer rock, formation of longitudi-
nal tension fractures and longitudinal shear fractures along
the longitudinal direction, as depicted in Fig. 15¢. The verti-
cal shear stress of each rock layer within the inter-layer seam
is highest in the middle of the rock layer, while the horizon-
tal positive stress is highest at the surface of the rock layer.

@ Springer

The distribution of positive and shear stresses is illustrated
in Fig. 15d. When the horizontal tensile stress exceeds the
tensile strength of the rock layer, tension fractures occur
within the rock layers within the inter-layer rock. As ten-
sion fractures develop, the effective bearing area between the
rock layers decreases, leading to an increase in shear stress
along the longitudinal section. When the shear strength of
the rock layers within the inter-layer is lower than the shear
stress, longitudinal penetration fractures occur along the
longitudinal section.

1. Tension off-layer fractures

Because of the variability in the modulus of elasticity and
thickness of the various rock layers that make up the inter-
layer rock, the inter-layer rock is assumed to be a combined
rock beam structure. When mining the lower group of coal
seam workings, tension fractures between the layers within
the inter-layered rock seam. These fractures are formed
when the tensile stress within the inter-layered exceeds the
bonding force between the layers, under the influence of the
overlying rock load and self-weight stress. As the mining
space gradually increases, these tension fractures continue
to develop.

Conditions for the formation of transverse separation
fracture at the contact surface of each rock layer within the
inter-layer are as follows:

7' =c +0,tan@’ (34)

where ¢’ is the angle of internal friction at the rock contact
surface; ¢’ is the cohesion at the rock contact surface; 7’ is
the shear stress at each rock contact surface; o, is the normal
stress at the rock contact surface.

The determination of whether adjacent rock layers form
a separated space is based on the examination of the maxi-
mum curvature and maximum deflection of each adjacent
rock layer within the inter-layer as it undergoes sinking, the
criterion for determining this can be expressed as follows:
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(a) Schematic diagram of horizontally tension off-layer fractures
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(b) Schematic diagram of horizontal shear staggered fractures
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(d) Distribution of positive and shear stresses in the inter-layer rock

Fig. 15 Horizontal separation and longitudinal fracture stress distribution of inter-layer rock strata

o 7L2
Pmax a Em2 (35)
’ 7L4
max — Em2 (36)

where o', ' is the coefficient of determination of the sup-
port conditions of the rock beam in the inter-layer; y is the
capacity weight of the rock formation, k<N / m?; Lis the span
of the rock beam, m; E is the modulus of elasticity of the
rock formation; m is the thickness of the rock formation, m.

Based on the amount of subsidence deformation of
adjacent rock layers within the inter-layer rock, a flow
chart is proposed to discern the formation index of frac-
tures and determine the occurrence of separations. This
flow chart is based on the modulus of elasticity E of
the rock layer and the thickness m of the rock layer, as
shown in Fig. 16. When the tensile stresses generated by
the bending and sinking of the rock within the inter-layer
meet the conditions for separation, and the deflection of
the lower rock layer is greater than the upper rock layer,
the adjacent upper and lower rock layers will create a sepa-
rated, resulting in the formation of a horizontal separa-
tion fracture, W,y jower > @max upper- Ustally the span of the
upper rock layer is approximately 0.8 times the span of
the lower rock layer, Ly, = Ljgyer- Conversely, when the
lower rock deflection is less than the upper rock deflection,
O pmax lower max upper> there will be simultaneous bending
subsidence without transverse separation fractures, usually
the span of the upper rock layer is the same as the span of
the lower rock layer, L

=w

upper = Llower'

Determination of the amount of off-layer for tension off-
layer fractures. According to the masonry beam mechanics
model, the sinking curve of the rock beam in layer i of
the inter-layer rocks can be expressed by the following
Eq. (37):

W= =2 (K1) (1=7)

Ry

3q

37

l.=h,

L 1

(38)

where W,; is the sinking curve of the i rock layer within
the inter-layer at x m from the coal wall of the working
face; K ; ; 1s the residual fragmentation and expansion coef-
ficient of the i rock layer within the inter-layer; Y’ 4! is the
distance between the i rock beam and the coal seam of the
inter-layer, m; /; is the fracture distance of the i rock layer,
m; h; is the thickness of the i rock layer, m; Ry is the ten-
sile strength of the i rock layer; g is the load of the overly-
ing rock layer of the i rock layer, kN / m?>.

The amount of subsidence after the i rock formation has
been stabilized by subsidence is

o et _
W =m= D Hi(K,=1)
After the two adjacent rock layers of the inter-layer have

sunk and stabilized, the maximum amount of separation
before breakage occurs is:
(k-1
[’1[

(40)

(39)

AW

mi

Wmi - Wmi+l = Z h;+1

(Kl/)i+1 - 1) - Zh:
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Fig. 16 Flow chart for determining the formation of horizontal separation fracture

The amount of separation after the breaking of the two
adjacent rock layers is:

AW,y = W, (€7 =) (1)

According to the theory of thin plates in elastic mechan-
ics, the amount of separation of adjacent rock layers can be
expressed as follows:

4

AWmax — 6114 - <QIOwer _ unP‘“‘)
* [3 + 3<ﬁ> + 2((1_1) ] Diower - Dupper
b] hl
42)
where AW, .. is the maximum separation of the adjacent

rock sheet; a, is the length of the rock sheet; b, is the width
of the rock sheet; g, ,per and gy, are the mean load of the
adjacent upper and lower rock sheets, respectively; D,
and D, ., are the bending stiffness of the adjacent upper and
lower rock sheets, respectively.

2. Horizontal shears staggered fractures

In the process of mining the lower group coal seams,
adjacent rock layers with large differences in bending stiff-
ness are prone to separation. Adjacent rock layers without
separation will have synchronized bending and subsidence
deformation to form horizontal shear staggered fractures. It
is regarded as a combined rock beam model. The transverse
separation fracture serves as the boundary of the combined
rock beam, as shown in Fig. 17a. In the process of inter-layer
rock mining and sinking, let i ~ j represent the unit width of
the combined rock beam model. Since the bending radius
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of curvature of the inter-layer rocks is much larger than the
thickness of the rock layer, we take the radius of curvature
of each rock layer on the combined rock beam model as the
radius of curvature of the lower most rock layer. A right
angle coordinates system is established with the neutral rock
layer of the combined beam as the x — y plane. The bending
moment of the combined rock beam model is the sum of the
bending moments of each rock layer in any longitudinal sec-
tion. This can be expressed as shown in Eq. (43).

. j j i (g
MiN/=ZM"=Z /anzdz =Z -

n=i pi"j i

(43)
where M,-Nj is the equivalent bending moment of the com-
bined rock beam between the layers, kN - m3; M,, is the bend-
ing moment of the n rock layer, kN - m; h, is the thickness
of the n rock layer, m; o, is the positive stress in the longitu-
dinal section of the n rock layer, MPa; p,; is the equivalent
radius of curvature of the combined rock beam, m; and p; is
the radius of curvature of the i rock layer, m. From Eq. (43),
it follows that:

(44)

J
Z EnIn
— pl — n=i

M, M,

The simultaneous bending deformation of the layers of
the combined rock beam within the inter-layer rock shows
that the positive strain in the horizontal direction at any point
along the longitudinal section is only related to the longitu-
dinal coordinate. The modulus of elasticity is related to the
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Fig. 17 Modeling of shear stag- e —
gered fractures in rock beams of [ S
inter-layer rock =

(a) Schematic diagram of combined rock girder bending and sinking

lithology of the inter-layer. Therefore, the positive stress at
a point with a longitudinal coordinate z on the longitudinal
section of the longitudinal section of the r rock layer of the
combined rock beam is:

E, Z M, .EZ

i~ . .
e P
CRR / 5)

o, = —

A micro-element of length is taken inside the inter-layer
composite rock beam dx. A cross-section is taken inside
the micro-element, which is assumed to be located on the
r rocks layer and at a distance /! from its lower surface. A
spatial coordinate system is established in the plane where
the neutral layer are located x — y. The vertical distances
from the cross-section and the base of the micro-element
from the neutral layer of the combined rock beam is z; and
7, respectively, as shown in Fig. 17b.

Assuming that the tangential stress in the cross-section
is 7,, the combined force in the direction x below the cross-
section is zero, which gives:

1
T.dx — / dodz =0 (46)
(%)

Substituting Eq. (45) into Eq. (46) and giving
dM / dx = Q, which gives:

:~J

ZEm/deE,/zm
2

I i

= INJ <Z " mwn+E,hrz(,> (47)
Ze

where z,,, are the longitudinal coordinating of the longitudi-
nal section form center of rock layer m; z/,_is the longitudi-
nal coordinate of the longitudinal section form center of the
part of rock layer r below the transverse section; QM is the
equivalent shear force of the rock beam of the combination
of the layers, kN. The equivalent shear force according to

Eq. (44) can be expressed as shown in Eq. (48):

Composite
rock beam 3

- neutrosphere’ J

Composite — 2| =L > Vo,
rock beam 2 - | Sl {

L y /Ia'.\l/
(b) Micro-element force analysis
J

Z EnIn

""dM- nei 48
= Qi @9

_ am .. Z

_ i~ _ n= i
Qi =~y El. dx  El

The above equations are based on the plane in which
the neutral layer of the rock beam of the inter-layered rock
combination is located, as a right-angle coordinates sys-
tem x — y. If the plane in which the lower surface of the
coal seam is located x — y is a right-angle coordinate sys-
tem and is substituted for Eq. (48), then Eq. (47) can be
expressed as follows:

2 771 m m/2 neu +Erh/

11 m=i

- h,/2 nw)

49)
where H,,, is the vertical distance of the neutral rock seam

from the lower surface of the coal seam, m. The H,,, is
obtained by taking the combined force in the horizontal
direction to zero in any longitudinal section of the combined
rock beam of the inter-layered rock.
From this, the vertical distance H,,, from the neutral
surface to the lower surface of the coal seam can be found

as follows:

56, = 1,/2)
Hneu - (50)
Z‘Enhn

Substituting Eq. (50) into Eq. (49) gives the shear stress
in any cross-section of the combined rock beam from the
i ~ jrock formation. If this cross-section lies on the upper
surface of the r rock formation, h; = h,, then Eq. (49) can
be simplified to:

T 2§
rEI

"l ;=]

E by (Hy = 1y /2 = H,y,) (1)
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The shear strength of the upper surface of rock forma-
tion r, the contact surface between rock formation r and
rock formation r + 1, can be calculated according to the
following equation:

s
5] = X, vahutang +cl' (52)
n=r+1

where [Tﬁ”] is the shear strength on the adjacent rock con-
tact surface, MPa; d)’r" is the angle of internal friction on the
adjacent contact surface, °; cr the cohesive force on the adja-
cent rock contact surface, MPa; When the horizontal stress
formed on the contact surface by the bending and sinking of
the combined rock beam is greater than its shear strength,
shear damage occurs on the adjacent rock contact surface,
producing horizontal shear staggered fractures.

The distribution characteristics of shear stress on the
contact surface of a rock formation are the same as those
of shear stress, with the shear stress on the contact surface
gradually decreasing as one moves deeper into the forma-
tion. Horizontal shears staggered fractures are formed by
the simultaneous bending deformation of the combined
rock layers, resulting in horizontal shears stresses and
shear damage to the contact surface. Shear staggered frac-
tures exhibit slight tangential shear displacement along the
fracture face and no displacement normal to the fracture
face. As a result, Horizontal shear staggered fractures were
formed.

3. Longitudinal tension fractures

During the mining process of the lower group of coal
seams, the development and evolution of longitudinal ten-
sion fractures in the inter-layer rock is shown in Fig. 18.

The subsidence, bending moment, and radius of cur-
vature of any i formation within the inter-layer satisfy the
following relationship:

213/2
(5]
gobli L 7] (53)
! M. d?w;
: e

Since (dwl-/dx)2 in Eq. (53) is much less than 1, it is
calculated here as zero, so Eq. (53) can be reduced to (Liu
2011):

El d*w,
M, T/ ae o4

L

Pi

According to the provisions of the mechanics of materi-
als, it can be seen that when the rock layer bends upward the
lower surface is tensile and the upper surface is compres-
sive, and its bending moment and curvature are positive.
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Assuming the maximum bending moment of rock formation
i is positive, its maximum tensile stress is located at the
lower surface of the formation, which can be expressed as:

(6]) max = E7 (55)

By comparing the maximum tensile stress on the rock
layer with the tensile strength of the rock layer itself, it can
be analyzed that when the maximum tensile stress is greater
than the tensile strength of the rock layer, the surface of
the rock layer will produce tension fractures, and when the
tensile stress at the tip of the fracture is equal to the tensile
strength of the rock layer, the tension fractures will stop
developing. It is assumed that tension fractures are gener-
ated on the lower surface of the i rock formation, and the
development of fractures stops when the crack development
length is l’; . Since the development length of the fracture is
much smaller than the radius of curvature of the rock layer,
it is assumed that the radius of curvature does not change
before and after the development of the fracture, and the
tensile stress at the tip of the crack on the lower surface of
the intact rock layer can be obtained as:

{n -7
(o)) =—El<h£p ) G0

max .
L

The maximum tensile stress at the tip is equal to the ten-
sile strength of the rock formation, then

CAEICAINN 57)

Combining Eqs. (56) and (57) gives the development
length of tension fractures as:

(58

4. Longitudinal shear fractures

The formation of longitudinal shear fractures in inter-
layer rock is typically the result of the combined action of
tensile and shear forces. These fractures occur when the
maximum bending tensile stress at the surface of the forma-
tion exceeds the tensile strength of the rock. As the frac-
tures develop along the surface of the formation, their length
increases and the tensile stress at the fracture tip decreases.
Eventually, when the tensile stress becomes lower than the
tensile strength of the rock formation, the development of
the tension fractures stops. The development of tension
fractures reduces the effective bearing section of the rock
formation on the fracture face. However, under the condi-
tion that the shear force remains unchanged, the shear stress
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A

Maximum tensile stress point

(a) Longitudinal tension fractures before formation

Maximum tensile stress point

(b) After the formation of longitudinal tension fractures

Fig. 18 The development process of longitudinal tensile fractures in rock strata

in the section increases. This combined action of tension
and shear forces leads to the formation and development of
longitudinal shear fractures in the inter-layered rock. When
the shear stress exceeds the shear strength of the formation,
the fracture will continues to develop until it penetrates the
formation. This results in the formation shears off along the
fracture face (Liu 2011), creating a longitudinal shear frac-
ture. In the entire inter-layer rock, the distribution of shear
stress in its longitudinal section is characterized by higher
values on both sides and lower values in the middle. The
maximum shear stress is distributed on the neutral layer as
follows:

_ 39
(Ti>max - 2_1’11 (59)

When the longitudinal shear fractures development
length of the rock formation is l’; , assuming that the shear
force acting on the section of the formation remains Q;, the
maximum shear stress is:

(0) = ——

T max = m (60)

The formation of longitudinal shear fractures within the
inter-layer rock depends primarily on the maximum shear
stress and the shear strength of the rock itself. When the
maximum shear stress exceeds the shear strength of the
rock layer, the rock layer will shear along the surface of the
fractures, resulting in the penetration of longitudinal shear
fractures. The aforementioned longitudinal shear fractures
mainly apply to a single rock layer. In case where there are
multiple layers with simultaneous bending deformation, it
is possible considered a combined rock beam model for

analysis. The positive and shear stresses in the longitudinal
section of the combined rock beam can be calculated using
Eqgs. (45) and (49) mentioned above. These calculations
can help determine the length of the longitudinal shear
fracture development in the combined rock beam.

Based on the above analysis, the formation of fractures
in the inter-layered rock is primarily influenced by the
combination of different coal mining methods used for
the upper group of coal seams and the lower group of
coal seams. This combination leads to the development of
macroscopic and microscopic fractures in the inter-lay-
ered rock. These fractures are formed due to the combined
effect of horizontal tension off-layer fractures, horizontal
shears staggered fractures, longitudinal tension fractures,
and longitudinal shear fractures. When the upper group
of coal seams is mined using long-wall fully mechanized
coal mining, the dominant formation of inter-layer rock
fractures is characterized by horizontal shear staggered
fractures and longitudinal tension fractures. On the other
hand, when the upper group of coal seams is mined using
room-and-pillar mining, the dominant formation of inter-
layer rock fractures is characterized by longitudinal ten-
sion fractures and longitudinal shear fractures. Similarly,
when the lower group of coal seams is mined using long-
wall fully mechanized coal mining, the dominant forma-
tion of inter-layered rock fractures includes horizontal
tension fractures, longitudinal tension fractures, and
longitudinal shear fractures. As the mining area passes
through the the fully mechanized mining area, horizontal
tension fractures, and longitudinal shear fractures become
dominant. Conversely, when passing through the room-
and-pillar mining area, longitudinal tension fractures and
longitudinal shear fractures are dominated. Therefore,
the formation of the inter-layer rocks fracture system is

@ Springer



3810

J.Zhang et al.

a result of the combined effect of transverse separation
fractures and longitudinal breaking fractures.

5 Conclusion

1. During the mining process of the upper and lower coal
seams, there is a gradual increase in the density and
width of fractures in the inter-layered rock. These frac-
tures primarily included lateral boundary breaking frac-
tures, transverse separation fractures, and longitudinal
breaking fractures. The overall distribution of fracture
evolution in the inter-layered rock exhibits a positive
trapezoidal pattern. In the inter-layer rock below the
fully mechanized mining area, the longitudinal break-
ing fractures exhibits a similar breakage distance as the
key rock layers, displaying noticeable periodicity. The
development of inter-layer rock fractures on the open-off
cut side and the mining side of the working face is sig-
nificantly greater compared to the fractures in the middle
part of the inter-layered rock. The development of longi-
tudinal breaking fractures and lateral boundary breaking
fractures in the inter-layered rock below the room-and-
pillar mining area does not exhibit significantly periodic.
However, the fracture width and density in this area are
significantly compared to those in the inter-layered rock
below the fully mechanized mining area. In addition, the
development of longitudinal breaking fractures is less
correlated with the breakage of key rock layers.

2. The stress distribution of the inter-layered rock under
the fully mechanized mining area exhibits distinct
regions, namely the compression region, transition
region, expansion region, and re-compaction region. In
contrast, the stress distribution of the inter-layered rock
under the room-and-pillar mining area is limited to the
compression region and expansion region. Based on the
characteristics of the stress distribution in the inter-lay-
ered rock, a stress fracture expansion model is developed
to explain the fracture development in different stress
regions. This model helps determine the mechanism of
fracture development in the inter-layered rocks under
different mining areas of the upper group coal seam.

3. The development of inter-layer rock fractures is primar-
ily influenced by the different coal mining methods used
for the upper group coal seams and the lower group coal
seams. The formation of macroscopic and microscopic
fractures in the inter-layer rock is a result of the com-
bined effect of horizontal tension off-layer fractures,
horizontal shear staggered fractures, longitudinal ten-
sion fractures, and longitudinal shear fractures. When
the lower group coal seam passes through the fully
mechanized mining area, the inter-layered rock fractures
are mainly characterized by horizontal tension off-layer
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fractures and longitudinal shear fractures. On the other
hand, when it passes through the room-and-mining area,
the dominant fractures are longitudinal tension fractures
and longitudinal shear fractures.
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