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Preface 1

Deep coal resources are the reserve of the main energy source in our country in
the twenty-first century. If old mining areas are closed due to the exhaustion of
shallow resources, the energy in the developed eastern regions will become even
more tense. Therefore, the safe development of deep coal resources, ensuring the
continued production of eastern mining areas, and providing sufficient coal supply for
national economic and social development will be beneficial to ensure the country’s
energy security.

This book aims to initially reveal the occurrence and effective control of major
disasters in mining areas, and proposes a framework for predicting and control-
ling major accidents by controlling the movement and stress conditions of mining
surrounding rocks. It provides a reference basis for promoting related research. The
main content of the manuscript is the author’s summary of the research on mining
dynamics and rock layer control in the past 10 years. The main content has received
the careful guidance and strong support of Academician Zhenqgi Song, to whom I
would like to express my sincere thanks and high respect! During the writing of the
manuscript, I also received the careful guidance of Prof. Yongkui Shi, Assoc. Prof.
Guozhi Lu, Prof. Chongge Wang, and other teachers from the Academician team,
and quoted some research results, for which I express my heartfelt thanks!

Thanks to Renle Zhao, Chief Engineer of Shandong Energy Lin Mine Group,
Chunfeng Liu, Director, and Yangyang Li, Lishuai Jiang, Guangchao Zhang, Nasser,
Hengjie Luan, Hengzhong Zhu, and others from the Mining Dynamics Research
Group for their support during the writing of the manuscript.

The publication of this book was supported by the National Natural Science Foun-
dation of China (52274130), National Key R&D Program (2016 YFC0600708), Shan-
dong Provincial Natural Science Foundation (ZR2018MEEQQ1), Taishan Scholars
Advantage and Characteristic Discipline Talent Team Support Plan, Shandong
Provincial Taishan Scholars Project Funding Support, Shandong Provincial Higher
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Education Research Plan Project (Science and Technology) Key Project (J18K2010),
Qingdao Source Innovation Plan (18-2-2-68-jch), National Key Laboratory Open
Fund (SHGF-18-13-30), etc.

Due to the limited level of the author, there are inevitably omissions and
deficiencies in the book, and I sincerely ask seniors and colleagues to teach.

Guiyang, China Zhijie Wen
February 2025



Preface 11

Coal is the main energy source in our country, with a total amount of coal resources
less than 2000 m deep being 5.9 trillion tons, of which more than 50% are deeper
than 1000 m, mainly distributed in the central and eastern regions of our country.
Deep mining will become the new norm for the development of the coal industry
and resource exploitation. To ensure the energy supply for the rapid economic devel-
opment in the central and eastern regions, the development of kilometer-deep coal
resources is inevitable, which is of great strategic significance for ensuring national
energy security and supporting local economic development.

Accidents such as impact ground pressure, water seepage, and roof accidents
caused by mining are still frequent, occurring from time to time in local coal mines
and state-owned coal mines. This situation seriously threatens the safety of coal
mining in our country and affects the image of our mining industry. Therefore, it is
necessary to further improve mining engineering, especially the theory of predicting
and controlling major accidents, to deeply interpret the dynamic information basis
of mine pressure and rock layer movement related to the occurrence of accidents, to
advance the decision-making and implementation management of safe and efficient
coal mining to the stage of scientific quantitative development, and to realize informa-
tization, intelligence, and visualization. This is also an urgent task to fundamentally
solve the current safety situation of our mines.

In recent years, the author and his team have conducted in-depth research on the
disaster-causing model of deep mine dynamic disasters and surrounding rock control
under the support of the National 973 Program, the National Key R&D Program,
talent and surface projects, and the Chinese Academy of Sciences consulting special
projects. The main contents include the construction of the overburden spatial struc-
ture model of the mining area, the spatiotemporal evolution of mining stress, and the
pre-control technology of dynamic disasters in the mining area.

vii



viii Preface 11

The publication of Spatial-Temporal Evolution of Mining-Induced Rock Damage
and Ground Control of Roadways will promote the in-depth development of research
on mine pressure and rock layer control, and make certain contributions in talent
cultivation, control of deep mine dynamic disasters, and promotion of technological

progress.
W

Qingdao, China Zhenqi Song
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Chapter 1 ®)
Introduction Check for

1.1 Mining Dynamics and Surrounding Rock Control

Coal is the pillar energy of our country, it is an important non-renewable fuel and
industrial raw material, and the coal industry is an important basic industry related
to the economic lifeline and energy security of our country. For a long time, coal
has dominated the production and consumption structure of primary energy in our
country [1-3]. In 2018, China’s raw coal output was 3.58 billion tons [2], accounting
for 59% of the energy consumption structure. It is estimated that by 2030, the propor-
tion of coal will still be as high as about 50% [3]. Deep coal resources are the backup
reserves of China’s main energy in the twenty-first century. If old mining areas are
closed due to the exhaustion of shallow resources, the energy in the developed areas of
the east will become more tense. Therefore, the development of deep coal resources,
ensuring the continued production of eastern mining areas, and providing sufficient
coal supply for national economic and social development, is an important guarantee
for national energy security.

However, as the mining depth of coal mines in China continues to increase, the
impact of dynamic disasters is becoming more serious (Fig. 1.1), and the number
of mines at risk of impact will continue to increase [4-7]. At present, more than
150 pairs of impact ground pressure accidents have occurred, spread across the main
coal mining areas in China [8]; at the same time, related dynamic disasters have
caused serious casualties and property losses: in 2015, the “7.29” impact ground
pressure accident at Zhaolou Coal Mine of Shandong Yankuang Group caused 5
injuries, and in 2014, the “3.27” impact ground pressure accident at Qianqgiu Coal
Mine of Henan Yimei Group caused 6 deaths. According to incomplete statistics,
China has accumulated more than 31,000 dynamic disasters, with an average of
nearly 300 deaths per year [9], seriously affecting the international image of China’s
coal industry. At present, except for a few provinces and regions such as Hainan,
Guangdong, Fujian, Zhejiang, and Tibet, the main coal mining provinces in China
are threatened by dynamic disasters to varying degrees. The main mines in the famous
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Fig. 1.1 Damage to the roadway after the disaster

Pingdingshan, Huainan, and Yanzhou mining areas have all become prominent mines.
Therefore, the monitoring, prediction, and control of coal mine dynamic disasters
have become the key issues for the healthy development of China’s coal industry.
China has clearly identified “mine gas, water inrush, dynamic disaster early warning
and control technology” as a priority research topic in the “National Medium and
Long-term Science and Technology Development Plan (2006-2020)” [10].

The essence of dynamic disaster phenomena such as impact ground pressure is
the sudden instability and destruction of coal and rock bodies under high stress
conditions. Compared with other underground engineering industries such as under-
ground factories, hydroelectric caverns, and subway tunnels, coal mining has very
distinct characteristics [11] (Fig. 1.2): The mining space is large, China’s deep coal
mines generally use longwall mining methods, forming hundreds of thousands or
even millions of cubic meters of mining space. The large scale of mining and the
wide range of mining disturbances are unmatched by any other underground engi-
neering; the mining disturbance is strong, the longwall mining method of large space
rapid mining forms a strong mining disturbance to the surrounding rock, causing the
overlying rock layer to collapse and the ground surface to deform and sink on a large
scale. Especially for the tens of millions of tons of mines that are mined on one side
in the deep part, the large-scale strong disturbance caused by mining is unmatched
by shallow mining and other underground engineering [12, 13]; The properties of
the medium and the stress state are complex. In addition to the complexity of the
geological conditions in deep coal fields, large-scale mining repeatedly disturbs the
coal and rock mass around the mining space, causing it to undergo deformation and
destruction multiple times. This results in the medium properties of the coal and
rock mass having both discontinuous structural characteristics and broken medium
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Large space mining range

Strong mining disturbance

Complex medium properties

Complex stress distribution

Upper section working face ™ New working face
h;—height of ca h—nheight of fault zone

hs—ithe height of bending subsidence zone H-—buried depth

Fig. 1.2 Mechanical structure of the deep mining area

properties. The working face is under the combined action of high ground stress and
strong unloading. The spatiotemporal relationship of stress redistribution induced
by mining is complex. The dynamic characteristics of energy dissipation and energy
release processes caused by high stress release, transfer, and transmission are obvious,
which can easily induce dynamic disasters such as rock bursts.

The “mining-induced stress” that prompts the surrounding rock to move towards
the mined space is the root cause of major accidents such as coal mine roof, gas,
rock burst, and subsidence disasters. Not understanding or not fully mastering the
spatiotemporal variation rules of rock layer movement and mining-induced stress
distribution under different mining conditions, and excavating, maintaining road-
ways, and advancing the working face at the wrong time and space is one of the
important reasons for dynamic disasters such as coal and gas outbursts and rock
bursts.

In view of this, this book establishes a structural mechanics model for disaster-
causing conditions in deep mining areas, divides the overburden spatial structure
of the mining area into the moving rock layer structure “fracture arch” that directly
affects the mine pressure manifestation of the mining area and the rock layer structure
“stress arch” that has not produced obvious movement, and studies their correlation;
based on acoustic emission theory and strain energy theory, it conducts a detailed
analysis of the damage constitutive relationship of coal and rock mass, studies the
spatiotemporal evolution mechanism of mining-induced stress field; proposes an
evaluation mechanism for mining-induced stress breeding and unloading energy
release based on energy dissipation rate index for impact dynamic disasters, a “single
key layer” and “double key layer” structure’s roof control rules for roof disasters,
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and a large deformation study of roadway based on the stress gradient theory of
continuous damage mechanics model. The results of this book can provide theoretical
support for studying the disaster-causing conditions of deep dynamic disasters, and at
the same time make new contributions to dynamically controlling the disaster-causing
environment, reducing or changing the disaster-causing conditions.

1.2 Spatiotemporal Evolution Effect of Overburden Spatial
Structure in Mining Area

Before mining, the coal body is under a three-dimensional stress balance in the deep.
Mining activities break the original stress balance, causing the macro stress field
and energy field in the three-dimensional space of the mining area to redistribute.
The dynamic evolution and development of this stress field and energy field create
conditions for the breeding, occurrence, and development of dynamic disasters. The
relationship between the fracture morphology and stress field of the space around the
coal mine mining area is the basis for predicting and controlling dynamic disasters
such as rock bursts, mine water inrush, coal and gas outbursts, and overall roof fall.
Therefore, combining the two issues of “spatiotemporal effect of overburden spatial
structure in coal mine mining area” and “spatiotemporal evolution characteristics and
disaster-causing mechanism of mining-induced stress field”, a comprehensive study
of dynamic disasters such as rock bursts faced by deep coal mining can effectively
reveal the mining effect of coal and rock dynamic disasters, which is conducive to
the effective prevention and control of dynamic disasters such as rock bursts.

For a long time, many beneficial research works have been carried out on the
full-time domain stability of the overburden spatial structure in the mining area, the
damage and fracture characteristics of the coal and rock mass in the mining area, and
the evolution law of the mining-induced stress field in deep mining areas [14-87].

1.2.1 Analysis of Dynamic Evolution Characteristics
of Overburden Spatial Structure in Mining Area in Full
Time Domain

Regarding the research on the damage range and structural characteristics of the
overburden in the mining area, experts and scholars in the mining engineering field at
home and abroad have carried out a lot of research work from the needs of explaining
the manifestation rules of mine pressure in the mining area, solving the control and
support design of the roof in the mining area, and the research on “three-under” coal
mining.

1. Spatiotemporal Evolution Theory of Overburden Spatial Structure in Mining

Area
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Academician Qian and others [14—18] The theories of “masonry beam” and “key
layer” have been established, providing a theoretical basis for the study of the forma-
tion and instability of overburden structures in coal mines; Academician Song and
others [19] proposed the “transfer rock beam” theory, providing theoretical guidance
for the study of roof control design; Jiang and others [20] based on the “masonry
beam” and “transfer rock beam”, proposed three basic structures of the basic roof:
arch, arch beam, and beam; Shi and Deng [21] borrowed the mechanical analysis
method of arch shell structure to make a preliminary analysis of the arch structure
characteristics of the overlying rock layer movement of the caving coal mining field
from a macro perspective; Yan and Jia [22] analyzed the reasons for the transfer of the
balance structure of the overlying rock layer of the caving coal mining to a high posi-
tion; Zhang [23] proposed the basic form of the overburden structure of the compre-
hensive mining face composed of “masonry beam” and “semi-arch” structure; Huang
[24] established the “short masonry beam” and “step rock beam” structure model of
the basic roof periodic pressure of the shallow buried coal mining field, these studies
and their main results have laid the foundation for the study of the spatial structure
theory of the overburden of the mining field. The overburden of the “fracture zone”
of the mining field undergoes a “bending-fracture-touching the gangue-compacting
the gangue” process, making the spatial structure of the overburden of the mining
field evolve with the development of mining, and the existing research results mainly
target the abstract two-dimensional structure mechanics model under static, shallow-
middle deep conditions; therefore, the “four-dimensional” spatial structure full-time
domain evolution model of the overburden of the mining field containing the mining
time factor in the deep mining process still needs to be further studied and explored
[25-28].

2. Monitoring of the spatiotemporal evolution process of overburden spatial
structure in the mining field.

Scholars at home and abroad have done a lot of practical work to study the dynamic
evolution of the overburden spatial structure in the mining field. At present, there are
mainly four monitoring research methods.

The microseismic positioning monitoring method of rock fracture is used to
monitor the formation process and approximate range of the overburden spatial struc-
ture. Microseismic Monitoring Techniques, abbreviated as MS technology [29-44],
has been used for over a decade to monitor rock fractures on the scale of the working
face. It is mainly used in shallow coal seams abroad, where detectors are installed
by drilling from the surface. In China, due to the deep mining of coal mines, surface
monitoring is not economically efficient or reliable. Therefore, domestic scholars
have developed a deep well explosion-proof MS system and related deep hole detector
installation technology based on mining conditions, to monitor the dynamic fracture
process of the rock mass in three-dimensional space and determine the range and
degree of fracture. Based on microseismic positioning monitoring technology, Jiang
[45] divided the overlying rock space structure of the mining area according to the
boundary conditions of the working face, and proved through the analysis of the
measured data of six longwall faces in Australian coal mines that before the strata
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fully entered the mining, the maximum fracture height of the overlying rock layer is
approximately half the short side length of the mined-out area.

The double-end water plugging leakage observation method [46, 47]—used to
determine the height and degree of rock fracture in one direction at a point. The
borehole stress meter method [48, 49]—Used for the inversion of overburden move-
ment conditions and monitoring the stability of coal bodies. Numerical calculations
and similar material simulation experiments [50, 51]—Used as an auxiliary means to
study the spatial structure and stress field of overburden. Numerical calculations are
used to study the stress field in the surrounding rock of the established overburden
spatial structure, while three-dimensional similar material simulation experiments
are mainly used for conceptual research of overburden spatial structure.

The evolution of overburden failure is not only related to the rock layer structure,
but also has a strong time effect [52]. In fact, the problem of rock layer control
is closely related to the time factor. Therefore, based on the research results of
scholars at home and abroad, the time effect of mining is fully considered, and the
spatiotemporal evolution law of the formation to stability of the overburden spatial
structure in the mining area is studied and analyzed.

1.2.2 Study on the Aging of Coal Body Damage and Fracture

The mechanical environment, basic mechanical behavior, and failure characteristics
of deep coal mining will gradually intensify with the deterioration of coal resource
conditions, especially the coal body is disturbed by mining in the “formation-
stability” full-time domain process of the overburden spatial structure in the deep
mining area. Correct understanding and description of the evolution of coal body
damage and fracture are of great practical significance for a deep understanding of
the occurrence mechanism of dynamic disasters in deep mining areas.

Energy conversion is the essential characteristic of the physical process of matter,
and material destruction is a state instability phenomenon driven by energy. The
study of the physical process of coal body damage and fracture, especially consid-
ering the non-uniform evolution process of the deformation field in the process of
coal body damage and fracture and the release and transfer of energy, has always
been a hot issue in the field of rock science. Scholars at home and abroad have
carried out a lot of research on this [53-55]. Obert [56] first applied acoustic emis-
sion monitoring technology to predict the instability phenomenon of rock excavation,
and determined the maximum stress area in the rock by this; Cao [57] and others
established a statistical damage constitutive model reflecting the whole process of
rock fracture based on the rock uniaxial stress—strain curve; Zhu, Feng and others
[58, 59] based on the scanning electron microscope (SEM) rock fracture full process
digital micro-damage mechanics test scheme, realized the rock mechanics test of
real-time digital monitoring, control, recording and analysis of the micro and macro
of the rock fracture full process, described the failure mechanism of the rock sample
during the uniaxial compression process from the macro and micro perspectives,
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and analyzed that although micro-cracks are concentrated in some areas during the
uniaxial compression failure process of the sample, the statistical distribution of
micro-cracks in the entire sample still follows a certain exponential distribution;
Tang and others [60—63] The evolution process and interaction mechanism of rock
cracks under various conditions were studied using numerical simulation; Liu and Liu
[64] Based on the principle of minimum energy consumption, the intrinsic relation-
ship between stress, energy accumulation transfer, and spatial distribution of micro-
seismic activity was revealed; Zhao [65] The study found that the three-dimensional
positioning results of acoustic emission events intuitively reflect the initial position,
expansion direction, width change, evolution process of rock sample cracks, and the
surface morphology of crack expansion, and can also reflect the evolution of the
internal stress field of the rock; Cao and others [66] Studied the trend of AE signal
changes of coal samples under different confining pressures, and compared it with the
uniaxial situation; Zhao and others [67] Studied the acoustic emission characteristics
of gas-bearing coal samples during triaxial compression, and established a damage
equation for gas-bearing coal based on acoustic emission characteristics; Zuo and
others [68] Conducted uniaxial and triaxial compression tests on Qianjiaying rock
mass, coal body and coal-rock combination, and obtained the failure modes and
mechanical behaviors of coal and rock, monomer and combination under different
stress conditions; Shkuratnik and others [69-71] Conducted cyclic loading tests on
coal bodies in the laboratory, and studied the memory effect of acoustic emission of
coal and rock under complex stress; Voznesenskii and others [72] Studied the AE
parameter characteristics of the upper and lower parts of the specimen during the
loading process, and focused on analyzing and comparing their differences in the
main crack formation stage. The above research results have an important role in
promoting the understanding and quantification of the dynamic evolution process
of coal body damage and fracture. However, compared with rocks, there are fewer
research results on the acoustic emission characteristics of the load deformation and
failure process of large deformation coal and rock, mainly for four reasons: first, coal
and rock have obvious heterogeneity and anisotropy, and the typical elastic—plastic
rock material AE characteristics cannot simply describe the properties of coal and
rock; second, from the perspective of experimental implementation, the requirements
for instrument precision and noise resistance are high; third, the loading method
should realistically simulate the entire process of coal body subjected to mining
field overburden fracture impact and slow dynamic loading after touching gangue;
fourth, the experimental scale should reasonably avoid the scale effect caused by
small specimen size.

The mechanical environment of deep coal mining is complex, and the test equip-
ment should realistically simulate the conditions of coal body subjected to the impact
and loading conditions of overlying rock fracture in the mining field. At the same
time, the study of coal body acoustic emission mainly focuses on medium and low
confining pressure (0—10 MPa). Therefore, further research is needed on the spatial
evolution characteristics of AE time series under high confining pressure and the
spatial evolution law of deep coal body damage and fracture under dynamic stress
under the action of reasonable loading criteria.
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1.3 The “Time-Space” Disaster Incubation Process
of Mining Stress Field

People began to systematically study the phenomenon of deep dynamic disasters in
the 1950s. Scholars in our country have also done a lot of research on the mecha-
nism of dynamic disaster occurrence, field monitoring and prediction methods, and
prevention and control technologies [73-77], but at present, dynamic disasters are
still difficult to control, and the effects of prediction and prevention need to be further
improved.

Jiang and others [78-81] used the stress drop value and stress change range to
monitor and warn of seismic-induced rock burst in real time, predicting the key layer
fracture step before mining, real-time dynamic analysis of rock layer fracture height
during mining, judging the area of seismic occurrence, improving the timeliness
and accuracy of on-site warning, and believed that the time interval between stress
drop and seismic events varies from 3 to 8 min; Dou [8§2—-84] based on the theory
of key layer movement of rock layer, studied the fracture law of overlying rock
key layer, analyzed the mechanical mechanism of “O-X" type fracture of overlying
rock key layer, when the mine pressure reaches the maximum value, it is very likely
to cause strong mine seismic and rock burst; Xie [85, 86] proposed that there is a
macro stress shell composed of high stress bundles in the surrounding rock of the
comprehensive mining face, only when the stress shell is unbalanced will it cause
severe mine pressure phenomena, such as mine seismic, rock burst, etc.; Qi [25] It
is believed that the occurrence of coal mine impact ground pressure usually occurs
within the range of mining stress influence in front of the working face, under the
influence of stress concentration and mining, leading to the occurrence of impact
ground pressure; Yu [87] believes that the occurrence of impact ground pressure is
closely related to the roof pressure, generally occurring 1-3 days after the strong
periodic pressure of the working face.

These research results provide a certain theoretical basis and technical guidance
for the study of the breeding mechanism and quantitative evaluation method of mining
stress field in the whole time domain movement process of overburden spatial struc-
ture in deep mining area. However, the spatio-temporal effect of coal body damage
degradation in the dynamic evolution process of mining area space and the dynamic
evaluation method of mining stress field breeding caused by coal body damage have
not been fully understood, which is mainly caused by the high complexity of the
evolution of overburden spatial structure in mining area and the uncertainty of mining
stress. Therefore, the formation of a stable full-time domain process of overburden
spatial structure in deep mining area, the evolution process of mining stress field and
the quantitative evaluation method aiming at dynamically controlling the breeding
environment of dynamic disasters and reducing or eliminating the disaster conditions
of dynamic disasters still need further research.
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Chapter 2 )
Research on Spatio-Temporal Migration e
Law of Overburden Structure in Mining

Area

The coal mine mining area is always in the process of continuous advancement and
development, and the mining stress is also in the process of continuous development
and change with the advancement of the mining area. In view of the engineering
characteristics of the continuous advancement of the coal mine mining area, the
spatio-temporal migration of the overburden in the mining area, mining stress, etc.
are all in the process of continuous development and change, and this change is
regular and determined by the movement of the rock layer.

2.1 Construction of Overburden Spatial Structure
in Mining Area

Mining causes a large range of movement and stress redistribution in the overlying
rock layer, especially the destruction and change of the coal and rock body around the
mining area. The mining of coal seams causes the spatial structure of the overburden
in the mining area to break and move, accompanied by the development and change
of stress in the surrounding coal and rock body, further inducing dynamic disaster
accidents in the mining area. The three-dimensional space of the overburden in the
mining area refers to a series of mechanical and mathematical models established
to describe the spatial structure of the mining area [1]: Taking the coal seam as the
reference plane, the space where the physical form of the floor and roof changes
caused by the advancement of the mining area, including the vertical space from the
bottom of the coal seam to the ground in terms of longitudinal height, the horizontal
space in the inclined direction and advancement direction of the mining area based
on the coal seam as the reference plane, and the time space experienced from the
start of the working face to the stop line from the perspective of mining stress change
transfer.
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2.1.1 Overview of the Three-Dimensional Spatial Structure
Model of the Mining Area

The three-dimensional spatial structure of the mining area extends the traditional
two-dimensional space of the mining area to the three-dimensional space with the
advancement of the mining area as the main line. Experts have conducted in-depth
research on it, relying on existing research, the spatial structure of the mining area
where the mine pressure of the mining area is manifested is divided into subsidence
rock layer, fracture rock layer, collapse rock layer, coal seam, and floor rock layer
five groups, as shown in Fig. 2.1.

1. Division of the spatial structure of the mining area where the mine pressure of
the mining area is manifested

Mining subsidence refers to the rock layer group that undergoes significant deforma-
tion, located on the outside of the mining fracture arch affected by coal seam mining.
Itincludes the three-dimensional spatial structure formed from the edge of the mining
stress around the coal seam to the edge of the surface subsidence (excluding the rock
layer inside the fracture arch formed by the mining field) (as shown in Fig. 2.2). This
space includes the bending subsidence zone in traditional concepts (the space from
the vertical outside of the fracture arch directly above the mining field to the surface)
A, and also includes the space of the B part around the mining field. Surface subsi-
dence is the direct manifestation of mining subsidence rock layers on the surface. It
is affected by various factors such as the burial depth of the coal seam, the height
of the fracture arch above the mining field, and the thickness of the topsoil layer.
It is a direct reflection of coal mining geological disasters on the surface. Surface
subsidence has devastating damage to surface buildings and surface crops, and has
a significant impact on rivers, lakes, and embankments. Effectively controlling the
range and magnitude of surface subsidence is a topic of close concern in today’s
mining industry. This part of the rock layer only undergoes bending deformation in
shape, no cracks appear throughout the thickness of the rock layer, and no fracture

Surface subsidence range s, === i

-~ / /= Surface subsidence boundary

Coal seam

Fall band

Bearing pressure curve = Baseplate

Fig. 2.1 Schematic diagram of the spatial structure of the mining area
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Mining subsidence group

Fig. 2.2 Schematic diagram of the cross-section of the mining subsidence group stratum

occurs. Under the action of gravity, the original cracks and joints in the rock layer
may expand, but the expansion of the joint cracks does not penetrate the entire thick-
ness of the rock mass in the vertical direction, and does not reach large-scale lateral
communication in the horizontal direction.

The mining subsidence rock layer above the mining field generally has the
following judgment characteristics: the rock layer does not have obvious through
cracks in appearance, and basically maintains the original state of the rock layer. The
rock layer maintains the original mechanical properties of the rock mass. The span
of the rock layer in the air (Lyy;) is less than the first fracture step of the rock layer
(CQ(MI‘)), that is, Ly; < Cowmiy. There may be tiny regenerated cracks at the bottom
of this rock layer group, but the cracks cannot conduct water flow and air flow.
Studying and analyzing the characteristics of mining subsidence rock layer changes
and the range of mining subsidence is of great significance for understanding the
development direction of fracture arches and safety accidents such as roof water
disasters.

The fractured rock layer refers to the rock layer group that has larger cracks or
even fractures directly below the mining subsidence rock layer, directly above the
mining field caving zone. It generally has important features of water conduction and
gas conduction. The fractured rock layer generally has the following judgment char-
acteristics: after the rock layer sinks, it can be distinguished from the arrangement
of the rock blocks, and the rock blocks in the general fracture group have obvious
regularity. After the rock layer sinks, the rock blocks can always maintain the trans-
mission of horizontal force in the horizontal direction. The allowable sinking space
of the rock layer Sy is less than the thickness of the rock layer itself 4, and the
span of the rock layer in the air (Ly;) is greater than the first fracture step of the rock
layer (Coquy), that is, Sa + Sa < hwe and Ly; > Coqui. The rock layer has obvious
through cracks, and the cracks penetrate the entire thickness of the rock mass in the
vertical direction, and have obvious characteristics of conducting water and air flow
in the vertical direction. The movement of each transmission rock beam is the main
source of pressure on the mining field support and the pressure in the “internal stress
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field” in front of the coal wall. Studying the fractured rock layer, especially the study
of the development law of the fracture arch, is of great significance for roof water
penetration and other roof accidents.

The caving rock layer refers to the rock layer group above the mining field coal
seam, directly below the fractured rock layer. An important feature of this type of
rock layer is that after the rock layer collapses (collapses), it cannot always maintain
the transmission of horizontal force in the horizontal direction. The caving rock layer
directly affects the advancement and support status of the working face, and also has
a greater impact on the roadway support on both sides of the mining field. To judge
whether a rock layer above the mining field belongs to the caving group, it has the
following judgment characteristics: after the rock layer sinks, it can be distinguished
from the arrangement of the rock blocks, and the rock blocks of the general caving
group have no obvious regularity. After the rock layer sinks, the rock blocks cannot
always maintain the transmission of horizontal force in the horizontal direction.
The allowable sinking space of the rock layer S, is greater than the thickness of
the rock layer (or stratification) hy;. The caving group rock layer has engineering
characteristics such as expansion, water conduction, and gas conduction.

The coal seam refers to the coal and gangue layers sandwiched between the top
and bottom rock layers. The coal seam is the main part of the coal series, and the
number of coal seams, thickness and its changes are the main factors for evaluating
the mining value of the coal field. Commonly used are the range of mining stress
distribution (Sy ) and the position of the peak mining stress (S;) and other parameters.

Under the influence of mining pressure in the mining area, the floor of the coal
seam undergoes a repeated process of compression, expansion, and re-compression.
And around the mined-out area, there is always a large shear force. Under the repeated
action of these forces, the floor rock mass will move and deform, causing new cracks
to appear inside the rock mass and further enlarging the original cracks, and then
these cracks connect to form connected cracks, leading to the destruction of the floor.

2. Development law of overburden movement in the mining area

Although we have divided the overburden situation in the mining area based on the
coal seam of the working face and the situation of the roof and floor after mining,
due to the different heights of the overlying rock layers from the mining area, their
lithology and thickness are also different, and their full range of movement and
impact on the mining area are also different. Scholars at home and abroad have made
great contributions to the study of the structure and migration law of the overlying
rock layer, providing theoretical basis and technical support for the control of coal
mine disaster accidents.

Practice has proved that in the mining area covered by general rock layers, when
the mining depth exceeds a certain value and the width of the working face reaches
150-200 m or more, when the mining area advances beyond the width of the working
face, the range of overburden involved in movement and damage due to mining
influence and the redistributed stress field are shown in Fig. 2.3. That is, the structural
mechanical model of the mining area formed under this mining condition is composed
of two parts: the range of the overlying rock layer affected by mining and the range of



2.1 Construction of Overburden Spatial Structure in Mining Area 17

POOITITININIPRIIRINOIOY T Y
"

== axh

Fig. 2.3 Schematic diagram of the mechanical model of the mining area

the redistributed stress field acting on the coal seam. In order to study the development
law of overburden movement in the mining area, control the rock layer movement
that has a significant impact on the mining area, and further start from the longitudinal
and advancing direction, the morphological structure and mechanical characteristics
of each component are described separately [2].

A) Longitudinal development law of overburden in the mining area

The longitudinal movement of the rock layer generally first follows the advance-
ment of the mining area. Under the action of gravity, the rock layer is exposed
to a certain span and bends and settles to a certain value. The weak interlayer or
contact surface with low strength is destroyed under the action of axial shear stress,
causing delamination, and creating conditions for the free settlement and upward
movement of the lower rock layer; then after delamination, it is recombined into a
pseudo-plastic transfer rock beam that moves simultaneously or almost simultane-
ously during movement, and finally the settlement value exceeds the allowable limit
and collapse occurs. Each rock layer is affected by the advancement of the mining
area, and its exposure time, exposure span, and external load from bottom to top
are different. Generally speaking, the rock layer at the bottom is exposed first, and
the closer to the top, the later the exposure; the exposure span of each rock layer
decreases from bottom to top. Because the exposure span of the rock beam has a rule
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of decreasing from bottom to top, and the size of the shear stress is proportional to
the exposure span of the rock beam, the size of the shear stress also decreases from
bottom to top. In addition, another important reason for the formation of rock layer
longitudinal movement from bottom to top is: the external load acting on each rock
layer decreases from bottom to top. In general, The overall trend of rock layer longi-
tudinal movement is to develop from bottom to top, and the combination of upper
and lower rock layer movement after delamination is determined by the difference
in lithology, thickness, and fracture development of the rock layer; the thickness of
the rock layer is more important than the lithology in influencing the delamination
and movement combination of the rock layer.

B) Development law of overburden in the advancing direction of the mining area

With the advancement of the mining area, the mining stress and the pressure on
the support in front of the coal wall are constantly changing. The development and
change law of the mining pressure manifestation in the mining area is determined by
the movement development law of the overlying rock layers that affect it. In addition
to the influence of the longitudinal development law of rock layer movement, it is
more importantly affected by the development law in the advancing direction. During
the advancement of the mining area, due to the different mining pressures borne by
the overlying rock layers and the differences in support (constraint) conditions, the
development of the overlying rock layer movement in the mining area can be divided
into the first movement and periodic movement stages:

From the beginning of the rock layer exposure from the cutting eye, to the end of
the first fracture movement of one or two transfer rock beams that have a significant
impact on the working face, it is the first movement stage (as shown in Fig. 2.4a,
b). This includes the first direct fall across the rock layer. The ends of the rock layer
at this stage are supported by the coal wall, and its stress state can be regarded as a
fixed beam. The first movement of each rock layer in the mining area is called the
initial pressure of the mining area. Because the step distance of any rock layer’s first
movement is much larger than the step distance under normal conditions, the area of
the first movement pressure is large, the strength is high, and it may be accompanied
by dynamic pressure shock.

From the end of the first movement of each layer to the completion of the working
face, the roof rock layer moves regularly and breaks according to a certain period,
which is called the periodic movement stage (as shown in Fig. 2.4 ¢ ~ f). In this
development stage, the constraint conditions of the rock layer have fundamentally
changed: the direct top rock layer in the mining area is a “cantilever beam” with one
end fixed. The rock beams above the direct top are unevenly high transmission rock
beams, one end is supported by the coal wall, and the other end is supported by the
goaf gangue. At this time, the movement step distance is much smaller than the first
movement step distance.

In the above two development stages, the movement of the rock layer will go
through two development processes: relative stability and significant movement. We
call the process where the movement of the rock beam is small and the impact on
the mining pressure of the mining area is not obvious, as the rock beam is in a
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Fig. 2.4 Development process of rock layer movement in the advancing direction

relatively stable process. The parameter describing the length of this process is the
relative stability step distance of the rock beam, that is, the distance the working
face advances when the rock beam is in a relatively stable state, represented by b, as
shown in Fig. 2.4 a, c, e.

The process where the movement of the rock beam is large and the impact on the
mining pressure of the mining area is very obvious is called the rock beam is in a
significant movement process, that s, the so-called “pressure” process. The parameter
describing this movement process is the significant movement step distance of the
rock beam. That is, from the beginning of the large-scale movement of the rock beam
to the end of the movement, the distance the working face advances, represented by
a, as shown in Fig. 2.4 b, d, f.
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Where: mg is the basic roof; my is the immediate roof; h is the coal seam; Lk
is the control roof distance; Lé) is the maximum span of the rock beam; Ah6 is the
minimum subsidence of the mining area roof; Ahg, is the roof subsidence at the
end of the pressure; a is the significant movement step distance of the rock beam;
by is the relative stability step distance of the rock beam; ¢y is the initial pressure
step distance of the rock beam; Lo, is the span of the rock beam at the end of the
given deformation pressure; a; is the significant movement step distance of the rock
beam; b; is the relative stability step distance of the rock beam; c¢; is the initial
periodic pressure step distance; L is the limit span of the rock beam on the eve of
the periodic pressure; L is the minimum span of the rock beam span at the end of
the pressure under the given deformation conditions; Ahy, is the subsidence of the
mining area roof under the given deformation working conditions of the support; Ah’
is the subsidence of the mining area roof on the eve of the periodic pressure; a; is
the significant movement step distance of the rock beam; |¢; is the periodic pressure
step distance; L; The relatively stable span at the end of the rock beam cycle.

As the working face advances, the mining stress changes continuously, and the
distribution of mining stress will appear higher and lower than the original rock
stress. Corresponding to different mining depths and coal seam strengths, the mining
stress field (support pressure field) that is redistributed in front of the coal wall due
to mining influence includes the following three parts:

(1) The “internal stress field”, in which the coal seam in this stress field has been
damaged under the action of mining stress and has entered a plastic or pseudo-
plastic damage state. The magnitude and time of its force are directly affected
by the fracture movement of the rock beam in the “fracture arch”, as shown in
the “S;” interval in Fig. 2.3. The stress value in this interval is generally lower
than the original stress;

(2) The “plastic damage zone”, the range in front of the coal wall that enters the
plastic damage state under the influence of mining stress, as shown in “S,” in
Fig. 2.3. The mining stress in this interval mainly comes from the action of the
rock beam in the “stress arch” of the mining area;

(3) The “elastic compression zone”, where the coal seam is in an elastic compression
state under the action of mining stress. The stress in this interval is higher than
the original stress.

The three types of mining stress mentioned above each have their own conditions
of existence. Different coal seams may have different distribution forms under the
same mining conditions. Even if the coal seam conditions and mining technology are
the same, but the mining depth is different, the working face advances to different
parts, and the distribution form of mining stress is often different. It is necessary to
clarify the reasons and conditions for the various forms of mining stress, which is of
great significance for mine pressure control, especially for solving the problems of
roadway mine pressure control.
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3. Structural characteristics and evolution laws of “fracture arch” and “stress arch”

In order to effectively control coal mine disaster accidents, scholars at home and
abroad have successively proposed many classic models of mining field overburden
spatial structure hypothesis, and each has explained certain phenomena, but the
construction of models is mainly static models. Based on the research of existing
scholars, the author has systematically analyzed the spatial structure of the mining
field overburden and the evolution law of mining stress, and constructed a dynamic
spatial structure model (Fig. 2.3) that describes the mining field overburden space
structure with “fracture arch”, “stress arch” and “internal and external stress field”
as the core. This structure model describes the overburden movement damage and
mining stress magnitude, distribution and its development law with the advance-
ment of the mining field under different mining conditions (including mining height,
working face length and mining procedures, etc.) for coal seams under predetermined
conditions of different mining depths and rock layer structures. The rock layer above
the coal seam can be divided into two parts: the overburden space structure and the
outside of the overburden space structure. The outside of the overburden space struc-
ture refers to the rock layer that has not undergone obvious movement outside the
“fracture arch”. The overburden space structure is composed of moving rock layer
structures that have a direct impact on the mine pressure of the mining field. As the
working face advances, the exposed space of the mining field continues to increase,
the overlying rock layer continues to fracture and collapse, and the fracture position
is successively misaligned from bottom to top, forming a “fracture arch”. At the
same time, the stress in the spatial structure surrounding rock is redistributed, and
the gravity of the overlying rock layer originally borne by the mined coal body of
the working face is loaded on the coal (rock) body on both sides. If the total stress
borne by the coal (rock) body exceeds its strength, it will be damaged, and the stress
peak will shift to the inside. Each rock beam fracture is accompanied by this process,
forming a “stress arch” composed of mining stress peaks of each rock layer outside
the “fracture arch”, which continuously develops upward in a parabolic shape in the
vertical plane of the mining direction and inclination. From the perspective of stress
field distribution and structural development, the composition of the mining field
spatial structure model is analyzed. Perpendicular to the direction of the working
face advancement: @ Longitudinally form a “stress arch” and “fracture arch”; @
Laterally form an “internal and external stress field” and a transfer rock beam.

A) Evolution process of “fracture arch” and “stress arch”

As the working face continues to advance, the range of spatial overburden structure
is constantly expanding. In the process of spatial overburden structure continuously
developing towards the advancing direction and longitudinal space, the mining field
spatial structure develops into two structural mechanical forms, that is, a stress shell
(sectional manifestation as “stress arch”) is formed on the periphery of the spatial
overburden structure, and the “fracture arch” containing the spatial overburden struc-
ture. The “fracture arch” is composed of fractured rock beams inside the “fracture
arch” that have a significant impact on the manifestation of mine pressure in the
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mining field. The structure inside the “stress arch” is composed of rock layers within
the range of the “external stress field” layer by layer. According to the development
process of the mining field overburden structure, the development and change of
mining stress can be divided into two major stages, which can be specifically divided
into four small stages.

The first stage: the development stage of “fracture arch” and “stress arch”, that is,
the arching stage.

The working face starts to advance from the position of the cutting eye. When the
overlying rock layer of the mining void area has not yet collapsed or the collapsed rock
layer has not yet filled the mining void area, that is, the thickness of the collapsed rock
layer in the mining void area h < (m — Sy )/(k — 1) At this time, the movement
of the overlying rock in the mining field can be regarded as hanging in the center
of the mined-out area, and the bending structure of the coal rock mass around it is
acting. If the bending value is greater than its deflection limit, the rock layers will
fracture from bottom to top in sequence. The coal rock mass on both sides of the
fracture not only bears the weight of the overlying rock layer, but also carries the
overburden load borne by the original excavation area, which is very likely to cause
compressive damage, causing the elastic stress peak to move outwards, forming an
“external stress field”.

The development and change of mining stress at this stage can be further divided
into three stages:

Stage I Coal wall elastic stage—always maintain the ability to support the
overlying rock layer;

In the initial mining stage, starting from the cutting eye, as the mining field
continues to advance, the exposed space of the mined-out area continues to increase,
and the overburden load borne by the coal body in the original mining area is trans-
ferred to the coal walls on both sides through the rock beam. The load borne by the
coal wall will gradually increase. At this time, the coal wall is in the elastic stage,
and due to stress concentration, the peak value of mining stress is at the edge of the
coal wall.

Stage II Coal wall damage and fracture destruction—the peak of elastic stress is
transferred outward, and the support capacity of the coal wall is greatly reduced;

After the coal seam is excavated, the original three-dimensional mechanical
equilibrium state is broken, and its mechanical parameters will be weakened after
unloading, so its support capacity will be reduced. The coal body near the coal wall
is prone to damage and fracture due to the continuous advancement of the mining
field. The overburden load borne by the coal body in the original mining area is likely
to exceed the load limit borne by the coal wall, causing damage and fracture. At this
time, in order to continue to maintain the stage of stable equilibrium of the overlying
rock layer in the mining field during the advancement process, the coal body outside
the coal wall that has not been damaged or has less damage will bear the overburden
load, causing the peak of elastic stress to shift outward.

Stage III “Internal and external stress field” formation stage;

When the exposed space of the mining area reaches a certain range, that is, when
the exposed length in the advancement direction reaches the first rock beam fracture



2.1 Construction of Overburden Spatial Structure in Mining Area 23

position of the overburden, the first pressure comes. At this time, the mining stress
distribution is clearly divided into two parts with the fracture line as the boundary,
that is, the “internal stress field” determined by the “fracture arch” internal fracture
rock beam between the fracture line and the coal wall, and the “external stress field”
determined by the “stress arch” internal overburden load outside the fracture line. As
the rock beams in the “fracture arch” fracture one after another, the overburden load
borne by the “internal stress field” gradually increases. This process continues until
the “fracture arch” is formed; the “external stress field” determined by the “stress
arch” decreases due to the fracture of the unfractured rock beam in the “fracture arch”
acting on it, and the load decreases, so the peak of elastic stress decreases in stages,
showing a “internal (“internal stress field”) large (range, peak) external (“external
stress field”) small (peak)” rule, manifested as fluctuating changes.

The second stage: the formation stage of the “fracture arch” and “stress arch”,
that is, the arching stage.

As the working face continues to advance, the collapse range of the overlying rock
layer in the mining field continues to develop in the direction of the working face
and the longitudinal direction of the space. When the thickness of the collapsed rock
layer in the mined-out area is h > (m — Sy )/(k — 1), the fallen rock fragments
have filled the mined-out area, and the overlying rock layer in the mining field no
longer fractures due to the lack of collapse space, and the movement state presents
a slow sinking towards the mined-out area. At this time, the movement state of the
overlying rock layer in the mined-out area of the mining field can be regarded as a
plate bending structure located on different foundations around and in the center, that
is, located on the structure of the fallen gangue and the surrounding coal rock mass
in the mined-out area. In the formula, % is the thickness of the collapsed rock layer,
m is the mining thickness, k is the collapse expansion coefficient of the mined-out
area, Sy, 1s the sinking size of the overlying rock beam. After that, as the working
face continues to advance, the overlying unfractured rock layer in the mined-out area
moves and destroys in the “plate-shell” structure in space, and gradually develops
in the direction of the working face and the longitudinal direction of the space, until
the collapse expansion coefficient of the mined-out area reaches the minimum. At
this time, the overlying rock layer has no space to continue sinking, reaching full
mining. This stage is the formation stage of the “fracture arch” and “stress arch”.

At this time, the development and change of mining stress enters the fourth stage,
Stage IV “Internal stress field” disappearance stage.

“After the “fracture arch” is formed, the “internal and external stress fields” reach
an ideal stable state. The upper “support layer” bends under the load it carries, part
of the weight acts on the fractured rock beam inside the “fracture arch”, causing
the “internal stress field” to continue to increase under load, the coal body within
the range is severely damaged (the experiment manifests as continuous extrusion of
foam debris), and the bearing capacity is significantly reduced; the coal body within
the “external stress field” is reduced under load, because the coal body within the
range is less disturbed, the damage is also smaller, the bearing capacity is almost
unchanged, and the peak value of elastic stress continues to decrease significantly.
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Fig. 2.5 Evolution law of mining stress development

Comprehensive analysis shows that the development and evolution process of
mining stress is closely connected with the formation and development process of
the dynamic structural mechanics model of the mining field centered on “rock layer
movement”. The generation, development, and stabilization process of the structural
mechanics model is closely related to the evolution process of mining stress, as shown
in Fig. 2.5.

B) Mechanical structure characteristics and evolution law of “fracture arch”

The mining process is divided into two stages: @ the insufficient mining stage, that is,
the working face advancement distance Ly < working face width Ly; @ the sufficient
mining stage, that is, the working face advancement distance Ly > working face
width Ly.

In the insufficient mining stage, the height of the overburden spatial structure in
the mining field generally develops linearly with the advancement of the working
face, continuously developing forward in the direction and upward in space, and
the height of the spatial structure is about half of the short span of the mined-out
area [3]. However, this development law is conditional. The previous analysis shows
that the overburden spatial structure of the mining field is mainly determined by
the width of the working face. When the width of the working face is fixed, the
maximum development height of the overburden spatial structure is fixed. When the
advancement distance of the working face has not reached the width of the working
face, the development height of the spatial overburden structure is related to the
advancement length of the working face. When the advancement distance of the
working face reaches the width of the working face, the development height of the
spatial overburden structure is about half of the width of the working face, that is,
before the “square” appears in the mined-out area, the development height of the
spatial overburden structure increases with the advancement of the working face.
After the “square” appears in the mined-out area, the development height of the
spatial overburden structure develops to the maximum height under the condition of
the working face width.
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(1) The “fracture arch” is composed of fractured rock beams, and the overburden
within the range is the main force source of mining pressure manifestation in
the mining field;

(2) The “fracture arch” in the mining field overburden looks like a semi-ellipsoid,
the arch base is located at the first rock beam fracture position on both sides
of the working face, the arch top is located in the hard rock layer, that is, the
“support layer”, the height is about half of the working face width;

(3) During the advancement of the mining field, the “fracture arch” continues to
develop forward in the advancement direction, and basically remains stable after
developing to the limit height (S, = Ly/2) in space.

C) Mechanical characteristics and evolution law of “stress arch”

The rock layer inside the “stress arch” bears and transfers the load of the overlying
rock layer, and is the main bearing body. The “fracture arch” structure is located in
the pressure relief zone inside the “stress arch”. When the overburden structure inside
the “stress arch” is unbalanced, major disasters such as impact ground pressure will
occur. Therefore, it is necessary to understand the dynamic evolution process of the
“stress arch”.

Assuming that there are k layers of overburden structure in the mining field, the
n + 1 layer is the support layer, after the i layer rock beam inside the “fracture arch”
is fractured, the original overburden load acting on it is transferred to the outside of
the “fracture arch”. As shown in Fig. 2.6, the load borne by the unit length of the i
layer rock beam outside the “fracture arch” is

q9i = qig-iy t Qo-p =y -Hi-Li+y -H =y -H(+L) 2.D

where, qi—-i) and go—; are the loads borne by the i layer rock beam inside and
outside the “fracture arch” respectively; H; is the burial depth of the i layer rock
beam; L; is the fracture length of the i layer rock beam.
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Fig. 2.6 Stress calculation model of the extrados rock beam
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When the rock beam undergoes tensile failure, a large number of tensile cracks
will occur at the edge of the fracture location, and the load it bears will increase
instantaneously, which can easily cause the strength of the rock beam at the fracture
location to decrease. The mining stress peak shifts to the outside (see Fig. 2.7a). This
situation is likely to occur in deep mines. If the strength of the rock beam is sufficient
to support the load transmitted from the “fracture arch”, and no failure occurs, then
the mining stress peak is at the fracture location (see Fig. 2.7b). This situation is
likely to occur in shallow mines.

The width of the “stress arch” is Lyess = Lo +2S.; the spatial development height
1S Hipress = L0/2 + Hn+1~

The distribution state of the “stress arch” is closely related to the overburden rock
properties and structure. The ability of the rock layer to resist damage and bear the
overburden load is directly proportional to the rock strength. To better understand
the “stress arch” and closely integrate it with the field, we divide the overburden
structure into four types [2]: “Hard-Hard Type” (JYJY), “Hard-Weak Type” (JYRR),
“Weak-Hard Type” (RRJY), “Weak-Weak Type” (RRRR) (Figs. 2.8, 2.9, 2.10 and
2.11).
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Fig. 2.7 Distribution of mining stress in rock beams
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Fig. 2.8 Distribution pattern of JYJY type “stress arch”
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The “stress arch” is a set of annular stress envelopes reflecting the stress trans-
mission relationship between rock layers. Its position determines the range of the
“external stress field”, revealing the range of the force transmitted from the over-
burden rock layer outside the mining field “fracture arch” to the surrounding rock of
the working face. The overburden rock properties of the mining field determine the
shape of the “stress arch”. The upper limit points of the “Hard-Hard Type”, “Weak-
Weak Type”, and “Weak-Hard Type” are biased towards the mining field, showing a
“ 7 shape; the “Hard-Weak Type” “stress arch” is in the shape of “ &2 ”. The rock
layers that have an impact on the mine pressure manifestation in the mining field are
located within the “stress arch”.

The “fracture arch” reflects the evolution of the spatial structure movement of the
overburden formed by mining. It is composed of fractured rock beams within the
“fracture arch” that have a significant effect on the mine pressure manifestation of the
mining field. The boundary line is connected by the fracture lines of each rock beam.
The rock layers that have a significant impact on the mine pressure manifestation in
the mining field are located within the “fracture arch”.

The overburden rock properties of the mining field determine the development
form of the “stress arch” in the overburden structure, but there are always “four
spaces” in the direction of the mining field advancement, namely the goaf compaction
zone, the unloading shell, the stress shell, and the original stress zone, as shown in
Fig. 2.12a [4]. According to the deformation conditions of the coal body, the coal
body can be divided into four areas from the coal wall to the deep part, namely
the loosening fracture zone, the plastic strengthening zone, the elastic deformation
zone, and the original rock state zone. The “loosening fracture zone” is the commonly
referred to “internal stress field”. The coal body in the area has been cut into blocky
by cracks, the more serious the closer to the coal wall. Its cohesion and internal
friction angle are reduced, the strength of the coal body is significantly weakened,
and the stress of the coal body in the area is lower than the original rock stress, so
it is also called the “unloading zone”. The coal body in the “plastic strengthening
zone” is in a plastic state, but has a higher bearing capacity. The coal body in the
“elastic deformation zone” is still in an elastic deformation state under the action of
mining stress, and the stress is higher than the original rock stress. The coal body
in the “original rock stress zone” has basically not been affected by mining, and the
coal body is in the original rock state. As shown in Fig. 2.12b.

2.1.2 Classification of Overburden Spatial Structure
in Mining Area

There are two meanings in the concept of the spatial structure of the overburden in
the mining area: one refers to the shape characteristics of the fracture edge of the
surrounding rock mass in the mining area; the other refers to the movement structure
formed by the rock layers inside the fracture zone. The former (fracture) is the basis
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Fig. 2.12 Mechanical model of the “four-layer space” structure of the mining area A-Mining void
compaction zone; B-Loose fracture zone; C-Plastic strengthening zone; D-Elastic deformation zone;
E-Original rock state zone

for the formation of the latter (structure). The form of the spatial structure of the
overburden within the mining area and the mine range is initially determined by the
design stage and finally realized by mining activities, which changes with the mining
stage. The existing research on the spatial structure of the overburden in the mining
area that is widely accepted by experts and scholars is that Professor Jiang Fuxing
summarized the three-dimensional structure formed around the mining area after the
fracture of different mining boundaries, basic roofs and upper rock layers into the
following four types: “0” type, “O” type, “S” type and “C” type [5, 6].

1. “0” type spatial structure with “support in the middle”’—isolated working face
with mining on all sides

The problem of ground pressure control of the “isolated working face with mining
on all sides” formed by skip mining and thick coal seam changing from layering to
top coal caving (Fig. 2.13a) has become a prominent problem faced by many mines.
As can be seen from the figure, in addition to the direct roof and basic roof forces on
the coal pillar, the main force is the force of the “overburden spatial structure with
support in the middle” formed by multiple layers of overburden. This multi-layer
“overburden spatial structure with support in the middle” looks like the letter “6”
in plan projection, and its movement determines the mode and degree of coal pillar
damage.
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(¢ ) "S" type spatial structure (d) "C" type overburden spatial structure

Fig. 2.13 Mechanical model of the “four-layer space” structure of the mining area

2. “O” type spatial structure with “no support in the middle”’—working face with
mining on one side

This type of mining area is generally the first mining face, as shown in Fig. 2.13b,
surrounded by solid coal, the range of the spatial structure is closely related to the
oblique length of the working face, the composition of the rock layer, the advancement
distance, etc. According to the observation results of multiple working faces and
simulation experiments, when the working face advances to a certain distance, the
maximum fracture height no longer extends, and the scale parameters of the spatial
structure enter a relatively stable stage.

3. “S” type spatial structure—working face with mining on two sides

The working face with mining on two sides refers to: one side is the mined-out area
after the upper section is mined (only a small coal pillar of 3—5 m is left between it
and this working face to protect the roadway), and the other side is the mined-out area
of this working face (Fig. 2.13c). After the basic roof of this working face is initially
fractured, the upper rock layer will move together with the same layer of rock in
the upper section working face, that is, the upper rock layer of the basic roof will
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move together, forming an “S” type spatial structure. The movement of this spatial
structure is the main reason for the difficulty of advanced support in the mined-out
side roadway.

4. “C” type spatial structure—isolated working face with mining on three sides

This type of mining area is the isolated working face left by skip mining. In recent
years, the flat roadway support of the top coal caving isolated working face in compre-
hensive mining has become a very difficult task. The advanced mining stress influ-
ence distance of some working faces has reached 120 m, and the roadway repair
project has become the bottleneck of the working face advancement. There are also
large-scale slab problems in deep working faces. Figure 2.13d The morphology of
the spatial structure of the overlying strata in this type of mining field is presented.
The strata above the three basic goaf areas have merged into one, forming a nearly
“C”-shaped spatial structure. The large-scale movement of the “C”-shaped spatial
structure is the main reason why the stress influence distance of the isolated working
face is 2 to 3 times greater than that of the ordinary working face.

2.2 The Evolution and Development Law of Overburden
and Mining Stress in the Mining Field

Mining dynamics is the science of studying the “re”’-deformation and “re”-destruction
of coal and rock bodies that have undergone deformation and damage during the
mining process. Mining stress refers to the force that promotes the surrounding rock
to move towards the mined space after mining. This force includes the stress in the
surrounding rock related to the mined space and the force of the moving rock layer
induced by mining on the boundary of the surrounding rock (the wall of the mined
space).

2.2.1 The Evolution and Development Process of Overburden
and Mining Stress in the Mining Field

The mining stress in the rock mass around the mining field is the result of the
movement of the overburden in the mining field. Its size is related to the mining
depth and the exposed area of the rock layer after mining, and its distribution and
manifestation are constantly changing [7-10]. The manifestation of mining stress is
not entirely dependent on the size of the pressure, but is closely connected with the
bearing capacity of the bearing body. Theoretical research and field practice have
proven that the changes in mining stress and its manifestation from the start of mining
field advancement to the end of the first pressure of the control rock layer (caving
rock layer and basic roof) can be divided into three stages. As shown in Fig. 2.14.
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Fig. 2.14 Evolution process of mining stress and mining field structure

1. The first stage—the coal wall maintains its elastic support capacity stage

The mining field starts to advance from the cutting eye, and as the working face
advances, the exposed space of the roof also increases, and the roof rock layer will
undergo periodic fracture and movement. The pressure transmitted by the roof rock
layer to the coal walls on both sides of the mining field also gradually increases. Since
the coal wall has a certain hardness and strength, the mining field advances within a
certain range, and the pressure transmitted by the roof has not reached the limit of
coal body destruction. As shown in the advancement degree L; range in Fig. 2.14,
the entire coal wall is in an elastic compression state, and the distribution of mining
stress is a monotonically decreasing curve with a peak at the coal wall.

In this stage, the distribution range of mining stress S, is relatively small. The
coal wall maintains its inherent support capacity, and the coal wall in front of the
mining field is always in an elastic deformation state, and it is not easy for the coal
wall to have roof leakage and slabbing phenomena. The mining stress concentrated
at the coal wall during this stage continues to increase with the advancement of the
mining field, but it has not reached the limit of plastic destruction of the coal body.

2. The second stage—the coal wall loses its elastic support capacity

As the mining field continues to advance, the exposed space of the roof of the working
face gradually increases, and the pressure transmitted to the coal wall through the roof
also gradually increases. With the increase of the tangential stress of the coal wall, the
coal wall reaches its elastic support limit and begins to undergo plastic deformation
and even destructive deformation. As the support capacity of the coal wall decreases,
the peak of mining stress will gradually shift to the inside of the coal wall until a new
stress balance is reached, as shown in the advancement degree L, range in Fig. 2.14.
This stage starts from the change in the support capacity of the coal wall and ends
before the fracture of the lower part of the fracture group. The distribution of mining
stress on the coal seam will be divided into 2 intervals: the pressure gradually rises
in the plastic zone (the coal body has been completely destroyed), and the pressure
monotonically decreases in the elastic zone, and the junction of the elastic—plastic
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zone is the position of the pressure peak. The distribution range of mining stress S,
is also composed of two parts, the plastic zone S; and the elastic zone S,.

At this stage, under specific roof conditions, it is possible to form a destructive
deformation zone—the internal stress field.

From the fracture of the lower part of the fracture group to the touching of the
middle part of the rock beam. On the eve of the fracture of the end of the rock beam,
the pressure is highly concentrated near the fracture line; the distribution of mining
stress in front of the working face is divided along the fracture line of the top rock
beam, in terms of size, it is clearly divided into two parts, one is the shear stress
reduction area between the coal wall and the fracture line of the fractured rock beam,
that is, the “internal stress field” (¢ < yH) determined by the self-weight of the
already fractured rock beam between the fracture line and the coal wall, as shown
in the vicinity of the L3 range in Fig. 2.14. The “external stress field” (o > yH)
determined by the overall weight of the overlying rock layer from outside the fracture
line of the rock beam to the boundary of the mining stress, the distribution of the
mining stress is also divided into two areas, one is the monotonic increase area of the
mining stress, that is, the commonly referred to plastic deformation area, the other
part is the pressure monotonic decrease area, that is, the elastic deformation area.
The formation of the internal stress field originates from the fracture of the roof rock
layer, so it is formed simultaneously in front of and behind the mining area, but due
to the continuous advancement of the mining area, the changes in the internal stress
field in front of the mining area and the changes in the internal stress field behind
the mining area have completely different rules.

A) Formation of the internal stress field.

As shown in Fig. 2.15, before the rock beam A fractures, the distribution curve of the
mining stress in front of the working face is shown as 1, the peak of the mining stress
is concentrated near the fracture line B point, and the clamping force point of the
rock beam A is also at the B point. At the moment when the rock beam A fractures,
the mining stress undergoes a rapid transformation, with the B point as the boundary,
the mining stress is divided into two peaks that move in opposite directions, the front
moves to the C point, and the back moves to the D point, as mentioned above, the
C point is the boundary point of the elastic—plastic area of the mining stress outside
(i.e., the external stress field), and the D point is the pressure peak of the mining
stress inside (i.e., the internal stress field). As the rock beam A moves from the initial
fracture to the stop, the distribution of the mining stress also slowly changes from
curve 2 to the state of curve 3, and the peak will also go through the process of B,
C, E changes. At this time, similar changes will occur in the coal wall in front of the
working face and the coal wall behind the cutting eye.

B) The development and change rule of mining stress in the coal wall in front of
the working face.

After the formation of the internal stress field, a curve as shown in 1 in Fig. 2.15
will be formed in front of the working face, but due to the continuous advancement
of the working face, the internal stress field will continue to shrink. As the goaf
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Fig. 2.15 The formation process of the internal stress field

continues to increase, the pressure transmitted to the coal wall through the roof rock
beam is also constantly increasing, the peak of the mining stress external stress field
continues to move to the outside, and the distribution range of the mining stress also
continues to increase under a certain advancement distance. Curves 1, 2, and 3 show
the process of the internal stress field going from existence to non-existence and the
gradual transfer of the external stress field as the working face advances.

When the rock beam fractures again, a new internal stress field will be formed in
front of the working face, and as the working face advances, the new internal stress
field disappears, and there is such a process of formation and disappearance of the
internal stress field in front of the working face.

C) The change rule of the internal stress field behind the cutting eye

Regarding the internal stress field behind the cutting eye, after its formation, because
there is no coal wall advancement effect, therefore, without the upper rock beam
fracturing again, the size and range of the internal stress field will not change
significantly.

D) Derivation of the internal stress field

The basis for calculating the internal stress field is that the vertical mining stress
distributed within the range of the internal stress field on the coal body around the
goaf is equal to the weight transferred to this range after the fracture of the top rock
layer of the “fracture arch”. As shown in Fig. 2.16:

1 KOnax Hy-Ci-y
—So =
2 S 2

(2.2)

where, Sy is the range of the internal stress field, m; C; is the basic top rock beam
cycle pressure step distance, m; Ky« is the stress concentration coefficient; H is the
mining depth, m; S, is the distance from the peak position of the mining stress to the
coal wall, m; v is the rock layer bulk density, kN/m?.
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Fig. 2.16 Mining stress calculation model

The calculation formula 2.3 for the range of the internal stress field is obtained

by solving Eq. 2.2,
sp= S S (2.3)
0T Kmax )

When the basic top comes to pressure for the first time, So = ,/ %
3. The third stage—the relatively stable stage
The relatively stable stage of mining stress can be further subdivided into 2 stages.

A) The first stage of mining stress stability—relative stability in front of the mining
field coal wall and behind the cutting eye

When the mining field advances to the inclined length of the mining field, according
to the principle of Prussian natural balance arch, a relatively stable structural arch
will form above the mining field. This structural arch transfers the weight of the
rock above the arch to the foot of the arch through the arch line. Since the inclined
length of the mining field is equal to the advance length at this moment, it is a semi-
spherical structure in terms of spatial structure, as shown in Fig. 2.17. At this time, a
uniform mining stress band is formed around the mining field. Without considering
the influence of the advance speed, the A band and the B band will not change much
with the advance of the mining field and tend to be stable. This stage of stability is
called the first stage of mining stress stability.
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Fig. 2.17 The first stage of mining stress stability

For the C band and the D band, as the mining field advances, the A and B sides
are pushed forward and backward respectively, and the two side bands will change,
forming the second stability of mining stress.

B) The second stage of mining stress stability—the relative mining impact stability
stage of the mining field boundary

When the mining field continues to advance, the foot of the balance arch has been
transferred. At the front and rear ends of the mining field (i.e., A and B in Fig. 2.18),
its original arch force structure is maintained. Therefore, the size of the A and B
bands and the level of stress basically remain unchanged. But for the side bands, due
to the increase in the distance between A and B, it cannot maintain the joint bearing
effect on all overlying rock layers. The weight of the rock exceeding its bearing range
will be transferred to the coal body on both sides of the mining field. That is, from
the perspective of the development and change of mining stress, the mining stress
on both sides of the mining field will develop in the direction of bands E and F, and
finally reach its new stable state.

According to engineering practice and similar material simulation, when the
mining field advances a distance of 0.75-1 times the working face length from this
point, the mining field is basically stable, that is, in Fig. 2.18, the distance from point
G to the coal mining working face is 0.75 times the inclined length of the mining
field. Correspondingly, according to the analogy principle, the distance from point
H to the cutting eye is also 0.75 times the inclined length of the mining field.

4. The development and change rule of mining stress of overlying rock in mining
field

In actual coal mining work, mining stress generally goes through three development
stages, but in strata where the coal seam is relatively shallow, the coal seam strength
is relatively large, and the roof is relatively soft, there may not be the appearance of
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(a) Without "internal stress field" (b) With "internal stress field"

Fig. 2.19 Schematic diagram of mining stress distribution

the internal stress field in the second stage; or if the working face is reinforced, the
roof rock beam may also break at the end of the support or at the coal wall. According
to the research results of mining pressure in the mining field, there are two situations
of mining stress state on the coal wall, as shown in Fig. 2.19.

A)

B)

Without “internal stress field”, when the stress at each point on the coal wall
has not reached the destruction limit of the coal body, the coal wall is in an
elastic compression state, and the mining stress curve will be a monotonically
decreasing curve with a peak at the coal wall.

With “internal stress field”, when the stress value near the coal wall reaches
the strength limit of the coal seam, with the destruction of the coal body,
its bearing capacity decreases, and the pressure peak near the coal wall will
transfer to the deep part of the coal body, dividing the mining stress distribution
interval into elastic zone and plastic zone. The subsequent rock beam fracture
will clearly divide the mining stress into two parts along the fracture line, namely
the “internal stress field” (determined by the self-weight of the already fractured
rock beam between the fracture line and the coal wall) and the “external stress
field” (determined by the weight of the overlying rock load in the “stress arch”
outside the fracture line).
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At the same time, as known from the above content, after the coal seam is mined,
the overlying rock produces fracture damage. This damage does not develop upwards
indefinitely, but stops at a certain height, forming a “fracture arch”. The rock beam
above the “fracture arch” not only has a force connection with the rock beam inside
the arch, but also has a force connection with the arch base at both ends. In the case
of a small mining width, if there is a rock beam with a large stiffness above the arch,
that is, the “support layer”, then the deflection of this rock beam is very small. The
rock beam above the “fracture arch” will transfer the force to the rock body above
the coal wall on both sides. At this time, the rock beam inside the “fracture arch”
is not affected by the pressure of the overlying rock layer, as shown in Fig. 2.20.
If the stiffness of the “support layer” above the “fracture arch” is small, that is, the
deflection of the rock beam is large, the working face will continue to advance after
the mining area is squared. Under the action of the overlying rock layer, the “support
layer” will gradually bend, and a part will settle on the rock beam inside the “fracture
arch”. At this time, the force will be divided into two parts, one part will be transferred
to the rock body above the coal wall on both sides, and the other part will be borne
by the rock beam inside the arch, as shown in Fig. 2.21.

The distribution of mining stress in the mining area is a three-dimensional struc-
ture, and the advancement speed of the working face has a certain impact on it.
Especially under the background of increasing mining depth, working face support
and mining intensity year by year, a scientific attitude should be applied to dialec-
tically and dynamically view the distribution and evolution of mining stress under
different mining area conditions.

Fig. 2.20 “Fracture arch” A & £ A X X X x x £ T =
not affected by overlying
rock layer pressure

Fig. 2.21 “Fracture arch” z A& & X Z R S
affected by overlying rock
layer pressure
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2.2.2 Distribution Pattern of Mining Stress on the Plane

The distribution law of mining stress on the plane (on coal and gangue) is the basis
for controlling the mine pressure of the floor roadway. Under the guidance of the
practical mine pressure theory system centered on “rock layer movement”, analyze
the stress evolution process in the mining area along the advancement direction and
parallel to the working face direction.

1. Distribution law of mining stress along the advancement direction

During the normal advancement process, the distribution of mining stress in the
advancement direction is as shown by the solid line in Fig. 2.22, and there is a leading
pressure on the coal body in front of the working face. The pressure in the mined-
out area behind the working face monotonically increases. After a certain distance
behind the working face, the overlying rock activity stabilizes, and the pressure in
the mined-out area rises to the original stress.

In addition to the direct top, each rock layer of the overlying rock layer in the
mining area is supported by the coal body at one end and the gangue in the mined-out
area at the other end, maintaining a force transmission connection in the advancement
direction. During the normal advancement process, the overlying rock activity behind
the working face develops from bottom to top. The upper rock layer either moves
with the lower rock layer or lags behind the lower rock layer. The rock layers are
in a delamination state or not all transmit rock weight. In the contact state, the
rear support points of each group of rock layers from bottom to top are arranged
one after another, so the pressure in the mined-out area behind the working face is
monotonically increasing. Except for short working faces and large-depth mining
geological conditions, the pressure in the mined-out area rises to the original stress
after the overlying rock activity stabilizes behind the working face.

After the working face is mined, during the process of overlying rock activity
stabilization, the overlying rock layers that move simultaneously with the basic roof
decrease with the bending and settling span, and the support points in the mined-out
area move towards the coal wall direction, or even further combine. The support
points in the mined-out area overlap. During the process of overlying rock activity,
the pressure on the outside of the basic roof rock beam touch point continuously
rises. After stabilization, a pressure peak higher than the original stress will form
on the outside of the basic roof rock beam touch point, while the pressure on the
coal body in front drops to the lowest. At this time, the pressure distribution in the
advancement direction is as shown by the dashed line in Fig. 2.22.

2. Distribution law of mining stress in the direction parallel to the working face

The distribution law of mining stress in the direction parallel to the working face will
go through the following six stages:

A) Leading pressure stage: There is a large mining stress distributed on the coal
body in front of the working face. For the working face with solid coal on both
sides, from the groove to the middle of the working face, the roof is gradually
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Fig. 2.22 Distribution law of mining stress on the plane

B)

®)

reduced by the support of the coal body on both sides, so the leading pressure
gradually increases and reaches the maximum in the middle of the working face,
as shown in 2.22. For the working face with one side mined out, the leading
pressure increases from the solid coal end to the mined-out area end. On the
convex corner of the coal body, due to the pressure overlap of the mined-out
coal body on both sides, as shown in Fig. 2.22 e.

Relatively stable stage: From the coal wall of the working face to the fracture
of the rock beam at the rear of the working face, the rock beam is in a relatively
stable stage, and the pressure on the coal body shows a single peak curve;
because the basic roof rock beam does not show significant movement, the goaf
only bears the weight of the directly falling gangue, the pressure is very small,
as shown in Fig. 2.22.

Significant movement stage: From the fracture of the basic roof rock beam to
the completion of pressure. The distribution of mining stress on the coal body
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D)

E)

F)

changes significantly with the development of significant movement of the basic
roof rock beam, the main features are:

After the fracture of the rock beam is completed, the stress field is divided
into two parts along the fracture line, that is, between the fracture line and the
edge of the coal body, the “internal stress field” determined by the self-weight
of the fractured rock beam, and the “external stress field” determined by the
overall weight of the overlying rock layer outside the fracture line. At this time,
the pressure distribution of the two stress fields is shown by the solid line in
Fig. 2.22. When the basic roof beam sinks and touches the gangue: the “internal
stress field” basically reaches stability, and the pressure distribution is shown by
the dashed line in Fig. 2.22. After the basic roof rock beam touches the gangue,
the pressure in the goaf increases.

It can be seen that the low stress area is formed after the rock beam is fractured,

and it basically stabilizes after the rock beam rotates and touches the gangue.
The range of the low stress area is from the fracture line of the rock beam to the
edge of the coal body. The range and stability time of the low stress area are the
basis for selecting the location and excavation time of the roadway.
Overburden stable stage: After the basic roof rock beam is pressurized, the
overburden of the basic roof continues to fracture or bend and sink, touch the
gangue, the stress of the external stress field continues to decrease, the internal
stress slightly increases, and the pressure in the goaf continues to rise. When the
overburden is stable, the stress of the external stress field drops to the lowest,
the pressure in the goaf from the edge of the coal body to the direction of the
goaf continues to increase, and a pressure peak higher than the original stress is
formed on the outside of the touch point of the basic roof rock beam, as shown
in Fig. 2.22.
Superimposed pressure stage: When approaching the advancement of the
working face, the advanced pressure on the working face of the coal seam corner
and the original mining stress are superimposed on each other. The stress of the
internal and external stress fields will rise during this stage. Due to the specific
geometric conditions at the corner of the coal seam, the stress concentration
factor of the superimposed pressure peak can reach 5-10, as shown in Fig. 2.22e.
Pressure recovery stage: A certain distance behind the working face, after the
overburden activity is stable, the pressure in the goaf returns to the original
stress.

2.2.2.1 Analysis of Mining Stress Limit Equilibrium and Bearing

Capacity

After the stope advances, the stress of the surrounding rock mass is redistributed, and
the surrounding coal body is first damaged and gradually extends to the boundary
of the elastic stress zone. The stress of this part of the coal body is in a state of
stress limit equilibrium. Due to the Poisson’s ratio of the coal body u is greater than
the Poisson’s ratio of the rock of its roof and floor, the cohesion of the interface
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Fig. 2.23 Simplified diagram of mining stress calculation on coal seam interface

between the coal seam and the roof and floor rock C and the internal friction angle
@ are lower than the values of the cohesion and internal friction angle of the coal
body. After excavation, the coal body will inevitably be squeezed out from the rock
of the roof and floor, and shear stress 7, is generated on the coal seam interface.
The calculation mechanical model is shown in Fig. 2.23. In this figure, ABCD is the
stress limit equilibrium zone; o is the average value of the horizontal stress o, on
the entire thickness of the coal wall at = §;; P, is the support resistance to the coal
wall.

1. Basic assumptions
A) The coal seam interface is the slip surface of the coal body relative to the roof
and floor rock layers. The normal stress o, and shear stress 7, on the slip surface
should satisfy the stress limit equilibrium equation, that is:

Ty =0y 180+ C (2.4)

B) Since the force of the goaf gangue on the coal wall is very small, it can be
approximated as zero, that is, P, = 0;

C) The stress of the coal body is symmetrical to the x axis.

D) At the junction of the stress limit equilibrium zone and the elastic zone (the
junction of elasticity and plasticity), i.e., x = S; the equilibrium equation at this
time is:

[ay]xzsl = Knax0y = A[0y] _¢ = AKpmax (2.5)

X=Sl
2. Solution of theoretical model

The basic equation for solving the interface stress of the limit equilibrium zone is
formula 2.6.



2.2 The Evolution and Development Law of Overburden and Mining Stress ... 43

00, 0T,
o " v o
Oy Oy
by, 0o 26
ot oy

Ty =0, -1gp+C

According to the mechanical model shown in the figure above, taking the coal
body (ABCD) of the entire stress limit equilibrium zone as the separated body, the
sum of the forces in the x direction is zero, the equilibrium equation can be obtained
as formula 2.7

S
m- oy, — 2/ Tydx —pom =0 2.7
0

By solving Eqs. 2.5-2.7, the theoretical model of the mining stress o, and the
width of the limit equilibrium zone S, of the coal body on the side of the mining area
can be obtained:

. o [ Kmah H.
o =]§<e%—')sl - ’;7111(% + 1) 2.8)

where, o, positive stress on the coal body, MPa; o, horizontal stress, MPa; A lateral
pressure coefficient of the coal body, A = ﬁ; C cohesion of coal seam and rock,
MPa; ¢ internal friction angle of rock layer; f friction coefficient of coal seam inter-
face, f = tg@; Kmax stress concentration factor; y average bulk density of overlying
rock layer, kN /m3; H burial depth of coal body, m; S; limit stress equilibrium zone

(plastic zone), m; S, elastic zone, m; S, range of mining stress influence, m.
3. Calculation of mining stress distribution range when the mining area is exposed

Through the previous analysis, it is known that the range of mining stress influence
in front of the coal wall reaches its maximum when the mining area advances to
the inclined length of the mining area. As the mining area advances, the range of
mining stress influence in front no longer expands; a model as shown in Fig. 2.24 is
established.

After the mining area advances to the exposure, under the action of gravity, the
rock layer above the mining area forms a pressure increase belt with a width of
S, around the mining area. Ignoring the weight of the old pond gangue, Eq. 2.9 is
established.

(2L - Sy + 12Cs|ogy - Sx +2-S2) - (Ku — 1) -y -H = Lo| - Cl=r, - v - H  (2.9)

where, K, is the average value of the stress concentration factor.
Simplify Eq. 2.9 to get
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Fig. 2.24 Schematic diagram of the distribution range of mining stress when the mining area is
exposed
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Solve the equation to get S, = fml discard the negative root to get

szLo( /1+ﬁ—1) (2.10)

It can be seen from formula 2.10 that the distribution range of mining stress is
related to the length of the inclined direction of the mining area and the average
concentration factor of mining stress.

Considering the influence of the mining area inclination angle, revise formula
2.10 as follows:

Su =L0( 1+ s — 1)(1 + sin)

[ 1 .
Sx2=L0< 1+m—1>(1—$1ﬂ0{) (211)

1
Sy =L 1+ ———1) =S,
3 0< +(2Ka_2) ) 4
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where, S, represents the distribution range of mining stress in the downhill direction
of the mining area; Sy, represents the distribution range of mining stress in the uphill
direction of the mining area; S,3 represents the distribution range of mining stress
in front of the coal wall of the mining area; S,4 represents the distribution range of
mining stress behind the coal wall of the mining area.

4. Influence law of mining stress during mining area advancement

When the advancement length of the mining field is equal to the inclined length, the
fracture arch above the working face reaches its maximum, as shown in Fig. 2.24.
At this time, the weight of the overlying rock layer is evenly distributed around the
mining field. Through practice, it is known that when the working face continues
to advance, the range of mining stress distribution between the front of the mining
field and the back of the cutting eye does not change much, but the weight of the
overlying rock layer supported by the two sides of the mining field will become
larger and larger due to the distance between the coal wall in front of the mining field
and the coal wall at the back, until the coal body per unit length on both sides of the
mining field bears all the weight of the overlying rock layer within the unit length,
as shown in Fig. 2.25.

A) When the stiffness of the “support layer” is large and the load of the overlying
rock layer on the “fracture arch” is borne by the coal body on both sides

(oL Suma) - (KL~ 1)y -H = Lo Ly y -H — S (3Lo) - Hy - v - L

Lo(4H — 7H,
Smax) = Lo(4H — xH,) 2.12)
8(k, — 1)H
0.25L0
Sx

Lo

ANANANAN

Fig. 2.25 Schematic diagram of the stable state behind the mining stress distribution range
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where, K, is the maximum average value of the stress concentration coefficient;
Sx(max) 18 the maximum value of the mining stress distribution range, m; H, is the
height of the structural arch, m.

B) When the stiffness of the “support layer” is small and part of the load of the
overlying rock layer acts on the rock beam in the arch

(ZLA ‘Sx(max)) : (K; - 1) y-H=L-Ly-y-H— Q;rchQ;rch >

1 1
§n<§Lo) “Hg -y - L (2.13)
At this time, the position of the stress peak will decrease. Where, Q = ;‘ﬁ; isa

constant, K/ is the maximum average value of the stress concentration coefficient;
Sx(max) 15 the maximum value of the mining stress distribution range.

2.2.3 Relationship Between Overburden Failure Structure
and Mining Stress Evolution

The stress of the roadway surrounding rock excavated and maintained in the internal
stress field comes from the force of the overlying rock layer that moves significantly
under the influence of mining. As the mining field advances into the significantly
moving rock layer, including the directly collapsed roof (M) and the basic roof that
maintains the transmission force connection in motion (Mg, Mg>...Mgy). The basic
structural state and structural parameters of the movement are shown in Fig. 2.26:
The pressure of the rock layer movement within this range on the coal body in the
internal stress field can be based on the following two situations that may occur when
the rock beam (plate) under the basic roof moves:
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Fig. 2.26 Stress sources of roadway surrounding rock at different positions a Original stress field;
b Internal stress field; ¢ External stress field
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The first situation: the shear instability at the end of the rock beam, that is, the
bite point 0 in Fig. 2.26 loses the squeezing and twisting ability.

Under this situation, the pressure on the compressed coal body (Sp) in the internal
stress field Pgo and the vertical stress in the coal seam oy can be obtained according
to the gravity balance program of the basic roof rock beam. Among them: when the
first rock beam (lower rock beam) fractures, its motion gravity balance equation is:

So
2. /Usds + Eieily =2A+ B (2.14)
0
That is:
So
Pso = [ osds = 5[(2A + By) — Eieil1] (2.15)
0

where, A = my - yz - Iz, is the direct roof force; By = (Lo + 2So)mE; - YE1, is the
basic roof force; Pr = E;g;e;, is the support reaction force of the collapsed rubble;
M and y; are the thickness and bulk density of the direct roof (collapsed rock layer)
respectively; Mg, and yg; are the thickness and bulk density of the first (lower) rock
beam of the basic roof respectively. L; and L are the span of the direct roof and the
length of the working face respectively.

The related symbol meanings of the rubble reaction force Py value are: e; is the
span of the middle section of the basic roof lower rock beam shear fracture (m); ¢; is
the settlement amount of the basic roof rock beam after touching the rubble (i.e., the
compression amount of the old pond rubble) (mm); E; For the compressive stiffness
of the caving gangue (tons/mm- m?); where, e; = (Lo + 25y) — (di + db).

For nearly horizontal coal seams, studies have shown that when the first fracture
step of the basic roof lower rock beam is known, the following relationship holds,
that is:

dy = d, ~ Coy

The settlement of the basic roof lower rock beam can be expressed by the following
formula:

& = S,' — SA
where, S; is the settlement value of the basic roof lower rock beam (mm). S, is the
settlement value of the basic roof lower rock beam at the time of contact (mm), which

can be obtained by the following formula, that is:

Sa=h—mz(Ky—1)
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Fig. 2.27 Relationship diagram of swelling gangue compressive stiffness

where, & is the mining height, my is the thickness of the direct roof (caving rock
layer), K, is the swelling coefficient of the caving rock layer before compression.
Generally, K, is taken as 1.35-1.45.

Experimental studies have shown that the relationship curve of the compressive
stiffness of the swelling gangue E; = f(S;) is shown in Fig. 2.27.

The compressive stiffness equation of the approximate linear segment can be
expressed by the following formula:

Emax

Ei :f(Sl) = SAmax (Si—S4) (216)
where, Smax 1S the maximum settlement value of the rock beam when the swelling
gangue at the old pond caving is in the “limit compression” state (i.e. E; = Epax). It
can be expressed by the following formula:

Smax = h — mz(Kpin — 1)

Knin 1s the swelling coefficient of the caving rock layer when it is in the “limit
compression” state. From a practical point of view, it can be taken between K.
From this, the expression for the support reaction Py value during the rock beam
settlement process can be obtained:

Emax

SAmaX(Si - SA)(SZ - SA)el = m

PT = Ei8i€1 =

The expression for this is:

Pr = C(8; = Sp)? 2.17)
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where, = eslfﬁ

Substituting the listed results into formula 2.15, the pressure equation of the basic
roof lower rock beam fracture action on the internal stress field coal body—the
expression of the “rock beam position equation” is obtained:

So
Pso = [ o5ds = 3[(2A + B)) — C(Si — Sa)?] (2.18)
0

If it is assumed that the stress in the compressed coal body of the internal stress
field is uniformly distributed, then:

1
Pso =0y So = 5[2A+B1) — C(S; — Sa)°]
From this, the expression for the average vertical compressive stress on the coal
body of the internal stress field is obtained:

0y = 35 [2A + B) — C(Si — Sa)?] (2.19)

The characteristics of this position equation are shown in Fig. 2.28.
When S; = 0 — S; = Sy, Pso = P5 .
When Si = Smaxls PSmin-

Smax1 18 the settlement value at the touch gangue (point A) when the lower rock
beam moves alone to enter the “final” stable state. When the rock beam settles to
this position, the coal seam in the internal stress field only bears the weight of the
“direct roof”, that is:

a
e
F
S S,
S
S
d=g e
B e S P00 | G

Fig. 2.28 Basic roof rock beam position equation diagram



50 2 Research on Spatio-Temporal Migration Law of Overburden Structure ...
1 2
Pgo = 5[(214 +By) — C(Si — Sa)°] =

From this, the value of S;,.x1 can be obtained:

Smaxl = \/% + SA (220)

where, = mg; - yg1 - (Lo +25); C = I i Sa=h—myz - (K4 —1).

By the same token, we can derive the pressure position equation on the coal body
of the internal stress field when each rock beam in the damaged arch is pressed to
sink, and the final sinking value of the corresponding lower rock beam at the energy
waste point (A). Among them:

When the second rock beam is broken and pressed, the following applies:

So
1
Pspp = /Usds = 5[(214 +Bi 4+ By) — C(S; — Sa)°]
0

1
Op2 = =—[(2A + By + By) — C(S; — S4)*]
280

B + B>
C

+ Sa

Smax2 =

When the n rock beam is broken and pressed, the following applies:

So n
PSOn = fasds = %I:(ZA + ZB,) — C(S, — SA)2] (221)
0 1
Oon = 35 [<2A + Z B; ) —C(S; — SA)Z} (2.22)
Smaxzn = % + SA (223)

When all rock layers in the damaged arch range are broken and moved, the overall
movement position equation of the force source of the internal stress field and the
approximate expression of the final settlement value of the lower rock beam at the
touch waste point are as follows:

So

Ps = [osds = 3[(2A + By) — C(S; — S4)*] (2.24)
0

Oy = 55 [(2A 4+ Bs) — C(S; — S)°] (2.25)

SmaxS =/ st + SA ~ Smax (226)
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In the formula,
2
Bs ~ [H(LO+T25<>) —(h+ mz)Lo]yp (2.27)

Smax = h — mz(Kyin — 1) (2.28)

In summary, it can be clearly seen from the study that the mining stress acting
on the coal body of the internal stress field is a function of the settlement of the
overlying rock layer. Therefore, while determining the range of the internal stress
field (Sp), it is important to understand the development of the movement of the
overlying rock layer, and on this basis, choose the location and timing of the tunnel
excavation correctly, and try to excavate and maintain the tunnel in a stable internal
stress field, which is the key to controlling the mine pressure manifestation of the
internal stress field tunnel.

The second situation: During the entire process of the movement of the overlying
rock layer in the damaged arch, the lower rock beam at the end, that is, point O in
Fig. 2.26, always maintains the transmission force connection.

Under this situation, the structural mechanics model of the movement process of
the basic top lower rock beam is shown in Fig. 2.26. At this time, the pressure borne
by the coal layer on the internal stress field should accept the movement of the rock
beam, and the force moment balance equation for the bite point O is derived.

So
PS() = / (Isds =A+B (229)
0

In the formula, A is the pressure given to the coal layer by the direct top movement;
B is the pressure given to the coal layer by the movement of the basic top lower rock
beam.

The pressure A given to the coal layer by the direct top movement (including its
own movement and the forced movement under the basic top lower rock beam) can
be obtained by taking the moment of the weight of the direct top at point O:

S() 12
A=/ GSA'dSZmZ'VZ'SlZmZ'VZ‘fZ (2.30)
0 )

In the formula, f; = 2% is the moment coefficient; my, Lz, y, are the thickness,
span and bulk density of the direct top respectively. Lg is the distance from the point
of action of the resultant force of the mining stress of the coal layer to the beam end
(point 0).
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So
Psoa = /USAdS =045
0
S
Is ==
L
fz = 252_0 =5

From this, the pressure and average stress of the direct top are as follows:

12
A=my- -y, =2 (2.31)
So
If I; = Sy, then:
A=mz-yz-So

(2.32)
Oap =Mz - Yz

The force moment balance equation for the movement of the basic top lower rock
beam is:

So d 1 1
/ ospds - I + ElEié‘liel = 5MEL " Vel ~eyd) + SMEL " VEL -did; (2.33)
0

From this, the pressure B1 acting on the coal layer of the internal stress field by the
movement of the basic top lower rock beam is expressed by the following formula:

So
B, = / ospds = %(q +d)— jEieiei (2.34)
S S
0

If it is assumed that the mining stress in the internal stress field is uniformly
distributed, then the mining stress and average stress on the coal layer can be obtained
as follows:

e d d
Bp, = %(61 +d) — S—lEiEIiei (2.35)
0 0
mgy - -d d
opp1 = %(61 +di) — S_;Eli&‘iel (2.36)
0 0

In the formula, Mg, yg| respectively for the thickness and bulk density of the
basic roof lower rock beam; d; is the collapse degree of the rear block segment
after the lower rock beam is fractured, studies have shown that under general roof
conditions, it is close to the pressure step distance of this rock beam, that is:
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di ~ Cyo

e; is the span of the middle bad segment after the lower rock beam is fractured, for
nearly horizontal coal seams.

e = (Lo +28p) — 24,

S is the range of the inteal stress field; g;; is the compression amount of the old pond
fallen gangue from the start of the lower rock beam settlement energy to the entry
into a stable state, which can be obtained by the following formula:

&l = SAmax
In the formula,

Smax =h-— mZ(KA - 1)
Smax = h — mz(Kpin — 1)

In the formula, Sy is the settlement value when the lower rock beam starts to be
able; Siax 18 the settlement value of the rock beam when the lower rock beam enters
a stable state; Ky is the swelling coefficient of the compression part of the old pond
fallen gangue; K. is the swelling coefficient of the old pond fallen gangue after
the lower rock beam enters a stable state; 4 is the mining height.

E; is the compression stiffness of the old pond fallen gangue. As mentioned
before, it has the characteristic of approximately linear increase with the compression
increment. The increment law of the lower rock beam from touching the gangue to
entering the final stable state, that is, S;; = Simax can be expressed by the following
formula, that is:

E max

o — (2.37)
SAmax (Sl - SA)[

Substitute the above analysis and research results into formula 2.28, after sorting,
the pressure relationship equation of the internal stress field under the pressure of
the lower rock beam fracture can be obtained—the “position equation” of the lower
rock beam is:

Psp, = (A1 + Dy) — C(S; — Sa)? (2.38)

In the formula,
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A l%
=my - . £
1 zZ " Vz So
mg1ye1di (e +dy)
D, =
So
die1Emax

~ S0(Smar — Sa)

If Sp1 = A, the “final” settlement value S1max at the touch gangue under the
separate action of the lower rock beam can also be calculated as:

| D
Sl max — F + SA (239)

Based on the force position equation of the internal stress field coal body under the
single movement of the lower rock beam, it is not difficult to derive the expression of
the overall position equation of the overlying rock layer in the mining area according
to the force moment balance condition:

Psp = (A+D,) — C(S; — Sa)* (2.40)
In the formula,

Y imiyedi(ei + dy)
= &

D,

The position equation expression of the average pressure stress (ogp) is:

Psp

1
Osp = —— = < [(A+Dy) = C(S; — S4)’] (2.41)
So So
The final settlement value at the energy gangue of the lower rock beam when it

is “finally” stable (Syax) is:

Spmax =1/ — +Sa (2.42)

Field practice has proved that when the working face length is within the limit of
about 200 m, when the working face advances beyond the working face length, the
rock layer with obvious movement in the overlying rock layer of the mining area,
including the direct roof (fallen rock layer) and the basic roof rock beams (“fracture
arch” inner rock layer) first fracture movement, is basically realized. After a period of
settlement and compression of the fallen gangue, it can enter a relatively stable state.
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At this time, the settlement value at the touch gangue of the lower rock beam can be
regarded as reaching the balance limit corresponding to the settlement force of the
obviously moving overlying rock layer. At the same time, the compression stiffness
(E) of the fallen gangue also reached the maximum value (Emax) corresponding to
the force of the moving overlying rock layer. Comprehensive results of Chongzhou
top coal mining and some other deep mine mining practices. For the mining area with
a working face length of no more than about 200 m, the final settlement value at the
energy gangue of the lower rock beam when the first movement of the overlying rock
layer of the mining area is completed can be estimated by the following formula.

Smax = h — m;(Kpin — 1) (2.43)

In the formula, / is the mining height, m; For the direct top (caving stratum)
thickness.

Kmin When the lower rock beam enters a stable state, the minimum swelling
coefficient after the old pond caving gangue is compacted. According to relevant
research practices, from a practical point of view, take Kpi,. The results obtained can
be substituted into formula 2.41 to obtain the maximum compressive stiffness value
at the old pond caving gangue, even if

Dl'l
Snmax = ? + 84 = Siax

D,

? = Smax - SA

" Smax — Sa)’
die1 Enax

= S0(Smar — Sa)

The maximum compressive stiffness of the old pond caving gangue can be
approximately obtained.

D,So

_— (2.44)
die1(Smax — Sa)

In the formula,

YU mivedei(eg + dii)
n — SO
Sa=h—myz(Ky— 1)
Smax =h — mz(Kpin — 1)

During the whole process of basic roof fracture and subsidence, the coal seam
within the range of the internal stress field (Sy) will be compressed under the pressure
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of the corresponding rock beam, and its compression amount will increase with the
increase of the subsidence amount of the lower rock beam §;, until the lower rock
beam enters a “relatively stable” state. Among them, when the lower rock beam moves
alone, the maximum compressive deformation on the coal seam of the internal stress
field is speculated by using the gravity balance position equation:

SOSI max

Ahl max — AhlA + AAI& = d
1

(2.45)

In the formula,

/By
Slmax= E‘i‘SA
So By
Ahimax = — 1| S — 2.46
I ma dl(A—i_‘/C) ( )

Similarly, the force moment balance position equation can be used to guide the
calculation:

Substitute to get:

So D,
Ahimax = 5| Sa 1/ = (2.47)
1

When all the rock beams of the basic roof fracture and move, the maximum
compression amount of the coal body in the internal stress field is approximated by
the gravity balance force moment balance position equation:

(2.48)

(2.49)

Under the action of structural stress, the top plate buckling failure will develop
layer by layer from bottom to top. Until due to the reduction of the span, the rock layer
that can maintain stability under axial pressure. When the roadway roof is composed
of rock layers with not large stratified thickness and not high strength. Given that
the span of each rock layer gradually decreases from bottom to top. Therefore, the
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range of roof failure will generally be arch-shaped, and the roof pressure value can
be calculated as a semicircle for support design.

For the original stress field with structural stress, the roadway roof failure is
fully realized, and after the release of structural stress, the self-weight stress of the
overlying rock layer will play a role. The two sides of the roadway failure under
gravity will follow the failure law of a single gravity field, and the corresponding
support design can be carried out in the same procedure.

In the excavation and maintenance of the roadway in the mining face forming the
mining stress peak area, the key to the control and support design of the roadway
roof is also to first correctly determine the depth of the two sides of the failure and the
corresponding range of the roof failure. Based on this, the roadway support design is
carried out. The key to controlling mine pressure manifestation (including the control
of surrounding rock deformation and support impedance force and deformation) in
the excavation and maintenance of the roadway in the internal stress field includes
the following three aspects: First, choose the location of the roadway excavation
reasonably. Obviously, based on the determined range of the internal stress field, that
is, the width of the coal belt that has entered the damage (So), try to excavate the
roadway directly at the deep boundary of the internal stress field, that is, the boundary
between the internal and external stress fields. That is to say, if the recovery rate is
not considered, when excavating the roadway in the internal stress field, it is better
to leave the coal pillar width larger, so as to reduce the pressure and corresponding
deformation on the protective coal pillar to the minimum. Of course, if the roadway
is excavated after the internal stress field is completely stable, as long as it is in the
internal stress field, the width of the remaining roadway coal pillar only needs to
ensure that there is no old pond leakage, and a little bit is not a problem [11, 12].
Secondly, correctly determine the time of tunnel excavation. Ensure that the tunnel is
excavated in the stress field after the mining face has advanced a certain distance and
time, and always keep the lagging distance and time within the target of excavating
and maintaining the tunnel in a stable stress field, which is the key to controlling tunnel
deformation and damage, and is of paramount importance. This point has been clearly
demonstrated from the research on the pressure (stress) and deformation of the stress
field coal seam strip, including the relationship expressed by the related displacement
equation. Finally, according to the selected tunnel excavation maintenance time and
the possible “stress field” force deformation development process, carry out the
correct (targeted) support design.

As the mining field advances, the range of the stress field will appear on both
sides, and the pressure and corresponding compression deformation process that the
coal seam bears, as shown in Fig. 2.29.
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Fig. 2.29 Mining field advancement “stress field” range coal seam pressure and compression
process
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Chapter 3 ®)
Temporal and Spatial Evolution e
Mechanism of Mining Stress Field

As the mining depth increases, the self-weight stress of the coal body, the structural
stress and the mining stress overlap, forming a very complex stress situation in the
mining field, causing a series of changes in the physical and mechanical properties
of the rock, and showing obvious strong disturbance characteristics. Some problems
related to rock mechanics science and engineering gradually change from quantitative
to qualitative. The deformation and destruction degree and mode of coal and rock
mass are quite different from those in shallow parts. The existing theories and tunnel
support methods applicable to shallow mining have encountered problems in deep
engineering practice. The resource extraction is extremely difficult and the risk of
major mine safety accidents increases, seriously threatening the safe production of
the mine. Therefore, it is necessary to explore the temporal and spatial evolution
laws of deep mining fields and the loss evolution mechanical characteristics of coal
and rock masses.

3.1 Definition of Deep Coal Mining

How to determine the depth of coal mining, previous studies have given different
interpretations from multiple angles. “Deep” is a mechanical state determined by
the level of geostress, mining stress state and surrounding rock properties. The deep
coal mining environment can be summarized as “three highs” (high geostress, high
geotemperature, high karst water pressure) and deep rock engineering response “three
strong” (strong rheology, strong wet heat, strong dynamic disaster) characteristics [1,
2]; at this time, the deep engineering rock mass has nonlinear mechanical characteris-
tics, and the existing linear mechanical system theory and technology are partially or
completely invalid. Deep engineering surrounding rock control can be based on rock
mechanics characteristics and engineering characteristics, using difficulty coefficient
and danger index as evaluation indicators of stability difficulty [3]. At present, the
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definition methods of deep mining are from the depth of geostress field characteris-
tics, absolute mining depth, mining coal and rock geostress environment, the degree
and mode of disaster caused by mining, tunnel support and maintenance cost and
rock mechanics state, etc. The characteristics of deep mining have been diagnosed
from the outside to the inside, and targeted solutions for deep mining theory and
practice have been proposed. Scientifically defining the depth is an important issue
in the development of deep mining theory and practice. It is of great significance
to explore the definition method of deep mining suitable for modern coal mining
practice in China. For this reason, Professor Zhang [4] combined the deep rock and
groundwater environment of coal mine areas in China and modern mining methods,
combined the analysis of regional stress field and mining stress field, based on the
analysis of shallow crust and quasi-static water stress state in deep coal mine areas in
China, further studied the definition of deep in coal mine areas in China, the relative
deep definition based on different coal and rock states (rock properties and combina-
tions, water content, etc.) and the method of determining dynamic deep area during
mining.

3.1.1 Deep Coal Mining

The manifestation of deep mechanical state is the basic condition for coal mining to
enter the deep from the shallow, and the high geostress environment and the nonlinear
mechanical response of the original rock are the basic characteristics of the deep
mechanical state. Therefore, compared with shallow coal mining, deep coal mining
refers to mining activities in the coal and rock space with high geostress environment
and mining nonlinear mechanical response. Its connotation mainly includes:

1. Deep mining refers to mining activities where the bedrock is under high ground
stress at depth. High ground stress is a basic characteristic of deep stress. At
present, the average mining depth of the main mines in the east has reached
800-1000 m, while the western mining area has gradually entered 400-700 m
from 100-300 m. Compared with shallow mining, mining in different regions
gradually enters a high ground stress environment as it shifts to greater depths.
At this time, the stress state of the bedrock gradually shifts from being dominated
by tectonic stress to being dominated by vertical stress, and enters a deep stress
state when it enters a triaxial compressive stress state with equal pressure in two
directions (or quasi-hydrostatic stress state) [5].

2. Deep mining is a mining activity where the mined coal rock shows signifi-
cant non-linear mechanical response characteristics. The non-linear response
of mined coal rock is the dynamic characteristic difference between deep and
shallow mechanical states. Under deep conditions, the mechanical response of
coal rock transitions from purely elastic deformation to brittle-plastic deforma-
tion and plastic flow state, with large plastic deformation, dynamic disasters, and
large-scale dynamic instability of the surrounding rock appearing during mining.
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Compared with shallow mining, elastic deformation, brittle-plastic deformation,
and plastic deformation phenomena coexist, and traditional linear theories and
methods are difficult to explain.

3. The process of deep mining is also a process of mining-induced coupling and the
evolution of the mechanical state of coal rock. The initial state of the mined coal
rock reflects the static properties and mechanical state of the mined coal rock, the
mining-induced coupling state reflects the dynamic properties and mechanical
state of the coal rock, and the change in the mechanical state of the mined
coal rock is related to depth, the combination of bedrock lithology and mining
source parameters. Compared with shallow mining, not only is the initial state
of the mined coal rock in a quasi-hydrostatic pressure environment considered
deep mining, but also the space that appears in the mining process with deep
mechanical state is considered a deep area, and the dynamic high-stress area and
coal rock non-linear mechanical response that appear at this time also need to be
explained by deep mining theory and methods.

Therefore, according to the distribution of coal mine areas in China and the char-
acteristics of coal rock mass lithology combination [6—9], deep mining can be divided
into deep mining in the middle and eastern parts and deep mining in the west. The
former mainly has the coal-forming period of Carboniferous-Permian, and the coal-
bearing strata are mainly Permian Shanxi Formation and Carboniferous Taiyuan
Formation, etc.; the latter mainly has the coal-forming period of Jurassic, and the
coal-bearing strata are mainly Jurassic Yan’an Formation.

3.1.2 Deep Judgment Criteria and Determination Methods

1. Judgment criteria

The deep mechanical state serves as the main indicator for judging the entry into deep
mining, and determining the characteristic depth based on experimental measurement
or deep rock in-situ testing is an important breakthrough in the theoretical study of
deep mining. The deep state is closely related to the regional ground stress level,
mining geological environment, and mining dynamic behavior, and the randomness
and dispersion of the sampling of the mine area’s ground stress research make the
definition of the deep boundary in the mine area limited. It is reasonable to determine
the regional depth based on the trend of stress field changes in China’s shallow
crust and coal mine areas, and to determine the mining area’s depth in combination
with the characteristics of the rock lithology combination in the mining area and the
change rule of the mining-induced coupling mechanics time—space response, thereby
defining whether mining has entered the deep.

The study of the regional stress field in the shallow part of China’s crust is mainly
based on the ground stress testing data of sedimentary rocks, igneous rocks, and
metamorphic rocks. The original rock lateral pressure coefficient Ky, K, and K,y
(that s, the ratio of the maximum horizontal principal stress, the minimum horizontal
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Fig. 3.1 Trend of lateral pressure coefficient changes in shallow crustal regions of China [4]

principal stress, and the average horizontal principal stress to the vertical principal
stress) and the statistical distribution law with depth [10] show (Fig. 3.1), shallow
Ky and K, The range of variation is large, which means that local construction stress
is dominant. As the depth increases, the measured values converge relatively.

Since K,y integrates the triaxial stress parameters of the original rock, reflecting
the relationship between the average horizontal stress and vertical stress, K,y ~ 1
approximately reflects the quasi-hydrostatic stress state of the original rock triaxial
stress relationship. Therefore, within the currently measurable and minable depth
range, using the deep quasi-hydrostatic pressure environment and K,y parameters as
the criteria for judging whether coal mining has entered the deep part is reasonable
and applicable. At the same time, referring to the average geostress level of coal
mines in China and studying the local geostress level differences of coal-bearing
strata in the mining area, it is necessary to distinguish and define the specific range
of the deep part.

2. Determination method

The deep mechanical state is divided into static and dynamic states. The former is the
comprehensive manifestation of the basic physical properties under the deep original
rock state, and the latter is the dynamic manifestation when the original rock and
the mining source are coupled. According to the deep judgment criteria, whether the
mining has entered the deep part and the critical depth can be determined based on
whether K reaches the quasi-hydrostatic stress state during the static and dynamic
mechanical states.
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(1) Determination of static (without mining disturbance) depth

The static depth refers to the area V© that exhibits a deep mechanical state when
the mining system is static (+ = 0), H,, is the critical depth of the deep part, and
the original rock in this area is called deep original rock. Its deep mechanical state
function is:

KL?V = .fs(-x’ ya Zv Ua F)|Z>Hm

In the deep area V,, the original rock stress field is dominated by horizontal
construction stress, showing a shallow state; the original rock stress field in the deep
area V,,, shows a deep quasi-hydrostatic stress state.

When defining the static deep area, the original rock parameter F is the main
influencing factor, that is, the composition and physical properties of the original
rock, the lithology combination and the water content of the rock layer have an
important impact on the definition of the deep state. Based on the statistical law of
the stress field in coal mining areas in China, combined with the coal mining practice
in the eastern part, coal mining areas in China choose the depth of 850-900 m near
K,v ~ 1 and the relative change with depth is less than 10~*/m as the reference deep
critical depth H,,. The actual deep critical depth Hg (or visual deep critical depth)
that meets the deep state in the specific mining area is related to the difference in the
original rock and regional rock combination and physical properties of the mining
area.

(2) Determination of dynamic (during mining disturbance) depth

The dynamic depth refers to the spatial area V,,, where the original rock exhibits a
deep mechanical state (the K,y approaches 1.0) when the mining system is dynamic
(t > 0), and the deep mechanical state function can be expressed as:

1 Ky ~1
KaV = fS(-xv y’ Z,0, Fv C)|Z>‘/Hm

The deep area V,, includes the static deep area V,(n) and the dynamic deep area V.
Outside V,, the lateral pressure parameter K,y > 1, the stress state of the original
rock and mining coupling is shown as a shallow state, and the stress field is dominated
by horizontal construction stress; inside V,,, the original rock physical parameter F'
and the mining source parameter C jointly determine the stress field state and deep
range V.

If KR, is set as the original rock stress state controlled by the regional (referring
to the coal mining area) stress field, AK,, is the mining increment generated by the
mining coupling effect, then the mining stress field state function (the stress field
state function within the mining influence range) AK}, is:

K3y = KJ, + AKg,
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At this time, AKS, > 0 The area shows the shallow mechanical state, the
mining coupling action area has increased structural stress or relative decrease in
vertical stress, dominated by structural stress; in AKS,, < 0 and Hs > H,, area
(K3y(x,y,2) = KX, (x, y, Hy)), the mining coupling action shows a decrease in hori-
zontal structural stress or an increase in vertical stress, and locally there may also be
areas that conform to the deep mechanical state.

3. Progress in the study of deep mining definition

Academician Kang [11] summarized the geostress measurement data obtained from
more than 20 mining areas and 395 measurement points over the years by the Mining
Design Research Branch of the Coal Science Research Institute using small-diameter
hydraulic fracturing geostress measurement devices. He studied the distribution char-
acteristics of deep and shallow geostress, and believes that: in China, the structural
stress of shallow rock layers (burial depth less than 250 m) is significantly domi-
nant, and the geostress state is oy > 03, > oy, oy /oy values are between 1.5-2.5;
the geostress state of medium-depth mining areas (burial depth is 250-600 m) is
generally oy > oy > oy, oy /oy values are between 1.0-2.0; when the burial depth
exceeds 600 m, the vertical stress generally dominates, and the geostress state is
oy > oy > oy, oy /oy values are between 0.5-1.5; however, in mining areas signif-
icantly affected by geological structures, the geostress may still be dominated by
structural stress, in a oy > oy > oy, state.

When mining work enters the deep part, the environment in which the rock is
located has changed significantly, and its mechanical properties have also changed
greatly. As the burial depth of the rock increases, the original rock stress that the
rock is subjected to also increases, even exceeding the uniaxial compressive strength
of the rock itself; at the same time, the deep rock mass contains traces of tectonic
movement and contains a higher stress field; in addition, the stress concentration
caused by roadway excavation and coal seam mining will also increase the internal
stress of the surrounding rock, which may even be much greater than the original
rock stress. Compared with the mechanical properties of shallow rock masses, the
mechanical properties of deep rock masses have changed greatly [12—14]. The main
difference between deep mining and shallow mining lies in the special environment
in which deep rocks are located, that is, the complex mechanical environment of
“three highs and one disturbance”. The high-stress environment in the deep part is
the decisive factor for engineering disasters in deep resource mining.

The deformation mechanics theory (continuum theory) established under shallow
mining conditions all follow a basic assumption, that is, the object is continuous,
which means that the volume of the entire object is continuously occupied by the
material elements that make up this object. Under this premise, some physical quan-
tities of object movement, such as stress, deformation, displacement, etc., may be
continuously changing, and they can be represented by continuous functions of coor-
dinates to express their changing laws. However, in deep engineering, the limit situ-
ation defined above does not actually exist. Because the rock has discontinuity at
the grain size range, and tends to a certain value smaller than the grain or molecular
spacing. The theoretical stress is the stress at a certain point, and the stress in the
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material world is the average stress of a certain element, and the rock mass itself
contains many micro-cracks, cavities, joints, and the material organization has non-
uniform and discontinuity. This shows that in the field of deep rock mechanics, we
cannot directly borrow the continuity assumption and definition of classical theo-
retical mechanics, and use the theory of continuum mechanics to analyze the deep
rock mechanics problems of highly discontinuous media, and we must consider the
reasonable use range of assumptions and the applicable definition of various physical
quantities.

Academician Xie [15] It is pointed out that due to the inherent attributes of the
typical “three high” environment of deep rock mass and the additional attributes of
“strong disturbance” and “strong timeliness” of resource extraction, frequent occur-
rences of high-energy, large-volume engineering disasters in deep parts are difficult
to predict and effectively control, and the mechanism is unclear. The applicability
of traditional rock mechanics and mining theory in deep parts is controversial. The
fundamental reason is that after entering the deep part, the nonlinear behavior of rock
mass materials is more prominent, and the in-situ stress state of rock mass and the
effect of geostress environment are more prominent. The existing rock mechanics
theories are all based on the material mechanics based on static research perspective,
which is lagging behind human rock engineering practice activities and is irrelevant
to depth, engineering activities and deep in-situ environment.

Professor Zhang [4] Through the actual deep critical depth calculation and
comparison with the reference deep critical depth, it is shown that the eastern and
central mining areas are close to this depth, and the western part is smaller. The
comparative study of the actual deep mining critical depth in the typical mining areas
in the east, middle and west of our country shows that: compared with the reference
deep mining critical depth obtained by the coal mining areas in our country, the
eastern mining areas are deeper, the middle mining areas are similar in depth, and
the western (Shaanxi, Mongolia, etc.) underground water-rich mining areas are shal-
lower, reaching the actual deep mining critical depth at 500-600 m, and the large
mining height working face at both ends of the mining depth of 400-500 m also
shows the deep mechanical state.

3.2 Research on Coal Body Damage Evolution
Characteristics

3.2.1 Analysis of Coal Rock Damage Mechanism

Coal rock mass is a heterogeneous body composed of various sizes of mineral parti-
cles and bonded together by certain binding materials, especially coal body is a porous
medium, which contains various sizes of original pores, cracks and other defects and
foreign inclusions. The essence of deformation and failure of coal rock mass under
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external load is the continuous initiation, expansion and new crack generation, evolu-
tion and penetration of internal original cracks, until the formation of macro cracks
leads to material instability and failure [16—18]. Pores, cracks and other defects can
reduce the mechanical bearing capacity of coal rock mass, which can be vividly called
damage. Therefore, introducing the concept of damage and the analysis method of
damage mechanics into the research of the nucleation, evolution and deterioration
process of small pores and cracks in coal rock materials has good adaptability, and the
damage constitutive model considering the size, number and distribution of cracks
can well explain and guide some practical engineering.

1. Coal Rock Damage Mechanics Theory

As an important branch of solid mechanics, the theory of damage mechanics has a
history of more than 100 years since its proposal [19, 20] In 1895, a Soviet mechanic
proposed the concept of “damage” while studying the mechanical properties of metal
materials. This was the first recorded appearance of the term “material damage” in
literature. After defining and explaining material damage, terms such as “contin-
uous damage factor” and “effective stress” began to be introduced into papers on
the study of metal material creep fracture to describe the damage state of metal
materials. However, the description of metal material damage was still qualitative.
Subsequently, based on the concept of damage, the concept of “damage factor”
was proposed, and combined with the phenomenological method in continuum
mechanics, it was applied to the study of metal material creep damage. In order
to combine with mathematical analysis methods, the “damage variable” that can be
quantitatively described was proposed from a quantitative perspective to study the
damage and destruction of metal materials more deeply, and a relatively systematic
explanation and application of this concept was given.

Research on metal material damage is relatively mature, but considering the differ-
ences between coal rock materials and metal materials, more factors are considered
when defining and studying coal rock material damage. In view of the advantages of
the concept of damage in the study of the mechanical properties of metal materials,
in 1976, the concept of damage mechanics was combined with the characteristics of
rocks, quasi-rocks and concrete materials, and the concept of describing rock damage
was explained. Based on the definition of damage and the research methods of damage
mechanics, a coal rock damage constitutive relationship model based on continuum
theory was established. Chinese scholars have done a lot of research on coal rock
damage mechanics, which has attracted wide attention from foreign scholars. Among
them, Academician Xie He’ping combined the macroscopic fractal theory with the
microscopic damage mechanics, and for the first time proposed the fractal damage
mechanics theory, which complements the research of other scholars and together
forms a relatively complete theoretical system of coal rock damage mechanics. The
development of coal rock damage mechanics has been continuously valued by rock
mechanics researchers. At present, the related research content in the study of coal
rock damage mechanics can be summarized as shown in Fig. 3.2.
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Fig. 3.2 Main research content of damage mechanics

2. Acoustic emission and energy theory of coal rock damage deterioration
(1) Acoustic emission theory

During the damage deterioration process of coal rock materials under external force,
the generation of internal cracks releases energy in the form of elastic strain energy,
which is called the acoustic emission phenomenon [21, 22]. The acoustic emis-
sion law of coal rock reflects the internal damage evolution process of the material.
Therefore, the acoustic emission signals released from the material (such as acoustic
emission energy, ringing count, impact rate, waveform, damage crack position, etc.)
can be collected, recorded and processed by acoustic emission information moni-
toring equipment, and then the damage evolution process of the material can be
inverted and analyzed according to the change law of various parameters of acoustic
emission [23-32], thereby further providing a reference for the stability prediction
and control of rock engineering such as mining engineering and tunnel engineering.

In terms of studying the damage deterioration characteristics of coal rock materials
through acoustic emission parameters, the damage factor definition and derivation
of acoustic emission parameters can be carried out. According to the definition of
the damage factor, the damage factor of coal rock material D is:

D= 3.1)

where, V,, is the volume of damage such as micro-cracks formed by the damage of
coal rock materials; V is the total bearing volume of the material before damage.
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When V,, = 0, D = 0, itindicates that the coal rock specimen is in a state without
any damage; when V,, = V, D = 1, it indicates that the coal rock specimen is
in a completely damaged state that cannot bear any external load. Therefore, D is
between 0—1, and represents the damage state variable of the coal rock specimen at
a certain moment during the external load loading process.

The damage variable D actually determines the elastic modulus of the coal rock
specimen E, if the elastic modulus of the initial state without any damage of the coal
rock material is Ej, then the elastic modulus corresponding to any damage state E
is:

E=Ey(l —D) (3.2)
Therefore, the elastic strain energy stored under the action of external load U is:

_ Ey(1—D)e?

U
2

(3.3)

where, D is the damage variable of the coal rock specimen at a certain moment; ¢ is
the strain value when the coal rock specimen is damaged D.

According to formulas 3.1, 3.2 and the thermodynamic relationship, the differen-
tial constitutive relationship of damage is obtained:

<d—U>D =E(l1—-D)e¢=oc (3.4)
de

There are many small original defects in coal rock materials. When the stress
exceeds the limit strength it can bear, it will cause the expansion of original defects
and the birth, expansion, and evolution of new defects, and at the same time release
elastic strain energy in the form of elastic waves, thereby generating acoustic emission
phenomena.

The Weibull distribution proposed by Jaeger and Cock is usually used to define
the distribution of small defects such as cracks in coal rock materials, that is:

n(e) = ke™ (3.5)

n'® = kme"! (3.6)

where, n(¢) is the number of defects that can be caused by strain less than or equal to
g; ' (¢) is the change rate of defects with strain; k and m are constants, representing
the fracture activity properties of the material.

When the strain increases by a certain increment d¢, the number of new cracks
and other defects that can be excited is:

dn =n'®de (3.7)
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Due to the previous damage, in the material with a percentage of the total volume
of D, the elastic strain energy has been released, resulting in a reduction in the number
of defects actually activated (1 — D) times, and at the same time, it is assumed that
the damage of a defect corresponds to an acoustic emission count, then the acoustic
emission count can be expressed as:

dN = (1 = D)n'®de (3.8)

From Egs. (3.2) and (3.7), we get:

dN = km(1 — D)e" 'de (3.9)
N = r(¢) / km(l — D)de (3.10)

where, & is the strain of the initial damage of the coal rock material; r(¢) is arandom
factor, randomly taking values between [0, 1].
Therefore, the acoustic emission rate can be expressed as:

w _ AN _ — 1

N = i r(e)km(l — D)e o (3.11)

Equations 3.10 and 3.11 are the theoretical models of acoustic emission of coal

rock materials under external load. From the variables of the model, it can be seen

that the acoustic emission count and the acoustic emission rate not only depend on

the damage factor D, instantaneous strain & and strain rate &', but also closely related

to the inherent properties of coal rock (material size, homogeneity of the material,
etc.).

(2) Energy theory

The defects such as micro-cracks in the coal rock body continuously germinate,
expand, penetrate until they evolve into macro-cracks, leading to the instability and
destruction of the coal rock body. The deformation and damage process of coal
rock under external force can be regarded as an energy (kinetic energy, elastic strain
energy, etc.) driven phenomenon of energy transfer and transformation from one
state to another [33]. Therefore, discussing the energy mechanism in the deformation
and destruction process of coal rock from the perspective of energy dissipation and
conversion can not only ignore the uncertainty factors brought by the intermediate
change process, but also more truly and accurately reflect the essence and law of coal
rock damage and destruction.

Take the uniaxial compression of coal rock as an example. As shown in Fig. 3.3,
as the external force loading continues, energy is continuously input, part of which
is dissipated as heat energy, this part becomes irreversible dissipation energy, and
part of it is stored as elastic energy, this part becomes elastic strain energy. Among
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Fig. 3.3 Changes in elastic energy and dissipation energy at different loading rates

them, the growth process of elastic strain energy can be divided into three stages
(non-linear slow growth — stable linear growth — growth slowdown stage), and
the growth of dissipation energy can be divided into two stages (slow growth stage
— significant growth stage). Hard rock and soft rock have different proportions of
dissipation energy and elastic strain energy in the energy input process under external
force. Among them, before the peak failure, most of the energy input into hard rock
is converted into elastic strain energy and stored, while the energy input into soft
rock is used for damage work and converted into heat energy and other dissipation
energy is released. The loading rate has different effects on elastic strain energy and
dissipation energy. Among them, as the loading rate increases, the total energy input
increases, and the proportion of elastic strain energy also shows an increasing trend,
while the dissipation energy shows a trend of first increasing and then decreasing,
and the larger the loading rate, the more obvious the evolution process of elastic
strain energy with external force loading.

As can be seen from Fig. 3.4, before the yield stress (point c), the sum of friction
energy, kinetic energy, strain energy, and bonding energy is basically equal to the
boundary energy. The proportion of bonding energy and strain energy is relatively
large, this part of the energy is related to the generation and driving of cracks, and its
rise and fall is related to the deterioration of the model material. The friction energy
representing the action of cracks is the opposite, they are mutually exclusive. Because
the generation of cracks has to overcome the bonding energy, and then expand under
the drive of strain energy, the friction part only starts to work after the cracks are
generated. After the stress reaches the peak strength (point d), the bonding energy
and strain energy decrease sharply, the friction energy increases sharply, and the
proportion of friction energy gradually increases with the further expansion of the
cracks, which shows that the friction effect is the main provider of residual strength.
The proportion of kinetic energy in the entire deformation process of the specimen
is not large, which is related to the loading process and the internal dynamic balance
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Fig. 3.4 Energy evolution curve of BPM coal rock model

of the specimen, indicating that the deformation of the specimen is not very violent,
and the cracks stably expand and penetrate.

3.2.2 Characteristics of Coal Rock Damage Evolution

1. Constitutive model of coal rock damage evolution-based on acoustic emission
theory Kachanov [34] defined the damage variable as:

T A

D (3.12)

where, A, for the cross-sectional area of the material at a certain moment of damage;
A for the cross-sectional area of the material at the initial moment of no damage.

Assuming the cross-sectional area of the undamaged material A The cumula-
tive number of acoustic emissions at the moment when the load-bearing capacity is
completely lost is S, then the cumulative count of acoustic emissions per unit area
of coal rock damage Sy is:

Sw="> (3.13)

When the cross-sectional damage reaches A, the cumulative count of acoustic
emissions Sy is
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S
Sq = SWAq = ZAd (3.14)

Therefore, we have

_Sd
TS

D (3.15)

The uniaxial compression damage constitutive model of coal rock material based
on acoustic emission characteristics and strain equivalence principle is:

o = Ee(1—D) =E8<1 - %) (3.16)

Similarly, the damage variables based on boundary energy and friction energy
can be defined as Dy, and Dy:

B,
Dy, = —
>~ B

(3.17)
where, B, is the cumulative count of boundary energy when the cross-sectional
damage reaches A;; B is the cumulative count of boundary energy at the moment
when the undamaged cross-sectional area of coal rock material A completely loses
its load-bearing capacity.

p, =1 3.18
= (3.18)
where, F; is the cumulative count of friction energy when the cross-sectional damage
reaches Ay; F is the cumulative count of friction energy at the moment when the
undamaged cross-sectional area of coal rock material A completely loses its load-
bearing capacity.

The uniaxial compression damage constitutive models of coal rock material based
on boundary energy and friction energy characteristics are obtained as follows:

B,

o = Ee(l — Dp) =E5(1 — E) (3.19)
Fy

o = Ee(l —Dy) :Es(l - F) (3.20)

Figure 3.5 is the stress—strain curve of coal rock material fitted based on acoustic
emission, boundary energy and friction energy parameters. As can be seen from
the figure, the constitutive model fitted based on friction energy parameters can
best reflect the stress—strain characteristics of coal rock material, followed by the
constitutive model based on acoustic emission parameters. The reason for the large
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Fig. 3.5 Fitting coal rock stress—strain curve

difference between the constitutive model of coal rock material based on boundary
energy characteristics and the numerical curve is that the boundary energy needs to
provide a large amount of energy for model damage at the beginning, and the model
absorbs it through bond energy and denaturation energy, without causing damage.
Since it is difficult to record the change characteristics of friction energy during
the compression process of actual coal rock material specimens, the characteristics
of acoustic emission can be used to study the damage characteristics of coal rock
material.

2. Coal rock damage evolution constitutive model-based on strain energy theory
[35]

According to the second law of thermodynamics, the failure of rock is caused by the
energy applied to the material exceeding the limit value that the material can with-
stand. Rock material is a heterogeneous and discontinuous material, and the mechan-
ical properties of rock failure show complex changes under different geostresses and
engineering forces. Local high stress and high strain cause local damage to the rock,
loss of strength, but not necessarily lead to the overall failure of the rock mass. The
existing classical plasticity theory-based rock failure criteria are difficult to analyze
the strength changes and overall failure behavior under complex stress conditions.
Therefore, analyzing the deformation and failure properties of rock from the perspec-
tive of energy is more conducive to reflecting the essential characteristics of rock
strength changes and overall failure [36—38]. Based on the assumption that the elastic
modulus of rock microscopic units approximately follows the Weibull distribution,
combined with the theory of strain energy density, a rock damage constitutive model
was established. The homogeneity coefficient of rock m and the elastic modulus
reduction coefficient K, were determined using the energy signal of acoustic emis-
sion events and the longitudinal wave velocity of rock. The established damage
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constitutive model was used for uniaxial loading simulation. The simulation result
curve was compared with the theoretical curve of the existing model and the exper-
imental curve of uniaxial loading. The model can well describe the stress—strain
relationship and acoustic emission situation of the specimen. The construction of
the rock damage constitutive model based on strain energy density provides a new
theoretical basis for comprehensively considering the homogeneity of rock and the
impact of repeated loading processes on rock specimens.

1) Damage constitutive model based on Weibull distribution

There are a large number of pores and cracks in the rock mass, which divide the
rock mass into micro units. The mechanical properties of each unit are not equal and
are randomly distributed. Based on the elastic modulus of rock units following the
Weibull distribution, a rock damage constitutive model was established. This model
can reflect the stress and strain during the loading process, as well as the acoustic
emission characteristics. The specific model is

o; =0](1 — D) = E&;(1 — D) (3.21)

where, o7 is the actual stress, o; is the nominal stress, D is the rock damage variable,
g; 1s the strain, E is the elastic modulus.

The elastic modulus of the unit degree approximately follows the Weibull distribu-
tion, and the damage variable D can be determined by the statistical damage theory,
and its probability density is

m

n(e) T

Px) =

(3.22)

where, m is the homogeneity coefficient, F is a function of the elastic energy density
of the unit body, F) is the value corresponding to F when completely damaged.

F=f(W)= / oyde; (3.23)

0

The rock damage parameter D can be expressed as

F
D = /P(x)dx =1- exp|:—<£> :| (3.24)
Fo
0

When the rock deforms under the action of external forces, the unit will store
strain energy. Each unit can store a limited amount of strain energy. After exceeding
the limit of strain energy that the unit can withstand, the unit will be damaged and
the elastic modulus will also decrease. To describe the change of the elastic modulus
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under the action of external forces, the loading process is divided into zones according
to the strain energy stored in the unit body (Fig. 3.6).

When the strain energy density of the unit is less than Spa4,, the unit is in the
elastic stage and no damage has occurred.

When the strain energy density of the unit is greater than Spaa,, the unit is
damaged, the elastic modulus of the rock decreases. To describe the change of the
elastic modulus in this stage, Sun and others [39] discretized the reduction of the
elastic modulus, setting the maximum number of reductions to n = 20 times, and
each reduction coefficient remains unchanged at K (Fig. 3.7). E, = (Ky)"E, so the
unit body elastic density function:

Ojj 1 20 0—2

F = i'd ii N — A 325
/sj ojj > El E, ( )
0 n=

2) Parameter correction of the damage constitutive model

In order to determine the parameters in the damage constitutive model, Li and others
[40] The extreme values of the stress—strain curve under unconfined pressure are
used to determine the relevant parameters in the damage constitutive model. This
method can fit the stress—strain relationship under different confining pressures well.
However, the parameters selected by this method are related to the confining pressure
and it is difficult to reflect the stress—strain situation under complex stress conditions
such as repeated loading. Based on the energy density theory, numerical simula-
tions are used to conduct numerical experiments on the damage process of the rock
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mass, and the simulation results under different parameters are compared with the
laboratory experimental results to determine the relevant parameters.

(1) Numerical simulation method of strain energy density theory

Using the FLAC3D finite difference numerical software, the damage equation of the
rock unit is established according to the above theory, and the simulated specimen
is a standard cylindrical specimen (diameter D = 50 mm, height L = 100 mm). The
volume modulus and shear modulus of the unit follow the Weibull distribution. The
model uses velocity control to load the top and bottom. In FLAC3D, the external
parameter Zextral of the unit is the number of unit failures, Zextra2 is the strain
energy of the unit, and Zextra3 is the failure energy threshold of the unit. Using the
built-in FISH language, the energy of each unit is set to 0 before the calculation
starts, that is, Zextra2 = 0, and the strain energy density of the unit at the first step
is 0. When calculating to the i-th step, the strain energy density of the unit is:

L i—1\ (i i—1
(W [dv); = (@W [dv)) + 5 (05 + 07 ") (e — &)
Lo, i—1\ (i i—1 L i1\ (i i—1
+ E(O'y + oy )(8y & ) + E(Gz t+o, )(8z — & )
Lo i—1\ (i i—1 Lo i—1\ (i i—1
+ z ny + qu gxy - Sxy ) + 5 O—yz + Uyz Syz - Syz
Lo i— i i—
+ 3 (oy’,Z + oy, ') (syz — &) ') (3.26)
When the strain energy density of the unit body is greater than the failure energy
threshold of the unit, it is considered that an acoustic emission event has occurred,

and the value of the external parameter Zextral of the unit increases by 1, and the
elastic modulus of the unit is reduced. If the external parameter Zextral of the unit
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body is 20, it is considered that the unit has been completely destroyed, and the
elastic modulus of the unit is no longer reduced.

The initial damage threshold of the unit follows the Weibull distribution. The
elastic energy of 0.034 MPa is taken as the average initial damage threshold. The
elastic modulus decreases continuously with damage, so the threshold of the unit
will increase after each damage and become 1/KO0 times the previous one. During
unloading, the elastic energy of the unit will decrease continuously with unloading,
and the elastic energy damage threshold remains unchanged, thereby simulating the
Kaiser effect.

In order to prevent the error brought by the grid division to the simulation results,
we divide the standard specimen with a diameter D = 50 mm and a height L = 100 mm
into 1600 units, 64,000 units, 80,000 units, 100,000 units, and 75,000 units. Among
them, when the unit is between 64,000 and 100,000, the difference between stress—
strain curve and acoustic emission characteristics is small (as shown in Figs. 3.8 and
3.9) and the influence of grid division on simulation results can be ignored, so 80,000
units are used to simulate the specimen. The cumulative energy of acoustic emission
when the specimen is completely damaged is taken as the normalized value. The
numerical simulation parameters are shown in Table 3.1.

Since the elastic modulus of the unit is different, different combinations of the
relative positions of the units will cause changes in the uniaxial compressive strength
of the specimen. In order to study the impact of different combinations of the relative
positions of the units on the overall mechanical properties of the specimen. Different
random seed numbers (set random) are set in the simulation software to simulate the
impact of the relative position of the unit on the overall mechanical properties of the
specimen. Table 3.2 shows four situations of the relative position of the unit.
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Fig. 3.8 Stress—strain curve under different grid divisions
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Table 3.1 Mechanical parameters of numerical simulation

Bulk modulus | Shear modulus | Internal friction | Tensile strength | Cohesion (MPa)
(GPa) (GPa) angle (°) (MPa)

3.18 2.8 41 8.67 5.82

1600 zones 64,000 zones 5,000 zones 100,000 zones 300,000 zones

The relative position of different units has a small impact on the uniaxial compres-
sive strength and strain of the specimen, only having a certain impact on the post-peak
curve (Fig. 3.10). Therefore, the relative position of the units in combination mode
1 is used to simulate the gypsum specimen.

(2) Homogeneity Determination

The heterogeneity of rock has a significant impact on its properties. In the Weibull
distribution, m represents the homogeneity of the function. The larger the m, the
higher the homogeneity, and the closer the mechanical properties of each unit. To
consider the impact of the concentration of unit distribution on the specimen, change
the value of m, respectively takem =3, m=5,m=7,m=9, m=1l,m=13,m=
15, m = 17, m = 19 to simulate the uniaxial compression of rock, and compare the
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Fig. 3.10 Stress—strain curves and acoustic emission event curves of different unit relative positions

stress—strain characteristics and acoustic emission events. Under the same average
parameters of the unit, the higher the homogeneity of the rock, the higher the uniaxial
compressive strength of the rock, the smaller the peak strain, the larger the elastic
modulus, and the specimen as a whole shows stronger brittleness (Fig. 3.11). To
study the impact of homogeneity m on uniaxial compressive strength, fit the curve
(Fig. 3.12), the fitting relationship function is:

y1 = 3.6865 x 10" — 15.0459 x 10%37% (3.27)
In the formula, m is the homogeneity, y; is the uniaxial compressive strength.

Under axial compression, rocks with low homogeneity require a large difference
in energy for unit destruction. The units are gradually destroyed during the loading
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Fig. 3.11 Stress—strain curves under different homogeneities
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Fig. 3.12 Uniaxial compressive strength under different homogeneities

process, and the specimen absorbs more elastic energy. The more acoustic emis-
sion events, the more energy consumed during damage (Figs. 3.13 and 3.14). The
lower the homogeneity, the earlier the acoustic emission events occur, the longer the
duration, and acoustic emission events occur throughout the compression process of
the specimen; while the acoustic emission events of specimens with higher homo-
geneity appear more concentrated, and there are almost no post-peak acoustic emis-
sion events. To study the impact of homogeneity m on acoustic emission events, fit
the curve (Fig. 3.14), the fitting relationship function is:

10°

2 1.02377
[1 + (ga65) ]

In the formula, m is the homogeneity, y, is the total number of acoustic emission
events.

To determine the appropriate homogeneity m, relevant scholars [41-44] Adopting
a nonlinear elastic constitutive relationship, the stress—strain curve relationship is as
follows:

yo = 1.067 x 10° — 8.5487 x (3.28)

o =FEye(l —D) = Ewexp(—(i) ) (3.29)

€o

where, ¢ is the infinitesimal strain, &g is the statistical average strain of the rock
material.
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The calculation results are:

(%)

(3.30)
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where, Ej is the initial modulus of the rock, o is the peak strength, ¢, is the strain
corresponding to the peak strength. According to the selected gypsum specimen
uniaxial compression results, o, is 35 MPa, ¢, is 0.009, Ej is 4.595 GPa, the calculated
m =~ 5.99. Zhang [45] considered the post-peak energy consumption and release
situation and modified the formula:

ln<— In E‘;; )
—_— (3.31)

In (i—])
where, ¢ is the strain when the rock undergoes unstable failure, 0.0126.

The calculated m & 5.32. It can be seen that considering the post-peak strength
curve of the rock, the homogeneity of the rock will correspondingly decrease.
Previous studies on homogeneity were mainly based on the characteristics of the
stress—strain curve, but strain and damage are not linearly corresponding. Using
strain directly as the rock damage index lacks certain rationality.

To determine the homogeneity of the specimen m, through experimental observa-
tion, the AE energy is consistent with the statistical distribution of internal damage in
the specimen. The damage caused under external load is represented by AE energy.

The cumulative AE energy is denoted as C, and the cumulative AE energy at complete
damage is set as C,,. The ratio of the two is used to represent the damage situation:

m =

D = C/C,, hence CQ =1- exp[—(%)m]. Therefore, we can analyze the degree
of damage to the specimen by measuring the acoustic emission energy.

The rock taken from the No. 8 mine of Dahanshi Gypsum Mine in Lanling County,
Shandong Province was cored and polished to prepare 6 standard specimens with a
diameter of D = 50 mm and a height of L = 100 mm. They were numbered S-1, S-2,
S-3, S-4, S-5, S-6. The non-parallelism and non-verticality of the specimen ends are
both less than 0.02. The S-1 specimen was subjected to a uniaxial compression test,
and real-time monitoring was carried out using the PAC16 channel acoustic emission
device.

Combining the influence of homogeneity on uniaxial compressive strength and
acoustic emission event energy, the difference between the normalized acoustic emis-
sion simulation value and the acoustic emission event energy curve obtained from
the experiment under different homogeneity is compared (Fig. 3.15), and the square
error is calculated (Table 3.3). The smaller the square error, the better the fit.

Under the same mechanical parameter conditions, when m = 7, the simulation
results and experimental results are the best fit, and also better than the fit degree
when m = 5.32. The elastic modulus reduction model based on strain energy can
more realistically simulate the stress—strain and acoustic emission conditions of the
specimen.
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Table 3.3 Fitting situation of different homogeneity

Homogeneity (m) |3 5 5.32 5.99 7 9 11 13
Goodness of fit 0.7214 |0.4414 04214 |0.3992 | 0.3741 |0.3742 |0.3812 |0.3904
Homogeneity (m) | 15 17 19 21 23 25 27 29
Goodness of fit 0.4031 |0.4145 04261 |0.4261 |0.4261 |0.4399 |0.4573 |0.4634

(3) Determination of the reduction value of the elastic modulus

With the increase of external force, micro-cracks appear in the rock mass, the rock
mass unit is damaged, and the elastic modulus of the unit body will decrease accord-
ingly. For the reduction of the elastic modulus, Sun [39] discretized the reduction of
the elastic modulus, setting the maximum number of reductions to n = 20 times, and
the reduction coefficient remained unchanged each time K. This method is based
on the fitting value obtained from laboratory experiments and has good laboratory
application value, but it does not give the physical meaning of the decrease in the
elastic modulus. In order to determine the reduction value of the elastic modulus,
the relationship between the longitudinal wave velocity of the rock mass and the
dynamic bulk modulus and dynamic shear modulus is used:

K + 133G
vy = |[A 1556 (3.32)
P
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where, Vp is the longitudinal wave velocity of the rock, K is the dynamic bulk
modulus of the rock, which is 2.16 times the static bulk modulus, G is the dynamic
shear modulus of the rock, which is 2.16 times the static shear modulus [46, 47], p
is the density of the rock.

It is assumed that each unit can be reduced up to 20 times during the damage
process, and the elastic modulus reduction coefficient remains unchanged each time,
all being Ky, and the unit density remains unchanged. Since the length of the unit
in the y direction is the same, the speed difference between the units is not large,
and for convenience of calculation, it is only necessary to sum and average the wave
speed of each unit to obtain the overall wave speed of the specimen.

The prepared specimens were tested for longitudinal wave speed, as shown
in Table 3.4. The average longitudinal wave speed of the original specimen was
measured to be 3571 m/s, and the numerical simulation obtained the longitudinal
wave speed of the original specimen to be 3577 m/s. In order to correct the reduction
coefficient Ky, numerical software was used to simulate the longitudinal sound wave
speed of the rock after complete damage under different reduction coefficients. When
the reduction coefficient is 0.92, the wave speed obtained by simulation is 1998 m/s,
and the longitudinal sound wave propagation speed measured after the specimen is
completely damaged under uniaxial loading is 2001 m/s. The two values are closest,
and the preset elastic modulus reduction parameter Ky = 0.92 is more reasonable
for simulating the reduction of the unit elastic modulus during the damage process
of the gypsum specimen, and can reflect the damage change of the gypsum specimen
during the loading process.

3) Comparison of strain energy damage model with laboratory results

(1) Comparison of numerical simulation with uniaxial loading test results

The gypsum specimen S-2 was subjected to a uniaxial loading test. The experimental
loading rate was 0.5 mm/min. During the experiment, real-time monitoring was
carried out using the PAC16 channel acoustic emission device, with the emission
threshold set at 43 dB, frequency at 10 kHz-2.1 MHz, and sampling frequency at
1 MHz. To ensure the effectiveness of the experiment, six probes were used for

Table 3.4 Fitting situation of specimen wave speed with different reduction coefficients (unit m/s)

Test type | Test results | Simulation results
0.82 0.84 0.86 0.88 0.9 0.92 [0.94 |0.96 |0.98

Original | 3571 3577 |3577 3577 3577 | 3577 |3577 |3577 |3577 | 3577
specimen
After 2001 1919.2 | 1933.6 | 1948.1 | 1962.6 | 1977.5 | 1998 | 2058 | 2326 | 2834

damage
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Fig. 3.16 Uniaxial compression SZZ direction force cloud diagram

monitoring, with a preamplification gain of 40 dB, recording the acoustic emission
event energy of the specimen loading.

As the stress increases, the strain of the specimen increases, and the local stress
distribution cloud diagram of the fracture is shown in Figs. 3.16 and 3.17. The
simulated specimen shows a shear failure close to 45° (Fig. 3.18), which is consistent
with the experimental results (Fig. 3.19). Comparing the theoretical curve with the
uniaxial compression experimental curve of gypsum rock, the theoretical curve can
better reflect the stress—strain changes and acoustic emission characteristics of rock
fracture. The simulation results are basically consistent with the actual situation of
rock fracture, and the simulation calculation method can be applied to rock fracture
analysis.

(2) Comparison of numerical simulation with repeated loading test results
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The damage model based on elastic energy accumulates damage strain energy, and
has a good simulation effect on the damage analysis of rock specimens under repeated
loading conditions. The average uniaxial compressive strength of the specimen o, =
35 MPa. After applying axial loads (0.3 g, 0.4 0;, 0.5 0;, 0.6 0;) to specimens S-3,
S-4, S-5, and S-6 respectively, they were completely unloaded and then loaded to
failure at a speed of 0.5 mm/min.

The parameters of the repeated loading simulation are the same as those of the
uniaxial simulation, and the experimental results are compared with the simulation.
From Figs. 3.20, 3.21, 3.22, 3.23 and 3.24a, it can be seen that when the specimen
is loaded to 0.3 o, (10.5 MPa) and then unloaded during the simulation experiment,
the acoustic emission event energy generated by the first loading is 54,887, which
accounts for about 4.8% of the total acoustic emission event energy; when the rock
is loaded to 0.4 o;.
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When the rock is loaded to 0.4 o, (14 MPa) and then unloaded, the acoustic
emission event energy generated by the initial load is 213,678, accounting for about
18.2% of the total acoustic emission event energy; when the rock is loaded to 0.5
(17.5 MPa) and then unloaded, the acoustic emission event energy generated by the
initial load is 391,461, accounting for about 33.4% of the total acoustic emission
event energy.

When the rock is loaded to 0.6 o, (21 MPa) and then unloaded, the acoustic
emission event energy generated by the initial load is 546,150, accounting for about
45.9% of the total acoustic emission event energy.

As can be seen from Figs. 3.20, 3.21, 3.22, 3.23 and 3.24b, when the specimen
is loaded to 0.3 o, (10.5 MPa) in the laboratory experiment and then unloaded, the
acoustic emission event energy generated by the initial load is 49, accounting for
about 0.64% of the total acoustic emission event energy; when the rock is loaded to
0.4 0; (14 MPa) and then unloaded, the acoustic emission event energy generated by
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the initial load is 2154, accounting for about 26.52% of the total acoustic emission
event energy; when the rock is loaded to 0.5 o, (17.5 MPa) and then unloaded,
the acoustic emission event energy generated by the initial load accounts for about
33.23% of the total acoustic emission event energy; when the rock is loaded to 0.6
oy (21 MPa) and then unloaded, the acoustic emission event energy generated by the
initial load is 2537, accounting for about 45.63% of the total acoustic emission event
energy.

Both the experimental and simulation results show a clear Kaiser effect of acoustic
emission (Fig. 3.24), that is, after reloading, the stress borne by the specimen is less
than the maximum stress at unloading, and the specimen will not generate acoustic
emission signals. The greater the force of the initial load, the higher the degree of
damage to the rock, and the percentage of the acoustic emission energy generated
by the initial load in the total acoustic emission energy is correspondingly larger; the
percentage of the acoustic emission energy generated in the reloading stage in the
total acoustic emission energy will relatively decrease. The proposed strain energy
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damage constitutive model can reflect the stress and acoustic emission characteristics
of gypsum rock under repeated loading and analyze the impact of loading history on
rock damage, making this model applicable to the solution of complex mine pillar
engineering problems.

3.3 Study on the Spatiotemporal Evolution Law of Mining
Stress Field

The mining process is constantly linked to the mining stress, which is the result of the
redistribution of the original rock stress caused by mining. The formation and stability
of the mining stress field is a development process related to the mining conditions
and is directly related to the development and stability of the corresponding rock
layer movement. Geostress and mining stress are the fundamental driving forces of
coal mining rock layer disasters, and the biggest feature of deep coal mining is that
the coal body is in a high original rock stress state before coal resource mining.

In most cases, the coal rock body in the mining field remains stable under the
action of three-way stress, but with the mining of the working face, the stress in the
vertical direction of the exposed mining space surface quickly drops to atmospheric
pressure, and the gas pressure and water pressure in the coal rock body are also the
same. The ratio of vertical stress and horizontal stress borne by the coal rock body
gradually increases, resulting in stress concentration, forming a large stress gradient
in the surrounding rock, making the coal rock body more and more easily destroyed.
When the coal rock body is not enough to resist the deformation of the coal body
in the stress concentration zone, or when a large amount of energy is released in
a short time due to external disturbance stress concentration zone coal body, the
working face coal body will become unstable and destroyed, which will then cause
surrounding rock movement, rock layer deformation, rock layer structure instability
and destruction leading to various disasters. Mining may cause coal seam roof and
floor collapse and destruction, support damage, slab roof fall, drumming, and other
general mining pressure phenomena, and may also cause impact mining pressure,
large area roof pressure, rock burst, mine earthquake, coal and gas outburst, surface
subsidence and other large mining dynamic phenomena.

3.3.1 Mining Stress Distribution Characteristics

In front of the working face, when the near coal wall behind the cutting eye changes
from a three-way stress state to a two-way (partially one-way) stress state, a stress
increase zone is generated within a certain range in front of the coal wall. When the
stress exceeds the strength limit of the coal body, the coal body breaks and gradu-
ally develops towards the deep, forming the so-called stress reduction zone—stress
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increase zone—original rock stress zone in front of the working face mining stress
impact zone. This mining stress moves forward continuously with the advancement
of the working face, and the coal rock body breaking process and breaking range are
related to the stress change process and range.

Studies have shown that for different mining depths and coal rock strength condi-
tions, there are three situations of single elasticity, elastic—plastic distribution, and
the appearance of internal stress fields in the mining stress distribution on the coal
rock body around the mining face.

For a single elastic distribution (as shown in Fig. 3.25a), the stress peak is located
at the edge of the coal rock body, and decreases according to the negative exponential
curve rule with the increase of the distance from the coal wall. In the entire stress
distribution range starting from the coal wall, the coal rock is in an elastic compression
state. If the entire process of coal seam destruction is expressed by the full stress—
strain curve of coal without impact tendency, then the coal seam in this range is in
the elastic deformation stage, that is, the AB stage in Fig. 3.26, and the pressure it
bears is proportional to its elastic compression deformation.

Conditions for single elastic distribution: a. The mining depth is shallow, and the
initial stress value of the original rock is small; b. The coal rock structure is dense and
hard, with high compressive strength; c. The mining (advancement) space is small,
and after mining disturbance, the degree of stress concentration is low. At this time,

(a) Single elastic distribution (b) Distribution with plastic (c) Distribution with internal
damage zone stress field

Fig. 3.25 Mining stress distribution characteristics. X, X’ is the plastic zone; Sy is the internal
stress field; S; is the elastic zone

Fig. 3.26 Full stress—strain
curve of coal without impact
tendency
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no damage or destruction has occurred at the edge of the coal rock, and the overlying
rock layer has not rotated or slipped between layers, and each rock beam can only
break at the coal rock wall.

For the distribution with a plastic zone (as shown in Fig. 3.25b), this distribution
is composed of a plastic zone X, and an elastic zone S;. The stress peak is at the
junction of the elastic zone and the plastic zone, where the elastic zone S;. The coal
rock is in a state of elastic compression deformation, and the pressure values of each
part (from the junction of the elastic zone and the plastic zone to the inside of the
surrounding rock) are directly proportional to the amount of coal rock deformation.
The pressure distribution is a curve with a peak at the junction of elasticity and
plasticity and gradually decreases to the original stress value as it moves inward. The
interior of the elastic zone is in the original stress state; the coal rock body in the
plastic zone is damaged and is in the CDE section of the full stress—strain curve (i.e.,
the plastic flow stage), and its pressure distribution is a curve that gradually rises
from the coal rock wall to the junction of the elastic and plastic zones.

The conditions for the appearance of the plastic zone distribution are: a. The
mining depth is deep, and the initial stress value of the original rock is large; b. The
coal seam structure is loose and brittle, with low compressive strength; c. The mining
(advancing) space is large, and after mining disturbance, the degree of stress concen-
tration is high. Within the range of the plastic zone, the coal rock body has been
damaged, its mechanical properties have significantly decreased, and its mechanical
bearing capacity is extremely unstable. Therefore, when the overlying rock beam
fractures step by step (loses its bearing capacity), the corresponding coal rock area’s
compression degree gradually increases, the coal rock layer’s side is constantly aggra-
vated, and the coal rock mining stress will continuously redistribute, and the peak
stress will continuously transfer to the inside of the coal rock body. The main feature
of the internal stress field distribution is the fracture of the rock beam deep into the
plastic zone. The original intact stress field is clearly divided into two parts along the
fracture line of the rock beam, as shown in Fig. 3.25c: one part is the internal stress
field determined by the weight of the moving rock beam Sy; the other part is the
external stress field related to the total weight of the overlying rock layer, including
the newly expanded plastic zone X, and the elastic zone S; two parts. At this time,
the size and influence range of the external stress field pressure are directly related to
the mining depth, but the size of the internal stress field pressure only depends on the
span and thickness of the moving transfer rock beam, and has no direct connection
with the mining depth.

The force conditions of the coal body at different positions within the “internal and
external stress field” range are shown in Fig. 3.27. Within the “internal stress field”
range (the “S;” range in Fig. 3.27), the source of coal body damage and destruction
comes from the fractured rock beam within the “fracture arch”. Because the fractured
rock beam fractures and rotates back to the mined-out area, it gives the coal body a
dynamic load impact, breaking its equilibrium state and causing coal body damage;
within the “external stress field” range (the “S, + S3” range in Fig. 3.27), the main
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Fig. 3.27 Mechanical model of stable position structure in mining area. ¢ is the compression
amount of the coal wall; ¢ is the protrusion amount of the coal wall; Sy is the range of the “internal
stress field”; S 4 S3 is the range of the “external stress field”; S, is the range of the pseudo-plastic
zone; K1 is the porosity of the “internal stress field”; KII is the porosity of the pseudo-plastic zone;
KIII is the porosity of the elastic zone

source of coal body force comes from the rock beam action within the “stress arch”
range. Due to the continuous fracture and imbalance of the fractured rock beam
within the “fracture arch”, the distribution of mining stress in the mining area is
constantly changing, forming a “stress arch”. The force of the rock beam within its
range is transmitted layer by layer, acting on the coal body within the range, causing
coal body damage. Before the working face is mined, the coal body is in its original
equilibrium state. After the mining area advances, under the action of mining stress,
the coal body at the coal wall position, i.e., the coal body at the “I”” position, is
damaged and gradually develops to the “IV” position. At this time, the coal body
within the “S; 4 S, 4 S3” range bears the load of the overlying rock layer, and the
mining area tends to be stable.

The three types of mining stress mentioned above each have their own conditions
of existence. Different coal seams may have different distribution forms under the
same mining conditions. Even if the coal seam conditions and mining technical
conditions are the same, but the mining depth is different, the different parts of the
working face advance, and their distribution composition is often different. Therefore,
it is very important to recognize the reasons that affect the existence conditions of
various distribution forms for the control of mine pressure, especially for solving the
problem of mine pressure control.

The appearance of the internal stress field is based on the existence of the plastic
zone. The discriminant formula for the corresponding conditions of the plastic zone
in the coal seam is [48]:

oc

[H] = E (3.33)

where, [H] is the critical depth for the formation of the plastic zone under given coal
seam conditions; o¢ is the uniaxial compressive strength of the coal seam at a given
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mining depth. K is the mining stress concentration factor; y is the rock layer bulk
density; H is the mining depth of the coal seam.

From formula 3.33, it can be seen that the larger the mining depth H and the stress
concentration factor K, the larger the range of the plastic zone. Given the mining depth
and overburden conditions, the mining pressure value of the coal rock mass, including
the maximum mining stress concentration factor K and the corresponding mining
pressure peak value K x y x H, also has a certain limit. Therefore, when the mining
height is fixed, the maximum range of the plastic zone can also be determined. The
higher the strength of the coal rock mass, that is, the higher the uniaxial compressive
strength of the coal seam, the smaller the range of the plastic zone under the same
mining depth. Under a certain mining depth and given coal seam conditions, the
range of the plastic zone is directly proportional to the mining thickness of the coal
seam. When mining thick coal seams in layers, the range of the plastic zone depends
on the height of the layered mining and the location of the mining.

3.3.2 Study on the Spatiotemporal Characteristics of Mining
Stress Evolution

Most existing studies are conducted through numerical simulation or field moni-
toring, but due to the large number of joints and cracks in the actual coal rock material,
its mechanical and acoustic emission characteristics are highly discrete. To overcome
this difficulty, the research team independently developed a mining stress test system
to study the mechanical characteristics of rock-like materials under different mining
stresses, and systematically analyzed the evolution law of mining stress through PFC
simulation software.

1. Mining stress evolution test device
(1) Mining stress test system

The research team independently developed a mining stress test system, as shown in
Fig. 3.28, and equipped with a 16-channel SH-II acoustic emission device developed
by the American Physical Acoustic Corporation (PAC), as shown in Fig. 3.29.

The mining stress tester mainly consists of a vertical loading system, a lateral
loading system, a loading main frame, etc., and is a key device for reproducing
the mining stress transfer process in the laboratory. The vertical and lateral loading
systems of the mining stress tester mainly include loading cylinders, pressure sensors,
displacement sensors, return oil valves, overflow valves, safety valves, oil tempera-
ture control devices, EDC controllers, etc., which are the main body of the mining
stress test system. The side pressure plate is pre-drilled to place the acoustic emis-
sion probe. The vertical loading system controls 5 sets of axial loading units, which
can independently apply axial stress. Each loading unit is controlled by 2 hydraulic
cylinders. During the loading process, the 2 cylinders act at the same time to prevent
uneven force during the loading process of a single cylinder, causing the test piece
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(a) Mining stress tester (b) Loading unit of mining stress tester

Fig. 3.28 Mining stress tester and its loading unit

(a) 16-channel SH-II acoustic emission monitoring (b) Acoustic emission sensor layout scheme
system

Fig. 3.29 16-channel SH-II acoustic emission monitoring system and sensor layout scheme

to be sheared and destroyed, and different mining stresses (non-uniform loads) are
applied in the vertical direction of the coal rock; the lateral loading system controls
3 sets of horizontal loading units, which are connected by the rear flange method
and fixed on the main frame, which can independently apply horizontal stress, and
different mining stresses are applied in the horizontal direction of different coal
rocks. The main mechanical performance indicators of the vertical and lateral loading
system loading units are shown in Table 3.5.

The loading test bench is equipped with removable baffles at the front and back to
constrain the displacement of the test piece. The loading test bench can accommodate
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Table 3.5 Main mechanical performance indicators of the loading system

Name Vertical loading unit Lateral loading unit
Number of loading units 5 1

Size of loading unit/mm 150 mm x 100 mm 167 mm x 500 mm
Load of loading unit/kN 900 500

Stroke of loading cylinder/mm 200 200

Displacement sensor range/mm 300 300

Control accuracy/% +0.2 +0.5

Load loading rate/kN/s 0.05-100

Displacement loading rate/mm/min 0.5-100

Maximum stable time/h 72

amaximum test piece size of 500 mm (length) x 150 mm (width) x 150 mm (height),
and the test piece size can be adjusted as needed.

The mining stress test system uses acoustic emission equipment to monitor the
acoustic emission signals generated during the damage and destruction process of
coal and rock bodies. This system has the advantages of low threshold, low noise,
ultra-fast processing speed, and reliable stability. It can minimize the collection noise,
and uses modern digital signal processing technology with 18-bit A/D conversion
and enhanced interactive graphical interface to achieve multi-channel high-speed
collection, data processing, and real-time analysis of acoustic emission signals during
the deformation and destruction process of coal and rock samples.

In order to conveniently monitor the acoustic emission characteristics during the
destruction process of coal and rock, a set of 20 mm x 25 mm boreholes are arranged
diagonally in each horizontal loading unit to place the acoustic emission probe. The
probes in the two horizontal loading units are arranged in an X shape, as shown in
Fig. 3.29b. At the same time, small holes are made at the upper part of each borehole
to lead out the probe wire. The acoustic emission probe wire can be led out from
the small hole, solving the difficulty of monitoring acoustic emission characteristics
when applying horizontal load.

(2) Experimental scheme

The mining depth and the advancement speed of the working face are important
external factors affecting the stability of the surrounding rock in the mining space.
Therefore, based on the mining stress test system, when formulating the test scheme,
consider two factors: the initial vertical stress and the stress transfer speed. The stress
transfer speed refers to the speed at which the stress acting on the coal and rock body
around the mining space is redistributed (transferred) after mining, which is related
to the excavation speed. Different initial vertical stresses can quantitatively describe
different mining depths. The greater the mining depth, the greater the initial vertical
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stress; different stress transfer speeds can quantitatively describe different excavation
speeds. The faster the mining speed, the faster the stress transfer speed.

The test scheme considers three different initial vertical stresses, with values of 4
MPa, 6 MPa, and 8 MPa, which approximately simulate the mechanical environment
of the overlying rock layer with an average density of 2000 kg/m?, and mining depths
of 200 m, 300 m, and 400 m respectively; it considers three different stress transfer
speeds, with values of 1 kN/s, 3 kN/s, and 5 kN/s, simulating different mining speeds,
and assuming that the stress transfer speed in each area is the same. At the same time,
the test scheme considers a confining stress of 4 MPa, simulating the initial horizontal
stress of the original rock. The specific experimental scheme is shown in Table 3.6.

Based on the experimental design scheme, the size of the test specimen is 300 mm
x 150 mm x 150 mm. In order to quantitatively analyze the mechanical behavior
characteristics of the rock-like body under different mining stresses, the rock-like
body is now divided into regions. Considering that the experiment considers two
major indicators of initial vertical stress and stress transfer speed, it is realized by
loading different mining stresses (non-uniform load) through vertical stress, so the
rock-like specimen can be divided into regions according to the areas corresponding
to the vertical or horizontal loading units of the testing machine. According to the
position corresponding to the vertical loading unit, the rock-like specimen is divided
into Area A, Area B, and Area C, which correspond to the vertical loading units P1,
P2, and P3, respectively. The specimen and its regional division method are shown
in Fig. 3.30, and the width-to-height ratio of each region after division is 2:3. At
the same time, in order to analyze the mechanical properties of the rock-like under
uniaxial compression conditions, three specimens with a size of 100 mm x 100 mm
x 200 mm were specially made.

The specific operation steps of the mining stress simulation experiment are as
follows:

Step one: Preparation. Place the acoustic emission probe (model R3a) in the probe
hole of the horizontal loading unit, so that it corresponds to the positions of Area
A, Area B, and Area C. After the arrangement is completed, apply an appropriate
lubricant (Vaseline) on the surface of the probe; then run the testing machine, measure
the operating noise of the testing machine, and set the acoustic emission monitoring
threshold value to 40 db. Place the specimen on the test bench. In order to reduce
the friction effect between the loading unit and the end of the specimen during the

Table 3.6 Experimental scheme

Test Initial Stress Test Initial Test Stress Initial Stress
number | vertical |transfer |number |vertical |number |transfer |vertical | transfer
stress/ speed/ stress/ speed/ stress/ speed/
MPa kN/s MPa kN/s MPa kN/s
1 4 4 3 7 4 5
2 6 1 5 6 3 8 6 5
1 6 8 3 9 8 5
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(a) Division method of rock-like specimen area (b) Rock-like specimen

Fig. 3.30 Division method of rock-like specimen area

test, an appropriate lubricant should be evenly applied to the surface of the specimen
before the test;

Step two: Apply pre-stress. Apply initial horizontal stresses F1 and F2 to 4 MPa
through displacement control mode (0.5 mm/min), simulating the initial horizontal
stress state of engineering coal rock before mining, and then keep it unchanged until
the end of the test. Apply initial vertical stresses P1, P2, and P3 to the predetermined
values (4, 6, 8 MPa) to Areas A, B, and C of the specimen through synchronous
displacement control mode (0.5 mm/min), simulating the initial vertical stress state
of engineering coal rock before mining. Area C mainly serves to reduce or eliminate
the boundary effect of the test;

Step three: Test process. Conduct a stress transfer test on Area A through force
control mode, simulating the stress concentration and unloading failure process near
the coal wall after the engineering coal rock is excavated (assumed to be within the
range of Area A of the specimen), set the stress transfer speed v (1, 3, 5 kN/s) and
stop loading threshold K (0.3, the ratio of the residual strength to the peak strength
of the coal rock in each area after the peak), when the loading unit P1 reaches the
stop loading threshold, the loading unit P1 becomes the displacement maintenance
mode. At this time, the mining stress testing machine will automatically conduct a
stress transfer test on Area B, simulating the stress transfer process to the interior
(assumed to be within the range of Area B of the specimen) after the engineering
coal rock is damaged and a plastic zone is formed (assumed to be within the range
of Area A of the specimen), set the stress transfer speed v (1, 3, 5 kN/s) and stop
loading threshold K (0.7, because Areas A and C have produced a confining effect
on Area B, it is difficult to drop to 30% of the peak, so K = 0.7 is set), stop the test
when the loading unit P2 reaches the stop loading threshold.

The above application of pre-stress and test process are set in the stress transfer
test module of the mining stress test system, no manual operation is required, and the
testing machine automatically completes the stress transfer test. At the same time,
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the collection of acoustic emission is synchronized with the control of the testing
machine, and the monitoring of acoustic emission is real-time and continuous.

(3) Particle flow coal rock compression model

Considering that numerical software can eliminate the weakness of the heterogeneity
of real coal rock and has the advantages of high efficiency and speed, the research
process also uses the numerical software PFC for simulation and analysis [49-51].
A uniaxial compression model was established using a parallel bonding model to
analyze the deformation and failure characteristics of the coal body. Since the simu-
lation experiment using particle flow theory requires setting the microscopic physical
and mechanical parameters that characterize the particles and bonding properties, and
these parameters cannot be directly obtained from laboratory experiments. Therefore,
the “trial and error method” is used to check the parameters required for the model,
and the microscopic parameters are adjusted repeatedly until the requirements are
met. Through repeated checks and comparisons with the “trial and error method”, it
is believed that the microscopic physical and mechanical parameters in Table 3.7 are
closer to the macroscopic mechanical parameters of the real coal body. After veri-
fication, the stress—strain curve (see Fig. 3.31) and the final failure characteristics
(see Fig. 3.32) of the particle flow model are in good agreement with the laboratory
experiments.

(4) Simulation modeling

The model uses a non-standard size of 90 mm x 40 mm for modeling (see Fig. 3.33).
In order to analyze the spatiotemporal rules of coal rock stress evolution during the
complete mining dynamics process, three measurement circles with a radius of 15
mm are arranged inside the model (the total monitoring area accounts for 58.9% of
the total model area). The measurement centers are A (—30 mm, 0), B (0, 0) and
C (30 mm, 0). During the model loading process, the stress (axial) changes in the
measurement circle are recorded through the fish language function.

2. Analysis of mining stress evolution characteristics

(1) Rock-like stress—strain characteristics

Table 3.7 Physical and mechanical parameters of coal rock

Parameter Value | Parameter Value
Minimum particle size/mm 0.3 Porosity 0.1
Particle size ratio 1.66 | Friction coefficient 0.46
Density/(kg/m>) 1800 | Parallel bonding tensile strength/MPa | 10
Parallel bonding deformation modulus/ | 12 Parallel bonding cohesion/MPa 16
GPa
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Fig. 3.31 Stress—strain curve of coal rock

Fig. 3.32 Failure mode of coal rock

Before the mining stress test, a uniaxial compression test is first performed on a
specimen with a size of 200 mm x 100 mm x 100 mm using the single test mode
of the testing machine to measure the uniaxial compressive strength and elastic
modulus of the rock-like specimen. The test uses displacement control mode, the
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Fig. 3.33 Particle flow coal rock compression model

loading speed is set to 0.5 mm/min, and the uniaxial compressive strength of the
rock-like specimen is determined to be 15.86 MPa and the elastic modulus is 4.17
GPa through the verification and comparison of three uniaxial compression tests.
The stress—strain curve and failure mode are shown in Fig. 3.34.

Figure 3.35 shows the stress—strain curves of different regions of rock-like mate-
rials under different mining stress test schemes, and Table 3.8 shows the peak
strength and peak strain of regions A and B of rock-like materials under different test
schemes. Since the test scheme considers different initial vertical stresses, the rock-
like compaction closure stage before the initial vertical stress is ignored, and the data
is directly processed from the elastic stage of the rock-like stress—strain curve. In the
elastic stage, the stress—strain curves of rock-like regions A and B overlap, which is
consistent with the stress evolution characteristics within the coal rock, indicating
that the mechanics of the elastic stage of the coal rock or rock-like material will not
change significantly due to changes in the stress environment. However, after the
stress exceeds the yield limit and enters the plastic stage, the mechanical behavior of
each region of the rock-like material shows different evolution characteristics. Region
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Fig. 3.34 Uniaxial loading stress—strain curve and its failure mode
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A will fail and break, while region B can still withstand higher stress. When the initial
vertical stress and stress transfer speed are fixed, the peak strength of region B inside
the rock-like material is about twice that of region A outside. The main reason is
that region A is in a 5-direction stress state when it is damaged and broken, and it is
easy to expand and become unstable due to the lack of external constraints. At the
same time, region A cannot be completely destroyed when it is unstable, and some
or large pieces of rock (rock instability is often caused by shear failure) will remain
connected to region B. Therefore, region B is in a 6-direction stress state when it is
damaged and broken, and it also includes the constraint of the residual rock blocks
of region A, which shows that the constraint of the external residual rock blocks can
improve the mechanical bearing capacity of the internal rock. In this experiment,
when the volume of the external rock is equal to the volume of the internal rock
and the width-to-height ratio is 2:3, the constraint existing after the external rock is
broken can increase the strength of the internal rock by approximately 2 times.

In addition, due to the constraint of the external residual rock blocks, the peak
elongation of the internal region B is larger, and the deformation amount at the
moment of reaching the peak strength is larger, which is several times that of region
A. After the peak, the stress—strain change characteristics of region A or region B
are different from those under traditional uniaxial compression test conditions. The
residual stress after uniaxial compression peak drops rapidly (Fig. 3.34), but the stress
drop speed of regions A and B is relatively small due to the effect of non-uniform
constraints around, showing different change characteristics under different mining
stresses. For region C, because it is always in the initial vertical stress stage, that is,
the elastic stage, it will not cause damage, only a small amount of creep deformation.

(2) The impact of initial vertical stress on the mechanical properties of coal rock

Figure 3.36 shows the change characteristics of peak strength in rock-like areas A
and B under different initial vertical stress conditions. As can be seen from the figure,
when the stress transfer speed is constant, whether it is area A or area B, as the initial
vertical stress increases, the peak strength of the rock decreases. According to the
generalized Hooke’s law, when the initial horizontal stress is constant, the greater the
initial vertical stress, the greater the reaction force caused by the initial vertical stress
and horizontal stress between regions (region B to region A, region C to region B),
which promotes the damage and destruction of the adjacent area, causing the adjacent
areato intensify its damage during the gradual compression process, and the compres-
sive strength decreases. In addition, it can be found that under the same stress transfer
speed conditions, with the increase of initial vertical stress, the decreasing slope of
the peak strength curve of area A and area B is different. When the stress transfer
speed is 1 kN/s, the slopes of the peak strength curves of area A and area B are —0.255
and —1.661 respectively; when the stress transfer speed is 3 kN/s, the slopes of the
peak strength curves of area A and area B are —0.530 and —0.203 respectively; when
the stress transfer speed is 5 kIN/s, the slopes of the peak strength curves of area A and
area B are —0.504 and —0.491 respectively. From this, it can be seen that the initial
vertical stress has different degrees of impact on the strength of area A and area B.
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Fig. 3.35 Stress—strain curves of different regions of rock-like materials
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Table 3.8 Peak strength and peak strain of regions A and B of rock-like materials

Test number Peak strength (MPa) Peak strain (%)
Region A Region B Region A Region B
1 14.457 30.101 1.313 9.786
Test number Peak strength (MPa) Peak strain (%)
Region A Region B Region A Region B
2 14.022 28.435 1.053 8.993
3 13.436 28.137 0.989 4.683
4 16.365 31.203 1.286 8.824
5 14.690 30.708 1.003 5.155
6 14.247 30.390 0.822 4.679
7 16.936 37.476 1.263 3.674
8 15.404 31.120 0.981 3.171
9 14.919 30.834 0.814 2.837
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Fig. 3.36 Peak strength of area A and area B under different initial vertical stress conditions

When the stress transfer speed is 1 kN/s, when the initial vertical stress increases
from 4 to 6 MPa, the peak strength of area A decreases by 3.0%, and area B decreases
by 5.6%. When the initial vertical stress increases from 6 to 8 MPa, the peak strength
of area A decreases by 5.9%, and area B decreases by 1.0%. With the increase of
initial vertical stress, the decrease of peak stress in area A gradually increases, and
the decrease of peak stress in area B gradually decreases, that is, the sensitivity of
peak strength in area A increases with the increase of initial vertical stress, while
that in area B decreases; When the stress transfer speed is 3 kN/s, when the initial
vertical stress increases from 4 to 6 MPa, the peak strength of area A decreases by
10.2%, and area B decreases by 1.6%. When the initial vertical stress increases from
6 to 8 MPa, the peak strength of area A decreases by 3.0%, and area B decreases
by 1.0%. With the increase of initial vertical stress, the sensitivity of peak strength
in both area A and area B increases, but the increase is different, with area A being
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greater than area B; When the stress transfer speed is 5 kN/s, when the initial vertical
stress increases from 4 to 6 MPa, the peak strength of area A decreases by 9.0%,
and area B decreases by 17.0%. When the initial vertical stress increases from 6 to 8
MPa, the peak strength of area A decreases by 4.9%, and area B decreases by 1.1%.
With the increase of initial vertical stress, the sensitivity of peak strength in both area
A and area B decreases, but the decrease is different, with area B being greater than
area A.

Figure 3.37 shows the peak strain characteristics of pseudo-rock regions A and
B under different initial vertical stress conditions. As can be seen from the figure,
when the stress transfer speed is constant, whether it is region A or region B, as
the initial vertical stress increases, the peak deformation of the rock decreases. The
main reason for this phenomenon is that the greater the initial vertical stress, the
greater the reaction force between regions caused by the initial vertical stress and
horizontal stress, the higher the damage and destruction of the adjacent area, the
shorter the deformation time of the pseudo-rock from the initial vertical stress stage
to the peak strength stage, and the pseudo-rock is damaged and destroyed under
smaller deformation. In addition, it can be found that under the same stress transfer
speed conditions, with the increase of initial vertical stress, the decreasing slope of
the peak deformation curve of region A and region B is also different. When the stress
transfer speed is 1 kIN/s, the slopes of the peak strain curves of region A and region
B are —0.081 and —1.226 respectively; when the stress transfer speed is 3 kN/s, the
slopes of the peak strain curves of region A and region B are —0.116 and —0.136
respectively; when the stress transfer speed is 5 kN/s, the slopes of the peak strain
curves of region A and region B are —0.112 and —0.209 respectively. From this, it
can be seen that the initial vertical stress has different effects on the deformation of
region A and region B.

When the stress transfer speed is 1 kN/s, when the initial vertical stress increases
from 4 to 6 MPa, the peak strain of region A decreases by 19.8%, and region B
decreases by 8.1%. When the initial vertical stress increases from 6 to 8 MPa, the
peak strain of region A decreases by 6.0%, and region B decreases by 48.0%. With
the increase of initial vertical stress, the decrease of peak strain in region A gradually
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Fig. 3.37 Peak strain of region A and region B under different initial vertical stress conditions
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decreases, and the decrease of peak strain in region B gradually increases, that is,
the sensitivity of peak strain in region A to the increase of initial vertical stress
decreases, while that in region B increases. When the stress transfer speed is 3 kIN/s,
when the initial vertical stress increases from 4 to 6 MPa, the peak strain of region
A decreases by 22.0%, and region B decreases by 42.0%. When the initial vertical
stress increases from 6 to 8 MPa, the peak strain of region A decreases by 18.0%, and
region B decreases by 9.2%. With the increase of initial vertical stress, the sensitivity
of peak strain in both region A and region B decreases, but the decrease in region B is
greater than that in region A. When the stress transfer speed is 5 kN/s, when the initial
vertical stress increases from 4 to 6 MPa, the peak strain of region A decreases by
22.0%, and region B decreases by 13.7%. When the initial vertical stress increases
from 6 to 8 MPa, the peak strain of region A decreases by 17.0%, and region B
decreases by 10.5%. With the increase of initial vertical stress, the sensitivity of
peak strain in both region A and region B decreases, but the decrease in region A is
greater than that in region B.

Overall, the initial vertical stress affects the peak strength and peak deformation
of the rock. The greater the initial vertical stress, the lower the peak strength and peak
deformation of each region of the pseudo-rock, and the degree of impact on each
region is different. This shows that the stress environment has a great impact on the
analysis of the mechanical properties of the rock. Although the trend is sometimes
close, the quantitative results cannot be equated. The actual engineering problem
should use a mechanical environment that is more in line with the actual engineering.

(3) The effect of initial vertical stress on acoustic emission signals

Figure 3.38 shows the acoustic emission impact characteristics of each region of the
pseudo-rock under different mining stress conditions. Table 3.9 shows the maximum
impact values of region A and region B and the time of the maximum impact. Through
analysis, it can be known that because the acoustic emission signal of the initial
vertical stress is eliminated, the acoustic emission undergoes four processes during
the stress loading and transfer process: the number of impact signals is small, the
number of impact signals suddenly increases, then the number of impacts decreases,
and then the number of impacts steadily increases. The first two processes correspond
to the loading process of region A, and the last two processes correspond to the loading
process of region B. The acoustic emission impact characteristics of region A are
similar to uniaxial compression, while the acoustic emission impact characteristics of
region B are similar to triaxial compression. In addition, it can be seen that the regional
characteristics of the maximum impact of the acoustic emission of the pseudo-rock
material are also quite obvious. When the initial vertical stress and stress transfer
speed are fixed, the maximum impact value of region A is 1.3-2.5 times that of region
B. The author believes that this is because region A is brittle failure, and region B is
ductile failure.

Figure 3.39 shows the change curve of the maximum impact signal in Area A
and Area B under different initial vertical stress conditions. As can be seen from
the figure, when the stress transfer speed is constant, whether it is Area A or Area
B, as the initial vertical stress increases, the maximum impact signal of the acoustic
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Fig. 3.38 Stress-time-impact curve of each region of pseudo-rock

emission gradually decreases. The generation of the acoustic emission impact signal
is due to the squeezing or micro-particle fracture within the pseudo-rock. The greater
the initial vertical stress, the better the compaction closure during the initial stress
process of the pseudo-rock, and in the later loading process of the pseudo-rock, the
smaller the acoustic emission signal generated by particle squeezing. At the same
time, the larger initial vertical stress has a stronger induction effect on the damage and
destruction of the adjacent area, the destruction in the adjacent area intensifies during
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Table 3.9 Maximum acoustic emission impact and occurrence time in pseudo-rock Area A and
Area B

Test number Maximum impact/(times s~ ) Time of maximum impact/s
Area A Area B Area A Area B
1 3350 1939 153.6 569.6
2 2191 1171 118.4 460.8
3 1858 754 83.2 400.0
4 1411 1080 62.4 212.2
5 1391 1035 432 180.0
6 1073 694 30.4 148.8
7 853 579 40.8 117.6
8 801 442 28.8 108.0
9 756 416 24 105.0

the gradual compression process, the destruction process accelerates, the number
of destruction faces (blocks) produced in a short time before and after the peak
destruction decreases, and the intensity of the acoustic emission signal is smaller. In
addition, it can be found that under the same stress transfer speed conditions, with
the increase of the initial vertical stress, the slopes of the maximum impact signal
curves of Area A and Area B are different. When the stress transfer speed is 1 kN/s,
the slopes of the maximum impact signal curves of Area A and Area B are —373.0
and —296.0 respectively; when the stress transfer speed is 3 kN/s, the slopes are
—84.5 and —96.5 respectively; when the stress transfer speed is 5 kN/s, the slopes
are —24.3 and —40.8 respectively. From this, it can be seen that the initial vertical
stress has different effects on the maximum impact signals of Area A and Area B.
When the stress transfer speed is 1 kN/s, the initial vertical stress increases from 4
to 6 MPa, the maximum impact signal in region A decreases by 34.6%, and in region
B itdecreases by 39.6%. When the initial vertical stress increases from 6 to 8 MPa, the
maximum impact signal in region A decreases by 15.2%, and in region B it decreases
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Fig. 3.39 Maximum impact signal of region A and region B under different initial vertical stress
conditions
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by 35.6%. With the increase of the initial vertical stress, the degree of decrease of the
maximum impact signal in region A gradually decreases, but the maximum impact
signal in region B also gradually decreases. When the stress transfer speed is 3 kN/
s, the initial vertical stress increases from 4 to 6 MPa, the maximum impact signal in
region A decreases by 1.4%, and in region B it decreases by 4.1%. When the initial
vertical stress increases from 6 to 8 MPa, the maximum impact signal in region A
decreases by 22.8%, and in region B it decreases by 32.9%. With the increase of the
initial vertical stress, the sensitivity of the maximum impact signal in both region A
and region B increases, but the increase is different, with region B being greater than
region A. When the stress transfer speed is 5 kN/s, the initial vertical stress increases
from 4 to 6 MPa, the maximum impact signal in region A decreases by 6.1%, and in
region B it decreases by 23.6%. When the initial vertical stress increases from 6 to 8
MPa, the maximum impact signal in region A decreases by 5.6%, and in region B it
decreases by 5.8%. With the increase of the initial vertical stress, the sensitivity of the
maximum impact signal in both region A and region B decreases, but the decrease
is different, with region A only slightly decreasing, and region B decreasing more
significantly.

(4) The influence of stress transfer speed on the mechanical properties of coal rock

Figure 3.40 reflects the peak strength change characteristics of region A and region
B under different stress transfer speed conditions. As can be seen from the figure,
when the initial vertical stress is constant, whether it is region A or region B, the
peak strength of the pseudo-rock increases with the increase of stress transfer speed.
Different stress transfer speeds have different effects on the degree and form of rock
damage. With the increase of stress transfer speed, the stress intensity acting on
the rock body at the same time increases, causing the instantaneous damage to the
rock body to intensify, and the mode of rock failure changes from shear failure to
tensile failure. At the same time, it can be seen that under the same initial vertical
stress conditions, with the increase of stress transfer speed, the peak strength of the
rock in each region increases at different rates. When the initial vertical stress is 4
MPa, the slope of the peak strain curve of region A and region B is 1.240 and 3.688
respectively; when the initial vertical stress is 6 MPa, the slope of the peak strain
curve of region A and region B is 0.691 and 1.343 respectively; when the initial
vertical stress is 8 MPa, the slope of the peak strain curve of region A and region B is
0.742 and 1.349 respectively. The effect of stress transfer speed on the peak strength
of each region of the pseudo-rock is different.

When the initial vertical stress is 4 MPa, the stress transfer speed increases from 1
to 3 kN/s, the peak strength of region A increases by 11.7%, and region B increases
by 3.5%. When the stress transfer speed increases from 3 to 5 kIN/s, the peak strength
of region A increases by 3.4%, and region B increases by 16.7%. With the increase
of stress transfer speed, the increment of peak stress in region A gradually decreases,
and the increment of peak stress in region B gradually increases. When the initial
vertical stress is 6 MPa, the stress transfer speed increases from 1 to 3 kIN/s, the
peak strength of region A increases by 4.5%, and region B increases by 7.4%. When
the stress transfer speed increases from 3 to 5 kN/s, the peak strength of region
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Fig. 3.40 Peak strength of region A and region B under different stress transfer speed conditions

A increases by 4.8%, and region B increases by 1.3%. With the increase of stress
transfer speed, the sensitivity of the peak strength of region A slightly increases,
while that of region B decreases. When the initial vertical stress is 8§ MPa, the stress
transfer speed increases from 1 to 3 kN/s, the peak strength of region A increases
by 5.7%, and region B increases by 7.4%. When the stress transfer speed increases
from 3 to 5 kN/s, the peak strength of region A increases by 4.5%, and region B
increases by 1.4%. With the increase of stress transfer speed, the sensitivity of the
peak strength of both region A and region B decreases, but the decrease is different,
with region B being greater than region A.

As shown in Fig. 3.41, when the initial vertical stress is constant, whether it is
region A or region B, the peak strain decreases with the increase of stress transfer
speed. This is because the greater the stress transfer speed, the greater the stress
acting on the pseudo-rock at the same moment, the greater the instantaneous damage
to the pseudo-rock, causing the pseudo-rock to damage and break without significant
deformation. At the same time, it can be seen that under the same initial vertical stress
conditions, with the increase of stress transfer speed, the peak strain reduction slopes
of different regions of the rock are different. When the initial vertical stress is 4
MPa, the peak strain curve slopes of region A and region B are —0.025 and —3.056
respectively; when the initial vertical stress is 6 MPa, the peak strain curve slopes of
region A and region B are —0.036 and —2.911 respectively; when the initial vertical
stress is 8 MPa, the peak strain curve slopes of region A and region B are —0.088
and —0.923 respectively. The stress transfer speed has different effects on the peak
strength of different regions of the pseudo-rock, and the stress transfer speed has
different effects on the peak deformation of different regions of the rock.

When the initial vertical stress is 4 MPa, when the stress transfer speed increases
from 1 to 3 kN/s, the peak strain of region A decreases by 2.1%, and region B
decreases by 9.8%. When the stress transfer speed increases from 3 to 5 kN/s, the
peak strength of region A decreases by 1.8%, and region B decreases by 58.4%.
With the increase of stress transfer speed, the decrease of peak strain in region A
gradually decreases, and the decrease of peak strain in region B increases. When the
initial vertical stress is 6 MPa, when the stress transfer speed increases from 1 to
3 kN/s, the peak strain of region A decreases by 4.7%, and region B decreases by
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Fig. 3.41 Peak strain of region A and region B under different stress transfer speed conditions

42.7%. When the stress transfer speed increases from 3 to 5 kN/s, the peak strength
of region A decreases by 2.2%, and region B decreases by 38.5%. With the increase
of stress transfer speed, the sensitivity of peak strain in both region A and region B
decreases, but the decrease is different, with region B greater than region A. When
the initial vertical stress is 8 MPa, when the stress transfer speed increases from 1 to
3 kN/s, the peak strain of region A decreases by 16.8%, and region B decreases by
0.8%. When the stress transfer speed increases from 3 to 5 kN/s, the peak strength of
region A decreases by 0.9%, and region B decreases by 39.4%. With the increase of
stress transfer speed, the sensitivity of peak deformation in region A drops sharply,
while the sensitivity of peak strain in region B increases sharply.

In general, the stress transfer speed affects the peak strength and peak deformation
of the rock. The greater the stress transfer speed, the higher the peak strength of each
region of the coal rock, but the lower the peak strain. The impact of different stress
transfer speeds on different regions of the pseudo-rock is different and closely related
to the initial vertical stress.

(5) The effect of stress transfer speed on acoustic emission signals

Figure 3.42 is the change curve of the maximum impact signal in region A and region
B under different stress transfer speed conditions. As can be seen from the figure,
when the initial vertical stress is constant, whether it is region A or region B, with the
increase of stress transfer speed, the maximum impact signal of acoustic emission
gradually decreases. The greater the stress transfer speed, the greater the instanta-
neous damage to the pseudo-rock, the acceleration of the damage and destruction of
the pseudo-rock, and the larger the degree of destruction during the peak destruction
process. At the same time, by analyzing the maximum impact signals of different
regions of the pseudo-rock under the same initial vertical stress conditions, it can
be known that under the same vertical stress conditions, with the increase of stress
transfer speed, the slopes of the maximum impact signal curves of region A and region
B are different. When the initial vertical stress is 4 MPa, the slopes of the maximum
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Fig. 3.42 Maximum impact signal of region A and region B under different stress transfer speed
conditions

impact signal curves of region A and region B are —1284 and —680 respectively;
when the initial vertical stress is 6 MPa, the slopes of the maximum impact signal
curves of region A and region B are —695 and —365 respectively; when the initial
vertical stress is 8 MPa, the slopes of the maximum impact signal curves of region A
and region B are —551 and — 169 respectively. The stress transfer speed has different
effects on the maximum impact signals of different regions of the rock.

When the initial vertical stress is 4 MPa, the stress transfer speed increases from
1 to 3 kIN/s, the maximum impact signal in region A decreases by 57.9%, and region
B decreases by 44.3%. When the stress transfer speed increases from 3 kN/s to 5
kN/s, the maximum impact signals in region A and region B decrease by 39.5% and
46.4% respectively. As the stress transfer speed increases, the degree of decrease
in the maximum impact signal in region A gradually decreases, but the decrease
in region B slightly increases. When the initial vertical stress is 6 MPa, the stress
transfer speed increases from 1 kIN/s to 3 kN/s, the maximum impact signals in region
A and region B decrease by 36.5% and 11.6% respectively. When the stress transfer
speed increases from 3 kIN/s to 5 kN/s, the maximum impact signals in region A
and region B decrease by 42.4% and 57.3% respectively. As the stress transfer speed
increases, the sensitivity of the maximum impact signals in both region A and region
B increases, with the increase in region B being greater than that in region A. When
the initial vertical stress is 8 MPa, the stress transfer speed increases from 1 to 3 kN/s,
the maximum impact signal in region A decreases by 42.2%, and region B decreases
by 8.0%. When the stress transfer speed increases from 3 to 5 kN/s, the maximum
impact signal in region A decreases by 29.5%, and region B decreases by 40.1%. As
the stress transfer speed increases, the sensitivity of the maximum impact signal in
region A gradually decreases, while the sensitivity in region B sharply increases.

3. Evolutionary characteristics of mining stress

Figure 3.43 is the coal rock compression stress-time step curve. The green curve in
the figure represents the change characteristics of the overall average stress of the
coal rock (wall loading stress), and the red, blue, and black curves represent the stress
change characteristics of the measured areas A, B, and C respectively. Figure 3.44
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is the coal rock compression stress concentration coefficient-time step curve, where
the defined stress concentration coefficient

K=- (3.34)

o
where, o; is the stress at a certain moment in the i measured area; o is the average
stress of the entire model at a certain moment.

As can be seen from Fig. 3.43, with the continuous change of coal rock compres-
sion stress, the overall and local measurement areas A, B, and C of the coal rock all
have the same stress evolution characteristics, all experiencing the initial compression
compaction stage, elastic compression stage, plastic deformation stage, and damage
residual stage. Different from the traditional coal rock compression test, the concave
characteristic of the initial compaction stage of the numerical model is not obvious,
which is because the particle balls simulating coal rock in the particle flow program
are rigid balls and do not deform. In the coal rock compression compaction stage
and elastic deformation stage, the overall and local measurement areas A, B, and C
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have the same change characteristics, but they show different mechanical properties
in the plastic deformation stage and damage residual stage, which is the key stage of
mining stress spatiotemporal movement.

As can be seen from Fig. 3.44, during the compression process of coal rock, the
degree of local stress concentration in the coal body has a significant spatiotemporal
effect. As the overall force of the coal rock gradually increases (the green curve 0-
X-2 point in Fig. 3.43, point X ~ point 2 can reflect the actual engineering coal rock
body from the original stress (point X) to the sudden unloading stress concentration
process), the stress in the three measurement areas also gradually increases, and the
stress concentration coefficient of each monitoring area is approximately 1. However,
at a certain tl time domain before the overall coal sample is subjected to the peak
stress (shown as points 1-2 in the figure), the stress concentration coefficient of the
external coal rock (measurement area A) begins to decrease, indicating that the coal
rock in measurement area A has damage and destruction, leading to a decrease in its
own mechanical bearing capacity, and the stress begins to transfer to the interior.

As can be seen from Table 3.10, at key point 1, that is, at the stress peak of region
A, the stress values of coal rock regions A, B, C and the intact coal rock are all
approximately 32.8 MPa, at time step 11,005; at key point 2, that is, when the intact
rock mass reaches the stress peak, the stress values of coal rock regions A, B, C and
the intact coal rock are 31.4 MPa, 35.1 MPa, 34.6 MPa and 33.7 MPa respectively, at
time step 11,778. The stress of the intact coal rock increased by 0.9 MPa compared
to point 1, the stress in measurement area A decreased by 1.4 MPa, the stress in
measurement area B increased by 2.3 MPa, and the stress in measurement area C
increased by 1.8 MPa. Measurement areas B and C not only have to bear their own
increased stress, but also the stress transferred from area A. Subsequently, in the
t2 time domain (points 2-3 in the figure), the central coal rock (monitoring area
B) reaches the stress peak, but the stress concentration factor is still greater than 1,
indicating that the central coal rock can continue to bear part of the overall stress
of the coal rock in excess, and it bears more additional stress than measurement
area C. Then, the stress continues to transfer to the inside of the coal body, in the
t3 time domain (points 3—4 in the figure), the internal coal rock (measurement area
C) reaches the stress peak, the stress in measurement areas A and B continues to
decrease, but the stress concentration factor in measurement area B is still greater
than 1, indicating that it can still bear some of the stress transferred from measurement
area A, and the force transferred from area A to the inside is mainly borne by area
C, because the stress concentration factor in area C continues to rise. Subsequently,
the bearing capacity of each area of the coal rock begins to decrease, in the t4 time
domain (points 4-5 in the figure), the stress concentration factor of the central coal
rock damage decreases, and the overall damage stress of the coal rock is mainly
borne by the internal coal rock. Later (at this time, the nominal stress of the overall
coal rock is 46.8% of the peak stress), until the t5 time domain (points 5-6 in the
figure) when the intact coal rock completely loses its bearing capacity, the stress
concentration factor of the central coal rock damage is less than 1, and the residual
damage stress is completely concentrated in the interior of the coal rock.
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Table 3.10 Stress evolution characteristics of key points 1-5

Time/Step Region A stress/ | Region B stress/ | Region C stress/ | Intact coal rock
MPa MPa MPa stress/MPa

Point 1 at 11,005 |32.8 32.8 32.8 32.8

Point2 at 11,778 |31.4 35.1 34.6 334

Point 3 at 12,513 | 23.7 37.6 36.1 322

Point 4 at 14,233 | 10.6 29.7 40.2 26.8

Point 5 at 15,670 32 18.3 333 18.2

In summary, the damage evolution process of coal rock has obvious spatiotemporal
characteristics, and the stress at each spatial position has the following relationship
with time:

kao = 1..kag < ka3 < kap < ka1 < 1.kgs < 1
kpo = 1..kpo > kp3 > kps > kg1 > 1..kgs < 1 (3.35)
kco = 1..kca = kcz = ker > ko1 = 1.kgs > 1

t=0~t ..o IS el 7P t=1ts

where, k,; is the stress concentration factor of each spatial monitoring area within
the i time range, n = A, B, C.

Figure 3.45 is a cloud diagram of mining stress evolution. As can be seen from
the cloud diagram, within the coal rock measurement area, with the passage of time,
the stress cloud diagram experiences a distribution feature from small to large and
then to small, and the stress peak areas on the left and right are not symmetrical. The
left side shows a uniform increase, while the right side shows a fluctuating evolution.
This corresponds to the stress-time curve.

By comparing the cloud diagrams of Area A, Area B, and Area C, it can be seen
that within a certain range of coal body, the stress evolution time in the external area
of the coal rock (Area A) is the shortest, and the further into the coal rock (Area B or
Area C), the longer the stress evolution cycle and the higher the stress concentration.
At the same time, it can be seen that whether it is the internal or external area of
the coal rock, the characteristics of coal rock mining stress evolution are almost the
same. When they exceed their respective limit strengths, the residual damage stress
in the internal area is greater than that in the external area.
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Fig. 3.45 Mining stress
evolution cloud diagram
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Chapter 4 ®
Key Technologies for Controlling Mining | o
Dynamic Disasters

Deep coal resources are the main backup energy security for our country in the
future. China is the country with the largest scale, difficulty, and number of deep
coal mine construction in the world. The safe and efficient mining of deep coal
resources is a key issue that most coal mines in our country must face. Typical mining
dynamic disasters include rock burst, mine water inrush, and large deformation of
roadway surrounding rock, which are sudden, sharp, and violent. They are extremely
complex dynamic phenomena that occur in coal mine mining, essentially induced
by stress field disturbance or strain increase during mining process, leading to the
birth, development, and penetration of micro-fractures until instability occurs [1-5].
Mining is the root cause of dynamic disaster accidents.

As we enter deep mining, the severity of related dynamic disasters and mining
depth show a non-linearly increasing development trend. We face new unfavorable
mining environments such as high original rock stress and high mining-induced
secondary stress. In addition, the non-linear characteristics of mining rock mechan-
ical behavior become significant, and the sensitivity of the rock mass to mining distur-
bance and external dynamic response increases, making the mechanism of rock mass
mining non-linear response more complex. The interaction between rock burst and
coal and gas outburst disasters is highlighted, the inducing effect of mine tremors and
strong earthquake stress fields on deep well coal mine dynamic disasters is enhanced,
the accumulation and disaster formation of underground water bodies are difficult to
detect in time, and the risk of large-scale roof pressure disasters increases. All types
of dynamic disasters not only show a gradually rising trend in frequency, intensity,
and scale, but the phenomenon of multiple disasters coupling and concurrent occur-
rence will also become more prominent, especially secondary disasters induced by
dynamic disasters have occurred more frequently in recent years. The frequent occur-
rence of coal mine dynamic disaster accidents poses a serious challenge to the safe
and green mining of coal in our country. So far, the prevention and control of dynamic
disasters is still a worldwide problem, with great difficulty and high risk. Its control
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level is directly related to the overall level of coal mine safety development. Effec-
tively controlling the occurrence of major dynamic disasters driven by engineering
forces in deep mining fields is an important issue in the construction of our country’s
deep coal mine safety guarantee system.

In the past half-century, numerous domestic and international scholars and scien-
tists have conducted extensive research on the mechanisms of dynamic disasters, fore-
casting and prediction technologies, and prevention and control technologies, laying
a theoretical foundation and applied technology for guiding production practices,
and making significant contributions to the safety of the mining industry. Overall,
dynamic disaster accidents such as rock burst are closely related to mining depth, that
is, the increase in overburden self-weight pressure and structural stress caused by the
increase in mining depth, manifested as intense mine pressure in the mining area,
severe deformation of the surrounding rock, instability of the roadway and mining
area, and prone to destructive dynamic disaster accidents. Summarizing the reasons,
no matter what kind of dynamic disaster, it is because mining activities cause changes
in the stress state of the coal-rock mass, and under the action of mining stress, the
coal-rock mass causes damage and destruction, which leads to instability and induces
dynamic disasters [6]. Focusing on the current status of dynamic disaster research,
this paper elaborates on the research of the disaster-causing mechanism and key
prevention and control technologies of typical dynamic disasters in coal mines, in
order to help fundamentally reverse the frequent occurrence of disaster accidents such
as rock burst, roof water penetration, and large deformation of roadway surrounding
rock in China.

4.1 Key Technologies for Rock Burst Disaster Prevention
and Control

The first case of rock burst in China occurred in Fushun Shengli Coal Mine in 1933.
Data shows that the number of rock burst mines and the provinces covered in China
are constantly increasing. The essence of rock burst is the phenomenon of elastic
energy release in a short time under high stress state of coal or rock. Depending on
specific conditions, it manifests as a large amount of coal and rock powder being
thrown out after crushing, overall displacement of the coal seam, brittle failure of coal
and rock, instantaneous elastic vibration or loud noise of the coal seam or surrounding
rock. These forms can appear alone or several forms can appear at the same time,
thus causing different forms of rock burst manifestation.
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4.1.1 Overview of Rock Burst Disasters

Describing the rapid rupture and instability of rock mass in mining and underground
rock engineering, and the dynamic phenomena such as impact, vibration or sound,
the names used in academic journals include rock burst, rock burst, mine earth-
quake, coal cannon, coal explosion, microseismic, rock burst, etc. The concepts are
distinguished and interconnected. “Rock burst” is a mine pressure (dynamic) mani-
festation characterized by coal (rock) protrusion under mine pressure around the
mining space, and is a major accident disaster in coal mines. In coal (rock) with
“impact tendency” that stores high-strength compressive elastic energy, especially
in areas where energy is concentrated, the excavation of tunnels and the advancement
of mining faces (i.e., mining) trigger the release of corresponding elastic energy is
the root cause of rock burst. The high-strength compressive elastic energy stored
in the surrounding rock of mining, including the compressive elastic energy in coal
(rock) and the bending (compression) elastic energy of the overlying rock (roof and
floor) rock layer in the mining space, is the main force of rock burst. Therefore, first
of all, the related concepts of rock burst are explained, a simple description of each
concept is given, and the reasons and conditions for the occurrence of rock burst
are analyzed in detail in combination with mine pressure theory and mine dynamics
theory, summarizing the connection between mining stress and rock burst accidents,
providing a theoretical basis for on-site analysis and handling of rock burst disaster
accidents.

1. Research on Related Concepts and Classification Methods of Rock Burst

We often refer to the phenomena that occur in coal mine coal seam tunneling and
coal mining faces as rock burst or mine burst, regardless of whether they occur
in the coal body or in the rock layers of the roof and floor. The phenomena that
occur in the deeper parts of the coal body but can be heard and felt slight vibrations
are called coal outburst or coal cannon; those that occur in hard rock engineering
and coal mine rock tunnel engineering are called rock burst; seismology classifies
rock body ruptures observable by microseismic equipment as mining-induced earth-
quakes, simply referred to as mine earthquakes, but mining and engineering circles
tend to call strong energy releases that occur far from the mining area mine earth-
quakes, to distinguish them from microseismic events that do not produce obvious
impacts and vibrations. The new 2016 version of the “Coal Mine Safety Regula-
tions” also treats the two terms rock burst and rock burst as equivalent, defining
them as sudden, violent destructive dynamic phenomena produced by the instan-
taneous release of elastic deformation energy in the coal and rock bodies around
the wellbore or working face, often accompanied by phenomena such as coal and
rock body ejection, loud noise, and air waves. As understanding of the instability
phenomena and mechanisms of rock body dynamic destruction deepens, most experts
and scholars believe that although dynamic disasters such as rock burst, rock burst,
and mine earthquakes have certain similarities, or can be used interchangeably to
some extent, they have substantial differences in terms of phenomena, the lithology
of the constituent media, and the mechanisms and control methods of occurrence.
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They should be developed in conjunction with the engineering background, rather
than avoiding the engineering background and talking about their mechanical nature
being the same. Rock burst and rock burst should be used differently, paying attention
to distinguishing the usage environment and scope of different terms, so as to make
the research content more targeted [7, §].

(1) Rock burst

Rock burst refers to the mining pressure (dynamic) manifestation characterized by
coal (rock) protrusion around the mining space under mine pressure, which is a
major accident disaster in coal mines. Due to the relative temporariness of mining
engineering, whether this dynamic phenomenon has the “disaster destructiveness”
that affects safe production is usually taken as the sign of rock burst occurrence.

Professor Qi [9] summarized the basic characteristics of rock burst phenomena
based on the current situation of rock burst in China’s coal mines: rock burst often
occurs in the advanced tunnels during the recovery period, usually within 0-80 m
of the advanced working face. After the occurrence of rock burst, a large area of the
coal wall is peeled off, and coal is thrown out from the coal body. The occurrence of
rock burst in coal mines usually occurs within the influence range of mining stress
in front of the working face. Under the influence of stress concentration and mining,
it leads to the occurrence of rock burst (Fig. 4.1). The coal and rock bodies where
rock burst occurs, the roof and floor of the coal seam do not occur or significantly
occur damage and deformation after the occurrence of rock burst, but the coal body
does occur damage and moves out as a whole, and there are obvious sliding scratches
and delamination (delamination height is about 0.1-0.15 m or even larger) between
the coal seam and the roof and floor. Rock burst often occurs during the period of
roof pressure, support movement or pillar release, blasting and other technological
processes. Rock burst often occurs near geological structures such as thin coal seam
belts, faults, folds, etc., where the structural stress is relatively large. The coal and rock
layers where rock burst occurs have typical “three hard” structural characteristics,
namely hard coal, hard roof and hard floor; and there is often a thin layer of powdery
soft coal (about 0.1-0.2 m thick) between the roof and the coal seam. After the
occurrence of rock burst, the cross-section of the tunnel shrinks significantly, usually
reaching 50-70%, even up to 90%.

(2) Rock burst

Rock Burst (Rock Burst) is a dynamic instability geological disaster that occurs
during the excavation process of underground engineering under high ground stress
conditions, where hard brittle surrounding rock causes the elastic strain energy stored
in the rock body to suddenly release due to excavation unloading, resulting in explo-
sive loosening, spalling, ejection and even throwing [10, 11]. Dr. Gong Fengqiang
suggests that in the specific study of rock burst, the “rock burst” mentioned in coal
mines should be replaced with “coal burst”; while the “rock burst” in the general
sense refers specifically to the rock burst in deep hard rock engineering.

Qian [12], based on the mechanisms and definitions of rock burst by five inter-
national authoritative scholars, divides rock burst into fault slip or fracture slip type



4.1 Key Technologies for Rock Burst Disaster Prevention and Control 129

A A

Fig. 4.1 Description of tunnel rock burst phenomenon

and strain type caused by rock failure, and believes that the mechanism of rock burst
is the same as that of fracture slip type or shear type rock burst; Tang [12, 13] points
out that the essence of rock burst is the dynamic process caused by the disturbance of
stress wave after the quasi-static structure is close to the critical state, and rock burst
occurs when the decrease of structural bearing capacity is higher than the decrease
of structural stiffness; He [14] analyzes from the energy perspective that the rock
failure process includes failure energy and surplus energy, the failure energy is mainly
used for rock failure and crack formation, the surplus energy induces rock burst, and
further divides rock burst into excavation type and excavation-impact induced type.

Qi [15] summarized the rock burst phenomena in metal mines and hydropower
tunnel projects, and concluded that the rock burst phenomena have the following
typical characteristics: when rock burst occurs, it is usually accompanied by obvious
sound characteristics, and the sound varies with the scale of the rock burst. The rock
damage caused by rock burst is characterized by plate-like ejection. Usually, the
ejection distance of rock caused by rock burst is mostly within 5 m, and the ejection
distance of larger rock burst can reach more than 10 m. The occurrence of rock burst
is closely related to the direction of ground stress (Fig. 4.2).

Fig. 4.2 Description of rock Wall rock
burst phenomenon
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(3) Mine tremor

Literally [9], mine tremor mainly refers to the vibration events that occur during
the mining process, especially refers to the earthquakes induced by mining or the
stratum vibration that occurs under the conditions of mine engineering. In terms
of subordination, the deformation of the roadway and other dynamic phenomena
accompany the occurrence of rock burst, and there will be stratum vibration in this
process, so mine tremor always accompanies the occurrence of rock burst, but the
converse is not true. The main feature of mine tremor is the vibration events that
occur in mine engineering, while the main feature of rock burst is the destructiveness
and disaster of the mining space. It cannot be simply considered that mine tremor
and rock burst are equivalent. At the same time, the environment of mine tremor
includes coal mines, gypsum mines, metal mines and other mining environments,
while rock burst is generally used in underground coal mining environments, and
their applicable ranges are also different.

(4) Coal bump

Coal bump refers to the sound (muffled thunder, machine gun sound, rustling sound,
etc.) produced by the misalignment of the deep part of the coal body during the
coal seam mining process due to rock vibration, roof fracture or small-scale rock
deformation unloading coal seam mining pressure [16], often as a sound precursor
to coal and gas outburst. The sound of coal bump usually appears in the stress
concentration area, such as geological structure belt, coal pillar influence area or
mining stress concentration area. When the sound of coal bump comes from far to
near, it indicates that coal and gas outburst may occur immediately.

(5) Microseismic

Microseismic mainly refers to the small vibrations caused by rock fracture or fluid
disturbance. In a broad sense, microseismic can be divided into engineering micro-
seismic (Micro Seism) and natural microearthquake (Micro Earthquake). The micro-
seismic phenomenon that appears in the process of rock burst in coal mines is mainly
engineering microseismic, which is characterized by low frequency (3—-30 Hz), large
energy, slow attenuation, and long propagation. In essence, microseismic waves can
be regarded as earthquake waves with less energy; in terms of frequency research
range, from small to large, they are earthquake, seismic prospecting, microseismic,
and acoustic emission, but the research ranges of these four are overlapping, not
clearly defined. Since the process of rock burst is accompanied by the fracture of
coal and rock, microseismic signals will be generated, so microseismic monitoring
technology can be used for source location, crack identification, impact risk warning,
etc. [17, 18]. Rock burst always accompanies microseismic events, but microseismic
events do not necessarily lead to rock burst.

The mechanical environment, location, macro and micro manifestations of rock
burst are diverse, and the intensity and degree of damage caused by rock burst are
also different. Rock burst can be classified according to stress state, manifestation
intensity, and different locations and positions. The main classification methods of
rock burst are as follows.
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Classification by energy characteristics of rock burst. According to the seismic
energy released during the burst, rock burst is defined as microburst, weak burst,
medium burst, strong burst, and disastrous burst. Microburst mainly manifests as
small-scale rock ejection and mine microseismic, including fall and microseismic.
Fall is a local surface damage, manifested as a single coal rock block popping out,
accompanied by a shooting sound. Microseismic is a local damage in the deep part of
the coal body that does not cause crushing and ejection, often accompanied by sound
and rock microseismic. Weak burst often manifests as local damage with a small
amount of coal rock ejection, accompanied by obvious sound and seismic effects,
but does not cause serious damage. The surrounding rock produces a vibration of
less than 2.2 magnitude. Medium burst refers to a sudden brittle failure, throwing
out a large amount of rock, forming an air wave, causing damage and collapse
of several meters long roadway support, and moving or damaging mechanical and
electrical equipment. A strong burst can cause a part of coal or rock to break sharply,
a large amount is thrown into the mined space, there is support fracture, equipment
movement and surrounding rock vibration, the magnitude is above 2.3, accompanied
by a huge sound, forming a large amount of coal dust and generating a shock wave,
which can cause the collapse of the roadway support that is several tens of meters
long, damage to mechanical and electrical equipment, and requires a large amount
of repair work. A disastrous burst can cause the entire mining area or a tunnel within
a level to collapse, and even in some cases affect the entire mine, causing the entire
mine to be scrapped.

According to the type of rock involved in the burst, rock burst can be divided into
coal layer burst and rock layer burst. According to the location of the rock burst,
it can be divided into coal layer rock burst, roof rock burst, and floor rock burst.
Occurring in the coal body, according to the depth and intensity of the burst, it is
further divided into surface, shallow, and deep bursts. Classification by workspace.
According to the workspace, rock burst can be divided into rock burst occurring in
the excavation face and rock burst occurring in the coal mining face.

According to the source of the burst force, rock burst is divided into gravity type,
structural type, and intermediate type. Gravity stress type rock burst: mainly caused
by gravity, with no or only minimal structural stress influence. Structural stress type
rock burst: mainly caused by structural stress (structural stress far exceeds the self-
weight stress of the rock layer). Intermediate or gravity-structural type rock burst:
mainly caused by the combined action of gravity and structural stress.

According to the magnitude intensity and considering the amount of ore thrown
out, rock burst can be divided into three levels: slight burst (Level I), indicating that
the amount of ore thrown out is less than 10t, and the magnitude is less than 1.
Medium burst (Level II), indicating that the amount of ore thrown out is between
10-50t, and the magnitude is between 1-2. Strong burst (Level III) indicates that the
amount of ore thrown out is more than 50t, and the magnitude is more than 2.

In addition, according to the source of stress and loading form of rock burst,
that is, the classification method of starting conditions highlights the role of force
source factors on rock burst, which is most relevant to the mechanism and prevention
research of rock burst. According to this classification basis, Dou and He [19] divided
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rock burst into mining type rock burst caused by mining activities and structural type
rock burst caused by structural activities, and mining type rock burst can be divided
into pressure type, impact type and impact pressure type, structural type rock burst
can be mainly divided into fold type and fault type; Pan [20] and others re-divided
from the starting conditions of the burst, dividing rock burst into concentrated static
load type and concentrated dynamic load type.

2. Causes and conditions of rock burst accidents

Theory and practice have proven that not all coal seams will experience rock burst
during mining. Macroscopically, three conditions need to be met for a rock burst to
occur during the mining process. Condition one: The coal seam being mined has a
tendency for rock burst, which reflects the inherent ability of the material to cause
shock-type damage. The tendency for rock burst in coal seams can be measured by the
degree of rock burst tendency. The national standard GB/T25217.2-2010 stipulates
the classification and determination methods of coal’s rock burst tendency index;
Condition two: The load of the surrounding rock in the mining space where rock
burst occurs is localized and concentrated, and it reaches the shock-type instability
load limit of the coal rock structure system. There are two situations where the load
is highly localized and concentrated. One is that it is a high-stress concentration area
itself, and rock burst occurs as soon as the roadway is excavated to create a release
space. The other is due to the excavation of the roadway and the working face, which
causes the stress to be redistributed and the load to be superimposed, localized,
and concentrated, and rock burst occurs; Condition three: The highly localized and
concentrated load in the coal body has a release space. The process of damage to
the coal rock body, equipment, and personnel in the mining space is the process of
releasing the highly concentrated load. In this case, if no mining is carried out and
no voids or other release spaces are formed, rock burst will not occur.

It is generally believed that the main influencing factors of rock burst include the
conditions of the top and bottom plates of the coal seam, the original rock stress,
the depth of the seam, the physical and mechanical properties of the coal seam,
the thickness and inclination angle, etc. Although there are records of rock bursts
occurring in extremely shallow hard coal seams, current statistics still show that as
the mining depth increases, the frequency and intensity of rock bursts also increase.
Pan et al. [21] believe that the occurrence of concentrated static load type rock burst
is mainly characterized by slow stress migration, concentration, and progressive
loading. The main influencing factors include: the increase in self-weight stress due
to the increase in mining depth; the increase in horizontal structural stress due to
historical tectonic movements; the superposition of mining stress due to adjacent or
opposite mining, isolated coal pillars; the concentration of mining stress in advance
or the concentration of mining stress on the side of the roadway; the change in coal
seam thickness leading to local thinning or sharpness causing stress concentration;
faults causing the concentration of stress in the upper and lower plates of the fracture
zone; the speed of mining or excavation is too fast, causing the coal rock body stress
to be unable to adjust, etc.; the occurrence of concentrated dynamic load type rock
burst is mainly characterized by pulse load or elastic wave loading, and its main



4.1 Key Technologies for Rock Burst Disaster Prevention and Control 133

influencing factors include: large-area roof breaking and sliding in the mined-out
area of the working face; roof breaking caused by a large amount of coal pillar
recovery; “activation” of faults near the working face; vibration waves generated by
underground blasting; disturbances caused by natural earthquakes.

The high-strength coal (rock) layer, due to the high degree of stress concentration
and the storage of high-energy-level elastic deformation energy formed by tectonic
movement and mining field advancement, is the fundamental cause of rock burst.
Without taking measures to release stress and energy, advancing the mining face in
places where there may be high stress concentration and high energy level elastic
energy release is the condition for the realization of rock burst.

The high-energy-level elastic energy stored in high-strength coal (rock) with a
tendency to rock burst includes the elastic energy stored by coal (rock) being squeezed
by tectonic movement, the compressive elastic energy gathered under the condition
of a hard roof on a large area of the mining field, and the bending deformation
elastic energy of a large area of high-strength, thick, hard rock layer. Therefore,
understanding the history of coalfield tectonic movement and the real distribution
of residual tectonic stress, mastering different mining methods, different mining
parameters, and different mining procedures under specific coal seam conditions,
and the impact on coal (rock) stress and energy accumulation and release, is the key
to preventing rock burst. Its stress and energy criteria are:

Stress criterion:

o > oc

In the formula, o is the stress of the coal body; o¢ is the uniaxial compressive
strength.

The elastic energy can be calculated by the following two formulas for the unit
volume of elastic energy formed by the volume change and shape change of the coal
seam:

(1 —2u)(1 + p)?

— 2
Wy = SE(1— 1) (yH) 4.1
o (1-2w? )
Wy = 6G(1— i) (yH) 4.2)

If only considering the effect of gravity, then the total energy W of the unit coal
body at depth H is the sum of Wy and Wy:

_ U+ +2p)

2
W= a0 (4.3)

Considering the stress concentration coefficient of the support pressure zone, the
above formula can be written as:
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_ I+ wd —2p)

W= 250 =7 (KyH)? 4.4)
The energy of the broken unit volume U, is:
U, = koa—g. (ko > 1) 4.5)
2E

Under the condition of impact ground pressure energy, we have:

W > U, (4.6)

3. The relationship between mining stress and impact ground pressure accidents

The mining stress field is closely related to the original rock stress, and it is also
affected by various factors such as rock body structure, properties, and mining space
size. Its distribution in space has a certain range and continues to evolve with the
progress of mining activities and the passage of time.

The study of the mechanism of impact ground pressure is the basis for its effective
prevention and control. Domestic and foreign experts and scholars have conducted
in-depth research based on elasticity, plasticity theory, and stability theory, and have
proposed stiffness theory, strength theory, energy theory, impact tendency theory,
deformation system instability theory, shear slip theory, three criterion theory, “three
factors” theory, strength weakening and damping theory, composite thick coal seam
“shock” mechanism, rock mass dynamic instability folding mutation mechanism,
impact initiation theory, coal-rock combination impact mechanism, impact ground
pressure and outburst unified instability theory, etc. These theories reveal the condi-
tions and principles of impact ground pressure from different aspects, promoting the
study of impact ground pressure.

The occurrence of impact ground pressure is a result induced by multiple factors.
Regardless of the theory, it ultimately cannot be separated from the most relevant
mining stress conditions for impact ground pressure; at the same time, the three main
factors leading to the occurrence of impact ground pressure: internal factors (impact
tendency of coal and rock), force source factors (high stress concentration or high
deformation energy storage and external dynamic disturbance) and structural factors
(weak structural surface and layer interface prone to sudden sliding) are also closely
related to mining stress. Therefore, the study of mining stress and its loading form is
of great significance to the theory and prevention research of impact ground pressure.

(1) The relationship between the occurrence of impact ground pressure in excava-
tion and mining stress

The occurrence of impact ground pressure in excavation occurs during the advance-
ment of the excavation working face. Among them, the conditions for the occurrence
of impact in coal roadway excavation in the original stress field are: @ the coal seam
strength is high (f > 1.5), the water content is low (<3%), and brittle failure occurs
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under pressure, that is, “there is a tendency for impact failure”; the coal seam thick-
ness is large, generally exceeding 2 m; the stress in the roadway surrounding rock
(including coal seam and roof and floor) reaches the limit of impact failure. The
“critical mining depth” to reach this limit under the condition of a single gravity
stress field is generally above 700—800 m. For the original stress field with structural
stress, when the mining depth exceeds 500-600 m in the thick coal seam, there may
be accidents of roof coal impact failure.

In the stress field affected by mining, the conditions for the occurrence of impact
ground pressure in the coal seam and the stress limit requirements are the same
as those for the roadway excavation in the original stress field. However, when
considering the conditions for the realization of the limit stress, it can no longer
be simply linked with the size of the original stress and the corresponding mining
depth. On the contrary, it is necessary to put the understanding of the characteristics
of the redistributed stress field at different mining depths and under different mining
conditions, and its formation and development rules in the first place. Compared
with the excavation of roadways in the original stress field, when judging the stress
conditions required for the possible realization of impact ground pressure in the
excavation of roadways in the mining stress field, it is necessary to grasp the following
major differences in the mining stress field under different mining conditions.

After the mining area advances, the stress in the original gravity stress field will
be redistributed. The redistributed stress field, according to the difference in stress
size, is divided into “low stress area” (¢ < y H), including the “internal stress field”
directly connected by the gravity of the fractured moving rock layer and a part of the
stress in the plastic failure zone is less than the original stress. The “high stress area”
includes parts where the stress in the elastic—plastic zone exceeds the original stress,
and the “original stress field” that is not affected by mining. Obviously, under the same
mining depth conditions, in the mining stress field, the size of the surrounding rock
stress and the possibility of impact ground pressure in the excavation of roadways in
different locations will have major differences. If a roadway is excavated in a high-
stress area, the “critical mining depth” for the occurrence of impact ground pressure
may be reduced by half compared to the excavation of a roadway in the original
stress field. On the contrary, there is no possibility of impact ground pressure in the
roadway excavated in the stable internal stress field, regardless of the mining depth.

After the mining area advances, the structural stress in the original stress field
will be released to varying degrees depending on the changes in mining conditions
and the development of corresponding rock layer movement and destruction. For
example, in the case of extra-thick coal seams and shallow coal seam burial, the
“reverse procedure” mining from bottom to top is adopted, and under normal mining
procedure conditions, the realization of excavation in the stable “internal stress field”
does not need to consider the danger of structural stress causing impact ground
pressure.

Under the same mining depth conditions, the size and distribution characteristics
of the mining stress field are controlled by the length of the working face and the
mining height. Within a limited range of working face length, the range of mining
stress distribution and the range of each corresponding different stress interval will
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increase with the increase of working face length and mining height. Therefore,
when choosing the location of tunnel excavation to avoid the occurrence of rock
burst, attention must be paid to the significant differences brought about by changes
in the length of the working face and mining height conditions.

The formation and stability of the mining stress field have a development process
related to mining conditions, which is directly related to the development and stability
of the corresponding rock layer movement. Therefore, the achievement of the goal
of avoiding stress overload in the excavation of tunnels in the mining stress field not
only depends on the location of tunnel excavation, but also requires great attention
to the timing of tunnel excavation. The location and timing of tunnel excavation
should be dialectically unified. Compared with excavating tunnels in the original
stress field, only by mastering the significant differences in the mining stress field
under different mining conditions can we better judge the possible stress conditions
required for rock burst in the excavation of tunnels in the mining stress field.

The rock burst induced by excavation, and the vibrational impact damage, not only
occur at the source of excavation—near the working face, but also affect all tunnels
and workplaces in the entire high-energy compression (high stress concentration)
area. The larger the range of stored compressive elastic energy, the higher the energy
level, the greater the intensity of impact damage and the range of impact. Therefore,
on the basis of clarifying the size, distribution and formation development rules of
stress in the related stress field, the maximum avoidance of excavation and tunnel
layout in the area of high pressure energy accumulation is the key to controlling
rock burst damage and corresponding accidents. Among them, for the original stress
field with structural stress, without taking measures to release structural stress, it
is absolutely necessary to avoid excavation and tunnel layout on the structural axis
with high energy compression stress. In the design of mining schemes in the struc-
tural stress field, including mining area division, uphill mining area and cutting eye
layout, as well as the selection of working face advancement direction and length,
the following principles should be followed to achieve the above goals.

Advance the mining face perpendicular to the structural axis, ensure all mining
tunnels are arranged perpendicular to the structural line, and pass through the parts
storing compressive stress in the shortest time and length; try to expand the size and
length of the mining area and working face advancement, and maximize the exclusion
of the possibility of excavating a large number of uphill mining areas and cutting eyes
in the compressive stress area near the structural axis; strive to arrange the cutting
eye, mining flat tunnel, uphill mining area and other tunnels in the internal stress
field where the compressive stress has been basically released after the advancement
of the mining face, to achieve post-mining excavation.

In the mining stress field with a single gravity, it is absolutely necessary to avoid
excavating tunnels in the coal pillars storing high compressive energy and the peak
area of mining stress in the mining area. It is necessary to strive to arrange the
uphill mining area, cutting eye and mining flat tunnel in the “internal stress field”
that has stabilized after the advancement of the mining face, and to excavate tunnels
in the stable internal stress field. Figure 4.3 shows three possible locations for the
excavation of mining flat tunnels and cutting eyes under the condition of three-sided
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Fig. 4.3 Diagram of tunnel location in mining stress field

mining empty coal seams. Among them, 2 is the excavation of tunnels in the stress
peak area, rock burst is inevitable; 3 is the excavation in the original stress field,
rock burst will only occur when the mining depth reaches the critical value; 1 is the
excavation in the internal stress field, there will be no rock burst accident.

(2) Therelationship between the occurrence of rock burst during mining and mining
stress

Rock burst during mining occurs during the advancement of the mining face. The
conditions for the occurrence of rock burst during mining are: the coal seam has
a “tendency to impact damage”, and the stress and elasticity accumulated in the
coal seam and overlying rock layers can reach the limit sufficient to produce impact
vibration and surrounding rock damage.

The force (energy) source of rock burst on the mining face includes the compres-
sive elastic energy of the coal seam under the pressure of the large-area exposed
overlying rock layer, and the elastic energy stored by the elastic bending deforma-
tion of the high-strength large-thickness hard roof. The deeper the burial depth of
the coal seam and the larger the exposed area determined by the high-strength hard
roof, the higher the corresponding energy level.

The higher the energy induced by mining and the energy induced and released
by the self-fracture of the roof, the larger the range of impact, and the more serious
the impact damage in the working face and adjacent tunnels. The rock burst that
occurs during the advancement of the mining face includes two types: the release of
compressive elastic energy in the coal seam induced by mining or basic roof fracture,
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and the rock burst caused by the fracture of the thick coal seam hard roof in a large
area of elastic bending state.

The impact ground pressure caused by the release of compression energy in the
coal seam in the backfilling working face occurs at the high stress concentration
areas around the mining area. The closer the working face and adjacent roadway are
to the epicenter, the greater the risk of vibrational impact damage and corresponding
accidents. Conversely, the further the working face and adjacent roadway are from
the epicenter, the wider the “buffer zone” for absorbing (reducing) elastic energy, the
smaller the threat of vibrational impact damage and related accidents. Therefore, it is
very effective to arrange the backfilling roadway in the “internal stress field”” as much
as possible, and to take measures such as pre-water injection or blasting loosening
to increase the buffer zone width at the part of the working face that may experience
impact ground pressure, reducing the threat of impact ground pressure, especially
“vibrational impact damage”. This is also the theoretical basis for controlling impact
ground pressure damage accidents effectively by maximizing the mining height and
especially using top-coal caving technology when mining thick coal seams with
impact ground pressure danger. The range of impact ground pressure damage induced
by the advance of the backfilling working face and its relationship with the stress
distribution of the mining area are shown in Fig. 4.4.

In Fig. 4.4, Sy represents the low-stress interval that can buffer the compressed
and damaged coal seam. When impact ground pressure occurs, the coal wall and

Fig. 4.4 Diagram of impact ground pressure and mining stress distribution induced by the advance
of the backfilling working face
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roof and floor of the working face and the advanced roadway in this interval (1 and
2 in the figure) will only experience mild movement damage, posing little threat to
personnel and equipment safety. S; represents the high-energy elastic compression
stress area, which is the source of impact ground pressure. When impact ground
pressure occurs, the roof and floor and both sides of the roadway in this range will
experience strong impact damage, which can easily cause casualties. The size of the
impact damage area in the advanced flat roadway (S;) depends on the mining stress
value determined by the mining depth and the exposed area of the old pond rock
layer. Among them, the advanced flat roadway near the upper mined-out area (1 in
Fig. 4.4), if it is located at the peak of the mining stress of the upper working face,
will experience a range and intensity of impact damage that is multiples greater than
the lower advanced roadway due to the superposition of the compression stress of
the two working faces. Conversely, if the roadway is located in the low-stress area
of the mining stress distribution of the upper working face, i.e., the “internal stress
field”, its impact damage intensity and range (S;) will be much smaller than the lower
advanced flat roadway (2 in Fig. 4.4). Similarly, when excavating and deploying the
backfilling flat roadway of the lower continuous working face, if the roadway is
mistakenly placed in the peak area of the mining stress distribution of this working
face and excavated in advance (as in 3 in Fig. 4.4), it is very likely to face the risk
of impact ground pressure accidents induced by excavation when the excavation
working face enters the high-stress area of mining stress, and all roadways within
the full length range of the upper working face’s advance will have to withstand the
threat of impact ground pressure damage from the advance of the working face and
throughout the entire process of the continuation working face’s production advance,
the full length range of the roadway will be threatened by backfilling impact ground
pressure. Therefore, the correct layout scheme for the backfilling flat roadway of the
continuation working face should be to place it at position 4 in Fig. 4.4, achieving
excavation in a stable internal stress field.

Under the conditions of medium-thick coal seams, the type of damage to the
working face and roadway surrounding rock caused by the release of compressive
elasticity is mainly the squeezing and spouting of the coal side. Under the conditions
of layered mining of thick coal seams, when the impact ground pressure of the top
mining layer occurs, there will be serious cases of large-scale bottom coal vibration
damage in the working face and advanced roadway.

The large-area hard roof bending elastic energy release type impact ground pres-
sure of the backfilling working face advance occurs at the moment of thick hard roof
fracture, and the strong impact damage includes the following two parts.

The first is the destruction of the working face and advanced roadway surrounding
rock caused by the simultaneous release of coal seam compression elasticity at the
peak of induced mining stress. The characteristics of the damage are the same as those
of the single coal seam compression elasticity release, only the intensity is higher
and the impact and damage range is larger. The closer the roof storing bending elastic
energy is to the coal seam, the higher the corresponding impact damage intensity will
be, and the range will also be larger. Secondly, the damage caused by the high-speed
settlement of the roof at the moment of fracture, impacting and squeezing the coal
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wall. This kind of impact damage occurs at the working face and both ends of the
roadway. The closer the energy-releasing roof is to the coal seam, the higher the
damage intensity. And regardless of whether the coal wall of the working face has
been damaged under the action of mining stress and how much the damage depth is.

The occurrence of rock burst that threatens safety production during the advance-
ment of the mining face is conditional and regular. Practice has proven that the
conditions for the occurrence of rock burst that threatens safety production are: the
mined coal seam has “rock burst tendency”; the coal seam in the advancing part of
the working face accumulates enough to produce rock burst destruction. The source
of this compressive elasticity can be residual structural stress, or it can be peak stress
formed by mining; during the coal breaking and roof falling production process, the
roof breaking and pressing and other induced rock burst energy, reaching the limit
that promotes the release of the elasticity of this part; the coal gangue of the working
face and the two lanes ahead have not formed a sufficient buffer destruction interval.
The requirement of having the above conditions at the same time determines the
regularity of the time and place of destructive rock burst during the advancement of
the mining face. Among them:

(1) The law of rock burst occurrence during the initial mining stage of the working
face:

When the working face is arranged in the original structural stress accumulation
position, or arranged in the peak area of the mining stress of the adjacent mined
working face, in this case, from the beginning of the working face advancement, to
the position where the compressive elasticity accumulated in this part is basically
released (generally 8-10 m), there is a danger of destructive rock burst. Therefore,
avoiding the arrangement of the cutting eye in the structural stress field or near the
high-pressure area of the working face, or the advancement plan of arranging the
cutting eye in the internal stress field formed by the mined working face, is the key
to eliminating the destructive rock burst in the initial mining stage of the working
face. Under the condition of existing structural stress, arranging the cutting eye in
the internal stress field formed by the adjacent mined working face not only achieves
the goal of safe excavation by releasing the structural stress in advance, but also
eliminates the accident in the initial mining stage of the mining face.

In a single gravity stress field, the plan of arranging the cutting eye in the “internal
stress” field formed by the mined working face and advancing the working face
maintains the condition that the original advancing working face has enough buffer
band width to avoid destructive rock burst. Avoid the danger of destructive rock burst
in high stress area excavation and the beginning of working face advancement.

Arranging the cutting eye in the original stress field, the rock burst during the
initial mining stage occurs at the position where the mining stress increases with the
advancement of the mining field reaches the limit of rock burst destruction. The first
fracture of the basic roof is the most important inducing force. For the rock burst of
the release type of hard roof bending elasticity. The first fracture of the hard roof is
the direct driving force for the occurrence of strong destructive rock burst.
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Fig. 4.5 Diagram of the law of rock burst occurrence during the normal advancement stage

(2) The law of rock burst occurrence and development during the normal advance-
ment stage:

After the mining field enters the normal advancement stage, in terms of the possibility
of rock burst, itincludes the following two intervals: “Dangerous interval”: Itincludes
from the increase of concentrated stress on the coal wall to the beginning of rock burst
destruction, to the coal wall destruction. The part where the advanced destruction has
penetrated into the formation of a sufficient buffer band width. Within this section,
both the high-energy-level mining-induced and basic roof fractures have the danger
of causing destructive rock burst.

“Stable interval’’: that is, after the buffer zone is formed in front of the coal wall, the
entire length until the completion of the working face advancement. In this interval,
unless the hard roof breaks and releases the high-strength bending elasticity shock,
the interior of the working face will not be destructively shocked. In the original
stress field without structural stress, arrange the cutting eye, during the advancement
of the working face, the law of the difference in the time and place of rock burst, as
shown in Fig. 4.5.

4.1.2 Rock Burst Occurrence Mechanism

The essence of the rock burst phenomenon is the sudden instability and destruction
of the coal and rock structure under high stress conditions, but due to the complexity
of the mining space and mining technology, the current research on the mechanism
and prevention technology of rock burst is not sufficient, and it is difficult to use one
mechanism to explain the cause of rock burst, and it still needs to carry out long-term
hard exploration and practice to possibly make breakthrough progress.

The academic community in our country analyzes the process of rock burst as a
dynamic stability problem, and the research on the mechanism of rock burst can be
roughly divided into three categories: the first category is to start from the research
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on the physical and mechanical properties of coal and rock materials, analyze the
instability and destruction characteristics of coal and rock bodies and the inherent
factors that induce their instability, and use chaos, bifurcation and other nonlinear
theories to study the process of rock burst instability; the second category is to start
from the research on the geological structure and deformation localization of the
outburst area, analyze the relationship between the geological weak surface and the
geometric structure of the coal and rock body and rock burst; the third category
is to study the relationship between engineering disturbance (such as the vibration
wave generated by blasting, etc.) and mining influence and rock burst. From the
essence of the sudden instability and destruction of the coal and rock body caused
by the stress state, the classification research on rock burst is carried out, Jiang
[13] Coal mine shock pressure is divided into 3 types: material instability type shock
pressure, slip fault type shock pressure, and structural instability type shock pressure.
Material instability type shock pressure refers to the rock mass around the tunnel
or working face during the excavation process, after the stress concentration in the
coal rock mass reaches a certain level, the internal cracks in the coal rock material
continuously expand, penetrate, and converge, causing a certain range of coal rock
mass to undergo projectile, explosive destruction and resulting in shock outburst.
The material instability type shock pressure is shown in Fig. 4.6a. Slip fault type
shock pressure, as shown in Fig. 4.6b, refers to the coal seam slip fault outburst
caused by the difference in stiffness between the roof and floor and the coal seam
under the influence of mining, such as the coal seam planar outburst model studied
by Lippmann [22]; or the sudden and violent destruction caused by the slip fault
of faults, structures or structural surfaces near the tunnel. Structural instability type
shock pressure refers to the sudden and violent destruction caused by mining stress
or sudden rupture of a large area of the roof or induced by mine earthquakes, often
resulting in a large area of coal pillar or tunnel surrounding rock outburst and the
overall tunnel structure instability, as shown in Fig. 4.6¢.

Jiang [23] Based on the difference between the main and guest objects, shock
pressure is divided into “spontaneous type” and “induced type”. “Spontaneous type”
shock pressure refers to the shock damage that occurs when the stress around the
mining space accumulates and meets the conditions of shock mechanics. For this type
of shock pressure, the force source is “stress”, and the shock pressure is the main
body, which is actively occurring. “Induced type” shock pressure refers to the shock
damage caused by the sudden accumulation of stress induced by far-field vibration
when it meets the conditions of shock mechanics. Its force source is “vibration”,
such as structural activation, thick hard rock layer fracture, coal pillar destruction,
blasting, and vibration caused by earthquakes. For this type of shock pressure, shock
pressure is the object, it is induced by vibration. The study clarifies the process of
shock pressure occurrence, points out the role of “stress” in the process of shock
pressure occurrence, and points out the “control object” for shock pressure control;
highlights the “force source” of shock pressure occurrence, providing a basis for
studying shock pressure monitoring and early warning methods; points out the main
body and mode of destruction of the two types of shock pressure, providing a basis
for building a shock pressure monitoring technology system.
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Fig. 4.6 Schematic diagram of shock pressure

Professor Pan [24] summarized the process of shock pressure occurrence into
3 stages, namely the shock initiation stage, the shock energy transmission stage,
and the shock pressure manifestation stage, as shown in Fig. 4.7. The coal rock
fracture zone that plays a leading role in the shock pressure manifestation stage is
defined as the shock pressure initiation area, which corresponds to the first stage
in the process of shock pressure occurrence, that is, the shock initiation stage. A
high-energy event is detected by microseismic monitoring, followed by low-energy
events, or the detected energy is particularly large, some reaching 10% J or more,
but in fact, after the underground shock pressure, the shock pressure manifestation
is not strong, and it does not cause much damage; sometimes, the located energy is
small, but the shock pressure manifestation is very strong, therefore, it shows that
there must be an energy transmission process from shock initiation to shock pressure
manifestation stage, the transmission process may cause energy attenuation, this is
the second stage in the process of shock pressure occurrence, that is, the shock energy
transmission stage. From the perspective of preventing and studying the conditions
of shock pressure occurrence, it is best to contain the shock pressure in the initial
stage, that is, the shock initiation stage.
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Fig. 4.7 Kinematic model of impact initiation along the empty lane [20]

The evolution process of contrast impact ground pressure is shown in Fig. 4.8.
For the coal and rock mass with impact risk, the OA stage is when the internal
fissures of the material are compacted; the AB stage is when stress and strain show
an approximate linear growth, accompanied by volume changes, which is also the
accumulation stage of the basic static load of the impact load body; the BC stage is
the load aggregation stage, where the coal and rock mass stress and strain show a
clear nonlinear growth, and the material’s micro-cracks are constantly occurring and
developing. There are two loading paths from this stage to the impact initiation point
C, one is to continue to gain static load increments, and the other is to gain external
dynamic load increments. The entire OC stage is the gestation stage before the impact
starts, that is, the dynamic and static load loading stage, where there is a situation
of premature death of the coal cannon due to insufficient load. Point C is the critical
point, which is also the impact initiation point. At this time, E; + Ep — E¢c > 0 (Ej,
Ep, E¢ represent the concentrated static load, concentrated dynamic load, and the
minimum load required for rock mass dynamic failure respectively). The CD stage
is the stage where the remaining impact energy does work on the surrounding rock,
which includes the destruction of the carrier and the barrier, that is, the manifestation
of impact ground pressure.

Before mining, the coal and rock mass is in a deep three-dimensional stress balance
state. Mining activities break the original stress balance, leading to the redistribu-
tion of the macro stress field and energy field in the three-dimensional space of
the mining area. This dynamic evolution and development of the stress field and
energy field inevitably create conditions for the gestation, occurrence, and develop-
ment of dynamic disasters. Therefore, by studying the spatiotemporal evolution rules
and multi-factor coupling disaster-causing mechanism of mining stress distribution
and energy field, we can reveal the energy accumulation and release mechanism,
spatiotemporal evolution rules of the energy field, and energy triggering conditions
of deep fracture coal and rock mass during the mining process, and propose a model
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Fig. 4.8 Impact ground pressure and full stress—strain curve of rock mass [20]

and discrimination criteria for deep coal and rock mass dynamic instability based on
energy mutation and an energy analysis system.

4.1.3 Basic Dynamic Information for the Prevention
and Control of Impact Ground Pressure Disaster
Accidents

1. Key technology for the prevention and control of impact ground pressure disasters

As mentioned earlier, there are three conditions for the macro occurrence of impact
ground pressure during coal seam mining. For the study of impact ground pres-
sure prevention and control, the first condition is an inherent attribute, and the third
condition (creating mining space) is inevitable wherever there are mining activities.
Therefore, the focus of the study should be on how to avoid or reduce the degree of
load localization of mining surrounding rock, so that it is not enough to cause impact
ground pressure. This is what human behavior can do.

The advancement of impact ground pressure monitoring and early warning tech-
nology will lay the foundation for improving the efficiency of later impact preven-
tion. At present, the technology of impact ground pressure monitoring and early
warning has made significant progress both at home and abroad. The main methods
for monitoring and warning of impact ground pressure in our country’s coal mines are
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mine pressure observation method, drill cuttings method, roof dynamic instrument,
borehole stress meter, electromagnetic radiation method, geoacoustic method, micro-
seismic method, etc. There are many methods for warning of impact ground pressure,
and for different mining areas, one method may be used, or multiple methods may
be used for comprehensive monitoring, thus forming different warning modes. The
prediction and forecast of impact ground pressure is based on the understanding
of the mechanism of impact ground pressure, focusing on the intensity theory and
energy conditions of impact ground pressure. In addition to the comprehensive index
method of the past, prediction methods can be roughly divided into two categories.
The first category of methods mainly includes the drill cuttings method, roof dynamic
method, coal and rock body stress measurement method, and rock cake method,
mainly used to detect the degree of impact risk in the local area of mining; the second
category of methods is system monitoring methods, mainly including microseismic
system monitoring method, electromagnetic radiation method, geoacoustic method,
and infrared radiation method and other mining geophysical methods, predicting the
dangerous state of impact ground pressure based on continuous recording of dynamic
phenomena within the rock mass.

Rocks deform and crack under pressure, inevitably releasing elastic energy in
the form of pulses, which is transmitted outward in the form of elastic waves,
producing an acoustic effect. In mines, ground noise is induced by underground
mining activities, with its vibration energy generally ranging from 0 to 103 J; the
vibration frequency is high, approximately 150-3000 Hz. Compared to microseismic
phenomena, ground noise is a high-frequency, low-energy vibration. Numerous
scientific studies have shown that ground noise is a precursor to stress release within
the coal-rock mass, and the amount and size of ground noise signals reflect the stress
conditions of the rock mass. The ground noise method (acoustic emission) uses the
acoustic emission characteristics of the coal body to predict rock burst, and is one of
the mainstream prediction methods. Ground noise monitoring is a real-time, contin-
uous coal-rock body acoustic emission monitoring technology that developed rapidly
in the late 1970s and early 1980s. The methods used mainly include station-based
continuous monitoring and portable mobile ground noise monitoring. The latter is a
non-continuous monitoring method, generally used in conjunction with the coal dust
drilling method, which can improve the accuracy of rock burst prediction.

During underground coal mining activities, compared to the mining space, the
activity of the far-field high-position rock layer is slow, and its rupture radiates a low-
frequency (f < 100 Hz) high-energy level vibration signal, known as a microseismic
event. The microseismic monitoring system detects dangerous sources within a range
of about 10 km by responding to the vibration waves emitted by the initiation of
coal-rock destruction.

Clearly, the strength of the ground noise signal reflects the energy release process
during coal-rock body destruction. The principle of the ground noise monitoring
method is to continuously or intermittently monitor the ground noise phenomenon
of the rock mass with a microseismometer or seismometer. The tendency of a coal
seam or rock mass to impact is judged based on the comparison of the changing
pattern of the measured ground noise wave or microseismic wave with the normal
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wave. The Taozhuang Coal Mine of the Feicheng Mining Bureau in Shandong used
a microseismometer to study the rules of rock burst occurrence. The conclusion
is: microseismic events increase from small to large, with ups and downs in size,
and the frequency and sound are frequent; becoming calm after a group of dense
microseismic events is a precursor to rock burst; sparse and scattered microseismic
events are normal stress release phenomena, with no risk of impact.

The seismic wave CT method is used to study the continuity of the mined coal
seam and reveal the non-uniformity of its hidden structure. The parameter measured
is the propagation speed of the seismic wave, which is then used to determine the mine
pressure parameters, especially the stress state around the roadway. The advantage
of this method is that it is non-destructive, achieves in-situ, one-time, large-scale
regional detection underground, and is simple to operate and low in cost.

During the deformation and fracture process under load, the coal-rock body
radiates electromagnetic energy outward. The electromagnetic radiation monitoring
method is amethod to predict coal-rock dynamic disasters using this phenomenon. He
Xueqiu, Dou Linming, Wang Enyuan, and others have conducted in-depth research
on the theory and technology of electromagnetic radiation monitoring, which has
been applied in many mining areas and solved practical problems for many mines.

Other methods for predicting and forecasting rock burst mainly include rock
mechanics methods. These methods include the drill cuttings method, coal-rock
body deformation measurement method, coal-rock body stress measurement method,
geological structure trace analysis method, borehole (bottom) punch squeezing
method, rock cake method, etc. Pan Junfeng classified these rock mechanics methods
into single manual detection type, comprehensive mine pressure observation type,
single physical detection type, and multi-parameter comprehensive monitoring type.
The single manual detection type mainly uses one of the methods such as the
drill cuttings method, borehole stress monitoring, roof separation observation, and
roadway deformation observation. This mode has a large workload for personnel, and
the single monitoring result lacks verification and comparison, so the reliability of
the warning is the lowest, and it cannot even warn of the occurrence of disasters. The
comprehensive mine pressure observation type mainly combines several methods
in rock mechanics, such as the drill cuttings method, roof separation observation,
roadway deformation observation, borehole stress monitoring, and even combines the
monitoring of the support of the mining area and the working resistance of the pillars
of the roadway. The single physical detection type mainly uses one of the electro-
magnetic radiation meter, microseismic monitoring system, ground noise (acoustic
emission) monitoring system to monitor and warn of rock burst. The multi-parameter
comprehensive monitoring type is a monitoring and warning mode that combines
rock mechanics methods with geophysical methods. This mode requires relatively
large human and material resources and is the main application mode in typical rock
burst mines in China.

Other methods for predicting rock burst include the WET method, elastic defor-
mation method, coal and rock strength and elastic modulus method, drilling powder
rate index method, engineering seismic detection method, and so on. The WET
method was proposed by the Polish Mining Research Institute for determining the
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tendency of coal seam bursts. WET is the ratio of elastic energy to permanent defor-
mation energy consumption. The Polish Mining Research Institute stipulates: WET
> 5 indicates a strong tendency for bursts; 2 < WET < 5 indicates a weak tendency
for bursts; WET < 2 indicates no tendency for bursts. Although this method has some
shortcomings, it is basically suitable for China and can be used as one of the indica-
tors for identifying the tendency of coal seam bursts. The elastic deformation method
is a method proposed by the former Soviet Union Mining Measurement Research
Institute for determining rock bursts. That is, under the condition that the load is
not less than 80% of the strength limit, the ratio of the elastic deformation obtained
by repeated loading and unloading cycles to the total deformation (K) is used as an
indicator of the tendency for bursts. When K > 0.7, there is a risk of rock bursts. The
method of coal and rock strength and elastic modulus is to use the absolute value
of the unidirectional compressive strength or elastic modulus of coal and rock as an
indicator of the tendency for bursts. This method is relatively simple and is often used
as an auxiliary indicator. The boundary value of its indicator must be determined by
testing samples from each mine. The drilling powder rate index method, also known
as the drilling powder rate index method or drilling inspection method, uses small
diameter (42-45 mm) drilling to judge the stress concentration in the rock body
based on the amount of drilling cuttings discharged at different drilling depths and
its changing rules, and to identify the tendency and location of rock bursts. During
the drilling process, if there is a dangerous amount of coal powder measurement or
the drill rod is stuck within the specified prevention depth range, it is considered to
have a risk of bursts and corresponding measures should be taken. The engineering
seismic detection method uses artificial methods to cause earthquakes, detects the
propagation speed of these seismic waves, and compiles a relationship chart of wave
speed and time. The segment where the wave speed increases indicates a larger stress
action, and the tendency of rock bursts is analyzed and judged in combination with
geological and mining technical conditions.

It is entirely possible to effectively prevent and control rock bursts by thor-
oughly studying the mechanism of rock burst occurrence and using scientific predic-
tion methods. The main measures for preventing and controlling rock bursts at
present include: adopting reasonable development layout and mining methods,
mining protective layers, drilling and blasting pressure relief, hard roof and floor
pre-treatment, coal seam pre-water injection, etc.

Reasonable development layout and mining methods are fundamental measures to
prevent and control rock bursts. Reasonable development layout and mining methods
are extremely important to avoid the formation of high stress concentration and large
energy accumulation, and to prevent the occurrence of rock bursts. From the results
of comprehensive rock burst classification research, it can be clearly seen that the
stress conditions achieved by controlling rock bursts are the key to controlling the
occurrence of rock bursts in coal mines. The elastic compression energy that may
be released during the advancement of the mining face must be limited to below the
range that can cause burst damage. The main principle is: when mining a group of
coal seams, the development layout should be conducive to liberation layer mining.
When dividing the mining area, a reasonable mining sequence should be ensured to
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avoid the formation of stress concentration areas such as coal pillars to the greatest
extent. The coal mining face of the mining area or panel should advance in one
direction to avoid opposite mining and avoid stress superposition. In special parts
such as geological structures, a mining procedure that can avoid or slow down stress
concentration and superposition should be adopted. The development or preparation
tunnels, permanent tunnels, main up (down) hills, main coal chutes and return airways
of coal seams with burst danger should be arranged in the floor rock layer or coal
seams without burst danger to facilitate maintenance and reduce burst danger. When
mining coal seams with burst danger, the longwall mining method of managing the
roof without leaving coal to collapse should be adopted. The roof management adopts
the full collapse method, and the working face support adopts a retractable support
with integrity and protective ability.

When conducting underground mining of multiple coal seams, the mining work
of each coal seam affects each other, and the first mining of a coal seam (or layer) can
unload the adjacent coal seam for a certain period of time. Therefore, the coordinated
mining of the coal seam group should be stipulated at the design stage, first mining
the coal seam without burst danger, liberating the coal seam with burst danger, and
achieving the effect of reducing the potential danger of rock bursts. Mining protective
layers is an effective and fundamental regional prevention measure for preventing
and controlling rock bursts.

Drilling pressure relief is a safety measure that uses drilling methods to eliminate
or alleviate the danger of rock burst. This method is based on the phenomenon of
drilling impact that occurs during drilling construction using the drilling chip method.
The closer the drilling is to the high-stress zone, the more energy is accumulated in
the coal volume, the higher the frequency of drilling impact, and the greater the
intensity, but the amount of coal dust significantly increases during drilling impact.
Therefore, a certain fragmentation zone will form around each borehole, and when
these fragmentation zones approach each other, they can cause the coal seam to
fracture and relieve pressure. The essence of drilling pressure relief is to use the
elastic energy accumulated in the coal seam under high-stress conditions to destroy
the coal body around the borehole, relieve the pressure of the coal seam, release
energy, and eliminate the danger of impact.

Pressure relief blasting is a safety measure that uses blasting methods to reduce the
degree of stress concentration in local areas that are at risk of rock burst. Almost all
countries in the world use pressure relief blasting as one of the main safety measures
when mining coal seams that are at risk of impact.

Thick hard roof easily causes rock burst. One is that the large-area suspension and
collapse of the thick hard basic roof of the mining face will cause a high concentration
of stress in the coal seam and the roof. The second is that the exposure of rocks near
the working face and the upper and lower flat lanes will cause irregular collapses and
periodic pressure increases, making it difficult to manage the roof of the working
face and maintain the roadway. At present, the more effective treatment methods are
roof water injection softening and blasting roof breaking.

The purpose of pre-injecting water into the coal seam is to change the physical and
mechanical properties of the impact coal seam through the physical and chemical
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effects of water, and reduce the impact tendency and stress state of the coal seam. It
is currently used in some mining areas.

2. Basic information on the dynamics of rock burst disasters

Controlling rock burst accidents includes controlling the occurrence of rock bursts
and possible destructive disasters. The former lies in first understanding the causes
and conditions of rock burst occurrence. Based on this, through reasonable ‘“anti-
impact” scheme design, including the use of reasonable mining methods, correct
mining procedures and mining parameters, etc., the possibility of rock burst occur-
rence is minimized. The latter lies in the possible time and place of rock burst,
through reliable and economical technical measures, including reducing impact
energy, reducing the range of impact damage technical measures, as well as safety
protection measures for mining faces and roadway workspaces, to prevent casualties
and equipment damage and other destructive accidents.

From the results of comprehensive rock burst classification research, it can be
clearly seen that the stress conditions for controlling rock burst are the key to control-
ling the occurrence of coal mine rock burst. Itis necessary to limit the elastic compres-
sion energy that may be induced and released during the advancement of the mining
face to within the range that can cause impact damage. Therefore, when considering
the design of the mining plan, attention should be paid to a series of “anti-impact”
time—space principles.

(1) Strictly prohibit the arrangement of coal mining lanes and advancing faces in
the structural compression stress zone of the original stress field and the peak
of mining stress in the mining stress field.

(2) Strive to the maximum extent to achieve excavation and maintenance of the
roadway in the stable “internal stress field” (gravity field covered by rock layers
that have experienced mining damage).

The relevant information basis for ensuring the design of the mining plan
according to the above time and space principles includes:

(1) Information on the distribution of stress in the original stress field that has
experienced structural movement damage.

(2) Information on the distribution and development of mining stress under different
mining procedures and mining parameter conditions.

The above information must be determined by combining theoretical calculations
and actual measurements for specific coal seam conditions and specific mining loca-
tions. It is absolutely impossible to use the same empirical data without changing
the mining conditions.

In the face where rock burst may occur, the following measures should be taken
to control the disaster of the accident.

1. Use the “Underground Rock Layer Dynamic Observation Research Method” (if
necessary, supplemented by “Borehole Stress Analysis™), based on obtaining the
following related information, to predict and forecast the possible time, place,
and intensity of rock burst.



4.1 Key Technologies for Rock Burst Disaster Prevention and Control 151

(1) The distribution of mining stress, especially the expansion rule of the peak
of mining stress in the “internal stress field” range with the advancement
of the mining field. Based on this, infer the starting point, end point (with
enough “internal stress field” width as a buffer zone) position and the full
length of the danger zone. Infer the range of possible impact damage in the
advanced roadway.

(2) The laws of basic roof fracturing include the timing, location, and corre-
sponding working face advance distance of the basic lower rock beam, upper
rock beam, and hard roof fracturing with the release of bending elasticity.
This serves as the basis for predicting the time, location, and possible inten-
sity of roof fracturing induced rock burst. Practice has proven that basic roof
fracturing is the main driving force for inducing rock burst in the mining
face. The larger the relative stable step of the basic roof, the higher the level
of elastic energy accumulated by the roof and coal seam, and the greater the
impact strength when the rock burst occurs.

2. In places where high-intensity rock bursts are expected to occur, measures are
taken to reduce stored elastic energy and triggering energy, striving to minimize
the range of impact damage.

3. Inthe working face and roadway that can withstand rock burst damage, the correct
support method is used to maintain the safety of the working space. For example,
the mining face must use stable shrinkable support, and absolutely avoid using
unstable support methods such as wooden sheds. Roadways at risk of impact
damage should be protected with anchor mesh support as required.

The classification models of rock burst prediction and control research in the
excavation face are shown in Figs. 4.9 and 4.10.

Based on existing research, the research team has also proposed a mechanism for
evaluating the breeding and unloading energy release of mining stress based on the
energy dissipation rate index. The mining and recovery process in coal mines causes
the redistribution of surrounding rock stress in the mining space, and the rock mass is
induced to cause disasters under the action of dynamic mine pressure, which is one of
the main causes of major mine disasters. The occurrence of disasters is closely related
to the evolution characteristics of the stress field: the breeding of geostress affects the
changes in geological structures, and the rebalancing process of the geostress field
affected by engineering disturbances affects the mechanical behavior and physical
phase of coal and rock; the effect of unloading and reducing disasters is directly
determined by the geostress field. The current conventional dynamic disaster predic-
tion methods are generally divided into non-contact prediction methods represented
by microseismic and electromagnetic radiation methods (suitable for large-scale
continuous observation of time and space, high cost, strong reliability) and contact
prediction methods represented by drilling chip methods (suitable for small-scale
non-continuous observation of time and space, low cost, simple operation). However,
the unloading characteristics of rock mass mining dynamics in mine dynamic disas-
ters have always lacked scientific and accurate quantitative analysis and expression,
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Fig. 4.9 Excavation rock burst classification model

gradually becoming one of the difficult problems that plague the rock mechanics
community.

In view of the fact that the occurrence and severity of rock bursts are closely
related to the energy stored in the rock mass, which is the result of the combined
action of geostress and mining stress. By analyzing the characteristics of mining
stress breeding and energy dissipation in the rock mass in front of the working face.

From a theoretical perspective, the definition and expression of the energy release
rate are derived, and a preliminary mining stress unloading energy evaluation system
that conforms to the actual situation of the site is proposed. The feasibility of moni-
toring the rock burst based on the energy change of the mining stress energy field
is clarified, and a set of dynamic disaster prevention and control quantitative eval-
uation and control system that can reflect the breeding process of rock burst from
the perspective of energy is established in combination with mining stress and the
distance from the coal wall. This is of great significance for effectively characterizing
the dynamic breeding evolution characteristics of mining stress and the spatiotem-
poral coupling law, and scientifically quantitatively evaluating the unloading energy
release mechanism.

The study of the distribution law of mining stress around the coal mining face,
especially in front of the working face, has always been the core content of mining
engineering research. The original state of the underground rock mass is not an
absolute equilibrium state, but a relative equilibrium. The coal and rock mass is
usually regarded as a continuous elastic body for research. The unmined coal and



4.1 Key Technologies for Rock Burst Disaster Prevention and Control 153

Mining-induced rock burst

|
I |

Elastic energy release of coal Elastic energy release from bending of a hard

seam

[

I

roof

Uniaxial gravitational

stress field(gravity type)

Tectonic composite stress

field (tectonic shape)

Uniaxial gravitational

stress field(gravity type)

Tectonic composite stress

field (tectonic shape)

[

Initial mining stage

Normal propulsion stage

Initial mining stage

Normal propulsion stage

I

sasne)

=]
&
2.
2.
=]
B
o
=8
3
=3
B

salnseaw [onuo)

7z e
8 g
& &
2 g
= g
8 B
B =
g 8
& E.
g 2
= [

Fig. 4.10 Mining rock burst classification model

rock mass is usually in an elastic deformation state before the excavation of the
roadway, and its original vertical stress is equal to the weight of the overlying rock
layer. After the underground engineering is excavated, under the action of geostress
and the unloading effect of the open space, the balance inside the coal body changes,
causing local stress concentration, and the rock mass damage gradually intensifies. If
the surrounding rock stress is less than the rock strength, the surrounding rock is still
in an elastic state, otherwise, the surrounding rock of the roadway will produce plastic
deformation towards the roadway. Energy accumulates in front of the coal wall, and
when it reaches the limit conditions of the rock mass, the coal body undergoes rapid
dynamic adjustment, that is, it induces a rock burst disaster.

The stress experienced by the rock mass, as the main controlling factor of whether
a rock burst occurs, is the starting point for studying the mechanism of rock burst
occurrence and the evaluation of stress relief effects based on stress factors. Coal
mines infer the state of the coal body in front of the working face and evaluate
the stress relief effect by the degree of stress concentration in front of the working
face. When the stress in front of the working face is concentrated and the coal wall
accumulates a large amount of elastic strain energy, it is very likely to induce a rock
burst disaster. After taking stress relief measures, the degree of stress concentration
decreases, and the decrease reflects the effectiveness of the stress relief measures. The
occurrence of rock bursts is actually the process of “contradiction” between stress
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and coal rock strength, which is due to the deformation and micro-fracture evolution
of the coal rock mass, ultimately leading to macroscopic dynamic instability. It is a
process of energy release that is unstable over time and uneven in space. The nurturing
of the stress field and the dynamic evolution and development of the energy field
during coal mining create conditions for the occurrence and development of rock
bursts.

During the advancement of the working face, the transfer and evolution of mining
stress are regular. Regardless of the mining method, the rock mass in front of the
working face has experienced a complete mechanical process from the original rock
stress, axial stress increase (loading) and surrounding rock decrease (unloading) to
the failure load. The stress state of the coal rock will change continuously in time and
space. The bearing capacity near the coal wall decreases, and the peak of the bearing
stress will gradually shift to the inside of the coal wall. The distribution of mining
stress on the coal seam will be divided into non-elastic and elastic two intervals. The
mining stress in front of the working face changes from the original rock stress zone
to the elastic to non-elastic transition. According to the comparison of the stress
peak in front of the coal wall and the original rock stress, the stress situation in
front of the working face is divided into four parts according to different degrees of
stress concentration, namely the stress reduction zone Ey, the stress increase plastic
zone E4p, the stress increase elastic zone Ep¢ and the original rock stress zone Ey, as
shown in Fig. 4.11. Among them, the appearance of the stress reduction zone is based
on the premise of plastic damage to the coal body, that is, the coal body in the stress
reduction zone is in a plastic softening or broken state. The coal body in the stress
increase zone is in an elastic state near the basic roof fracture line, still maintaining
its own bearing capacity, and the rock mass is relatively intact. The stress increase
zone can be further divided into plastic and elastic zones. The boundary between the
elastic and plastic zones is the position of the pressure peak, and the stress in the
elastic zone monotonically decreases to the original rock stress value.

From a microscopic point of view, take a small cubic unit in the vertical section of
the coal body for analysis, as shown in Fig. 4.12. During the retreat mining process
of the working face, one side of the boundary coal body unit is empty, the original
six-direction force balance state is broken, the initial horizontal stress increases from
the empty area side 0 to the original hydrostatic pressure, until the rock mass in the
internal original rock stress area recovers to the original state. The vertical stress of
the unit body experiences the process of stress reduction to the plastic zone of stress
increase to the elastic stress increase zone and then falls back to the original rock
stress. The rock mass bears a reduced stress value. As the working face advances,
the peak of the bearing stress gradually accumulates and transfers to the interior,
creating a new stress peak. When the vertical stress and energy indicators of the unit
rock mass in the region reach the limit of the rock mass, the unit produces plastic
damage. When the number of damaged unit bodies increases to a certain range, a
chain reaction occurs, the pores and cracks between the unit bodies rapidly expand
and interact with each other, and the dynamic adjustment speed of the coal body
increases to a certain extent, which may induce a disaster.
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From a macro perspective, because the coal body itself has a certain hardness
and strength, when the mining area advances within a certain range, the pressure
transmitted by the roof has not reached the limit of coal body damage, the entire coal
body is in an elastic compression state, at this time the distribution of mining stress
is a monotonically decreasing curve with a peak at the coal wall, at this time the coal
wall maintains its elastic bearing capacity, and it is not easy to cause dynamic disaster
accidents; as the mining area continues to advance, the pressure transmitted to the
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coal wall through the roof increases, when the coal wall reaches its elastic bearing
limit, it begins to produce plastic deformation, especially under external dynamic
disturbances, the change in stress exceeds the bearing capacity of the rock mass
and instability occurs. Macroscopically, as the working face advances, the stress
state of the coal rock mass in front of the working face is constantly undergoing
the conversion process of the stress relief zone, the pressure increase zone, and the
original stress zone.

From an energy perspective, the destruction of coal rock mass under mining stress
is a process of energy storage and dissipation. Increased energy storage induces rock
mass damage, deformation, and destruction, leading to material property degradation
and strength loss. When the energy storage reaches the peak limit of rock stress, the
energy urgently needs to be released to cause rock mass destruction. Energy release is
the essential attribute of rock deformation and destruction, reflecting the continuous
development of internal micro-defects in the rock, the continuous weakening of
strength, and the final loss. The more severe the damage and fracture, the more energy
is dissipated, especially during dynamic destruction, a large amount of elastic energy
is dissipated in the form of kinetic energy and so on.

Various types of pressure relief measures are to prevent the elastic strain energy
accumulated by the surrounding rock from exceeding the limit storage energy of the
rock mass, based on the prevention of shock pressure disaster accidents by reducing
the elastic strain energy in the coal body. The construction of an energy dissipa-
tion rate index to a certain extent avoids the subjective uncertainty of impact risk
assessment purely through stress or energy qualitative, based on the understanding
that shock pressure is a destructive phenomenon characterized by energy release
and its danger is closely related to the degree of stress concentration and location.
Combining stress zoning and energy values to construct an energy dissipation rate
index dynamically characterizes the impact tendency in front of the working face
and the effectiveness of pressure relief measures. As shown in Fig. 4.11, the formula
for constructing a quantitative evaluation of dynamic disaster conditions is defined
as:

Ej Eq

R=——— — — 4.7
ST+ AL S

In the formula, Ey = Eps+ Eap+ Epc represents the stress accumulation situation
in front of the coal body at a certain moment due to the disturbance of underground
engineering, E, represents the potential energy of the stress peak coal body accu-
mulated in front of the working face by adopting pressure relief measures, and the
energy value of the three zones after the stress in front of the working face is trans-
ferred. By comparing the release rate of elastic strain energy in the coal body within
the unit range, it can provide a quantitative basis for evaluating the pressure relief
effect, |R| the larger the value, the more obvious the overall pressure relief effect.
If R < 0, it means that the pressure relief effect is achieved, effectively reducing or
changing the disaster conditions of the stress field, if R > 0, it means that the improper
pressure relief disturbance promotes the stability of the stress peak area to decrease,
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further reasonable and effective measures should be taken to avoid the occurrence of
mining disasters. Especially when the mining area is under dynamic load or pressure
relief, the scientific and reasonable use of coal rock mass zoning and mining stress
energy dissipation situation, incorporating the local stability index of the surrounding
rock into consideration, can more accurately reflect the impact danger level of the
mining working face, and for each possible impact location, develop corresponding
support and pressure relief measures, achieve targeted management of shock pres-
sure, improve the identification and management decision efficiency of shock pres-
sure, which is of great significance for maintaining the safety and stability of the
roadway.

4.2 Key Technologies for Pre-control of Roof Water Inrush
Disaster

During the excavation or mining process of the mine, the natural balance of the
rock layer is destroyed, and the surrounding water body enters the mining working
face through faults, water barriers, and weak points of the rock layer under the
action of static water pressure and mine pressure, forming mine water hazards. Roof
water inrush causes a wide range of roof collapses, crushing major roof accidents
of mining supports also occur from time to time. As one of the main disasters in
the mining area, coal mine water hazards seriously restrict the safe and efficient
mining of coal resources and related water environment control and protection. Water
inrush accidents during the advancement of the mining working face can easily cause
flooding of its working face and other workplaces, and even cause major accidents of
flooding the entire mine [25, 26]. Therefore, in-depth research and development of
mine water inrush dynamic disaster warning models and related structural mechanics
parameters are of great significance for the safe and efficient mining of coal resources.

4.2.1 Overview of Roof Water Inrush Disaster

1. Causes and Conditions of Roof Water Inrush Disaster

The main cause of roof water inrush accidents is the advancement of the working
face causing the fractured rock layer to reach the water-bearing rock layer, especially
the water-rich area of the original structural damage.

The conditions that cause accidents mainly include the following points: the exis-
tence of water-rich aquifers in the overlying rock layer of the mining area, especially
the water-rich areas that have undergone structural damage; the permeability exceeds
the drainage capacity of the working face (submerging the working face) or exceeds
the drainage capacity of the mine (submerging the mine); a large range of fractured
rock layers weaken, slip, and collapse under the long-term soaking of water, crushing
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the support; the stagnation time of the working face after water permeation exceeds
the limit, and the working face is flooded by water permeation. The shear strength of
fractured rock layers and fracture biting surfaces decreases due to prolonged soaking.

The fractured rock layer that subsides with the advancement of the mining area
communicates with the water-rich aquifer. This includes both entering the aquifer
and direct contact, as shown in Fig. 4.13.

2. The relationship between mining stress and roof water disaster

Coal mine outburst and water inrush accidents refer to events in which water of
different forms and sources enters the mine through certain channels during the
construction and production of coal mines, bringing adverse effects and disasters
to coal mine construction and production. The formation and occurrence of coal
mine water inrush accidents are based on specific environments and conditions. The
occurrence of either floor water outburst or roof water inrush accidents cannot be
separated from the three necessary conditions of water inrush source, water inrush
channel, and water inrush intensity. The existence or absence of the source of water
inrush, the channel of water inrush, and the intensity of water inrush determines
whether a coal mine water inrush accident occurs, and different combinations of the
three will produce different types of coal mine water hazards. The water inrush source
is the root cause of mine water inrush accidents. If there is no water inrush source,
water inrush accidents will not occur. After coal seam mining, under the action of
mining stress, the top and bottom plates of the working face develop cracks, the
overlying rock is damaged, and the “fracture arch” continues to develop upward.
At this time, if the mining stress and the “fracture arch” affect the floor pressurized
water source or the roof aquifer, especially the original structurally damaged water-
rich area, and the water inrush intensity exceeds the mine’s drainage capacity, a roof
water inrush accident will occur, causing casualties and property losses, and in severe
cases, it may even flood the entire mine.



4.2 Key Technologies for Pre-control of Roof Water Inrush Disaster 159

The original stress field, mining stress field, and seepage field of the surrounding
rock in the mining area together constitute the controlling factors of the top and
bottom plate water inrush. At the same time, with the increase in the mining depth of
the working face, the impact of the mining stress field becomes more significant year
by year. When the coal seam is not mined, the voids, cracks, etc. are in a closed state,
and the water in the aquifer is in a relatively balanced state. After the coal seam is
mined, the roof is exposed, the surrounding rock changes from three-way compres-
sion to two-way or one-way compression, and even some rock bodies appear tensile
stress. During the mining process, every point of the floor rock layer has under-
gone a “‘compression — stress relief — recompression” process. It is these stresses
that cause the change in the fracture rate of the floor rock layer. The development
of mining stress makes the coal rock body fracture conductive development, greatly
increasing its permeability, the water outburst channel is conductive, leading to water
inrush events.

For nearly horizontal coal seams, when the retreat working face advances and the
fracture zone affects the aquifer, the water inrush volume Q can be approximately
calculated by formula 4.8 as shown in Fig. 4.14.

0=201+0» (4.8)

where, Q; is the water gushing from the fracture surface in the advancing direction
when the aquifer first fractures; Q, is the water gushing from the fracture surface in
the length direction of the working face when the aquifer first fractures.

The water gushing from the fracture surface in the advancing direction can be
calculated by the following formula:

O =k-w.-1 (4.9)

where, k is the permeability coefficient of the aquifer, that is, the flow rate of water
through the unit water-crossing section when the water pressure slope = 1. The
reference values of the permeability coefficients of rock layers with different particle
sizes and porosities obtained from actual measurements are shown in Table 4.1.

w, 1s the water outflow cross-sectional area of the aquifer in the advancing direc-
tion. Under the known aquifer thickness m condition, this cross-sectional area is
determined by the first fracture step distance C,y, that is:

We = Cop - My

The water pressure gradient I value of the closed aquifer is expressed by the
following formula, that is:

di
[:ﬂ
dx

Substitute into Eq. 4.9 to get:
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Fig. 4.14 Comparison chart of predicted water inrush volume

dl’l’l()
OQ1=k-Cop-my-——=0C,-q
dx
where, q is the water inflow per unit length of the overwater cross-section, its
expression is:

k dmo
— -mp - ——
q 0 dx
Therefore, we have:

q

Lax = .d

X X my nmy

Relative to the water inflow impact range of the aquifer and integration between
the two fractures:



4.2 Key Technologies for Pre-control of Roof Water Inrush Disaster 161

Table 4.1 Reference values of permeability coefficients of water-bearing layers

Permeability layer

Permeability coefficient

Related rock layer types

classification

Highly permeable rock layer |k > 10m/d Coarse sandstone, conglomerate,
karst developed rock layers

Permeable rock layer k= (10— 1)m/d Sand, fracture developed rock

layers

Slightly permeable rock layer

k= (1-0.0Dm/d

Silty sand, weakly fractured rock
layers

Permeability layer
classification

Permeability coefficient

Related rock layer types

Extremely weakly permeable
rock layer

k = (0.01 —0.001)m/d

Silty clay, clay, silt

Impermeable rock layer

k < 0.00lm/d

Dense hard rock layers (including
hard sedimentary rocks, igneous
rocks, metamorphic rocks), clay,
silt, mudstone

Therefore, we get:

From this, we can find Q is:

(4.10)

where, k is the permeability coefficient; m, is the thickness of the aquifer; C,y is
the fracture step distance of the aquifer; R is the water inflow impact radius of the
aquifer; R is the water inflow impact distance of the aquifer fracture (i.e., the distance
from where its water level begins to drop to the fracture outflow surface). If this range
is unknown, drilling into the aquifer can be used for measurement.

As can be seen from Fig. 4.15: If the pressure measuring hole is at a distance
R; from the water outflow cross-section, the measured water pressure is m;, and
m; < my, then it is not difficult to find the impact distance R value is:

R="0R

m;

@.11)
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Fig. 4.15 Aquifer fracture
distance value

Similarly, the water inflow amount O in the working face length direction can
be derived as:

Or=k-Ly- m—% (4.12)
b = H 5 .

In Eq. 4.12 Ly is the first fracture line length of the aquifer in the working face
length direction. It depends on the length of the mining working face (Ly) and the
height of the aquifer from the mined coal seam (Hj). Given that in most cases, the
height of the fractured rock layer is approximately half the length of the working
face. Therefore, the fracture boundary of the fractured rock layer advancing in the
mining area can be approximately expressed as a semi-circular arch as shown in
Fig. 4.16. From this, the expression for Ly, the length of the first fracture line of the
water-bearing layer when the known height of the water-bearing layer is Hj, can be
approximately obtained:

Ly =Ly —2X; (4.13)

where

<Y

Fig. 4.16 Relationship between the length of the water-bearing layer fracture line and the length
of the working face
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L Lo\’
Xi==-(Z2) -#2
2 2

Therefore, we get:

Lo\?
Ly = (7) — H}

The above formula shows that the permeability of the water-bearing layer
increases with the increase of the length of the working face and decreases with
the increase of the height of the water-bearing layer from the mined coal seam.

The permeability of the water-bearing layer when the fracture zone of the inclined
coal seam affects the water-bearing layer is expressed by formula 4.13:

0=201+02 (4.14)
where, Q) is the water inflow on the first fracture surface of the water-bearing layer
in the direction of the working face advancement. It can be approximately estimated
by the following formula:

O1=k-Cop-mg-1 (4.15)
where, I is the hydraulic slope, and other symbols are the same as before. The
hydraulic slope of the inclined coal seam is determined by the inclination angle of
the coal seam, that is:

I =tga
Therefore, the expression for Q; is obtained:

O =k-Coy smg - 1go (4.16)

0, is the water inflow on the fracture surface of the water-bearing layer in the
direction of the working face length, and its expression is:

Q2=k-LH-m0'tga “4.17)

where
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The conditions for the occurrence of roof seepage accidents can be expressed by
the following formula:

(Q - QB)T > Vmax (418)

where, Q is the roof seepage flow rate (m3/h); Qp is the capacity of the drainage
equipment (m?/h); T is the time of work stagnation (hours); Vin.x is the maximum
water storage capacity of the possible accident site (m?).

From formula 4.18, it can be seen that on the basis of correctly predicting the
possible location of roof seepage accidents and the possible seepage flow rate
(Q), preparing sufficient drainage equipment capacity (Op) and ensuring the rapid
advancement of the working face are key to preventing water seepage accidents at
the mining face. For mines, correctly predicting the number of advancing faces based
on the mine’s production capacity, predicting the maximum water inflow, ensuring
the capacity of the drainage equipment and sufficient water storage capacity are key
to preventing mine water seepage accidents.

4.2.2 Mechanism of Roof Seepage Disaster

From the late 1970s to the 1980s, China’s research on coal mining under water bodies
began to explore the formation mechanism of water-conducting fracture zones from
the perspective of rock mass structure control theory, focusing on the deformation
and failure process of overburden, influencing factors, and prevention and prediction
of roof and floor water. In the late 1980s and into the 1990s, it was recognized that
the water barrier layer is composed of different rock layers with small thickness,
and only the key water barrier layer in it can well meet the thickness-length ratio
conditions of beams and slabs. The key layer theory, which plays a key role in the
water barrier layer, was proposed. Academician Qian Minggao’s key layer theory
believes that the separation layer is generated between layers as the overburden
strata sink, and the development, evolution and spatiotemporal distribution of the
separation layer are controlled by the key layer and develop under the key layer. As
the working face advances, the space volume of the separation layer continuously
increases before the key layer first breaks, and after the first break, the separation
layer located in the middle of the goaf is gradually compacted, while the separa-
tion layer area on both sides of the goaf is continuously moving forward with the
advancement of the working face, and its height and width are only 1/4—1/3 of that
before the key layer first breaks. In 1981, Liu [27] The concept of overburden damage
was first proposed in China, suggesting that after longwall mining, the deformation
characteristics and water conductivity of the overburden will divide the overlying
rock layer into “three zones”. Currently, this theory is mainly used as the basis for
studying the water seepage mechanism of the roof. Later, Professor Gao Yanfa broke
through the traditional concept of “three zones” and proposed a “four zones” model
of rock movement [28], dividing the bedrock according to its mechanical structure
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characteristics after damage into fracture zone, detachment zone, bending zone, and
loose alluvial layer zone, further broadening the understanding of the roof seepage
mechanism. It is believed that after coal seam mining, although the rock layers above
the collapse zone are fractured or subsided, they still maintain a layered structure,
but they no longer have continuity along the direction of the stratum plane. When
the fracture damage phenomenon develops to a certain extent, the overlying strata
will show detachment and subsidence. Academician Song Zhenqi of the Chinese
Academy of Sciences and others [25] proposed the theory and related information
basis for predicting and controlling coal mine water disaster accidents, providing a
basis for the informatization of safe and efficient mining and management of coal
mines. For type I and type II detachment water disasters, the principle of explo-
sion is used to describe the sudden fracture of the hard rock above the detachment,
which instantly generates impact pressure on the detachment water body. After the
detachment water body obtains the initial impact pressure, it propagates downward
to the rock body below the detachment in the form of shock waves. This causes the
lower rock layer to generate stress waves under the impact, thereby generating cracks
and seeping water after expanding and communicating with the water-conducting
cracks; for type Il detachment water disasters, according to the theory of solid support
beams, the formula for determining the limit thickness of the rock body below the
detachment is used, and the thickness calculation formula for the soft rock layer to
break during the first pressure and periodic pressure is derived.

Although great progress has been made in the research on the mechanism and
prevention of roof seepage, there are still many problems that need to be further
expanded and developed. Such as the mechanism of roof seepage under different
geological and mining conditions, the evolution of fractures in water-rich overburden
roofs, the law of destruction and the law of potential water seepage in overburden,
the development height and change law of water-conducting fractures, etc. In recent
years, with the implementation of comprehensive top coal caving mining technology,
it is necessary to further study the movement of overburden and the mechanism of
roof floor water and gas outburst under comprehensive caving mining conditions.

4.2.3 Dynamic Information Basis for the Prevention
and Control of Roof Seepage Disasters

The hydrogeological conditions of mines are becoming more complex, the factors
affecting water inrush are increasing, and the mechanisms and types of water inrush
are complex and varied. Article 3 of the “Coal Mine Water Prevention and Control
Regulations” proposes a new ‘“sixteen-character” basic principle for mine water
prevention and control in our country, namely “prediction and forecasting, doubt
must be explored, exploration before excavation, treatment before mining”. Based
on adeep analysis of the mechanism of floor water inrush, our country’s water preven-
tion and control workers have explored a series of ways and methods suitable for
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the management of different types of water inrush disasters, including drainage and
pressure reduction, curtain grouting, grouting reinforcement, local drainage, pressure
mining, and mine water prevention and drainage. Among them, “drainage and pres-
sure reduction” and “grouting to transform the floor and aquifer” are two important
engineering measures for the prevention of coal mine water disasters. Drainage and
pressure reduction often control the source of water inrush through deep drainage
and strong drainage. Although it can eradicate water disasters from the source and
ensure safety, it destroys a large amount of water resources and karst deposits, and the
technology is expensive and difficult to achieve when the water supply is abundant
and the replenishment source is sufficient, so it is less used. “Grouting to transform
the floor and aquifer” is a method of water prevention and control that developed in
the mid-to-late 1980s. The basic principle is that under a certain time and pressure,
the grout is injected into the grouted layer, and the grout dehydrates and solidifies
in the original water-occupied pores or channels to form a water-blocking cemented
body, thereby improving the water-separation performance of the floor rock layer,
reinforcing the floor water-separation layer, and enhancing the floor’s resistance to
destruction.

1. Key technologies for the prevention and control of roof seepage disasters

Advanced water drainage in the mining face is a traditional underground water
prevention and control technology, but when the hydrogeological conditions and
water filling factors of the mine cannot be ascertained from the ground work, it
still has very important use value in predicting and avoiding the sudden occurrence
of major water disaster accidents. The means of advanced water drainage in the
general mining face include geophysical exploration, chemical exploration, drilling,
and pit exploration, among which geophysical exploration and drilling are the main
commonly used means. The concept of advanced water drainage in the mining face is
that direct means such as drilling or pit exploration must be used for water drainage,
and indirect means such as geophysical or chemical exploration are not allowed to
directly explore water.

Underground geophysical prospecting technology has made significant progress,
basically covering all aspects of underground mining engineering, and has initially
formed a relatively complete system of underground geophysical prospecting tech-
nology. In terms of advanced detection at the excavation face, the main methods
include direct current method, transient electromagnetism, etc., but the commonly
used methods with better application effects are mainly direct current method and
transient electromagnetic method. The former has the advantage of no detection
blind spots and is a contact detection, but the disadvantage is that it can only detect
in one direction towards the excavation in the underground tunnel space, with a short
detection distance (60—80 m), and a relatively large volume effect; the latter has the
advantage of multi-directional detection in the underground tunnel, with a relatively
long detection distance (80—120 m), and a relatively small volume effect, but its disad-
vantage is that there is a blind spot of about 20 m in the detection results, and it is a
non-contact detection. In terms of advanced detection at the mining face, the main
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detection methods include frequency electrical perspective, transient electromag-
netism, radio perspective CT, slot wave seismic and elastic wave CT tomography,
etc., among which frequency electrical perspective and transient electromagnetic
method mainly detect the water-bearing layer of the coal seam roof and floor, the
water-richness of burnt rocks and the distribution of old empty water areas and water-
conducting structures, etc., radio perspective CT, slot wave seismic and elastic wave
CT tomography mainly detect coal seam structure, coal thickness changes, magmatic
rocks and fire areas, etc. The new geophysical prospecting technologies currently
used underground also include borehole peeping, hole tunnel perspective, borehole
inclinometer, hole depth detection and hole opening orientation, etc. Underground
directional drilling, branch hole making technology and advanced directional drilling
water drainage technology at the mining face. Drilling ahead for water drainage is a
traditional method that is still widely used in China and is one of the most important
and effective methods for underground water control. The large amount of advanced
drilling work seriously affects the excavation speed of the excavation face, and there
is a sharp contradiction between advanced water drainage and excavation speed,
which seriously affects the promotion and application of advanced drilling water
drainage technology underground. Therefore, it is particularly important to reduce
the number of water drainage drill holes while ensuring the quality and effect of
advanced water drainage. Underground directional water drainage drilling has many
advantages such as small hole opening density, high controllability of drilling trajec-
tory, multi-directional in one hole, less ineffective footage, can work in parallel
with drilling without affecting each other, accurate detection target point and high
drainage efficiency, and has a good application prospect in the detection and treat-
ment of adverse geological anomalies such as geological structure and coal thickness
changes, in the directional grouting reinforcement of the water-bearing layer at the
bottom of the mining face and the transformation of the water-filled water-bearing
layer, in the advanced exploration and drainage of groundwater and old empty water
in the water-filled water-bearing layer of the roof and floor, etc. Activation of mine
geological structure under mining conditions, height of fracture of coal seam roof
and floor, and water hazard monitoring and early warning technology. Under mining
conditions, the formation and occurrence of mine water hazards have a process of
gestation, development and occurrence. At different stages of this process, corre-
sponding signs of water inrush and water penetration will be released in terms of
stress and strain (especially at geological structure locations), water pressure (water
level), water inflow, water chemistry and water temperature, etc. Timely, accurate
and effective monitoring of these signs, and establishing a complete system that inte-
grates mine water hazard monitoring, identification and early warning technology,
has important theoretical significance and practical value for preventing major and
particularly serious water hazard accidents. At present, the high-precision micro-
seismic monitoring technology that can diagnose and display in real time, dynami-
cally, and in a planar manner the deformation and destruction process of the coal seam
roof and floor, the activation intensity and intensity of faults and subsidence columns
and other geological structures, and related spatiotemporal parameters under mining
conditions, has good application effects in China.
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Domestic and foreign experts and scholars have conducted extensive research on
the technical measures for the control of roof seepage disasters. Techniques such as
oft-layer grouting filling are adopted to solidify and control the surrounding rock
mass of the working face. Off-layer is one of the important reasons for the formation
of the main cracks in the roof. The technology of overburden off-layer grouting is
based on the understanding of the spatiotemporal rules of the formation and devel-
opment of off-layer in the overburden layer above the coal seam. By drilling from
the ground and injecting grouting material into the injectable off-layer band of the
overburden body under high pressure, the off-layer space is filled, the degree of over-
burden damage and the concentrated development of mining fractures are reduced,
the formation of dominant water-conducting fractures is eliminated or alleviated, and
the subsidence of the ground surface is slowed down. With the increase of mining
depth and the mining of the lower group of coal, mine water disasters occur frequently,
potential water hazards intensify, and the overall or local grouting technology on the
ground and underground shows obvious advantages in quickly blocking and control-
ling water inrush disasters and eliminating potential water hazards, such as curtain
cut-off grouting in the concentrated recharge zone and strong runoff zone of under-
ground water in mines, local pre-grouting transformation of water-filled aquifers and
blocking of water-conducting channels, directional grouting on the ground to build
a “water-blocking plug” on the upper part of the karst collapse column to cut off
the deep supply water source channel, and the comprehensive grouting technology
and technology on the ground to establish a “water-blocking wall” in the water-
filled roadway, etc. These sets of coordinated grouting technologies, rapid direc-
tional drilling and branch drilling technologies, different technologies and methods
of ground and underground grouting, various grouting water-blocking effect evalua-
tion methods and criteria, etc., provide a strong technical guarantee for the prevention
and control of mine water disasters.

Comprehensive mechanized filling coal mining technology. This technology uses
coal walls, supports, and fillings for uninterrupted relay support of the direct roof,
restricts the deformation of the direct roof, transforms the direct roof into the basic
roof, changes the rock layer of the mine pressure beam transmission, controls the mine
pressure manifestation, stabilizes the water-bearing layer structure of the coal seam
roof and floor, thereby achieving the purpose of preventing and controlling water
disasters of the coal seam roof and floor. In addition, comprehensive mechanized
filling coal mining technology also has important significance in controlling ground
subsidence, eliminating mine ground gangue hills, preventing gas accumulation in
mined-out areas, eliminating the hidden danger of spontaneous combustion of coal
seams, and reducing geological problems in the mine environment.

Reasonably adjust the advancement speed. Mining disturbance causes the stress
redistribution of the surrounding rock of the working face. Under the condition
of comprehensive mining, the advancement speed of the working face also has an
important impact on the mechanical environment of the surrounding rock. Within
20 m in front of the comprehensive working face, when the advancement speed
of the working face is not large, although the stress of the surrounding rock is not
high, the deformation rate of the roadway increases sharply; with the increase of the
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advancement speed of the working face, the area of the stress reduction zone and the
rock mass destruction zone around the working face decreases, the peak stress in front
of the working face approaches the working face, and the displacement of the rock
mass around the working face decreases. It is proposed that appropriately increasing
the advancement speed of comprehensive mining is beneficial to the management of
the working face and safe production. In actual mining, the relationship between the
advancement speed and safe production and the maximization of production benefits
should be considered comprehensively and determined in combination with various
factors, and a reasonable advancement speed should be proposed to ensure pressure
balance and not allow intermittent mining.

Determine the reasonable width and mining height of the working face. According
to the simulation results of the deformation, destruction and migration rules of the
upper roof during the comprehensive mining process with the first mining working
face length of 150 m, the mining height of the working face is relatively large,
the mine pressure manifestation of the overlying rock layer on the working face is
severe, and it has obvious pressure characteristics. The development height of the
water-conducting fracture zone is about 14—15 times the mining height; when it
advances to about 290-300 m, the overlying rock layer is widely affected by mining
and produces caving and migration, and the fracture height reaches the sandstone
water-bearing layer of the Luohe Group, providing a possible channel for seepage
from the water-bearing layer. Therefore, in the normal mining process of the working
face, different technical measures should be taken for different stages.

Optimize roadway layout and adjust mining technology. Studies have shown that
the mining height of the comprehensive mining working face is relatively large, the
mine pressure manifestation of the overlying rock layer on the working face is severe,
and it has obvious pressure characteristics. During the advancement of the working
face, the periodic fracture of the overburden and the effect of the advanced mining
stress in front of the working face always form a through-fracture development zone
near the working face, and the fractures connect with each other to form several
possible water-conducting channels; the caving rock blocks in the middle of the
mined-out area behind the working face gradually compact, causing the fractures
to squeeze and close, forming a local fracture closure zone. At the same time, it is
easy to form a speckle line along the down-flat roadway of the working face, and the
speckle line is the main channel for the water in the water-bearing layer to enter the
working face.

Improve the drainage system and hydrological observation system. Improve and
transform the mine water prevention and drainage system, and timely formulate
safety plans such as increasing the drainage capacity of the existing equipment in
the mine, to improve the comprehensive disaster resistance ability.

Workplace safety management. The hydrogeological conditions of the working
face are extremely complex, requiring the construction unit to strictly implement
and carry out the mining operation procedures, special water prevention measures,
and water disaster emergency treatment and prevention plans for this face. Before
mining, drills for water disaster emergency treatment and prevention plans should be
conducted. Workers at the working face should be proficient in mastering the signs
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of water inrush and the route to avoid water disasters, and should report and take
measures in a timely manner according to the water disaster emergency treatment
and prevention plan and operation procedures, special water prevention measures,
and evacuation, etc.

High-power, high-lift, large-flow mine submersible electric pump technology. In
the past, the mine submersible electric pumps that were always dependent on imports
were only used for emergency rescue drainage after accidents due to their high prices.
However, with the progress of science and technology in our country, the high-
power, high-lift, large-flow submersible electric pump technology with independent
intellectual property rights has gradually matured. A large number of high-quality
and inexpensive domestic mine submersible electric pumps have provided material
guarantees for the widespread use of water disaster prevention and control in our
country’s mines. They have provided technical support for the difficult problem of
setting up waterproof gates around the mine bottom car yard under complex and
extremely complex hydrogeological conditions and the conflict with the original
rigid technical standards required by the state. They have also provided an alternative
technical choice for mines with complex and extremely complex hydrogeological
conditions that really do not have the conditions to build waterproof gates.

The prediction and control of water seepage accidents in coal mine roofs are
crucial. From the perspective of inducing factors and implementation conditions,
coal mine roof water seepage accidents are traceable, requiring scientific and accurate
prediction and the adoption of advanced control technology. Only in this way can the
probability of roof water seepage accidents be reduced, the harm caused by accidents
be reduced, and production safety be ensured.

2. Basic information on roof water seepage disasters

During the advancement of the working face, roof seepage and floor water inrush
can both potentially cause major accidents such as flooding of the working face
and workplaces along the water flow path, or even the entire well. Large-scale roof
collapses caused by roof seepage, which crush the supports in the mining area, also
occur from time to time. Under the given mining conditions, when the aquifer is
parallel to the coal seam, the model and related criteria for judging the possibility
of seepage are shown in Fig. 4.17. When the advancement length and the working
face are equal in length, the range of damage to the overlying rock layer no longer
continues to increase, and the height of the “fracture arch” reaches its maximum. If
the “fracture arch” formed under this working face length condition communicates
with the upper aquifer, a roof seepage accident is inevitable. On this basis, a seepage
possibility prediction model (Fig. 4.18) is established, and seepage criteria (Table 4.2)
are proposed based on the analysis of the roof seepage possibility prediction model.

For the first mining face, the relationship between the developed damage arch and
the working face length (L) is obtained as follows:

h=K,L....K;, =05-0.7
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L is the working face advancement step; L, is the working face length; h’ — the height of the
fracture arch; L'h is the distance from the arch center to the cutting eye; Ly is the distance from
the aquifer to the cutting eye; L; is the working face advancement distance; B is the width of
the water-rich area; h is the development height of the fractured rock layer; H is the height of
the water-bearing rock layer.

Fig. 4.17 Roof seepage prediction structure diagram

Li Li

(a) h'<H' (b) A'=H', Le>Lw'

Lo

Li Li
(©) h'=H'. Ly'2L, (d) n>H'

L, — Distance from intersection point A to the cutting eye

Fig. 4.18 Roof seepage possibility prediction structure diagram. L4—Distance from intersection
point A to the cutting eye
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Ti.lble. 4.2 Roof seepage Model number Judgment criteria Judgment result
criteria
(a) Lg > L, Impermeable
Ly <L) Impermeable
(b) Lg > L, Permeable
Lg < (Ly — B) Impermeable
(c) Lp > (Lyx — B) Permeable
Lp < (Ly — B) Impermeable

The step distance (Ly) and center distance (L;) when the working face advances
to the damage arch height are as follows:

Ly=LL,=05L

From the structural diagram predicting the possibility of roof water penetration
in Fig. 4.18, it is known that when the distribution curve of the bottom of the water-
bearing layer and the edge curve of the fracture arch in the direction of the working
face advance are known. By solving simultaneously, the position of the intersection
point and the distance from the working face to the cutting eye can be obtained L.
If the water-bearing layer is basically parallel to the coal seam in the direction of
advancement, and the strength difference of the intermediate rock layer is not large
and the deposit is stable. Then the approximate equations of the related curves are:

Bottom curve equation of water-bearing layer:

y=ax+B=H 4.19)

Edge curve equation of fracture arch:

y=h?— (h—x) (4.20)

When the fracture arch wave reaches the water-bearing layer (i.e., h > H), the
intersection point (A) is at a distance from the mining eye (L4 ), which can be obtained
by solving Egs. 4.19 and 4.20 simultaneously:

 2h =+ ARE = AH?

A 2 4.21)
where: h = 0.5L, thus obtained:
L+ VI? —4H?
Ly=—m—m— 4.22)
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Obviously, when the width of the water-rich area of the water-bearing layer is,
the minimum distance from the cutting eye to the edge of the water-rich area Lgy;n
is:

LAgmin =Ly — B (423)

Similarly, when the position of the water-rich area of the water-bearing layer is
known from the cutting eye, the maximum allowable working face length that does
not cause water penetration accidents can be inversely calculated L,y is:

H? + (Ly + B)?
Ly = Xt B, (4.24)
Lg+ B

The key to controlling the possibility of water penetration is to understand the
position of the water-bearing rock layer and the range of its water-rich area (B).
Based on this, by adjusting the relationship between the length of the working face
and the position of the cutting eye relative to the water-rich area, it is ensured that
the fracture rock layer does not reach the water-bearing rock layer, especially the
water-rich area during the entire process of the working face advancement.

The information for predicting and controlling roof water penetration accidents
includes four aspects: water source information, structural movement damage situ-
ation, mining roof movement damage information, and mining stress distribution
information. (1) Water source information, including: the number of water-bearing
layers in the roof, position, thickness and water-bearing characteristics (including
water properties, area, distribution of water-rich areas, water pressure and replenish-
ment water source conditions, etc.); position and thickness of the roof water barrier
layer; roof folding, fault. (2) Structural damage situation, including: folding damage
situation and fault damage situation, it is the structural damage that connects the
water-bearing layers and replenishment water sources, forming a water-rich area.
(3) Mining roof movement damage information, including the movement damage
situation of the overlying rock layer under different working face lengths and the
development change law with the advancement of the mining area. The key infor-
mation includes: the range of the overlying rock layer entering the damage under a
given working face length, including the thickness of the direct roof, the basic roof
thickness, the height of the water-conducting fracture zone, etc.; the movement step
of each rock beam in the direct roof water-conducting fracture zone under the action
of gravity, especially the first fracture step, etc.; the water-bearing layer that may
enter the water-conducting fracture zone, the first fracture and periodic fracture step
under the action of gravity. (4) The focus of the mining stress distribution informa-
tion is the width of the “internal stress field” of the coal wall entering the damage
around the mining area. It is a reliable interval for arranging the prediction of the
basic roof pressure measurement means, and it is also the basis for predicting the
time and place where the roof water penetration may occur.
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4.3 Key Technologies for Roof Disaster Prevention
and Control

Compared to gas and water disasters, the probability of major accidents caused by
roof accidents is relatively small. However, due to the loss of control in control
design decisions and implementation management (including unclear control of the
range and changing rules of rich control strata, loss of control of support quality,
etc.), major accidents such as large-scale bracket tilting or crushing still occur from
time to time. Especially with the improvement of the equipment level of the fully
mechanized mining face, high mining height is gradually being promoted and used
in thick and extra-thick coal seam mining areas, the mining height is increased,
the chance of large-span hanging roof hard rock layer appearing in the direct roof
increases, the structure model of the mining area changes accordingly, and the mine
pressure is more intense. Therefore, deepening the research on the control design
and key technologies of roof control and related dynamic information foundation,
solving the informatization, intelligence and visualization of roof control decision-
making and implementation management, is still an urgent task for coal mine safety
production. Based on the current situation of common roof accidents in China’s coal
mines, the causes and conditions of roof disaster accidents in the mining face were
discussed. On the basis of studying the existing roof movement rules, a mining area
roof structure model was established based on the overburden structure characteristics
of the mining area. The working load and shrinkage determination methods of the
bracket under the “given deformation” and “limited deformation” mechanical states
were proposed and analyzed, the concepts of direct roof and basic roof under high
mining height were revised, the design criteria and load calculation methods of
the bracket control roof in the high mining height mining area were established,
and the control theory and related information foundation were discussed in detail.
The research results provide a basis for the prediction and control of roof disasters,
especially the control design and bracket selection calculation of the roof in the high
mining height mining area [29-32].

4.3.1 Overview of Roof Disaster Accidents in the Mining Face

1. Causes and Conditions of Roof Accidents in the Mining Face

The causes and conditions of roof fall (collapse) accidents during the excavation
process of the mining face can usually be summarized as follows: unbalanced roof
damage and movement; untimely support; insufficient support impedance or poor
stability. Correctly predicting the location and time of roof instability and destruction
movement, and setting up a strong and stable support in time before the roof instability
movement, is the key to controlling accidents.

Roof accidents in the mining area can be divided into local roof fall accidents
(occurring in the broken part of the roof) and large-area roof collapse accidents
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(occurring at the moment of direct roof or basic roof pressure movement); according
to the source of the accident, they can be divided into: roof accidents caused by direct
roof (pressure) movement, including local roof fall of broken direct roof, large-area
roof collapse accidents caused by direct roof movement crushing and pushing down
the bracket; roof accidents caused by basic roof (pressure) movement, including basic
roof pressure impact destruction and pushing down the bracket causing large-area
roof collapse accidents. According to the characteristics of roof collapse movement
and bracket instability destruction, it can be divided into crushing accidents, that
is, when the direct roof and basic roof come to press, the bracket impedance is
insufficient or the shrinkage is not enough to be crushed and destroyed (the support
is bent or broken, etc.), causing roof collapse accidents; pushing down accidents,
that is, when the direct roof and basic roof come to press, the bracket is pushed down
due to insufficient stability, causing roof collapse accidents (Fig. 4.19).

2. The Relationship between Mining Stress and Roof Disaster Accidents

In the case of a thin-layered composite roof (which is prone to fracture under mining
stress) or when the mining coal seam burial depth, mining height, and mining width
(working face length) are large, the peak of the mining stress field penetrates deep
into the coal wall (working face) ahead, that is, when the internal stress field appears,
if the support is not timely, local roof fall accidents are likely to occur. The time and
place of local roof fall accidents under the above conditions are determined by the
law of pressure movement of the basic roof. Theory and practice have proven that
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most local roof fall accidents (collapse of roadway roof) occur during the pressure
process of the basic roof. Especially when the basic roof is under pressure, the part
of the composite roof that is forced to fracture. The main reason for the fracture of
the composite roof at this part is: the basic roof fractures, the mining stress field
(stress field) is clearly divided into two parts, there will be high-intensity pressure
concentration near the roof fracture line; during the pressure rotation process of the
basic roof fracture, the forced fracture rotation of the composite roof will transition
from the original three-phase compression state to the single-phase compression
state, and the compressive strength will drop sharply; the stress peak of the external
stress field crushes the low-strength composite roof through pressure fracturing,
realizing the transfer to the deep part of the coal wall. In summary, the time and
place where local roof fall accidents may occur are regular. The occurrence of the
law and the realization of the conditions are directly related to the movement of the
basic roof rock beam and the relative stress of the mining stress near the roof fracture
line, concentration and transfer.

Roof collapse accidents, such as roof crushing brackets, large-scale collapse acci-
dents occur during the pressure process of direct roof and basic roof large-scale rock
fracture. For the case where the basic roof pressure fracture penetrates deep into the
coal wall ahead (with an internal stress field), the large-scale roof pressure crushing
bracket collapse accident is realized under the following conditions: the bracket
impedance cannot balance the force of the large-scale movement of the direct roof,
and it is fractured during the roof settlement process, losing its support ability; the
bracket impedance is sufficient to balance the sinking force of the direct roof, but the
allowable compression amount cannot adapt to the requirements of the basic roof
settlement (to the given deformation position state), under the joint action of the
basic roof and the already forced fracture settlement of the direct roof, it is crushed
or broken, losing its support ability, this is an important reason for the occurrence of
crushing accidents on the working face using rigid brackets.

Under the condition of the “internal stress field”, the characteristics of the roof
fracture pressure movement process in the mining field. It is that the roof fracture
penetrates deep into the coal wall (working face) ahead, and the large-scale roof
settlement movement is realized by the coal body of the “internal stress field” as the
support operation. Therefore, as long as before the basic roof movement that may
produce dynamic pressure shock, try to maintain the “close” (minimum delamina-
tion) state of its lower rock layer (that is, the impedance of the bracket is to take
the “limited deformation” working state for the movement of its lower rock layer)
Under the premise, through the shrinkage of the bracket to adapt to the rock beam
sinking to the bottom (contacting the old pond has fallen rock layer), the crushing
type roof collapse accident can be avoided, this is exactly why under deep mining
conditions, the bracket impedance of the mining field can often be much lower than
that of the shallow mining field. Under the condition of the “internal stress field”,
the roof pressure crushing working face accident first starts from the crushing failure
of the local section pillar of the mining field (start). If the impedance of the bracket
in this section cannot be restored through timely supplementary support during the
roof settlement process, and it cannot be supplemented from the support ability of the
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adjacent section bracket. The roof settlement pressure destroys the bracket accident
will quickly extend to the entire roof range, until the occurrence of a large-scale roof
collapse accident. Therefore, correct support design, including the correct choice
of support impedance and allowable shrinkage, is the key to controlling the occur-
rence and development of crushing type roof collapse accidents. Crushing type roof
collapse accidents, when the roof is under large-scale pressure, start from the local
section bracket dismantling damage (start), and quickly extend to the full range. The
roof collapse accident where the bracket is crushed is always accompanied by the
periodic fracture of the upper rock beam of the basic roof. It fully shows that under
the condition of no “internal stress field” working face, especially when the roof is
relatively hard, without high impedance brackets, to prevent the settlement of the
lower rock beam and the direct roof, the upper high-strength rock beam movement
will inevitably collapse the working face.

The collapse of the push-over type roof occurs during the roof pressure process,
and the push-over power may come from the direct roof itself, or it may come from the
impact and push of the basic roof fracture pressure. The conditions for the realization
of the push-over type roof accident are as follows: @ There is a large delamination
space between the direct roof and the basic roof boundary layer or between the layers
of the composite structure direct roof. Thus losing the frictional resistance ability of
layer movement. The conditions for realization are: the design resistance ability of the
bracket (including the initial collapse force and working resistance) is insufficient;
the quality of the bracket installation is not high, especially the initial support force
is insufficient; the roof and floor are loose, the bracket breaks the roof and drills the
bottom or because of the use of low roundness shoes (backboard) and other auxiliary
support structures, resulting in the actual (effective) support (bearing) ability of the
bracket is very low. @ The direct roof or part of its layers are in an isolated state
with all around cut (cut off), the conditions for realization are: the old pond direct
roof falls; the direct roof comes to press or under the basic roof pressure forced to
crack along the coal wall (or deep into the front of the coal wall). ® Faults and other
structures cut off, or the recovery roadway roof breaking excavation cutting makes
the direct roof cut off in the inclined direction (vertical advancement direction).

4.3.2 Mechanism of Roof Disaster Accident

The prediction of roof pressure is based on the correct understanding of the movement
and destruction law of the overlying rock layer in the mining field. Among them: the
law and mechanical process of the first fracture pressure of the “transfer rock beam”
of the direct roof and the basic roof, as shown in Fig. 4.20.

When the rock beam advances to the first fracture step distance (Cy) in the mining
field, it is in a fixed support state at both ends (Fig. 4.20a). The two moments M, =

Mp = % reach the limit value of the tensile stress at the end. At this time, the
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Fig. 4.20 Mechanical model of fracture pressure law

bending moment in the beam M, = % = % Only half of the end. Therefore, the

fracture will start from the end that penetrates into the coal wall.
During the realization of the fracture at the end of the rock beam, the bending
moment will gradually shift to the middle until the end of the beam is completely

fractured into a simply supported state (Fig. 4.20b). At this time, My = Mp = 0, the
aCy
e

Although, its value is far more than the bending moment value (ql_czé) when the end
fracture is realized. Therefore, after the end of the rock beam is fractured, the first
pressure in the beam fracture mining field occurs.

When the mining field enters the normal advancement stage, the “direct roof”
and “basic roof” each “transfer rock beam” is in the “cantilever beam” support state.
Among them, the “direct roof” in a completely self-cantilever state, the fixed end

bending moment in the beam M, reaches the maximum value. That is: My =

bending moment My = qzﬁ Therefore, its maximum cantilever span C value will
not exceed the first rock break step distance %, thatis C = éCO. Its fracture location
depends on the resistance of the mining field bracket, especially the size of the initial
support force may appear in the following two situations:

When Pr > qo(lx + C )2 / 112( the direct roof is cut off behind the bracket;
Pr < qo(lx + C)%/ ll,z< the direct roof may be cut off at the coal wall.
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In the formula, Pr is the bracket strength (kN/m?); Ix is the bracket control roof
distance; C is the maximum suspension distance on the old pond side of the direct
roof; g is the bulk density of the direct roof (kN/m?).

When the basic roof comes to press, the direct roof will be forced to cut off at
the coal wall, and its pressure step distance is determined by the basic roof pressure.
Therefore, correctly predicting the basic roof pressure is the key to roof control in
the normal advancement stage.

Entering the normal advancement stage, each rock beam of the “basic roof” is in
a cantilever state with one end touching the gangue, as shown in Fig. 4.20c. Studies
have shown that its periodic fracture step distance C from the first fracture of the
rock beam to the beginning of a small and large gradual transition to a constant equal
to the first pressure step distance C, of % or SO.

The periodic rock beam breakage of the basic roof starts from the end breakage.
The rock beam realized by the end breakage will sink under the force of gravity, and
the pressure from the mine roof will also begin.

In summary, under normal roof conditions, whether it is the first pressure stage
of the roof rock beam or the periodic breakage pressure of the rock beam entering
the normal advancement stage, it all starts from the breakage of the embedded end
of the rock beam.

4.3.3 Basic Information for Roof Disaster Accident
Prevention and Control

1. Key technology for roof disaster accident prevention and control

Based on the realization of the movement and pressure prediction of the mine roof,
targeted and correct roof control design is carried out. The main work content
of the roof control design decision includes: the establishment of the “structural
mechanics model” centered on the range and support conditions of the roof to be
controlled and the determination of related parameters; the relationship between the
impedance capacity of the mine support and the position status (position) of the roof
to be controlled, the determination of safety control criteria and related mechan-
ical guarantee conditions, etc. The roof control design decision model (control
design structural mechanics model) includes two parts: the range of rock layers
to be controlled and the support conditions. The model structure and parameters are
shown in Fig. 4.21.

(1) Therange of rock layers to be controlled includes two parts: the “direct roof” that
has collapsed in the old pond and the “basic roof” composed of the “transmission
rock beam” affected by the movement.

The expression for the thickness of the direct roof is as follows:
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Fig. 4.21 Structural mechanics model of roof control design

“ h—Ss
My;=> M;=—2 4.25
z ; o (4.25)

In the formula, # is the number of rock layers that have collapsed in the old pond;
M; is the thickness of the collapsed rock layer, £ is the mining height, K, is the
expansion coefficient of the collapsed rock layer, S, is the settlement value at the
confirmed waste place of the rock beam below the basic roof (always less than the
old settlement value of the rock beam Sj).

Common methods for determining the thickness of the direct roof include the
“measured inference method” inferred from the measured step distance Cy and the
corresponding mine roof subsidence Ahg using expression 4.26. And the “drilling
columnar inference method” judged by the drilling columnar diagram of the overlying
rock layer of the mine.

The inference procedure of the “measured inference method” is:

Step one: Measure the first pressure step distance of the rock beam below the
basic roof Cj and the corresponding control roof distance L; subsidence of the mine
roof hyg;

Step two: Connect formula 4.26 to calculate the settlement value at the waste
place of the lower rock beam Sy;

C
Sq = — Aho (4.26)
Ik

Step three: Use expression 4.25 to infer the thickness of the direct roof.

h— Sa

M, =
7Ky —1
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In the formula, the expansion coefficient K4 value represents the rock strength of
each rock layer of the direct roof. The higher the rock strength, K4 the greater the
value. Generally, it can be taken K4 = 1.25—1.35.

The “drilling columnar inference method” judges layer by layer from bottom to
top according to the principle that the thickness of each rock layer of the direct roof
is less than the free space height allowed for movement below it, that is:

M, =M (4.27)
1

where

n—1

My<h—) MiKi—1)
1

n
My > h =) Mi(Ky = 1)
1

The “basic roof” is composed of “transmission rock beams” that significantly
affect the appearance of mine pressure in the mine (including roof pressure appear-
ances such as support load and subsidence, and support pressure appearances such
as coal wall compression). Each “transmission rock beam” in the “basic roof” is
composed of rock layers that move at the same time (almost at the same time),
including the support layer and the follower layer. Judged by the following formula.

If adjacent rock layers move at the same time (forming the same rock beam), then:

EsM$ > (1.15—1.25)*EcM¢ (4.28)
If adjacent rock layers move separately (forming “rock beams” separately), then:
EsM < (1.15—1.25)*EcM/ (4.29)

In the above formula, Mg and Eg represent the thickness and elastic modulus of
the lower rock layer respectively; M¢ and E¢ represent the thickness and elastic
modulus of the upper rock layer respectively.

Research and practice have shown that under general roof (overlying rock layer)
conditions, the number of “transfer rock beams” that make up the “basic roof” does
not exceed three. The total thickness is between 4—6 times the height. The compo-
sition of the typical roof (overlying rock layer) structure of a single rock beam and
multiple rock beams and their mining field rock pressure manifestations are shown
in Fig. 4.22a, b.

The pressure step distances of each transfer rock beam in the “basic roof” under
its own weight are expressed by formulas 4.30 and 4.31:

The first rock break pressure step distance (Co):



182 4 Key Technologies for Controlling Mining Dynamic Disasters

(a)

R

wi

I P I — b I
C C

(b)

™ 4 1
&

Fig. 4.22 Basic roof rock layer structure and mining field rock pressure manifestation

2
Co= | Mslos] (4.30)
(Ms +Mc)y

Periodic pressure step distance (C;):

C‘—lC‘ +l C. +M 4.31)
T2 o T s + Moy '

In the above formulas, Mg and M represent the thickness of the lower (support)
rock layer and the upper (follower) rock layer of the rock beam respectively. [os] is
the allowable tensile stress of the lower (support) rock layer. v is the average bulk
density of the rock beam. C; and C;_; represent the current periodic pressure step
distance and the previous periodic pressure step distance associated with it.

If there is only one layer of rock moving at the same time (this layer), then the
follower rock layer in the above formulas M is zero. This “rock beam” is composed
of a single rock layer movement.

(2) The relationship between the resistance capacity of the mining field support
and the state of the rock layer to be controlled—*transfer rock beam” position
equation.
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The resistance capacity and mechanical properties of the mining field support
must ensure absolute control of the direct roof break pressure. That is, when the
direct roof is cut off at the coal wall, the support must fully bear all its forces, which
means that the support must ensure safe operation under the “given load” of the
direct roof break pressure. The working resistance of the support that meets this
requirement can be expressed by the following formula:

Py=A=Mz y;-fz (4.32)

In formula 4.32, M, and y; represent the thickness and average bulk density of
the direct roof respectively; f, is the moment coefficient considering the position
of the support combined force action point and the old pond hanging roof. When
the distance from the support combined force action point to the coal wall (L;), the
control roof distance (L;) and the hanging roof distance Lg are known. It can be
calculated using the following formula:

fr=b(ig s 2 (4.33)
£7 o1 Ly '

When the “basic roof” rock beam is under pressure, the direct roof will be forced
to break and press. At this time, the mining field support can work under the working
state of the rock beam old pond end (break point) settlement touch coal—“given
deformation” condition. It can also work under the “limited deformation” condition
that prevents the rock beam from sinking to the break point touch coal.

When the basic roof rock beam is under pressure. When the support works under
the “given deformation” condition, the mining field roof subsidence (Ahy) is “given”
by the position state of the rock beam freely sinking to the old pond end break point
touch coal, that is:

Ahy = Ahy (4.34)

where
Ahy = % (4.35)
Sa=h—mz(Ky — 1) (4.36)

In the formula, Ahy is the mining field roof subsidence under the “given defor-
mation” (old pond break point can touch coal) condition of the mining field support;
ASy is the settlement value at the break point of the rock beam; L; is the control
roof distance of the support; Cg is the step distance for rock beam fracture; M7 is the
direct roof thickness for roof fall; K4 is the rock layer fracture coefficient for rock
beam energy discharge; & is the mining height.
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The resistance capacity of the support under the “given deformation” condition
(Pr) can be arbitrarily selected between the following two limit values. Among them:
the upper limit value of the support working under the “given deformation” condition
cannot exceed the sum of the direct roof action force (A) and the force acting on the
support from the sinking of the rock beam (K, ), that is:

PTmax =A+ K4 (437)
where
A=myz-yz7-fz
cve - C
Ky = mg - Yg - CE
Kr- Ly

In the formula, K7 is the proportion coefficient considering the weight of the
rock beam borne by the support, which can be taken as Ky = 2 under general roof
conditions.

The minimum resistance capacity of the support under the “given deformation”
condition (Prmin) cannot be lower than the direct roof action force, that is:

Pron=A=mz -yz-fz (4.38)

When the support is working under the “limited deformation” condition, the subsi-
dence amount of the mining roof to be controlled (Ak7) will be less than the subsi-
dence amount of the mining roof when the rock beam can discharge energy at the
fracture point (Ahy), that is:

AhT < AhA

where

Lk Sa

E

Ahy = Sa=h—mz(Ks— 1)

The symbol definition in the formula is the same as before.

The necessary resistance capacity of the support under the “limited deformation”
condition (Pr) can be expressed by the following “position equation” according to
the known differences in rock beam structural parameters. Among them:

When the thickness of the rock beam Mg and the fracture step distance Cg are
known:

Ahy

Pr=A+K,—— 4.39
T + AAhT ( )
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where
A=mz-yz-fz (4.40)
sy C
Ky = DEVETE (4.41)
Kr - Lx

The meanings and calculation methods of the symbols in the formula are the same
as before.

When the rock beam structural parameters Mg and Cg are unknown, the “posi-
tion equation” of the rock beam can be established through actual measurement. Its
expression is:

Pr = A+ K, 00 (4.42)
T = 0 Ay .
where
A=mz -yz-fz (4.43)
Ko =Po—A (4.44)

In the formula, Pp and Aho are the roof pressure (support resistance) and the
corresponding mining roof subsidence measured when the support is working under
the “limited deformation” condition.

2. Basic information of roof disaster accident dynamics

The principle of roof control design is to strive for the lowest support strength and
the smallest working resistance under the premise of effectively preventing roof fall
accidents. The basic requirements include: preventing the direct roof from breaking,
eliminating local roof fall accidents; preventing major roof accidents such as roof
cutting and collapse; controlling the subsidence of the mining roof within the range
allowed by the compression of the pillar (active pillar).

Practice has proved that during the pressure process of the basic roof fracture, the
key to preventing the direct roof of the empty roof area (tunnel) from breaking and
falling is to ensure that the resistance of the support can ensure the “internal stress
field” range, (In the structural mechanics model shown in Fig. 4.23, the working
face advances from A to B), the pressure borne by the coal wall reaches the lowest
possible value (i.e. omax). That is, the resistance of the support should be able to
ensure that the high-speed subsidence and rotation of the roof only occur after the
fracture line enters the mining area (control roof).

The decomposition and control of major roof collapse accidents have proven
that in the process of the direct roof and basic roof fracture pressing the preface
and development, preventing (or minimizing as much as possible) the delamination
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between the direct roof and the basic roof above the mining area (within the control
area) and the delamination between the “lower rock beam” and “upper rock beam”
of the basic roof is the key to eliminating the roof cutting collapse accident. The
corresponding control criterion is that when the basic roof “upper rock beam” is
pressed, the impedance of the support is sufficient to keep the “lower rock beam”
working at the position shown in Fig. 4.24a, closely attached to the “upper rock
beam”. The required support strength (PT value) in its corresponding mechanical
conditions can be obtained from the following “positional equation”, namely:

Ah
Pr=A+K—2 (4.45)
Ahr
where
A=mz yz [z
Me - e -
K, = Me-ve Ce
Ky - bk
LgS
Ay = LS
Cki
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Fig. 4.24 Schematic diagram of design criteria and mechanical conditions
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AhT = Ahmin

In the formula, Mg; and Cg; are the thickness of the lower rock beam and the
pressing step distance respectively; Ay, is the minimum sinking amount of the
mining roof before the upper rock beam (Mg, ) is pressed, which can be approximately
obtained by the following formula:

L Sa
Ahpin = 4.46
min 2CE2 ( )
Sa=h—Mz(K4—1) “4.47)

Obviously, the support resistance under the above support strength conditions
cannot limit the settlement of the upper rock beam. Therefore, when the upper rock
beam is pressed, the support will be given deformation, and it will work under
the conditions shown in Fig. 4.24b. The allowable shrinkage of the support (active
column) under this condition must meet the following requirements. Otherwise, when
the upper rock beam is pressed, a major accident of “pressing the support to death”
will occur.

Emin = Ay — Y0 (4.48)

In the formula, &y, is the required minimum allowable shrinkage of the support
(active column); ) o; is the total compression of the support roof breaking, drilling
bottom and “wearing shoes” “Wearing a hat” and other semi-automatic support
structures, which can be considered as )  o; = 0 during design; Ahy is the sinking
amount of the mining roof when the upper rock beam is pressed, which can be
obtained by the following formula.

LgSa
Ce

Ahy =

Sa=h—mz(Ky—1)

In the formula, Cg is the step distance of the forced fracture of the lower rock
beam when the upper rock beam is pressed, which can be approximately replaced by
the step distance of the free fracture of the lower rock beam; the meanings of other
symbols are the same as before.

The information basis for controlling roof accidents in the mining face includes
the following three aspects: @ Information on the range of rock layers to be controlled
and their movement development rules. This mainly includes: the thickness of the
direct roof and the step distance of the first collapse and periodic free collapse; the
composition of the basic roof rock beam, the thickness of the related rock beam and
the step distance of the first fracture and periodic fracture, etc. @ Information on the
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size distribution and development rules of the support pressure in the mining area.
This mainly includes the location and time of the compression failure in front of the
coal wall, also known as the “internal stress field”, and the rules of expansion with the
advancement of the mining area, etc. @ The location and damage characteristics of
faults and other structural damages, including the direction, drop, inclination angle
(especially the angle between the fault surface and the working face) of the fault
surface, and the structural features of major folding structures that penetrate the
working face, etc.

The changes in mining height have altered the movement space of the overlying
strata, the rotation angle of the rock mass, and the development of fractures. Based
on the research and analysis of the mechanism of roof disaster accidents and preven-
tion and control technology, in order to avoid the problem of roof control in the
large mining height working face affecting the production capacity of the working
face, the mining dynamics research group used the “transfer rock beam” theory to
establish a large mining height mining field structural mechanics model, discussing
the overlying strata structure and movement rules of the large mining height mining
field, correcting the concepts of direct roof and basic roof under large mining height,
and establishing the calculation method of support load. It is determined that in
the “given deformation” state, the shrinkage of the support should be greater than
the subsidence of the roof; in the “limited deformation” state, the impedance of the
support is related to the position of the rock beam; as the mining height increases, the
thickness of the direct roof may increase significantly, and the probability of large-
span hanging roof hard rock layers appearing in the direct roof increases. The range
of “transfer rock beam (basic roof)” that affects the appearance of mining pressure
in the mining field is relatively reduced, and the height of the related “rock beam”
from the mining field increases.

The range of rock layers that affect the appearance of mining pressure in the
mining field is limited, known, and variable. The range of rock layers that have a
significant impact on the appearance of mining pressure in the mining field is only a
small part of the overlying rock layers, including “direct roof”” and “basic roof”. The
relationship between the “support-surrounding rock™ in the mining field includes
the control method of the support for the direct roof and the control method for the
basic roof beam. Under normal mining height conditions, the “given load” working
method is adopted for the direct roof, and the basic roof adopts the “given” and
“good” deformation working methods. Under the condition of large mining height,
due to the possible appearance of large-span hanging roof structure in the direct roof.
To ensure the safe and effective work of the support, the “given deformation” and
“limited deformation” working methods should also be adopted for the direct roof.
For the direct roof, in the “given deformation” working state, the position state of the
direct roof when it is stable is determined by its strength and the support situation at
both ends, that is, the shrinkage of the support meets the subsidence of the overlying
rock layer, and the impedance is not enough to resist the subsidence of the direct
roof, and can only reduce its movement speed within a certain range; in the “limited
deformation” working state, the position state of the direct roof when it is stable is
determined by the support situation of the support, that is, the support should be able
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to completely impede the subsidence of the direct roof. For the basic roof, in the
“given deformation” working state, the position state of the rock beam end touching
the rock and the rock beam moving stably is determined by the strength of the rock
beam and the support situation at both ends. During the entire movement process of
the rock beam from the end fracture to the settlement to the final position, the support
can only reduce the movement speed of the rock beam within a certain range, but
cannot prevent the movement of the rock beam. In the “given deformation” working
state, the relationship between the support force and the roof pressure during the entire
process of rock beam movement is: Q roof > R support. In the “limited deformation”
working state, the state of the rock beam end not touching the rock and entering
stability (the subsidence of the mining field roof at the predetermined roof control
distance when the rock beam movement is stable) is limited by the impedance of the
mining field support, and in the “limited deformation” working state, the subsidence
of the mining field roof limited by the resistance of the mining field support is less
than the subsidence of the roof.

When mining thick coal seams with large mining height, due to the significant
increase in the one-time mining thickness, the space of the mined-out area is relatively
large, the collapse range of the direct roof and the fracture movement range of the
basic roof will increase significantly, and the original direct roof collapse is not
enough to fill the mined-out area, making the overlying rock layer of the mining
field have a large rotation space, therefore, some rock layers originally belonging to
the basic roof may be transformed into direct roof, the possibility (probability) of
large-span hanging roof hard rock layers appearing in the direct roof increases, at the
same time, the range of the basic roof (including the number and total thickness) that
affects the appearance of mining pressure in the mining field is relatively reduced, the
height of the related basic roof from the mining field increases, and the possibility of
fracture movement impacting the dynamic pressure of the mining field significantly
decreases. At this time, the structure model of the overlying rock layer in the mining
field is shown in Fig. 4.25, and a large-span hanging roof appears in the direct roof.

The direct roof is generally defined as the sum of the collapsed rock layers in the
mined-out area, and it cannot maintain the transfer force in the advancing direction,
and the weight is fully borne by the support; the basic roof refers to the one that always
maintains the transfer force in the advancing direction, and has a significant impact
on the appearance of mining pressure in the mining field. Therefore, the previous

l Main roof II

| T e
Main roof I ! | ‘j

Mz | Immediate roof

)

Fig. 4.25 “Single key layer” mining field structure. mg—Basic roof thickness, m; mz—Direct roof
thickness, m; h—Coal seam thickness, m
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definition of the direct roof is no longer suitable for the situation of large mining
height, and the definition of the direct roof under large mining height is revised to
be the sum of the collapsed rock layers in the mined-out area, and it cannot maintain
the transfer force in the advancing direction, and the weight is fully borne by the
support or partially borne.

(1) Theoretical determination of the range of direct roof:

n n—1 n
Mz=) MM, <h—) M(Ks—1), M1 =h—> M(Ks—1)
i—1 i=1

i=1

In the formula, M; is the thickness of the rock layer; K4 For the coefficient of
gob-side stone swelling; # For mining thickness.

(2) Direct roof range measured:

_ h—5,
TKy—1

My (4.49)

In the formula, S, is the size of the rock layer settlement.
(3) Basic roof range theoretically determined:

Adjacent rock layers move simultaneously (forming the same key layer), then
EsM§ > (1.15—1.25)*EcM? (4.50)
Adjacent rock layers move separately (forming different key layers), then
EsM? < (1.15—1.25)2EcM¢ 4.51)

In the formula, Ey is the elastic modulus of the lower rock layer; E¢ is the elastic
modulus of the upper rock layer; My is the thickness of the lower rock layer; M¢ is
the thickness of the upper rock layer.

(4) Basic roof range measured:

If the overlying rock layer is a “single key layer” structure, during periodic frac-
turing, the support load value R and the advancement step distance L show a single
periodic fluctuation state; if the overlying rock layer is a “double key layer” struc-
ture, during periodic fracturing, the support resistance curve shows a large and small
periodic fluctuation state, small amplitude fluctuations represent the pressure appear-
ance when the lower key layer fractures, large amplitude fluctuations represent the
pressure appearance when the upper key layer fractures, as shown in Fig. 4.26.

The “support-surrounding rock” relationship in the mining area, including the
control methods of the support for the direct roof and the basic roof, etc. Among
them, the “given load” control method is adopted for the direct roof, and the “given



4.3 Key Technologies for Roof Disaster Prevention and Control 191

Fig. 4.26 Pressure
manifestation rules of
different key layer structures

Single key stratum
Double key strutum

Support pressure(MPa)

Advancing step pressure(m)

deformation” and “limited deformation” control methods are adopted for the basic
roof. Under the condition of large mining height, due to the possible large-span
suspended roof structure of the direct roof, as shown in Fig. 4.27. To ensure the
safe and effective operation of the support, the “given deformation” and “limited
deformation” working methods should also be adopted for the direct roof.

(5) Control design of the “given deformation” working state of the direct roof:

The position state of the direct roof when it is stable is determined by its strength and
the support at both ends, that is, the shrinkage of the support meets the subsidence of
the direct roof, and the resistance of the support is not enough to resist the subsidence
movement of the direct roof, and can only reduce its movement speed within a certain
range. The structural model is shown in Fig. 4.28a.

The mining area is in a relatively balanced and stable state, take f1 = 1, f2 = %,

according to the mechanical balance, establish the support balance equation
Mmz2Pz28
gz = mzpzgf = mzi1pz18 + s (4.52)

Main roof II

Main roof I I

m ¢ - Immediate roof
y_

-~

Fig. 4.27 “Double key layer” mining structure. Mg1—Thickness of the lower key layer of the basic
roof, m; Mg>—Thickness of the upper key layer of the basic roof, m; Crj—Pressure step distance

of the lower key layer of the basic roof, m; Cry—Pressure step distance of the upper key layer of
the basic roof, m
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m: |- Main roof

Rr

e

Ir

Fig. 4.28 Direct top “given deformation” and “limited deformation” mining field structure

Shrinkage of the support column

h—mgzr (K4 — 1)1
—Ip

4.53
H (4.53)

Eshrinkage value = AhA =

In the formula, /7, is the control distance of the second layer of the direct roof,
m; Cy; is the pressure step distance of the direct roof, m; K4 — 1 is the coefficient of
gob-side stone swelling; my;, mz; are the first and second layers of the direct roof,
m; pz1, pzo are the densities of the first and second layers of the direct roof, (kg/m?).

(6) Control design of the “limited deformation” working state of the direct roof:

The position state of the direct roof when it is stable is determined by the support of
the support, that is, the support should be able to completely resist the subsidence of
the direct roof. The structural model is shown in Fig. 4.28b.

The mining area is in a relatively balanced and stable state, according to the
mechanical balance
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l l
Rrlr = mz1/0218121%1 + mzz,Ozzglzz%2
1 ) 2
= z[mszlglz] + mz20228 (e + If) ] (4.54)
Support strength

N>
qz = Mz1pz18 + Mz20228 + Mz20228 m + 21‘— (4.55)

k k

Know Iy = 0 when, gz = mz1p718 + mzpz28 = mzpz8, ly = lx, mzi = mz
when, qz = szzpzzg.

(7) Basic top “given deformation” working state control design:

The position state of the key layer at the end of the key layer and the stable movement
of the key layer is determined by the strength of the key layer and the support at both
ends. During the entire movement process of the key layer from end fracture to
settlement to the final position, the support can only reduce the movement speed of
the key layer within a certain range, but cannot prevent the movement of the key
layer. The mining field structure model is shown in Fig. 4.28a.

In the “given deformation” working state, the relationship between the support
force and the roof pressure during the entire process of the key layer movement is

Oroof > Rnotder (4.56)

At this time, during the entire process from the movement of the key layer to re-
entering stability, it is impossible to establish a direct relationship equation between
the support force and the roof pressure. But the support shrinkage can be obtained
according to Fig. 4.28b

h— mZ(KA — 1)
—lK

8=AhA= C
E

(4.57)

where, Cg is the basic top pressure step distance, m.
(8) Basic top “limited deformation” working state control design:

The state of the key layer at the end of the key layer and the stable movement is
limited by the impedance force of the mining field support. The structure model is
shown in Fig. 4.29.

In the “limited deformation” working state, the shrinkage of the support and the
sinking amount of the roof have the following relationship

Ahpolger < Ahroof (4.58)
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m: | Main roof

Immediate roof Il

mz |- Immediate roof I

Fig. 4.29 Single key layer “limited deformation” mining field structure

Establish the mechanical relationship equation between the support resistance and
the key layer position state that achieves balance, that is, the roof pressure received
when the basic top sinking amount is A#;, including the basic top key layer force
and the direct top force.

Ah
qe =f(Ah) = gz + K=" (4.59)
Ah;
where, K is the key layer position constant, that is, the unit area key layer action
when the roof sinking amount is Ay K = %

In summary, the selection and design of the support should clarify the over-
lying rock layer structure, that is, determine whether it is “limited deformation” or
“given deformation”. When “limited deformation”, the resistance is set, that is, the
impedance force of the support should control the sinking value of the basic top down
key layer to be sufficient to eliminate the possibility of impact when the upper hard
key layer is pressed; “given deformation” is set to shrink, that is, the shrinkage can
fully adapt to the maximum sinking amount of the mining field roof when the lower
key layer touches the bottom (sinks to the bottom).

It is determined that the basic top key layer that has a significant impact on the
appearance of mining pressure in the mining field can be divided into “single key
layer” and “double key layer” structures; under the “double key layer” structure of
the basic top, it is necessary to prevent the lower key layer from moving. The threats
of cutting the top and over-limiting the active column shrinkage, and preventing the
dynamic pressure impact on the mining field when the upper key layer is pressed.
Based on the mechanical characteristics of the high mining field structure, the design
guidelines for the high mining field support control top are established, as shown in
Fig. 4.30.

(1) “Single key layer” structure

When the basic top is pressed, the support should be able to ensure its “limited
deformation” on the basis of the direct top, and achieve the “given deformation”
control requirements of the basic top;
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As can be seen from Fig. 4.28, according to the mechanical balance, establish the
support balance equation,

qz = Mcoal Peoal + Mz 028

A
= Meoal Peoal + Mz10218 + Mz20228 + Mz20728 |:(li) + 211:| (4.60)
" "

where, m¢oa1, Peoal are the residual top coal thickness and density; mzy, pz1, mz2, P22
are the thickness and density of the first and second layers of the direct top; Iy, I; are
respectively the control roof distance and the suspended roof distance.

The bracket shrinkage is

h— mz(KA — 1)
g=——2A

c 4.61)

In the formula, % is the coal seam thickness; K, is the coefficient of gangue
swelling in the mined-out area.

(2) “Double key layer” structure

When the basic roof comes under pressure, the bracket should ensure that on the basis
of “limited deformation” of the lower key layer, the “given deformation” control
requirements of the upper key layer are achieved;

When the basic roof comes under pressure for the first time, as can be seen from
formula 4.59, the support strength of the bracket is

=gy + Kyl
qde1 =4z A Ah;
me1Cg10E18
= Mcoal Pcoal§ + mzpz8 + T (462)
k

In the formula, Cg; is the first pressure step distance of the lower key layer of the
basic roof.

When the basic roof comes under pressure periodically, as can be seen from
formula 4.59, the support strength of the bracket is

Ahy

= Ky,——
qe2 = qz + AAh,-

me1Co1PE18
= Meoal Peoal8 + Mz P28 + % (4.63)
k
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In the formula, Cp, is the periodic pressure step distance of the lower key layer

of the basic roof.

The shrinkage of the “double key layer” structure bracket is

h—mz(Ky— 1)
= —ZK
Cg

e (4.64)
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Chapter 5 ®)
Control of Large Deformation e
of Surrounding Rock Based on Stress

Gradient Theory

With the annual increase in the mining depth of coal mines and the exhaustion
of coal resources in central and eastern China, deep mining is affected by high
geothermal, high geostress, high osmotic pressure and mining disturbance. Some
mines have transformed from shallow hard rock mines to deep soft rock mines. The
Mesozoic coal-bearing strata in the western part have a late diagenetic age and poor
cementation, and are loose and weak mudstone, sandy mudstone or muddy sandstone,
which can easily modify when encountering water. This makes the problem of large
deformation of deep roadway difficult to support increasingly prominent, especially
the stability control of the mining roadway affected by dynamic pressure is more
difficult [1, 2]. Ordinary anchor net rope cannot meet the requirements of roadway
support, and there is a phenomenon of large deformation of the surrounding rock.
If the support is improper, it will lead to fast sinking speed of the roadway roof,
large sinking amount, and often accompanied by local roof fall; fast bottom drum
speed, large total deformation; serious side spalling of the two sides of the roadway.
This not only reduces the service life of the roadway, increases maintenance costs
and economic costs, but also endangers the safety of underground personnel, is not
conducive to the safe and efficient production of coal mines, and seriously affects
the normal progress of mining work. Especially for the support control of broken
surrounding rock under the influence of mining, it has always been a major problem
in the mining industry. For a long time, the control of large deformation of roadway
surrounding rock has always been a hot issue that people are committed to solving
[3-8].

Its purpose is to ensure the normal use of the roadway and create necessary
conditions for safe production in the mine.

For large deformation of the roadway, the existing mechanisms of large defor-
mation in deep roadways are mostly due to the combined effects of high geostress
(high self-weight stress caused by large mining depth, structural stress caused by
fault groups, and superimposed stress caused by mining), weakening of coal and
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Fig. 5.1 Broken surrounding rock in the mining area

rock properties, and support methods. The complex and abnormal high-stress envi-
ronment is the fundamental cause of large deformation in deep well roadways [9,
10], the poor cementation degree of the surrounding rock, strong expansibility, low
support strength, and the traditional anchor cable support is not coordinated with
the deformation of the surrounding rock under the intense excavation disturbance,
which cannot fully exert the bearing capacity of the surrounding rock itself, is the
main reason for the destruction of weakly cemented expansive soft rock roadway.
Under the conditions of deep well mining, the weakening of coal and rock properties
after entering the deep part has obvious characteristics, that is, the surrounding rock
shows continuous strong rheological characteristics, brittle coal and rock under low
confining pressure can be transformed into ductility under high confining pressure,
not only the deformation is large, but also has a significant “time effect” [11, 12].
Existing research divides large deformation of surrounding rock into three types:
large deformation caused by large burial depth, large deformation caused by mining
activities, and large deformation caused by low strength of the rock itself. Before
the excavation of the roadway, the underground rock layer where it is located is in
a natural equilibrium state. The excavation of the roadway or chamber destroys the
original stress equilibrium state, causing the stress redistribution of the surrounding
rock, changes in stress state and high stress concentration, resulting in displacement
or rupture towards the excavated roadway or chamber. In the interaction process
between the support structure and the surrounding rock, a load on the support is
formed. When excavating a roadway or chamber, regardless of whether it is ulti-
mately balanced or destroyed, the stress inside its surrounding rock will be redis-
tributed, which is not subject to human will. This stress redistribution behavior is the
process of self-organization stability of the roadway surrounding rock, and the large
deformation of the roadway is also closely related to the stress situation of the deep
rock mass, so in-depth study of mining stress and fully exerting the self-stability
of the rock is the most economical and reliable method to achieve stability of rock
underground engineering (Fig. 5.1).
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5.1 Phenomenon of Large Deformation and Destruction
of Surrounding Rock in the Mining Area

Whether the surrounding rock is broken is divided according to the integrity of the
entire rock mass. Broken surrounding rock refers to those with three or more struc-
tural surfaces, even chaotic, mainly weathered or jointed and weathered fractures,
greatly affected by tectonic stress or faults near the fault, fractures open, filled with
fillings, and the integrity index of the entire rock mass is less than 0.55. At present,
there are two methods for mining the overlying coal seam of the floor roadway
in China: leaving a protective coal pillar to protect the roadway and cross-mining.
Although leaving a protective coal pillar can avoid the severe mining impact on the
floor roadway, the protective coal pillar is surrounded by mined-out areas, causing
the area below the coal pillar to become a high-stress area. Under high stress, the
surrounding rock of the floor roadway undergoes obvious rheological phenomena
over time, which is not conducive to the long-term stability and maintenance of the
roadway. If cross-mining is used for mining, stress increase areas will be generated
in front of and laterally to the coal wall during the cross-mining process. As the
working face continues to advance, the stability of the floor roadway will be affected
by mining, leading to a decrease in the strength and stability of the surrounding rock
of the roadway, and even destruction. The characteristics of broken surrounding rock
are mainly poor stability, weak cohesion, discontinuous structure, and it is very easy
to collapse during roadway excavation, especially when there is groundwater. If the
original rock stress balance system is destroyed during the excavation of the roadway
and effective support measures are not taken in time, it may cause the excavation
roadway to collapse, directly threatening the lives of workers and equipment. Not
only that, this situation will also prolong the construction period. In addition, if the
tunnel is shallow, it is difficult to form a bearing arch during excavation, which will
cause surface deformation and subsidence, affecting surface activities. According to
statistics, 70-80% of the roadways in China are affected by mining, showing serious
bottom drumming, large deformation of the surrounding rock and difficult to control.
The maintenance of the roadway affected by mining has severely restricted the inten-
sification of coal mine production [ 13—16]. Only by understanding the characteristics
of broken surrounding rock and finding a reasonable and effective support method
can we ensure the normal progress of tunnel construction and production activities
and ensure the safety of construction workers [17].

5.1.1 Characteristics and Causes of Large Deformation
and Damage of Surrounding Rock in Mining Area

The intact roadway surrounding rock medium can be approximated as a linear
elastic body or an ideal elastoplastic body, and the deformation of the surrounding
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rock is small deformation. The key issue of this small deformation rock engi-
neering is strength instability. However, the deformation of broken surrounding rock
is essentially characterized by significant non-linearity, non-smoothness, and irre-
versible plastic deformation. The core issue of broken surrounding rock roadway
is large deformation instability. Generally, the deformation and damage of broken
surrounding rock have the following characteristics [18]: Various forms. The defor-
mation and damage modes generally include sinking and collapse of the top and
bottom plates, slabbing and bottom drumming, etc., and the surrounding rock shows
strong overall convergence and damage phenomena. The deformation and damage
modes are both structure-controlled and stress-controlled, with the majority being
stress-controlled. Long time. After the roadway is constructed, the stress of the
surrounding rock is readjusted to reach a new stress equilibrium state. Then, because
the broken surrounding rock does not have enough strength and has strong rheolog-
ical properties, the time for stress readjustment becomes longer, and the duration of
deformation and damage is also extended. The deformation of the broken surrounding
rock is large and the deformation speed is fast: the sinking amount of the tunnel roof
is large, most of which is between 200-500 mm, the deformation of the two sides
of the tunnel is serious, and the displacement of a single side is between 200-800
mm, accompanied by a strong drumming phenomenon at the bottom. The initial
convergence speed of the broken surrounding rock reaches 30 mm/d. After using the
conventional spray anchor support, the convergence speed of the surrounding rock
can still reach more than 20 mm/d, and its deformation convergence speed decreases
slowly.

The range is large. Under the action of large original rock stress, the broken
surrounding rock is damaged more extensively than the intact surrounding rock due
to insufficient strength to bear, especially when the support measures are improperly
taken, the range is even larger, and the maximum can even reach 2-5 times the radius
of the tunnel.

The positions are different. In different parts around the tunnel, the degree of
deformation and damage is different, which reflects the intensity of the geostress
where the weak broken surrounding rock is located varies with direction, and the rock
mass has strong anisotropy. The difference in deformation and damage in direction
often leads to uneven stress on the support structure, resulting in a large bending
moment in the support structure, which is very unfavorable for the stability of the
support structure.

The pressure comes quickly. The deformation convergence speed of the broken
surrounding rock is high. In a short time, the surrounding rock comes into contact
with the support structure and generates pressure. After the surrounding rock and
the support structure interact, the deformation and damage of the surrounding rock
does not stop immediately, but continues. This is because the surrounding rock has
rheological properties. In the rheological process of the surrounding rock, the strength
of the surrounding rock decreases, so the mine pressure increases with time.

Based on a comprehensive analysis of key coal mines at home and abroad, the
main reasons for the large deformation and damage of the broken surrounding rock
in the mining area are summarized as follows [19-21]:
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Dynamic pressure is an important reason for the deformation and damage of
the tunnel floor.
When the tunnel is in a static pressure state, the vertical principal stress it receives
oy is:

y

oy, =yH (5.1)

In the formula, y is the bulk density of the overlying rock layer of the tunnel,
N/m3; H is the depth of the tunnel floor, m.

When the overlying coal seam is mined, the weight of the overlying rock layer
of the mined-out area will be transferred to the coal and rock mass around the
mined-out area, forming a support pressure belt and causing stress concentration.
The surrounding rock of the tunnel floor will be damaged under the influence
of high mining pressure and cannot maintain stability.

The support form is unreasonable.

The use of reasonable support technology is also an effective means to avoid
deformation and damage of broken surrounding rock. After the tunnel is exca-
vated, the surrounding rock changes from a three-way stress state to a two-way
stress state. The surrounding rock moves towards the empty face. When the
deformation does not exceed the elastic deformation range of the surrounding
rock, it can be unsupported, otherwise it must be supported. Untimely support or
insufficient support strength may cause the weak structure in the weak structure
of the tunnel surrounding rock to gradually damage, destroy and even cause
serious deformation instability phenomena such as drumming at the bottom and
sides of the tunnel.

The failure of the support system and the deterioration of the stable state of
the surrounding rock are mainly due to the following reasons [22], firstly, the
strength of the support body is insufficient, the support force provided is limited,
and under the influence of mining, the stress concentration degree is very high
due to the high mining stress, and the support strength is not enough to resist
the high mining stress. Secondly, the support and the deformation stiffness of
the surrounding rock are not coupled. Under low confining pressure, the tunnel
damage mode is mostly brittle failure, while under high stress, the surrounding
rock often shows strong creep [23]. The deformation space of the surrounding
rock in the tunnel under the support of the steel mesh shell anchor spray +
arch shed is limited, and it cannot release enough deformation energy. Energy
accumulation is prone to occur in weak parts of the support, leading to the
destruction of the surrounding rock. Third, the use of anchor cables and other
supports did not fully mobilize the bearing capacity of the deep surrounding
rock. The original support method could only control the deformation of the
shallow surrounding rock of the tunnel, and could not make the deep rock effec-
tively bear the load of the shallow surrounding rock, achieving the effect of
improving the stress state and bearing capacity of the surrounding rock, even-
tually leading to the gradual destruction of the surrounding rock from shallow
to deep [24]. Fourth, due to difficulties in tunnel construction and maintenance,
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there are no bottom plate control measures, and the tunnel support structure as
a whole, the deformation of the bottom plate is closely related to the stability of
the top plate and both sides. The lack of support for the bottom plate becomes
the weak link of the entire tunnel support, eventually leading to the overall
destruction of the tunnel surrounding rock.

The surrounding rock itself has poor properties. The properties of the rock mass
determine the bearing capacity of the rock mass, mainly including the mineral
composition of the rock mass, the type of cementation, the structure of the rock
mass, fillers, the structural state, and the degree of weathering, etc.

The mineral composition of the rock is the main reason affecting its physical
properties. For example, clay rock and shale, their own compressive strength
and shear strength are low, when the rock mass contains a large amount of clay
or other expansive minerals, it will show serious softening or modification after
soaking in water, its strength becomes even lower, if such rock mass is under
high geostress or other external load conditions, its deformation and destruction
are more intense.

The physical properties of the rock itself are not only affected by its mineral
composition but also by the type of cementation of its internal particles. Some
clay rocks and most sedimentary rocks are connected by the cementing mate-
rial between their internal particles. When such rocks are subjected to external
loads, their physical properties are closely related to the cementing material
and cementation type of their internal particles. The mineral composition and
cementation type of the rock are the intrinsic reasons affecting its physical
properties, while its structural state is the external reason affecting its proper-
ties. During the process of rock formation, due to the great influence of tectonic
movement or other external environments on its formation, it forms a complex
internal structure. Various structural states formed inside the rock mass will
reduce the physical and mechanical properties of the rock, and the deformation
and destruction of the rock often start from the fracture structure.

Generally speaking, the higher the hardness of the mineral, the higher the
strength of the rock. Structural surfaces usually weaken the strength and self-
stability of the rock. If the structural surface is filled with weak components
such as mud, accompanied by rock weathering phenomena, the strength of the
rock mass is even lower.

Geostress. The original rock stress is the most fundamental cause of the defor-
mation and destruction of the broken surrounding rock. Construction excavation
breaks the original stress balance of the surrounding rock, the stress is readjusted,
causing some places in the construction tunnel surrounding rock to show stress
concentration. The original rock stress can be divided into self-weight stress
and horizontal tectonic stress. The size of the self-weight stress only depends
on the overlying rock layer and the depth of the tunnel. The deeper the burial,
the greater the mass of the overlying rock layer, and the gravity acting on its
support structure also increases accordingly. Generally, the horizontal tectonic
stress is closely related to the activity and complexity of geological tectonic
movement. During the process of geological tectonic movement, the rock mass
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deforms to a certain extent in both horizontal and vertical directions under the
action of external forces, forming different distributions and different forms of
geological structures. If its support structure does not have enough force to bear
its self-weight stress and horizontal tectonic stress, the support structure will
become unstable and be destroyed, and the surrounding rock will also deform
and be destroyed. Geostress is a necessary condition for the destruction of the
surrounding rock, and to a certain extent determines the mechanical properties
of the rock mass, such as the strength and elastic limit of the rock mass under
three-way stress are significantly higher than under two-way stress. Geostress
can also cause the rock mass to transform between brittleness and plasticity,
such as the rock mass that appears as hard rock during shallow mining may also
show large deformation, plastic flow and other characteristics of soft rock under
high stress during deep mining.

Other factors influence.

Groundwater is mainly divided into dynamic water and static water. Dynamic
water has dynamic water pressure, and static water has static water pressure.
The impact of dynamic water pressure on the physical properties of rocks is
mainly manifested in the kinetic energy generated by the water flow causing the
rock mass to displace and continuously eroding the cementing material between
the rock mass, causing the rock mass to break and become unstable. The impact
of static water pressure is manifested in the static water pressure reducing the
friction between the fractured rock blocks, leading to the collapse and collapse
of the surrounding rock. In addition, the chemical components in groundwater
can also cause erosion, softening, and dissolution of the rock mass, leading to
deformation and destruction of the rock mass, especially in muddy surrounding
rock, groundwater not only makes the surrounding rock muddy but also causes
its volume to expand, becoming a deformation and destruction prone point.

The location and cross-sectional shape of the roadway determine the stress
state of the surrounding rock of the roadway. The stability of the roadway is best
when the direction of the roadway is parallel to the direction of the maximum
principal stress. The smoother the transition of the curves in each section of the
roadway, the better the stress state of the roadway, and the more conducive to
the stability of the roadway.

External factors affecting the deformation and destruction of broken
surrounding rock also include tunnel construction technology, tunnel type and
size, and the support technology used. There are various construction tech-
niques for tunnels, and the impact on the deformation and destruction of the
surrounding rock is also different. Common tunnel shapes include elliptical,
circular, and circular arch shapes. The reason why most tunnels choose the
above shapes is because these shapes can better disperse the original rock stress
than rectangular or trapezoidal cross-sections, avoiding stress concentration at a
certain point or surface and causing tunnel instability and destruction. The size
of the tunnel is not the bigger the better, and the appropriate engineering size
should be chosen according to different engineering realities.
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In general, there are many factors affecting the deformation and destruction
of broken surrounding rock, and the impact is either large or small but should not
be ignored. During construction, it is necessary to make various factors restrict
each other in order to achieve the purpose of tunnel stability.

5.1.2 Mechanical Characteristics of Large Deformation
of Stope Surrounding Rock

The stability of the surrounding rock depends on the degree of fragmentation of the
surrounding rock, which reflects the impact of the surrounding rock by tectonic move-
ment. The stability of the tunnel is closely related to the stability of the surrounding
rock. Therefore, the degree of fragmentation of the surrounding rock plays a leading
role in the stability of the tunnel. The higher the degree of fragmentation, the easier it
is for the surrounding rock to become unstable after the tunnel is excavated, the worse
the stability, and the more difficult the later support. Understanding the destruction
mechanism of broken surrounding rock can find ways to support such tunnels.

At the beginning of the last century, R. Felmer first proposed the elastic—plastic
analysis method of surrounding rock deformation, and then H. Kastnerls revised it
based on R. Felmer’s research [25], this theory played an important role in tunnel
support for a certain period of time. But the shortcomings of both are that they
assume that after the surrounding rock of the tunnel is damaged, the strength of
the surrounding rock continues to maintain the original strength value, causing the
theoretical calculation value of the surrounding rock plastic zone to be small, and
the tunnel support designed according to this theory is difficult to support the actual
surrounding rock load, causing the support structure to be damaged. With continuous
research on soft rock tunnels, some scholars have proposed that the surrounding rock
is assumed to be an ideal brittle-plastic body. The most representative is the Alery
strain softening theory calculation formula, which proposes that the strength value
will drop sharply to a certain residual value after the rock mass is damaged. The
plastic zone of the surrounding rock calculated by this theory is too large, and the
result is that the support stiffness designed by this is too large, causing a certain waste.
After a large number of tests, it is known that the strength value of the surrounding
rock damage is gradually reduced to a certain value, showing obvious rheological
and creep characteristics.

The destruction of soft rock belongs to the category of solid mechanics research,
and the development of related theories also provides a new interpretation method for
the analysis of the destruction mechanism of soft rock tunnels. Among them, the most
prominent is the damage mechanics theory. Since solid mechanics mainly studies the
mechanical properties of continuous media, many scholars have established related
continuous media models and theories from different angles, greatly enriching the
theoretical support of damage mechanics in the analysis of the destruction mechanism
of soft rock tunnels.
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Fig. 5.2 The influence of d]_:‘=qd§
vertical stress on point M in
the infinite plane [22]

FX

Since the nineteenth century, the theory of surrounding rock pressure has made
great progress, from classical pressure theory and loose body pressure theory, to
the currently widely used elastic mechanics theory and plastic mechanics theory.
According to the elastic mechanics theory, when a semi-plane body is subjected to
vertical distribution force on the boundary, as shown in Fig. 5.2, the distribution force
can be taken at a small length & at the AB section distance from the coordinate origin
O d&, the force received dFF = gdé& is regarded as a small concentrated force, and
the stress formula of the superposition of concentrated stress is obtained at any point
M below, that is, formula 5.2.
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Soviet scholar M. M. Protodyakonov, through studying the stress distribution
of the rock mass above the underground ketone chamber, believes that after the
surrounding rock stress is redistributed, a curved pressure arch is formed above the
chamber, thus proposing the Protodyakonov theory [26-28], the calculation formula
is:

B
2 4 htan(45° — £
q="2 Jf 2), (5.3)

where, ¢ is the vertical average stress; y is the weight of the surrounding rock; B is
the tunnel width; % is the tunnel height; f is the hardness coefficient, ¢ is the internal
friction angle of the surrounding rock. Through years of practical verification, the
Prusik theory based on pressure arches can be well applied to deep tunnels in loose
and broken geology.
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Rock is a naturally formed brittle material. Due to long-term geological move-
ments and complex geological environments, the rock contains rich cracks, holes, and
defects, forming non-homogeneous, non-continuous, anisotropic, and strong discrete
dissipative structural features. As people’s understanding of the microscopic proper-
ties of rock materials continues to deepen, it is gradually found that the rock strength
theory established by the classical continuum method cannot explain the randomness
and discreteness of rock strength. Rock is a complex particle system formed by a
large number of discrete particles through bonding. In fact, the failure process of rock
is the bonding failure process between particles. Under the action of external forces,
the binder between the particles inside the rock mainly bears tension, shear, pressure,
and various forces. Under the action of external forces, the bond (also the bonding
position) is broken to form micro-cracks. The aggregation of cracks forms a macro-
scopic failure surface. In fact, the failure of rock is the macroscopic manifestation of
internal bonding failure accumulation.

Existing research shows that there are generally three types of formation mech-
anisms for large deformation of roadway surrounding rock: one is deep mining and
deep underground engineering, due to the large depth of the project, resulting in a
large rock self-stress field; the second is caused by underground mining activities,
resulting in a stress field superposition effect; the third is that the rock itself has
low strength and obvious deformation occurs under low stress conditions, which is a
large deformation of expansive soft rock. For deep tunnels, their stress environment
is quite different from that of shallow tunnels. The surrounding rock of deep tunnels
has the characteristics of severe deformation and difficult control under high stress;
the backfilling tunnel affected by mining, because the surrounding stress field has
caused a disturbance once during excavation, and the superposition of mining stress
during the working face backfilling, the tunnel is prone to large deformation.

Kang and others [29] took a deep roadway along the goaf in Huainan as the
background, used numerical simulation to analyze the deformation of the roadway
surrounding rock, and found that due to the large deep ground stress, the goaf along
the roadway was more strongly affected by mining, the plastic zone of the coal body
continued to expand, the coal gangue expanded and bulged, the roof subsidence and
rotation continued to increase, and the bottom bulge was serious, as shown in Fig. 5.3;
Fang and others [30, 31] studied the deformation characteristics of deep well broken
surrounding rock roadway in Xuehu Coal Mine, and found that the two sides of the
roadway moved closer, the deformation rate was large, the bottom of the roadway
bulged seriously, and it lagged behind the excavation for half a month, and it was
still difficult to self-stabilize after multiple repairs, as shown in Fig. 5.4.

The deformation and failure of the large deformation roadway surrounding rock
is essentially caused by the formation and development of the plastic zone of the
surrounding rock. The different geometric shapes and ranges of the plastic zone
determine the failure mode and degree of the surrounding rock. Zhao and others [32,
33] According to the theory of elastoplastic mechanics, the boundary equation of
the plastic zone of the surrounding rock of the circular roadway under the condition
of non-uniform stress field is derived, and the irregular distribution of the butterfly-
shaped plastic zone and the mechanical mechanism of the formation of the plastic
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Fig. 5.4 Change curve of deep mine roadway surrounding rock

zone of the surrounding rock of the roadway are theoretically discovered. In order to
directly use the method of elastic mechanics for analysis, the mechanical model of
the mining roadway is simplified as follows: first, because the depth of the roadway is
generally much larger than the radius of the roadway, the stress field can be regarded
as a uniform load, and because the length of the roadway is generally large, it can
be treated as a plane strain problem. Secondly, the strength of the surrounding rock
and the non-uniformity and discontinuity of the rock mass are not considered first.

Instead, it is regarded as an isotropic homogeneous medium. The analysis of the
circular roadway affected by the two-way unequal pressure stress field is shown in
Fig. 5.5. Under the condition of the two-way unequal pressure stress field, according
to the theory of elastoplastic mechanics, the boundary equation of the plastic zone
of the surrounding rock of the circular roadway under the condition of non-uniform
stress field is obtained, that is:

R Ro\?® Ro\°® Ro\* Ro\>
f<—0>=K1'<—O> -I-Kz'(—()) +K3'<—0> +K4'<—0> +Ks=0
r r r r r



210 5 Control of Large Deformation of Surrounding Rock Based on Stress ...

Fig. 5.5 Force model of y vH
unequal pressure circular A !
roadway RAZEERIEEEEEEN
- . B ~ —
. ’/ Y h) gt
-— / /‘/'\( ol
- / 0 |
- ~ ~\ LI X
! I 3 e
AyH | N % "B AyH
-l | !/ >
— * /. —
— N, . L >
~ i -y
I O I
vH

where, Ry is the radius of the circular roadways; r is the depth of the plastic zone at
the corresponding 6 angle; when the depth of the roadway, the bulk density of the
surrounding rock of the roadway y, the lateral pressure coefficient A, the cohesion
of the surrounding rock C and the internal friction angle ¢ are all given, the plastic
boundary of the roadway can be calculated;

Ki =91 — 1%
Ky = —12(1— )2 — 6(1 - AZ)COSZG;
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The ratio of the two-way load of the roadway (lateral pressure coefficient) has a
significant impact on the geometric size and distribution shape of the plastic zone
of the surrounding rock of the roadway. The plastic zone of the surrounding rock of
the roadway in different orientations is sensitive to the change of the lateral pres-
sure coefficient, resulting in an irregular “butterfly” plastic zone in the process of
increasing the maximum ratio of the two-way load. This plastic zone has a large
non-uniform coefficient, which is not conducive to the stability of the surrounding
rock of the roadway. The larger the maximum ratio of the two-way load, the more
likely the surrounding rock of the roadway is to have an irregular “butterfly” plastic
zone, and the greater the maximum depth of the plastic zone of the surrounding rock
of the roadway.
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The size of the load has an important impact on the geometric size of the plastic
zone of the surrounding rock of the roadway. Under the condition of two-way load,
the range of the plastic zone of the surrounding rock in the direction of larger load
is smaller, while the range of the plastic zone produced in the direction of smaller
load is larger. When the lateral pressure coefficient is constant, the size of the load
has a greater impact on the size of the plastic zone of the surrounding rock, but has
a smaller impact on the shape of the plastic zone, basically not changing the shape
of the plastic zone of the surrounding rock.

The influence of the cross-sectional shape of the roadway on the shape of the
plastic zone is related to the size of the load. When the load is small, the influence
of the cross-sectional shape is large. When the load increases to a certain extent,
the influence of the cross-sectional shape on the shape of the plastic zone gradually
weakens.

When the load direction of the surrounding rock of the roadway changes, it will
cause the plastic zone of the surrounding rock of the roadway to rotate, resulting
in asymmetric damage to the surrounding rock of the roadway, with the depth of
roof damage on one side significantly larger than the other. When the ratio of the
two-way load of the roadway is large, the change of the load direction will cause the
wing angle part of the butterfly-shaped plastic zone to appear above the roof of the
roadway, which is easy to produce a falling arch, which is extremely unfavorable for
the maintenance of the roadway.

The lithology and combination of the surrounding rock of the roadway also have a
significant impact on the geometric size and distribution shape of the plastic zone of
the surrounding rock. The range of the plastic zone of the surrounding rock decreases
with the increase of the strength of the rock mass. The layered combination rock mass
surrounding the roadway can also produce butterfly-shaped and other irregular plastic
zones when the ratio of the two-way load is large. A sudden change in the boundary
of the plastic zone will occur on the contact surface between the rock layers.

During different stages of mining influence, the formation and development of the
plastic zone of the surrounding rock in the mining roadway show different distribution
patterns and evolution laws: During the roadway excavation stage, the stress of the
surrounding rock near the roadway is redistributed, and the stress of some surrounding
rocks increases. When it exceeds the strength limit of the surrounding rock, plastic
deformation and damage occur. The range of the plastic zone is small, the boundary of
the plastic zone is symmetrical, and the maximum damage depth occurs at the central
position of the top and bottom of the roadway and both sides. After being severely
affected by mining, the boundaries of the plastic zones of the top, bottom, and both
sides of the roadway expand asymmetrically, and the range of plastic zone damage
continues to expand. The plastic zone of the surrounding rock in the mining roadway
is mainly caused by the mining influence of the coal mining face; due to the influence
of the superimposed stress field of mining, the mining stress increases rapidly, and
the shape of the plastic zone also changes, forming an irregular “butterfly” plastic
zone with a certain rotation angle, as shown in Figs. 5.5 and 5.6.

Generally speaking, the degree of fragmentation of the surrounding rock of the
roadway can directly reflect the stability of the surrounding rock. When constructing
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Fig. 5.6 Irregular
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in areas where the surrounding rock is more fragmented, the mechanical properties
of the fragmented surrounding rock have the following points:
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The overall strength of the fragmented surrounding rock is not high. During the
excavation of the roadway, it cannot maintain the stability of the roadway by
its own ability, and it is more prone to instability and damage than the intact
surrounding rock.

The joints and cracks of the fragmented surrounding rock are more developed
than the intact surrounding rock, and their distribution also shows no obvious
regularity. Their structural surfaces also show mutual intersections and no signif-
icant directivity. Therefore, to a certain extent, it can be regarded as a continuum
with the same properties in all directions.

When the fragmented rock mass is approximately regarded as a continuum,
the rock mass as a whole will show certain elastoplastic characteristics. This
elastoplastic characteristic can be understood as the stress in the rock mass
causing the rock mass to fail and produce slippage. After that, it maintains a
certain strength with the development of deformation and has strain hardening
characteristics. In theoretical analysis, the elastoplastic theory of continuous
media should be used as the basis for analysis.

He Manchao and others started with the stress environment where the deep

roadway is located, analyzed the mechanical mechanism and characteristics of large
deformation in deep mines, and believed that a significant feature of deep mines is
high stress level and complex stress mechanism. First, the roadway is buried deep and
has a gravity mechanism. The shallow surrounding rock of each rock group enters a
deep high-stress state and strain softening state after being exposed.
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According to the results of regional tectonic system and in-situ stress field
measurement, the azimuth of the main roadway and the angle between the stress direc-
tion are large, and the tectonic stress has a significant impact on the deep roadway,
so the deformation of the deep roadway has a tectonic stress mechanism.

Deep mining is strongly affected by mining. Due to the characteristics of deep
mining and the arrangement of mining sequence, deep roadway engineering is
affected by the surrounding working faces during construction and maintenance,
and the disturbance frequency of neighboring mining to deep roadways is high and
correspondingly strong. The roadway has a mechanism of engineering bias stress.

Fracture development and large rock structure fragmentation are another feature of
deep soft rock roadways. From the analysis of diagenesis and coal-bearing construc-
tion in the aforementioned mining area, mudstone is soft and brittle, sandy mudstone
and sandstone have medium strength, but they are rich in carbonaceous and muddy
stripes, bedding joints are developed, and the rock structure has multiple slip surfaces
and weak interlayers. From the statistical analysis of core recovery, the core recovery
rate and RQD index of mudstone group and sandy mudstone are low, so the overall
strength of deep rock mass, especially mudstone group and sandstone group, is low
due to the influence of structural surface, and deep soft rock has the characteristics
of jointed soft rock.

Mudstone also has strong water softening characteristics and certain water absorp-
tion expansion characteristics. In mudstone, the content of clay minerals is high,
and water softens the rock body through lubrication, water wedge action, dissolu-
tion and potential erosion, causing the strength of the rock body to drop sharply
after encountering water. In addition, mudstone has a certain colloidal expansion
mechanism.

5.2 Research on Rock Deterioration Model Based on Stress
Gradient Theory

The excavation process of underground engineering produces structural free surfaces,
causing the stress near the excavation boundary to redistribute, forming a new multi-
axial stress state in the surrounding rock. A large amount of research [34-38] It has
been confirmed that the confining pressure has a significant impact on the mechanical
behavior of rocks, especially in terms of strength and fracture characteristics. The
rate of change of confining pressure in a certain direction directly determines the
mode of failure of the surrounding rock. Under high ground stress conditions, the
radial stress shows a significant gradient change in the surrounding rock due to the
influence of vertical stress, which in turn affects the stability of the surrounding rock.
After excavation, the rock mass deteriorates and becomes unstable due to different
stress environments [39—44]. Instability or damage of the surrounding rock often
occurs in areas with significant stress gradients. Therefore, the stress gradient is one
of the main factors considered in the analysis of rock mass stability.
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5.2.1 Rock Mass Deterioration Parameters Based on Stress
Gradient Theory

The existence of natural fractures in the rock mass makes it impossible to satisfy
the continuity assumption of classical continuum mechanics [45, 46], considering
the rock as an ideal elastoplastic material, assuming that ¢;; and o;; comply with the
generalized Hooke’s law within the linear elasticity range:

_ Tjkki,ij)
Vikkii) = G

1
{ EiGjk) = E[Ui(/‘,k) - M(Uj(k,i) + Gk(i.j))] (5.4)
where, oj(; 1) is the stress component; &;(; k) is the strain component; G is the Lame
constant; E is the elastic modulus.
The calculation process considers the static process, and the balance equation is
as follows:

0y — Tijk,ij +fi =0 (5.5

where, f; represents body force, that is, the external force received by the physical
internal microelement. The stress component is represented by the statistical average
of the stress changes on the relatively small but not infinitesimal volume of the rock
mass and the stress gradient 7' (x, y) is calculated,

2 2
T(x.y) = [Vf| = \/ (%) + (%) (5.6)

The stress gradient induces discontinuous and gradient-type expansion deforma-
tion such as delamination, sliding, and tensile and shear cracks in the surrounding
rock of the tunnel [47]. To maintain the integrity and self-supporting ability of the
surrounding rock, and to reduce the expansion and degradation of the rock mass
caused by stress gradient, the method of reinforcing the surrounding rock with anchor
bolts and sprayed concrete is usually used. Therefore, it is proposed to use the stress
gradient compensation coefficient to evaluate the effect of supporting the deteriorated
rock mass. According to the distribution law of stress gradient, the stress gradient
compensation coefficient n can be expressed as:

_ (O’ij/Po)dx - (O’()/P())dx
n= oo/ Po)ds O<n<l (5.7)

where, o;; is the horizontal stress under different pre-tightening support conditions,
0y is the horizontal stress of the rock mass under the initial excavation conditions,
Py is the original rock stress.
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The rock is assumed to be an isotropic composite composed of countless microele-
ments. The spacing and volume of the microelements after anchoring with anchor
bolts are smaller than those under the initial excavation state, and the increase in
the interaction force between the microelements leads to an increase in the stress
gradient (Fig. 5.7). Based on the differences in mechanical parameters in the actual
rock mass and the discreteness of rock material properties, the effective stress gradient
compensation coefficient 7, and n numerical relationship is as follows:

T(actual value)

= (5.8)
(theoretical value)

where, T(sctual value) 18 the actual value of the rock stress gradient, T iheoretical value) 1S

the theoretical value of the rock stress gradient.

Meanwhile, during the process of stress redistribution of the surrounding rock of
the roadway, the stability of the surrounding rock significantly decreases. The stress
gradient damage variable is used to characterize the stability of the rock mass, and
the stability coefficient Y is expressed as:

S (07/Po)dx — T (x) 5.9)

(a[j /Po)dx

where, T (x) is the stress gradient.
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Fig. 5.7 Schematic diagram of stress gradient compensation
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5.2.2 Solution of the Rock Mass Deterioration Model Based
on Stress Gradient Theory

1. Calculation of the ideal elastic—plastic stress gradient solution based on the M-C
criterion

To simplify the research, we assume that the deep-buried circular flat roadway is
infinitely long; the original rock stress is isotropic; the rock mass is an ideal elastic—
plastic material; the roadway burial depth >20 R, [48—-50]. The constitutive relation-
ship of the plastic zone adopts the incremental constitutive relationship, that is, the
Levy—Mises relationship [51] is determined. The mechanical model and constitutive
relationship of the axisymmetric circular roadway are shown in Fig. 5.8.

Its elastic solution, according to the research results of predecessors [52-54] have

R2

o, = P0< - —g) (5.10)
I
R2

oy = Po(l + —3) (5.11)
r

where, o,, 0y representing the radial stress and tangential stress of the surrounding
rock elastic zone respectively; Ry represents the radius of the circular tunnel; r repre-
sents the radius of any point in the surrounding rock; Py represents the original rock
stress.

According to the generalized Hooke’s law: ¢ = }Y[az — v(o, + 0p)], then in the
original rock stress zone after tunnel excavation, there is

Po = v(Py + Po) + Ee (5.12a)

Yy ¥ 4
-

O

e
| / 0 Ideal elastoplastic &
. constitutive model

Fig. 5.8 Mechanical model and constitutive relationship of roadway surrounding rock
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where, E represents the elastic modulus, v represents the Poisson’s ratio.
In the elastic stress zone after tunnel excavation, for an infinitely long tunnel, it
can be simplified as a plane strain problem, there is

oz =v(o,+o0y) + Eey (5.12b)
Subtracting Eq. 5.12b from 5.12a and rearranging, we get

oz = v(o, + o9 — 2Py) + Pyoy
=v(o, +0y) + Ecz (5.12¢)

Substituting Eqs. 5.10 and 5.11 into Eq. 5.12¢, we get
O7 = PO (513)

where, o7 and &7 represent the stress and strain in the surrounding rock elastic zone
along the tunnel axis direction respectively.

For the original rock stress when the surrounding rock begins to yield, according
to the M-C yield condition, there is

T = ¢ + o,tang (5.14)

where, T and o, represent the shear stress and normal stress on the failure surface
respectively, ¢ and ¢ represent the cohesion and friction angle respectively.
Combine it with the Mohr circle to transform it into the following formula:

01 —03

2

01+U3
=c-cosg0+T

sing (5.15)
where, o7 and o3 represent the maximum compressive stress and minimum compres-
sive stress corresponding to the peak value during the loading process 5%
respectively.

Introduce shear stress 713 = 252, 13 =

01+03
2

2c¢ - cosg 1 + sing
= o

=oc+o,-¢ (5.16)

Oy = r N
T sing 1 — sing

Its elastic—plastic solution, in the elastic zone, the stress solution of the elastic
zone with undetermined integral constant is:

or=A—
oyg = A+

In the plastic zone, when the original rock stress Py > P?f ~€ reaches the M-C
yield condition, the yield range of the tunnel surrounding rock, that is, the radius

(5.17)

e ®



218 5 Control of Large Deformation of Surrounding Rock Based on Stress ...

of the elastic—plastic interface, continues to increase. According to the Levy—Mises
constitutive relationship, there is:

207 — 0, — 0y de,

=— 5.18
20, —0g —oyz de (5.18)
Get:
oy = I (5.19)
2
Substituting Eq. 5.19 into Eq. 5.14, we get:
o, —0g = (1 —¢)o, —oc (5.20)
Substituting Eq. 5.20 into the balance equation, we get
d r r
o I (5.21)
dr r
Solve to get:
do, d
__ 4% _¥ (5.22)
(e — Do, 4+ oc¢ r
Integrating Eq. 5.22, we get:
o, =C -t = ¢ (5.23)
e—1
Boundary conditions:
Elastic zone:
Outer boundary
r— 00;0, =0y =Py (5.24)
Inner boundary (elastic—plastic interface):
[oF
r — A i
o } Tr (5.25)
o, (T,-‘(Z-Ug A

Plastic zone:
Outer boundary (elastic—plastic interface)

arP =of (5.26)
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of =0} (5.27)

Inner boundary o, = 0
So

oc _
Ci = — “Ry¢ (5.28)

Solving Egs. 5.19, 5.20, 5.23, and 5.28 together, we get the stress in the plastic

zone:
of =2 | (L a 1 (5.29)
o e—1 RQ ’
b oceel (! . (5.30)
o, = _— — O, .
o e—1 R() ¢

p_oco e+ D(r\7T ] e
o, = 26D |:<Ro> 1:|+ > (5.31)

From Egs. 5.17 and 5.24, we get:

B

o =Py~ = (5.32)
I
B

09 = Py + = (5.33)
r

Solving Egs. 5.29, 5.32, and 5.26 together, we get:

e—1
e [(i> = 1] — P (5.34)
e—1 Ro PP
e—1
—plp, -2 | (L) -
B= PPiPo - |:<Ro) 1} } (5.35)

Solving Egs. 5.19, 5.32, 5.33, and 5.35 together, we get:

ep _lp e [(RNT | 5.36
o, =Py | <R_o> (5.36)
R e—1
of = Py + {Po - [(R—’;) - 1“ (537)
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of =Py (5.38)

The stress balance relationship at the elastic—plastic interface is obtained from
Egs. 5.27, 5.30, and 5.37:

e—1 e—1
oc-el(r _ oc | (Rp _

e—1

The radius of the plastic zone is obtained by solving Eq. 5.29:

@Po—oc)e —1) | 1} o (5.40)

Rp =Ry -
P 0[ oc(e + 1)

oc(e+1)
The stress in the elastic zone is obtained by solving Egs. 5.32, 5.33, 5.35, and

5.40 together:

Let g = [w + 1] , Eq. 5.40 can be simplified to Rp = Ry - B.

re o ac e—1 _
oy } PoF 27 =G D] (5.41)
ol =

of 1
rt=PyFNL
of } 0 r (5.42)

O‘§=P0

Let N = R}p? [Po (,8’3 1_ 1)], then Eq. 5.41 can be simplified to Convert

polar coordinates to Cartes1an coordinates:

1
¢ = Py—N———
of 0 e
1
of =Py+N——
[Z 0 X242
2 2 2=y
Oy =0, +U . — _N—
xz +y2 0 x2+ 2 (.X2+y2)2
2 2 2 2
Oy = 2y 2 2x 2_P0+Nx .
xXc+y xXc+y (x2+y2)
Ty = —2N—2 (5.43)
(¥ +%)

Have
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UZR =c¢-cosp + T2 sing

JETE e
According to Eq. 5.14, set

fx,y,2) =1 — ¢+ oytang (5.45)

Another expression based on the M-C criterion can be obtained:
fO,v,2) =17 —c+oytang =0

Substitute Eq. 5.44 into Eq. 5.45 to get

_ Oy — Oy 2 , Oxtoy | _
f,y,2)=2 2 + 12— 5 sing —c - cosp = 0 (5.46)

Calculate the gradient field of formula 5.46 to get:

vf = (—f*+ 8% aﬁ ) (5.47)

Formula 5.47 is the stress field gradient based on the M-C criterion. The stress
field of the surrounding rock in the tunnel is considered as a plane strain problem,
so formula 5.47 can be simplified to:

Vf = (%l + s ) (5.48)

Under plane strain conditions, the stress field gradient value based on the M-C
criterion is:

vf = (—f +a—f +a—fk)T(x V) = |f]

I+

Solution of stress gradient in elastic zone:

do, N 2x(x* = 3y*) o, N 2x(x* = 3y?)

dx (x2+y2)3 " ox (x2 +y2)3
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do, V. 2y(3x? _yZ)' 9o, V. 2y(3x? _y2).

Ay (2+y2)° "oy B (2 +y2)°
0Ty _ y(y2 — 3x2)‘ 0Ty _oN )c(x2 — 3y2).
ax (2 +y2)3 Ty (2 +y2)3

Solution of stress gradient in plastic zone:

2 2 3
dox _ dor x? + Zx(x ty )—Zx 2xy? 05  dop y?
=T, o - _ dog :
ox ax  x24y? r (xz +y2)3 (x2+y2)2 ax  x2+4y2
2 2 3
doy _ dor y? 2xy? 2x(x +y >—2X doy 2 ’
T ax 24 A T STV AR PRy
Y (x* +y2) (x2 +2) y
2 2 3
dox —x22y | dor x? N 2y(x +y ) =2 hgy 42
— =0y ——~ . op - 99 . ;
9 (2+y2)7 Oy AP 4y? (2 +2) by 22 +)?
2 2 3
doy Zy(x +y ) —2y do, 32 . —x22y 3y 2
— =0y 4+ —. op —= 2 4 29 :
9y ' (2 +y2)2 Iy x%+y? (x2 —§—y2)2 dy x2+y?
2 2
8"-')cy doy dop Xy y(x +y )—xy2x
=\o "oy )Jarator—o) —————5—1
0x 0x ox Jx*+y (xz + y2)
2 2
3fxy doy dog Xy x(x +y ) — xy2y
- =\ Ty e tler—e) s ———— 5
dy dy 0y Jx+y (x2+y2)
Baf __x-c-cosp(l — sing) x2 +y 1 — 5sing
ox 2sing? 4sing
doy _ X c-cosp(l +5sing) x? +y 1 — 3sing
dx 2sing? 4sing
d0f _ y-c-cosp(l —sing) (x? +y 1 — Ssing
dy 2sing? 4sing

305 _y-c-cosp(l + sing) x24+y2\1 — Ssing
ay 2sing? R% 4sing

2. Calculation of ideal elastic—plastic stress gradient solution based on D-P criterion

The calculation process is consistent with the M-C criterion, and the solution results
are listed below.
According to the D-P yield condition, we have

Vh—alb—k=0 (5.50)
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The stress in the plastic zone is calculated as:

of = —[<i) —_ 1} (5.51)
3a R()

6o
of = £ | LESe (5.52)
3a| 1 —3a \ Ry

b6

k 1 ro\ e
Pl ——(Z) - 5.53
7z 3a|:1—3oz<Ro> } 5:33)

The stress in the elastic zone is calculated as:

30 L
o¢ = Py — Bk(1 = 30) = (1 + 32py) ™
3¢ €1
= Py + —Bk(1 — 30) = (1 + 2 py) ™ (5.54)
O‘; =P0

The stress field gradient value based on the D-P criterion is:

T(x,y) = |Vf]
2 2
1 ~ 81/ aly 1 29J; al,
= [z(wz) o ﬂ +[z<v~’2> W‘“E] 09

3. Calculation of ideal elastic—plastic stress gradient solution based on H-B criterion

The calculation process is consistent with the M-C criterion, and the solution results
are listed below.
According to the H-B yield condition, we have

01 = 03 + /mocos +s - aé (5.56)
The calculated stress in the plastic zone is
= ﬁInRLU + =< (In )2
of = fsoc + ("< + ﬁoc)ln— ﬂ( nRLO)2 (5.57)
o) = “[‘TC + (W’C + \/—Uc)ln— + 77 (In )

The stress in the elastic zone is
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2
ol =Py — If—%NeW
of =Py + MNeM (5.58)
U; = P()

+16mocPy—moc—4./soc M2
Pmoe N = P() — ﬁGcM — I’l’lGCT.

Under plane strain conditions, the stress field gradient is:

a 2 3 2
T(x.y) = |Vf] = \/ (%) + (%) (5.59)

The stress gradient change is a phenomenon that is commonly present in the
surrounding rock of the roadway. Theoretical studies on the stress gradient of the
surrounding rock of the roadway should start from the different stress balance rela-
tionships in the plastic and elastic zones, and select the appropriate rock strength
theory according to different surrounding rock conditions. Based on the stress
gradient theory and the continuous damage mechanics model, the mechanical
balance equation and boundary conditions at the interface between the plastic and
elastic zones under plane strain conditions are derived, and the theoretical solution
methods for the stress gradient of the surrounding rock of the roadway under the
Mohr—Coulomb criterion, Drucker-Prager criterion, and Hoek—Brown criterion are
proposed.

where. M — \/mzog+16sag
s =

5.3 Determination of Reasonable Pre-tightening Force
of Anchor Bolt Based on Stress Gradient

Based on the research of rock deterioration parameters and rock deterioration model
based on stress gradient theory in Sect. 5.2, relying on the field engineering practice
of Yangchangwan Coal Mine, taking the Mohr—Coulomb criterion as an example,
the simulation results and theoretical calculation values are compared with the help
of FLAC3D numerical software. The consistency is 93% and the trend is consistent,
which verifies the applicability of the stress gradient solution method proposed in this
paper. The research results provide a research idea for determining the reasonable
support strength of anchor bolts.

5.3.1 Determination of Reasonable Pre-tightening Force
of Anchor Bolt by Theoretical Calculation

The Yangchangwan Coal Mine 130,205 track chute is buried at a depth of —495 m.
The deformation of the two sides of the chute is severe, which affects the normal
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production of the mine. It is necessary to reasonably analyze the anchoring support
strength of the surrounding rock to ensure the normal use of the roadway.

Assign the actual rock mechanical parameters to the constructed stress gradient
solution model. Taking the Mohr—Coulomb criterion as an example, its calcula-
tion parameters are as follows: tunnel radius Ry = 2.5 m, horizontal original rock
stress Py = 12.8 MPa, surrounding rock elastic modulus £ = 5 GPa, shear modulus
G = 2.14 GPa, Poisson’s ratio u = 0.17, cohesion C = 6 MPa. Using the above
calculation parameters, the radial stress gradient of the surrounding rock of the
roadway under unsupported conditions based on the Mohr—Coulomb criterion is
obtained according to the solution process in Sect. 5.2 (Fig. 5.13), where the radius
of the plastic zone is rp = 3.25m; that is, the surrounding rock is in a post-peak
plastic state in the range of 2.5 m < r < 3.25 m, and the surrounding rock is in a
pre-peak elastic state in the range of 3.25m <r < 10 m.

5.3.2 Determination of Reasonable Pre-tightening Force
of Anchor Bolt by Numerical Simulation

A test section near the heading of the 130,205 working face track chute is selected
to use anchor bolts to reinforce the surrounding rock, with a spacing of 600 x 600
mm, and the pre-tightening force of each 3 rows of anchor bolts increases by 25 kN,
and the pre-tightening force threshold is 0—200 kN. After the anchored rock body
is stabilized, monitor the horizontal stress of the surrounding rock under different
pre-tightening forces. The data record is shown in Fig. 5.9, and the calculated actual
stress gradient is shown in Fig. 5.10.

The analysis of monitoring data shows that the horizontal stress gradient gradually
decreases along the radial direction of the surrounding rock and eventually tends to
0. Taking the analysis of the monitoring data of the 25 kN support pre-tightening
force as an example, the same monitoring path will show a gradient change inflection
point from shallow to deep. Before this inflection point, the stress gradient gradually
increases with the increase of pre-tightening force, and after the inflection point, the
stress gradient gradually decreases with the increase of pre-tightening force.

The size of the numerical model is 50 m in the x direction; 0.5 m in the y direction;
50 m in the z direction, the model grid is divided into 33,360 elements; the middle
of the model is divided into dense areas, the dense area is located in the center of the
model, the radius is 10 m, and the dense area grid is divided into 24,000 elements,
the mechanical parameters are shown in Table 5.1, the numerical model is shown in
Fig. 5.11, and the simulation results of the stress gradient of the surrounding rock
under different anchor bolt pre-tightening forces are shown in Fig. 5.12. It is known
from the analysis that the stress gradient of the surrounding rock of the roadway under
unsupported conditions gradually increases from the roadway wall to the interior of
the rock body to the boundary of the plastic zone, and after crossing the boundary,
the stress gradient gradually decreases to 0.
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::r[:;ielrs Material Mechanical parameters Numerical value
Elastic modulus (E, GPa) 5
Poisson’s ratio (u) 0.17
Shear modulus (G, GPa) 2.14
Gravitational density (y, KN/m?) 26
Internal friction angle (¢, °) 25
Cohesion (C, MPa)
Tensile strength (o;, MPa) 7

FLAC3D 5.00

©2012 taz0d Corsutng Seoup, e

roadway

elastic zon
e e

protolithic stress z

~-

Fig. 5.11 Model schematic

As the pre-tension force increases from 25 to 200 kN, the peak of the horizontal
stress gradient in the plastic zone gradually increases from 8 to 15.5 MPa/m, and the
range of the plastic zone reduces from 3.5 to 3 m. It can be seen that the increase in
the anchor pre-tension force reduces the range of surrounding rock deterioration and
shifts the boundary of the plastic zone to the outside of the surrounding rock. The
inflection point of the stress gradient change almost coincides with the interface of
the surrounding rock elastic—plastic, and will gradually shift to the shallow part of
the roadway surrounding rock with the increase of the anchor pre-tension force, and
the range of the plastic zone will also shrink, significantly improving the stability of
the roadway surrounding rock. According to the proposed surrounding rock stability
coefficient Y solving conditions, it is concluded that in the shallow part of the roadway
surrounding rock (r < 10 m), the surrounding rock stability coefficient Y is positively
correlated with the stress gradient (x), which verifies the effectiveness of the proposed
surrounding rock stability model evaluation method.
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Simulated stress gradient {( MPa/m)

Fig. 5.12 Simulated horizontal stress gradient

5.3.3 Analysis of Theoretical and Measured Correlation

A comparative analysis of the numerical simulation of tunnel deformation under
unsupported conditions, theoretical calculations, and field measurement results
(Fig. 5.13) is conducted. The correlation analysis of simulated values, theoretical
values, and measured values is shown in Table 5.2.

From Table 5.2, it can be concluded that the correlation of the simulated value is
0.93013 > 0.9, and the correlation of the theoretical value is 0.96327 > 0.9. Therefore,
the stress gradient of the surrounding rock of the tunnel can be solved by the second-
order fitting method. The relationship is as follows:

Tvg) = Ty + Biox + Bpx?
Tt(f) =T+ Byx+ Bthz (5.60)
Tary = Ta + Biax + Bagx?

The curve is corrected to
Tipy = Ty + Biyx + 0.9By,x* = T, + Biox + 1.2Byx° (5.61)

where, v is ‘value of simulation’; f is “fitting values’; t is ‘theoretical value’; a is
‘actual value’.
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Fig. 5.13 Comparison of theoretical, simulated, and field monitoring results

Table 5.2 Correlation analysis of simulated values, theoretical values, and measured values

229

Simulated value Theoretical value Measured value
Intercept Value 9.39326 13.43526 13.62099
Standard error 1.0362 0.89596 1.58241
Bl Value —1.92999 —3.49137 —4.13314
Standard error 0.43974 0.38023 0.67155
B2 Value 0.09759 0.23694 0.32045
Standard error 0.04358 0.03768 0.06655
Statistics R? 0.93013 0.96327 0.86497

Formula 5.61 can be used for the solution between theoretical values, simulated
values, and measured values, and for the correct evaluation of measured values based
on theoretical values. After obtaining the stress gradient of the surrounding rock

under unsupported conditions, with the help of the simulation calculation results
(Fig. 5.14b), it is known that when the anchor bolt pretension is 150 kN, the deforma-
tion of the surrounding rock of the tunnel under this support form is reduced by 40%
compared to the unsupported condition, that is, the tunnel deformation compensation
ratio is 40%; the plastic zone range is reduced by 60.4%. The calculation method of

the stress gradient compensation coefficient is as follows.
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Fig. 5.14 Stress gradient compensation effect

The stress gradient benchmark obtained by the theoretical method is T}, and the
stress gradient of the surrounding rock under different pretension anchor bolt support
states is T, then the compensation coefficient calculation criterion is:

Tx —To
n=-—/—

T (5.62)

Effective compensation coefficient:
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T, T,+B Byx?
240 .65 PN T B 6oy (5.63)
Tt(f) T; + By;x + By x?

=

where, f is ‘fitting values’; t is ‘theoretical value’; a is ‘actual value’.

The field stress gradient discount value is (0.65-0.604)/0.65 = 0.07. Based
on the numerical simulation stress gradient compensation coefficient, the corre-
sponding stress gradient compensation effect (Fig. 5.14a) and the change trend of
the stress gradient compensation coefficient under different pretensions (Fig. 5.14c)
are obtained.

The compensation of the surrounding rock stress gradient by the anchor bolt
pretension is positively correlated (Fig. 5.14c). The compensation coefficient
obtained by linear fitting of the curve segment is as follows:

n = 0.00116F, + 0.47717(R? = 0.96427) (5.64)

where, F, is the pretension.

Based on this calculation criterion, the most suitable pretension for anchor bolt
support under field conditions can be accurately calculated. The calculation and
analysis process is shown in Fig. 5.15.

According to the theoretical analysis results, the stress gradient compensation
coefficient 0.65 is selected as the optimal compensation ratio, corresponding to a
pretension of 150 kN. According to the estimated discount ratio of 0.07 of the field
measured value compared to the theoretical calculation value under this geological
condition, the optimal support strength of the anchor bolt design needs to apply a
pretension of 161 kN. In the 130,205 track chute, three sets of tunnel surrounding
rock deformation and stress monitoring areas are set up. The monitoring equipment
is shown in Fig. 5.16. The support optimization effect after construction is shown in
Fig. 5.17.

Based on the proposed stress gradient compensation method, under the same
surrounding rock conditions, the control effect of tunnel deformation is improved
by more than 40%, and the stress gradient compensation coefficient is higher than
0.65, which is higher than the safety control requirements of this mine’s surrounding
rock deformation. In summary, based on the Mohr—Coulomb strength theory and the
tunnel surrounding rock radial stress gradient theory model solution proposed under
the guidance of this theory, the numerical simulation and field measured data are
basically consistent, and the change trend is consistent, which provides a calculation
basis for determining the stress gradient and change law under field conditions; at the
same time, according to the change law of the tunnel surrounding rock stress gradient
under different pretensions, the stress gradient compensation value and anchor bolt
pretension can be optimized to improve the support parameters.
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