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Abstract

To explore the mining-induced mechanical response of coal at different depths, laboratory testing results and field initial geostress
data are combined with the geological conditions to study the differences in mining-induced stress and deformation characteristics
of the coal and rock at five different depths (300, 600, 700, 850, and 1050 m) by using FLAC>" software. The results show that with
increasing mining depth, the abutment pressure increases, and the abutment pressure along the excavation direction at 1050 m is 7
times that at 300 m. With increasing mining depth, the deformation of the roof abscission layer gradually increases, and the
deformation along the excavation direction at 1050 m is 4.6 times that at 300 m. The numerical simulation results are consistent
with the field monitoring results, meaning that the results are reliable. By further forecasting the mining-induced stress and
deformation characteristics of coal and rock deeper than 1000 m (namely, at 1200, 1500, and 1800 m), it is concluded that the
abutment pressures at 1200, 1500, and 1800 m are 9, 11, and 14 times that at 300 m, and the roof abscission layer displacements at
1200, 1500, and 1800 m are 6, 8, and 10 times that at 300 m, which coincides with the large deformation trend observed in deep

roadways. These results have a certain guiding significance for deep energy exploration and deep coal exploitation.

Keywords Coal and rock - Different depths - Mining-induced mechanical response - In situ stress

Introduction

Worldwide, coal is still in common use, especially in China. In
2018, China’s Ministry of Land and Resources released the
latest China Mineral Resources Report, showing that coal
accounted for 60.4% of the energy consumption structure in
2017, and coal still dominates China’s energy consumption
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structure (Ministry of Natural Resources, PRC 2018).
However, because shallow coal resources are gradually being
depleted, exploitation of deep coal resources will become
inevitable.

An underground coal seam in a rock mass is in an initial
stress state before mining. During the mining process, the
surrounding rock is deformed on a large scale, resulting in
stress redistribution. This redistribution directly affects the
stress environment of the coal and rock mass during the min-
ing process and thus affects the mechanical response of the
coal and rock mass. Therefore, it is very important to study
and quantify the mechanical response of coal and rock masses
during mining. Existing research on the mechanical response
of coal and rock masses during mining can be divided into two
categories: mining-induced abutment pressure distribution
and mining-induced displacement evolution.

In the theoretical study of mining-induced abutment pres-
sure, Qian (1981) and Qian and Miao (1995) proposed the
idea of combining the “large structure” of overlying strata
with the “small structure” of stope support and further pro-
posed the masonry beam theory (Zhang et al. 2003). The
structure and equilibrium conditions of the overlying strata
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were proposed, laying a foundation for demonstrating the
pressure control parameters of the stope. Song (1988) pro-
posed the rock beam transmission hypothesis, divided the
formation and development of the abutment pressure into
five stages according to the mining pressure theory of the
stope, and summarised the expression of abutment pressure
distribution under the limit state. Xie et al. (2011) summarised
the distribution of abutment pressure at long-wall coal faces
during non-pillar mining (NM), top-coal caving mining
(TCM), and protective coal seam mining (PCM) through field
monitoring data collected in coal mines in Shanxi and Anhui
provinces. Based on the theory of existing stope pressure,
Kang et al. (2009) selected FLAC?" software to analyse the
no. 3 coal seam of the Jincheng Sihe Coal Mine in Shanxi
Province and plotted the curves of the change in stress in front
of and behind the working face. By analysing the monitoring
abutment pressure distribution in the Xinwen Panxi coal mine,
it was concluded that the stress concentration factor o of the
leading abutment pressure of the mining face was approxi-
mately 2.5 (Kang 2013). Wang et al. (2012) used the
SIMBURST software to analyse the distribution of abutment
pressure in front of a roadway during the step-by-step mining
process and obtained the distribution law of mining pressure.
Zhao et al. (2011) used the ANSYS software to analyse the
abutment pressure concentration coefficient of a coal seam
under NM in different mining conditions with different coal
column widths and different mining lengths. Yang et al.
(2011a, 2011b) used FLAC>P software to calculate the stress
distribution in front of a coal mining face under PCM and the
stress evolution under the mining conditions. Salmi et al.
(2019) has systematically studied the long-term stability of
coal pillars and the effect of post-mining subsidence based
on rock mass gradual deterioration after mining. And Liu
et al. (2020) used FLAC to study the stability and design of
roadways in adjacent coal seams.

In the evolution of mining-induced displacement, Wang
et al. (1985) used the viscous fluid finite element method to
analyse the surrounding rock of a soft rock roadway and
showed the influence of the viscous coefficient of the
support layer and surrounding rock on the displacement of
the roadway. Sun et al. (2019) proposed a new analytical
model to calculate the movement of mining-induced strata
on the basis of key stratum theory and the mechanical
analysis of overburden. And Yang et al. (2020) has systemat-
ically studied the deformation and broken characteristics of
the overlying strata in longwall coal mining. Based on the
displacement of surrounding rock under different support
modes in the Panxi Coal Mine -1100 West Roadway at a
depth of 1300 m, Fan et al. (2015) summarised the influence
of different support methods on deeply buried roadways.
Based on the Huafeng Mine -1080 return air alley in the
Xinwen mining area, Kang et al. (2015) used the UDEC soft-
ware to show the damage of different support schemes to the
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surrounding rock, and the results were compared with field
data reflecting the effectiveness of the simulation test support.
Evert (2001) analysed the displacement of a mine roof and the
face during the tunnelling process based on the Hoek-Brown
strength criterion.

Although the abovementioned research has systematically
expounded the mechanical characteristics of coal and rock
masses during mining, most of the existing studies have not
quantitatively considered the influence of the depth of mining
on the mining-induced mechanical response. The geological
structure is more complicated in deep mining than in shallow
mining, and a deep coal and rock mass will show different
mechanical characteristics than a shallow coal and rock mass
(He 2004); for example, increased complexity of the sur-
rounding rock stress field (He and Gao 1998), large deforma-
tion and volume expansion characteristics (Jiang et al. 2004;
Qu and Li 1995), and abrupt changes in mechanical response
(Zhou et al. 2015; Pan et al. 2003) have been observed in deep
coal and rock masses. The above characteristics indicate that
the mining-induced mechanical behaviour of coal and rock
will vary considerably with depth. It is necessary to carry
out research on the mining-induced mechanical response of
coal and rock considering the influence of mining depth.

Therefore, in this paper, the laboratory triaxial compression
testing results of coal from different depths in the
Pingdingshan Mining Area by considering the in situ stress
environment and physical properties of the samples are con-
sidered (Zhang et al. 2019a). By considering initial in situ data
and the geological conditions of the working surface at differ-
ent depths in the Pingdingshan Mining Area, the numerical
simulation software FLAC>" is used to numerically simulate
the mining-induced response of coal seams at five depths,
namely 300, 600, 700, 850, and 1050 m, and the distribution
of the stress and deformation of the coal mass in front of the
mining faces were obtained and compared with the field mon-
itoring geostress and displacement data to verify the rational-
ity of the model calculation. On this basis, a numerical simu-
lation of the mining-induced process of coal and rock masses
deeper than 1000 m in the Pingdingshan Mining Area is car-
ried out to predict and analyse the mining-induced mechanical
response of deep coal and rock. These results have a certain
guiding significance for deep energy exploration and deep
coal exploitation.

Numerical model of the mining-induced
mechanical response of coal and rock
at different depths

Working face conditions at different depths

The five sampling faces (300, 600, 700, 850, and 1050 m
deep) in the Pingdingshan Mining Area in Henan Province,
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China, are taken as research objects, as shown in Fig. I (Zhang  (3)
et al. 2019b). Referring to the actual conditions of each work-
ing face (Liu et al. 2017), the numerical calculation model of
the coal and rock mass at different depths is established using
the FLAC>" numerical calculation software. To eliminate the
interference of other factors on the results as much as possible,
the coal seams of the same group (15* coal seam) are selected
for calculation and analysis, and the positions of five different
sampling faces are shown in Fig. 2. The sampling working
conditions at different depths are as follows, and the geologic
section of each working face is given in Fig. 3:

(1) Mining face 17080 in the no. 12 mine (300 m): The
design strike of the working face is 1412.5 m long, the
slope length is 172.2~185.3 m, and its depth is 306~408  (4)
m. The direct roof is grey sandy mudstone with a thick-
ness of 7.9 m, and the main roof is greyish-white medi-
um-grained sandstone with a thickness of 4.1 m. The
seam floor is black and dark-grey sandy mudstone with
a thickness of 1.02 m.

(2) Mining face 13330 in the no. 8 mine (600 m): The design
strike of the working face is 1370 m long, and the length
is 1300 m. The north-south slope is 182.5 m wide, and its
depth is 533.7~632.2 m. The average coal seam thick-
ness is 3.2 m; the coal seam inclination angle is low,
between 10° and 18°, and 11° on average. The direct  (5)
roof is a thick dark-grey layered sandy mudstone with a
thickness of 7.0 m, the main roof'is light grey medium- to
fine-grained sandstone with a thickness of 13.6 m, and
the seam floor is a thin grey sandy mudstone layer con-
taining muscovite with fine-grained sandstone in the
middle and a thickness of 5.2 m.

No.8 Mine(33° 45'N, 113° 25'E)
No.10 Mine(33° 45'N,113° 21'E)
No.12Mine(33° 45'N,113° 22'E)

100 km

—=—r—r—r—r—
{ 60 mi

Map of Henan Province

Mining face 14140 in the no. 8 mine (700 m): The east-
west strike of the working face can be mined to a length
of 897 m, the north-south slope is 168 m wide, and the
burial depth is 630-806 m. The thickness of the coal
seam is 3.4~3.85 m, with an average thickness of 3.6
m. The coal seam structure includes a thinned area. The
dip angle of the coal seam is 17-28°, with an average of
22°, including a gentle westward dip and steep eastward
dip. The direct roof is fine-grained sandstone with a
thickness of 6.0 m. The main roof is medium- to fine-
grained sandstone with muscovite fragments and has a
thickness of 7.8 m, and the seam floor is a thin mudstone
layer with a thickness of 3.4 m and expands when ex-
posed to water.

Mining face 24080 in the no. 10 mine (850 m): The
design strike of the working face is 1579 m long, the
length of the cut is 215 m, and its depth is 631~900 m.
The dip angle of the coal seam is 10° to 37°, with an
average dip of 24°. The direct roof is sandy mudstone
and thin sandstone with an average thickness of 14.5 m.
The main roof is greyish-white medium-grained sand-
stone with an average thickness of 14 m. The seam floor
is mudstone and sandy mudstone, which gradually
thickens from east to west, with an average thickness
of 3.9 m.

Mining face 31010 in the no. 12 mine (1050 m): The
design strike of the working face is 1027.5 m, the length
of the mining face is 931.5 m, the inclined mining length
is 218.4 m, and its depth is 1075~1097 m. The thickness
ofthe coal seam is 2.2—3.4 m, with an average of 3.15 m,
and the dip angle of the coal seam is 4-7°, with an aver-
age of 5°. The main roof of the coal seam is a moderately
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|
I
17080 Mining acci
I

— 600 m
—700 m

— 850 m

31010 Mining Face |
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pdaq Surpdureg
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Fig. 1 The location of five sampling faces with different depths in the Pingdingshan Mining Area (Zhang et al. 2019b)
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Fig. 2 Diagram of the locations the coal and rock masses at different depths (Zhang et al. 2019a)

thick layer of light-grey to greyish-white medium-grain
sandstone with an average thickness of 6 m. The direct
roof is greyish-black sandy mudstone. The seam floor is
generally dark-grey sandy mudstone or mudstone with a
thickness of 0~1.85 m, 0.22 m on average.

Modelling and meshing

According to the geological conditions of the working face,
numerical calculation models of coal mining at the different
studied depths were established using the FLAC" numerical
simulation software. The dimensions of the model at each
depth are 600 m in the x direction, a coordinate range from
—300 to 300 m, and 2 m in the y direction. The height in the z
direction varies according to the depth of the model, and the
bottom centre of the geologic section (Liu et al. 2017) is taken
as the z direction coordinate of 0. To study the evolution of the
stress and displacement in front of the working face, a grid of
100 m in front of the face (coordinate range from —50 to 50 m)
is refined and five different calculation models are established
at different depths. Taking the depth of 1050 m as an example,
the constructed model contains 9 rock layers, including the
coal seam, whose inclination angle is 5°; the model length is
600 m, the model height is 82.994 m, the model width is 2 m,
and a total of 17010 units and 34604 nodes are included, as
shown in Fig. 4. And the details of the five models of different
depths are shown in Table 1.

Boundary conditions and load conditions

The boundary conditions and load conditions are determined
as follows: (1) A vertical constraint is applied to the bottom of
the model to fix the vertical displacement. (2) A horizontal
constraint is applied to the left boundary to fix the horizontal
displacement. (3) All velocities in the y direction are fixed
during calculation. (4) The characteristics of the tectonic stress
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in the Pingdingshan Mining Area are obvious, and horizontal
stress is the dominant factor. Therefore, the vertical stress (o)
is applied at the top boundary according to the initial geostress
at different depths, and the maximum horizontal stress (oy) is
applied to the right boundary according to the initial geostress
by applying a gravity gradient to consider the increase in stress
with depth. By calculating the in situ stress data of 48 mea-
suring points in the Pingdingshan Mining Area (Zhang et al.
2019a), the lateral pressure ratio coefficient reflecting the re-
lationship between the horizontal ground stress and the verti-
cal ground stress is obtained to consider the horizontal ground
stress as a function of depth. The loads applied in the different
models are shown in Table 2:

As the coal and rock masses could be assumed as a Mohr-
Coulomb material (Sun et al. 2019). And the Mohr-Coulomb
failure criterion could reflect the mining-induced mechanical be-
haviour of coal and rock masses well (Islam et al. 2009;
Alehossein and Poulsen 2010), including in the Pingdingshan
Mining Area (Gao et al. 2013). Therefore, in our study, the
Mohr-Coulomb elastoplastic yield criterion was adopted. The
physical and mechanical parameters of the coal in the numerical
model were determined by triaxial compression testing of coal
and rock considering the physical stress characteristics of the
initial stress environment and the depth of the coal (Zhang et al.
2019a), while the physical and mechanical parameters of the rock
were determined according to field monitoring data (Gao et al.
2013). The parameters of the coal and rock are shown in Table 3.

Numerical simulation scheme

Considering that the coal seams of each coal mining face in the
Pingdingshan Mining Area are not very thick, the coal mining
operation is mostly carried out by the NM mining method.
Therefore, the whole coal seam section is simulated in the nu-
merical simulation. According to the FLAC®® excavation simu-
lation technology, the vertical displacement and the horizontal
displacement are reset after the initial ground stress is applied,
and the empty unit is used as the goaf during the excavation
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Fig. 3 Geologic section of each working face at the depths studied in this
paper (Liu et al. 2017). a Mining face 13330 in the no. 8 mine (600 m). b
Mining face 14140 in the no. 8 mine (700 m). ¢ Mining face 24080 in the

process. In addition, to reflect the mining-induced evolution pro-
cess of the stress and displacement of the coal and rock mass in
front of the working face, the step-by-step mining method is
adopted, and the calculation is carried out once the working face
is excavated. The model is considered to converge when the ratio
R of the maximum unbalanced force and typical internal force of
the system is less than 10~* (Chen 2009). At the same time,

e Mining face 31010 in the No. 12 mine (1050 m)

no. 10 mine (850 m). d Mining face 17080 in the no.12 mine (300 m) e
Mining face 31010 in the no. 12 mine (1050 m)

according to the actual mining speed and schedule attained in
the field, the initial mining length of the coal seam is 20 m, and
then the seam is mined at 4 m per step until a mining length of 60
m is reached. In the coal mining process, the area to 100 m in
front of the working face is taken as the main research area, and
the quantitative analysis of the stress and displacement distribu-
tion in this area is carried out.
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Table 1 Details of the calculation

models of different depths Depth (m) Inclination angle (°) Height (m) Number Number Number
of the strata of the units of the nodes
300 13 164.68 6 13020 26586
600 11 314.22 10 21000 42622
700 22 281.5 9 19110 38824
850 24 326.92 8 13440 27430
1050 5 82.994 9 17010 34604

Mining-induced mechanical response of coal
and rock at different depths

Distribution characteristics of abutment pressure

The stress evolution of the coal and rock in front of the work-
ing face during the mining process is simulated at different
depths. The key monitoring points are placed on the coal seam
in front of the mining working face. The key points are

o+t I r]T]
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600

6.5 Sandy mudstone

C/
2.5
/ 4.5 Sandy mudstone

C dlrefinement
Goaf Gridyre 777
/ / // /// 15* coal seam /
Sandy mudstone
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1.8 /.
/ /
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160220 ThaApe 06 2017
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B 0.5 m Sandy mudstone
1.8 m 16# and 17# coal seam
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B 2.0 m Sandy mudstone

b Modelling and meshing

Fig. 4 Establishment of the numerical model (1050 m model as an
example). a Diagram of the boundary condition and strata. b Modelling
and meshing
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separated by 1 m, and a total of 100 key points are used to
analyse the abutment pressure distribution in front of the
working face during the mining process; the abutment pres-
sure distribution curve in front of the working face is obtained
at each of the modelled mining depths, as shown in Fig. 5.

The stress distribution curves show that the mining process
has destroyed the equilibrium state of the initial rock stress
field, causing a redistribution of the stress field of the coal and
rock mass. There is an obvious pressure relief area near the
working face of the coal seam goaf, and a stress concentration
forms in the coal and rock mass in front of the working face.
The abutment pressure of the coal seam in the vertical direc-
tion shows a certain change with the advancement of the
working face. After the stress redistribution, at each of the
studied depths, with the advancement of the working face,
the abutment pressure of the coal and rock mass in front of
working face gradually transits from reflecting the initial stress
to the stress concentration and then mining pressure relief (He
et al. 2006; Zhang et al. 2006; Hou and Ma 1989).

From the perspective of the overall trend, the abutment
pressure distribution curves in front of working faces at dif-
ferent depths are similar: they all increase from the initial
stress state. When the peak stress exceeds the strength limit
of the coal mass, the abutment pressure in the coal mass grad-
ually decreases to the residual stress, forming a complete
space-time evolution, which is consistent with the law of coal
mining-induced stress. There are significant differences in the
abutment pressure distribution curves in front of working
faces for the different mining depths. On the one hand, with
increasing depth, the abutment pressures at far from the work-
ing face are 5.2, 15.2, 19.1, 21.2, and 25.2 MPa, respectively,
and these results are roughly consistent with the field initial

Table 2  In situ stress test results at different depths

Depth (m) oy (MPa) o, (MPa) o, (MPa)
300 14.2 7.6 11.5

600 313 17.4 11.0

700 34.4 22.4 20.1

850 40.7 23.5 17.4
1050 43.6 272 233
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Table 3  Parameters of the coal and rock

Rock stratum Density (kg ‘m>) Bulk modulus (GPa)

Shear modulus (GPa)

Friction angle (°) Cohesion (MPa) Tensile strength (MPa)

Limestone 2560 6.29 6.92
Sandy mudstone 2780 11.5 9.5

Sandstone 2600 6.5 6.75
Coal (300 m) 1400 2.67 2.26
Coal (600 m) 1400 3.14 2.29
Coal (700 m) 1400 3.60 2.56
Coal (850 m) 1400 3.63 2.54
Coal (1050 m) 1400 3.62 2.50

35 10.2 2.0
36 13 6.0
38 3.5 3.0
30 3 0.28
30 3 0.32
30 3 0.38
30 3 0.49
30 3 0.50

geostress measurements. On the other hand, with an increase
in the mining depth, the peak value of the abutment pressure
clearly increases from the overall trend; the peak values of the
600, 700, and 850 m models are approximately 4 times that of
the 300 m model, while the peak value of the 1050 m model is
7 times that of the 300 m model.

It is found that the abutment pressure peak for 850 m is a
little bit lower than that of 700 m in Fig. 5. This is reasonable.
In the previous study (Zhang et al. 2019a), the mechanical
parameters for the coal samples in the Pingdingshan Mining
Area varies nonlinearly with the depth, which is considered in
our research in Table 3. In addition, the abutment pressure
peak for 850 m is also influenced by geologic section of the
working face in Fig. 3 and the in situ stress state in Table 2,
resulting the nonlinear increase of the abutment pressure peak
among different depths, as well as the position variations of
abutment pressure peak among different depths. Note that this
stress distribution law is only suitable for this specific situation
in the Pingdingshan Mining Area. For different mines and
areas, the local geological conditions, coal and rock parame-
ters, and local in situ stress state are suggested to be
considered.

Distribution characteristics of the roof abscission layer
displacement

The mining of the working face causes not only the stress
redistribution of the coal seam but also the large-scale

70 - —o—1050m
60
50
40
30
20
10

Abutment pressure/MPa

0 20 40 60 80 100
Distance from working face/m

Fig. 5 Abutment pressure distributions at different depths

deformation of the coal and rock mass around the excavation
working face. The displacement of the coal and rock mass
during the mining process indirectly reflects the stability of
the working face. Therefore, numerical simulation of the de-
formation of the coal and rock mass in front of the mining face
at different depths is analysed. In the simulation, the 100 key
monitoring points have a spacing of 1 m and obtain the distri-
bution curve of the displacement of the roof abscission layer in
front of the working face at different mining depths, as shown
in Fig. 6.

Figure 6 shows that the vertical displacement in front of the
working face at different depths gradually increases with the
advance of the working face and that the distribution can be
divided into three areas: The undisturbed area (70—100 m),
where the roof abscission layer displacement is small, indi-
cates that the strata are less affected by mining-induced dis-
turbance. The slow growth area (20—70 m) reflects where the
roof abscission layer displacement increases gradually but at a
slow rate. The rapid growth area (0-20 m) reflects where the
roof abscission layer displacement increases sharply; the clos-
er to the working surface, the faster the rate of displacement is.
The displacement of the roof abscission layer is maximized at
the working face, and the maximum values in the 600, 700,
850, and 1050 m models are 2.8, 3.7, 3.8, and 4.6 times that of
the 300 m model, respectively. These results show that the
vertical displacement of the roof during the deep mining pro-
cess is more significant at deeper mining depths and that spe-
cial attention should be paid to deep mining in the field.

Comparison of numerical simulation results with field
monitoring results

The field monitoring experiments have been carried out for
coal seams in the Pingdingshan Mining Area in previous stud-
ies (Xu 2016; Peng et al. 2018), and the field monitoring data
was obtained. Through field in situ monitoring at different
depths in the Pingdingshan Mining Area, comprehensive re-
search has been carried out to obtain the mechanical response
characteristics of mining-induced rock masses at different
depths. In this field monitoring, the distribution curves of the
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Fig. 6 Roof abscission layer displacements at different depths

abutment pressure in front of the working faces at 850 m and
1050 m and the distribution curves of the displacement of the
roof abscission layer at 700, 850, and 1050 m were obtained.
The numerical simulation results are compared with the
abovementioned field research results to obtain a comparison
curve between the numerical simulation and the field moni-
toring of the abutment pressure, as shown in Fig. 7.

Figure 7 shows that the numerical simulation results of the
abutment pressure are consistent with the trend of the field
monitoring results. The distributions of the abutment pressure
are similar. The distribution of the abutment pressure relief
area, the stress concentration area, and the undisturbed stress
area in front of the working face is obvious, and these areas are
similarly defined by the numerical simulation and field mon-
itoring results. The peak positions of the abutment pressures
are close, and all appear within 30 m from the working face.
The simulated abutment pressure increasing trend in this area
is close to the result of the field study: both show a rapid
increase. The influence range of the mining disturbance abut-
ment pressure does not extend far from the working face, and
the numerical simulation results and field results suggest this
range is approximately 50-70 m.

And there are some differences between numerical simula-
tion results and field test results. The simulation results show
that the abutment pressure peak is higher, the distribution
curve is smoother, and the abutment pressure at a distance
from the working face is closer to the initial geostress, while
the field monitoring results show that the abutment pressure
peak is lower and that the pressure relief area is larger, which
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Fig. 7 Comparison of the abutment pressures between numerical
simulation results and field monitoring results
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corresponds with the characteristics of the more fractured coal
and rock masses observed in actual coal mines. Both results
are just the reflection of the mining-induced mechanical be-
haviour and law, and either testing method may overestimate
or underestimate the real stress value, resulting in the differ-
ences in abutment pressure values between simulation results
and field test results. But it should be noted that the overall
trend and distribution law of the simulation results and field
test results are similar.

Figure 8 shows a comparison of the numerical simulation and
the field monitoring results of the roof abscission layer displace-
ment. The numerical simulation results are consistent with the
trend of the field monitoring results. The simulation results show
that the changes in the abscission layer displacement at different
depths are similar, and both the numerical simulation and the
field monitoring results show that the displacement gradually
increases from zero displacement in the undisturbed area to the
maximum displacement at the working face. The ranges of the
undisturbed area, slow growth area, and rapid growth area are
approximately the same, and the maximum abscission layer dis-
placement at 1050 m is approximately 25 mm.

The comparison of the numerical simulation results with
the field monitoring results shows that the simulation results
provide more data, produce more rounded curves, and de-
scribe the abutment pressure and the abscission layer displace-
ment distribution and evolution in front of the entire working
face for a lower cost. The abutment pressure and the abscis-
sion layer displacement distribution curves from the calcula-
tion are basically in line with the field monitoring situation,
which indicates that the numerical simulation of the mining-
induced mechanical response of coal and rock masses at dif-
ferent depths in the Pingdingshan Mining Area is rational and
feasible to some extent.

Prediction of the mining-induced mechanical
response of coal deeper than 1000 m

On the basis of proving that the coal and rock mass model in
the Pingdingshan Mining Area is rational, the changes in the
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Fig. 8 Comparison of roof abscission layer displacements between
numerical simulation results and field monitoring results
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physical and mechanical parameters of the coal seam and the
initial geostress data with depth are fitted to obtain the phys-
ical and mechanical parameters and boundary conditions for
models deeper than 1000 m. Therefore, numerical models of
coal and rock masses at 1200, 1500, and 1800 m depth in the
Pingdingshan Mining Area are constructed, and the distribu-
tion and evolution of stress and deformation during the mining
process of coal from rock masses deeper than 1000 m are
analysed by simulating the coal seam mining process. This
research has a certain guiding significance for deep coal
mining.

Establishment of the coal and rock mass model for
coal seams deeper than 1000 m

Because a coal seam deeper than 1050 m in the Pingdingshan
Mining Area has not yet been exploited, the working face
conditions for deeper mining have not been acquired.
Therefore, the geological conditions and the geologic column
of the 1050 m working face are selected to represent mining
faces deeper than 1000 m (namely, 1200, 1500, and 1800 m),
and three deep coal and rock mass models are established. The
other parameters used are consistent with the 1050 m calcula-
tion model.

The boundary conditions of the model for a coal and rock
mass deeper than 1000 m are determined in accordance with
the “Boundary conditions and load conditions” section. The
load condition is determined by the relationship between the
vertical ground stress and the horizontal ground stress with
depth (Zhang et al. 2019a) and is obtained by fitting the
ground stress data from 48 field measurement points in the
Pingdingshan Mining Area. The vertical stress o, of the initial
geostress is applied to the top boundary of the model deeper
than 1000 m, the increase in the geostress with depth is con-
sidered by applying a gravity gradient, and the horizontal
stress oy of the initial geostress is applied to the right bound-
ary. The calculation results of the initial geostress deeper than
1000 m are shown in Table 4.

The Mohr-Coulomb elastoplastic yield criterion is also
used in this model. The basic assumptions, calculation
methods, and numerical simulation schemes used in the model
construction are the same as those described above, and the
numerical calculation models of coal seams at 1200, 1500,
and 1800 m are obtained.

Distribution and evolution of the abutment pressure
and the roof abscission layer displacement of the coal
seams deeper than 1000 m

The stress evolution in the coal and rock mass in front of the
working face deeper than 100 m during coal mining was simu-
lated, and the distribution curve of the abutment pressure in front
of the deep mining face was obtained, as shown in Fig. 9. From

Table 4 In situ stress calculation for coal seams deeper than 1000 m
Depth (m) oy (MPa) oy (MPa) oy, (MPa)
1200 49.2 334 23.6
1500 60.6 41.7 279
1800 72.0 50.1 322

the overall trend of the abutment pressure curves, the evolution
of the mining-induced stress environment in front of deep min-
ing faces is consistent. The difference is that the initial values of
the deep mining abutment pressures at 1200, 1500, and 1800 m
are 31.3, 39.4, and 47.6 MPa, respectively, which are roughly
consistent with the vertical initial stress of the coal 1000 m deep
in the Pingdingshan Mining Area and gradually increase with
mining depth. The stress concentration induced with deeper
mining is more significant, and the peak of the abutment pres-
sure clearly increases. The peak abutment pressures at depths of
1200, 1500, and 1800 m are 9, 11, and 14 times, respectively,
that at a depth of 300 m. It is noticed that the peak points of the
abutment pressure among the three depths get further slowly
from the working face with the increase of the depth, and that
change is not so obvious. This is because the 1050 m model and
coal parameters are still adopted in coal seams deeper than 1050
m. And it is strongly suggested to use the real geological column
condition and the coal parameters from the corresponding depth
for simulation when the Pingdingshan Mining Area is exploited
to the deeper underground in the future.

The evolution of the vertical displacement of the working
face during the mining of coal deeper than 1000 m is simulat-
ed, as shown in Fig. 10, and the distribution curve of the
displacement of the roof abscission layer in front of the mining
face is obtained. From the overall trend of the displacement
curves, the evolution of the abscission layer displacement in
front of mining working faces deeper than 1000 m is consis-
tent and gradually increases with the advancement of the
working face, peaking at the working face. The displacements
atdepths of 1200, 1500, and 1800 m are 6, 8, and 10 times that
at a depth of 300 m, respectively, showing that the displace-
ment increase with depth.

140
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0 20 40 60 80 100
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Fig.9 Abutment pressure distributions in coal seams deeper than 1000 m
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Fig. 10 Comparison of the roof abscission layer displacements in coal
seams deeper than 1000 m

In summary, the stress concentration in front of the work-
ing face caused by mining is more significant at greater depths
below 1000 m, and the abutment pressure of the coal and rock
in front of the working face is larger, up to 14 times that at 300
m, corresponding to a stress concentration factor of 2.77; the
range of stress redistribution due to mining disturbance is also
larger. These phenomena are consistent with the large defor-
mation trend of deep roadways observed in the field.

Conclusions and suggestions

Based on laboratory testing results collected from coal and
rock, and initial in situ stress data collected from different
depths in the Pingdingshan Mining Area, combined with the
actual conditions of working faces at different depths in the
Pingdingshan Mining Area, FLAC>" is used to simulate five
working faces, and the distributions of the abutment pressure
and roof abscission layer displacements of the coal and rock
mass in front of a mining face at different depths are obtained;
these calculation results are then compared with field moni-
toring results to verify the rationality of the model calcula-
tions. On this basis, the numerical simulation of the mining
process of coal deeper than 1000 m is carried to predict and
analyse the mining-induced mechanical response of coal and
rock masses in the Pingdingshan Mining Area, and the fol-
lowing main conclusions are obtained:

(1) The overall trends in the results suggest that the abutment
pressure distributions and evolutions in front of the work-
ing faces at different depths are similar. With the increase
in mining depth, the values of the initial abutment pres-
sures at depths of 300, 600, 700, 850, and 1050 m are 5.2,
15.2, 19.1, 21.2, and 25.2 MPa, respectively, which are
roughly consistent with the field monitoring results. The
stress concentration caused by mining disturbance is more
significant at greater depths; the abutment pressures at
depths of 600, 700, and 850 m are approximately 4 times
that at 300 m, while that at 1050 m is 7 times that at 300 m.

@ Springer

(2) The displacement of the roof abscission layer in front of
the working face at different mining depths gradually
increases with the advancement of the working face
and can be divided into undisturbed areas, slow growth
areas, and rapid growth areas. The abscission layer dis-
placement is greatest at the working surface, and the
maximum values at depths of 600, 700, 850, and 1050
m are 2.8, 3.7, 3.8, and 4.6 times that of 300 m, respec-
tively. The abscission layer displacement of deep mining
becomes more significant with depth.

(3) The numerical simulations show the mining-induced dis-
tribution and evolution of abutment pressure and abscis-
sion layer displacement in front of the working face at
different depths are consistent with the trend of the field
monitoring results, which indicates that the mining-
induced numerical simulation of a coal and rock mass
at different depths in the Pingdingshan Mining Area has
a certain rationality and feasibility.

(4) Mining below a depth of 1000 m (e.g., at 1200, 1500,
and 1800 m) will induce a more significant stress con-
centration in front of the working face. The abutment
pressure of the coal and rock mass in front of the working
face during mining is larger below a depth of 100 m, up
to 14 times that of 300 m; the corresponding stress con-
centration factor is 2.77, and the range of mining stress
disturbance is also larger. The abscission layer displace-
ment throughout the mining process at 1200, 1500, and
1800 m is 6, 8, and 10 times that at 300 m, respectively,
and the abscission layer displacement increases with
mining depth. These results are consistent with the large
deformation trend of the deep roadways observed in the
field, which requires special attention and corresponding
engineering precautions.
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Nomenclature

Latin symbols R, the ratio of the maximum unbalanced force and typical
internal force of the system

Greek symbols o}, minimum horizontal stress; oy, maximum horizon-
tal stress; o, vertical stress

Abbreviation NM, non-pillar mining; PCM, protective coal seam min-
ing; TCM, top-coal caving mining
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