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Abstract: Backfilling technology is not always used by mining enterprises, which is conditioned
by technological and economic factors, such as the need for high mining rates and costs for the
technological processes of transporting backfill materials from the daylight surface to the mined-out
space. This concerns the underground mining of hard coal, which is a strategic energy resource,
in the mines of Ukraine. This paper aims to study the effect of leaving the waste bottom rocks
in the mined-out space of the longwall face without their drawing to the earth’s surface on the
geomechanical state of the rocks surrounding the longwall face. The geomechanical assessment of
the stress state of the rock mass surrounding the longwall face, when leaving the waste rocks from
the seam bottom rocks in the mined-out space, is performed by the finite element method using the
Ansys software package. A geomechanical model has been developed and substantiated, which
adequately reflects the mining-geological conditions for seam mining within the extraction site, the
actual structure and properties of the coal-bearing rock stratum, the parameters of the longwall face
and the modified powered support for the processes of leaving the rocks in the mined-out space. The
values and patterns have been determined of the decrease in the stress intensity concentrations in the
coal-bearing roof mass in the frontal bearing pressure zone and destressing zone with an increase in
the ratio of the rock pack thickness to the extracting seam thickness. The relative indicators of the
load on the powered support section and the lowering of its roof have been determined by the ratio
of the thickness of the rock pack formed in the mined-out space to the extracting seam thickness.
The proposed mining method is of significant commercial and research interest for owners of coal
mines developing thin coal seams because environmental costs for placing waste on the surface are
reduced, and the energy potential of coal is increased due to the separation of waste rocks from coal
in underground conditions. The need for a cycle of beneficiation of mined mass is eliminated and the
geomechanical conditions of coal mining processes are improved.

Keywords: coal seam; longwall face; selective mining; undercut rocks; rock pack; stress concentration;
support loading

1. Introduction

Hard coal is an important energy resource that contributes to the development of
the economy in many countries [1–3]. However, the share of coal in the global energy
balance has declined significantly over the past few years, which is primarily due to the
decarbonization course taken by a number of developed countries and the development
of alternative energy sources to improve the state of the natural environment [4,5]. In the
light of recent military-political events in Ukraine and the world, a change in the global
energy balance is expected, since countries that have completely or partially abandoned

Energies 2022, 15, 9522. https://doi.org/10.3390/en15249522 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15249522
https://doi.org/10.3390/en15249522
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-4901-7546
https://orcid.org/0000-0002-8494-2489
https://orcid.org/0000-0002-8911-4973
https://orcid.org/0000-0003-3959-550X
https://orcid.org/0000-0002-9657-0635
https://orcid.org/0000-0003-1488-3230
https://doi.org/10.3390/en15249522
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15249522?type=check_update&version=2


Energies 2022, 15, 9522 2 of 16

Russian natural gas are forced to look for an alternative by importing energy resources
from other countries and, first of all, developing their own fossil fuel reserves. In this
regard, the relevance of coal mining will increase significantly. This applies primarily to
European countries such as Poland, the Czech Republic and Germany [6,7]. Sufficiently
high volumes of coal mining are observed in China, India, Australia and the USA [8]. For
Ukraine, hard coal has been and remains a strategic energy resource [9–11].

As known, underground coal mining is accompanied by a significant negative impact
on the state of the natural environment. Of the most important problems, the earth’s surface
subsidence and waterlogging of territories [12–14], accumulation of coal mining waste on
the earth’s surface [15–17], atmospheric pollution with mine gases [18,19] and pollution
of water bodies by highly mineralized mine waters [20,21] should be noted. Today, many
types of minerals are mined on the basis of “green mining” principles in order to minimize
the harmful impact on nature [22–25].

At the planning stage of mining mineral deposits occurring at great depths, in order
to assess the rock mass state, it is necessary to use geophysical research methods in order to
select the optimal project solution [26,27]. Then, in order to make managerial decisions on
leveling technological production in order to remove the negative impact on the natural
environment, it is necessary to perform geomechanical process modelling, based on data
obtained from geophysical surveys. This can ensure the safe mining of a mineral deposit by
surface, underground or combined methods, without incurring additional financial costs.

A generally recognized effective method to reduce the negative impact on the geolog-
ical environment and the earth’s surface is the backfilling of the mined-out space in the
mines [28–31].

In Ukraine, the conditions for the occurrence of coal seams are the most difficult among
the countries where underground coal mining is developed. This is primarily conditioned
by the low seam thickness (80% of coal reserves are in seams < 1.0 m thick), low strength
and stability of rocks, as well as high gas content [32–34]. The main coal-mining capacities
of Ukraine are concentrated in the Western Donbass, where eight mines produce almost
70% of the country’s total coal. In this region, coal mining without backfilling has already
led to serious environmental consequences: more than 100 million tons of waste rock and
300 million tons of beneficiation tailings have been accumulated in dumps, and the area of
flooded and waterlogged territories due to surface subsidence is 17.0 km2 [15,35,36].

As world experience indicates, basically all known methods of coal mining with
backfilling are conducted from the surface by supplying the backfill mixture (rocks, tailings,
ash, cement, water) through a network of pipelines laid in the mined-out space [37–39].
However, for the Western Donbass conditions, the big problem of backfilling the mined-
out space when mining thin seams is the lack of effective technology and cheap backfill
material. The technology of backfilling could significantly limit the technical and economic
performance of mines. However, a contradiction arises, since in order to maintain a stable
high productivity of mines, reliable operation of longwall faces equipped with mechanized
complexes is necessary. Thus, in difficult mining-geological conditions, cases of landing
sections of a powered support on a rigid base are quite frequent, which leads to a stoppage
in coal mining [40–42]. In some cases, this leads to the complete loss of support sections
in the longwall face and the cessation of mining the extraction pillar. This is caused by
complex geomechanical transformations in the roof rocks, the pressure of which exceeds the
load-bearing capacity of the support [43–45]. In addition, heavily diluted coal is mined (ash
content is up to 40–50%), since the set extracting seam thickness is 1.05 m, and the geological
seam thickness is in the range of 0.7–0.9 m [35]. This leads to the necessity of undercutting
bottom rocks, thereby diluting the coal and the technological cycle of beneficiation.

Previous scientists have studied the geomechanical state of the roof rocks, mainly for
thick coal seams with the formation of a solid backfill mass in the mined-out space of the
longwall face [46–49]. However, the conditions for mining of precisely thin coal seams and
the placement of mine rocks behind the longwall face over the area of the mined-out space
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without their drawing to the surface, as well as their influence on the geomechanical state
of the roof and powered support, have not been sufficiently determined.

For the conditions of thin coal seams, a new method of selective coal mining with
leaving the rocks in the mined-out space of the longwall face has been developed [50].
This method makes it possible to mine coal with low ash content (15–18%) and place the
undercut rocks in the mined-out space of the longwall face without their drawing as part of
the rock mass to the earth’s surface, thereby eliminating the beneficiation cycle. This process
cannot be called backfilling, since the rocks are simply stockpiled without the formation of a
backfill mass with the desired properties. This mining method is a theoretical development
protected by copyright patents. Unfortunately, backfilling of the mined-out space or leaving
the waste rocks in the underground space in the conditions of the Western Donbass mines
is not applicable for economic reasons. Nevertheless, preliminary assessments of the
complex environmental and economic effect of using the new method are impressive.
Therefore, this research is aimed at an evidence-based assessment of the improvement
of the geomechanical environment around the longwall face—one of the many positive
effects of using the new method. The new method makes it possible to involve into mining
thinner coal seams (0.6–0.7 m), that is off-balance reserves, in order to extend the operation
of coal mines. Using this method, it is of scientific interest how the broken rocks of the
seam, which are placed in the mined-out space, affect the geomechanical situation around
the longwall face.

Thus, the presented paper is intended to study the effect of leaving the waste rocks
from mining the bottom rocks in the mined-out space of the longwall face without their
drawing to the surface and using selective technology on the geomechanical state of the
roof rocks. The authors’ research results make an original contribution to the development
and substantiation of the effectiveness of low-waste technologies for coal mining from thin
coal seams.

2. Study Area

The mining-geological conditions of the Zakhidno-Donbaska mine, which develops
steam coal reserves in the Western Donbass region, have been chosen for the research. At
the moment, there are eight coal mines operating in the region, which are part of the PJSC
DTEK Pavlohradvuhillya (Ukraine). The Zakhidno-Donbaska mine is one of the most
promising mines in the region, with an estimated operation term of at least 50 years.

The mining-geological conditions of the 861 longwall face extraction pillar are con-
sidered for performing a geomechanical assessment of the state of the longwall face roof
mass while leaving the seam bottom rocks in the mined-out space. The extraction pillar
is located within the mine field of block No. 3 and is mined to the rise. The layout of the
mine and 861 longwall face extraction pillar is shown in Figure 1. The choice of the test site
for the research is conditioned by several factors. Firstly, within the mine field boundaries
throughout the C8

b seam, 14 million tons of coal is concentrated in the area of distribution
with a seam thickness of 0.55–0.80 m. This is a huge reserve, with an average annual mine
production of two million tons. In this case, the traditional method of mining reserves of
0.55–0.80 m is economically unprofitable, but with the new method of selective coal mining
with leaving the rocks in the mined-out space of the longwall face, it is expedient [36].
Secondly, to the west of the central group of mine shafts is the floodplain of the Ternovka
River, and the undermining of this territory in the future will cause a probable subsidence
in the earth’s surface and waterlogging of the territory. Thus, leaving the rocks in the
mined-out space will reduce these negative phenomena.
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Figure 1. Layout of the mine and research object.

The C8
b coal seam occurs with a dip towards the northeast at an angle of 3–5◦. The

seam thickness ranges from 0.75–1.0 m, and the average coal seam thickness is 0.85 m. The
contacts of the coal seam with the host rocks are even, sharp, and the adhesion is weak. The
main roof is represented by intercalation of argillites, siltstones, sandstones, coal seams and
interlayers. The immediate roof is represented by horizontally stratified unstable argillite.
The immediate bottom is represented by argillite of a lumpy texture, unstable and, when
moistened, subject to losing its load-bearing capacity and swelling.

The primary main roof landing is expected at a distance of 30–45 m from the installation
chamber (from the experience of mining similar longwall faces). The natural methane
content of the C8

b coal seam is 10 m3/t on average. According to emission and rock burst
factors, coal and host rocks are not hazardous. The longwall face length is 280 m, and the
extraction pillar length is 2650 m. The average mining depth is 440 m.

To effectively use the new method of selective seam mining with leaving the rocks
behind the longwall face, a new type of powered support with a reverse cantilever has
been developed [48], and the specified effective extracting coal seam thickness is 1.2 m.
At present, with traditional bulk coal seam mining (seam + bottom undercutting), the
extracting seam thickness for the conditions of the Western Donbass mines is 1.05 m. Thus,
with an extracting coal seam thickness of 1.2 m, according to the selective coal seam mining
technology, depending on the change in the geological seam thickness along the extraction
pillar length, the height of the rock bench mined in the longwall face will be 0.2–0.45 m.
Broken rocks of the seam bottom bench are placed in the mined-out space of the longwall
face using a horizontal-loop conveyor. In this case, the loosening coefficient of broken
bottom rocks is 1.6–1.7 [51].

Technological peculiarities of the studied mining method operation are as follows:

– Coal mining process—in the initial position, the support and the conveyor are pushed
to the face, the powered support sections are unfastened, the drive heads of the
conveyor are moved, and the shearer is cut into the coal seam at the ventilation drift.
The front auger in the direction of the shearer movement is set in the upper position
and adjusted along the seam roof, while the rear auger is adjusted along the bottom
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for mining the remaining coal pack. As the shearer moves from the ventilation drift
to the conveyor drift, coal is mined without undercutting the bottom rocks. As the
shearer moves towards the conveyor drift, the support sections are moved one by one,
while the bottom-hole and backfill lines of the conveyor are not moved.

– The process of mining the rock and leaving it in the mined-out space—after mining
the coal and rolling it into the conveyor drift, the shearer is reversed. Then, the rock
bench is mined in the direction from the conveyor drift to the ventilation drift. The
rock from the face is transported to the conveyor drift, then goes around the mine
working and in the opposite direction is delivered to the backfill conveyor line of the
horizontal-loop scraper conveyor.

– The process of backfilling with rocks—the backfill conveyor line is set at an angle to
the seam bottom plane, and as the undercut rock moves along the inclined pans, it is
self-unloaded into the mined-out space.

The rock pack placed in the mined-out space behind the longwall face contributes to
the smooth lowering of the rock layers in the immediate and main roof areas, preventing
their discontinuity. This leads to a redistribution of stresses in the rock mass surrounding
the longwall face and makes it possible to significantly reduce the load on the powered
support sections. However, the degree of this influence remains unknown.

Further on, studies are conducted on the effect of leaving the coal seam bottom rocks
in the mined-out space on the geomechanical state of the roof rocks and the load on the
powered support.

3. Theoretical Background

When studying the geomechanical state of the rock mass surrounding the longwall
face, the initial prerequisites are used, based on the existing hypotheses of the mechanism
of destruction and caving the rock mass, and the formation of rock pressure in longwall
faces. Thus, with traditional stope technology, which provides for the complete rock caving
behind the mechanized complex sections, according to the hypothesis of “hinge blocks” [52],
the undermined rock mass is divided into separate blocks that interact with each other.
The rock discontinuity above the stope working is characterized by the formation of an
uncontrolled collapse zone of the immediate roof rocks and orderly displacement of the
immediate roof rocks. In this case, the orderly displacement of the immediate roof rocks
is created as a result of the fact that the rock layer blocks, separated from each other by
fractures, do not lose adhesion to each other and together form a hinge system capable of
withstanding loads that are transmitted from the side of the overlaying layers. According to
existing ideas, for the Western Donbass conditions, the rock caving process is characterized
by the formation of characteristic zones in the mined-out space: uncontrolled collapse
zones from the side of the mined-out space, hinge-block displacement zones, and zones of
smooth deflection of the layers without discontinuity, the parameters of which are studied
in detail in these works [53,54]. In this case, the main factor influencing the formation
of loads on powered support is the deformation modulus E of the rock layer [55]. When
mining a coal seam with leaving the rocks in the mined-out space, the mechanism of the
roof rock displacement above the mined-out space is divided into two zones, excluding
the uncontrolled collapse zone [56]. The degree of filling of the mined-out space is of great
importance when conducting backfilling operations, since this parameter determines the
volume of rock that can be backfilled into the mined-out space, as well as the effectiveness
of supporting the roof in the longwall face [57]. Along with this decisive factor influencing
the deformation processes behind the longwall face and the stress–strain state formation
in the rock mass surrounding the stope working, it is necessary to take into account the
compression characteristics of crushed rocks, which are studied in the works [58–60].

Ideas about the hypothesis and mechanisms of deformations and displacements of
the rocks surrounding the stope, as well as the interaction of roof rocks with the support,
can serve as the basis for constructing a number of theoretical calculation schemes. The
latter will take into account both the elements of the process kinematics and the force
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characteristics of the deformation and destruction of rocks and support. Principal schemes
of the rock displacements in the coal-overlaying formation using traditional technology
and selective seam mining with leaving the rocks in the mined-out space are shown in
Figure 2a,b.
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In the case of traditional technology with complete caving of the roof rocks (Figure 2a),
the rock cantilevers of the main roof layers, hanging over the longwall face, form a volume
of unstable rocks bounded by two surfaces: from the side of the longwall face, the area of
pinching rock cantilevers, their destruction and the lowering of rock blocks onto a powered
support; from the side of the mined-out space—areas of sign-changing curvature of the rock
layers bending with destruction mainly due to horizontal tensile stresses. The resulting
unstable mass volume creates a load (P) that exceeds the rock pillar weight directly along
the length of the powered support section, since the caving rock cantilevers go beyond the
dimensions of the longwall face working space.

During selective seam mining (Figure 2b), the rock pack in the mined-out space
restricts the lowering of the main roof rock layers to the height of its thickness mrp. Therefore,
the development of the roof stratification slows down with displacement stabilization at a
reduced distance behind the longwall face; the volume of unstable rocks and the load from
their weight are reduced. When a rock pack with a thickness of at least 0.5 of the extracting
seam thickness mex is formed in the mined-out space, the hanging rock cantilevers of the
main roof cease caving, since the possibilities of smooth lowering of the layers (in the
Western Donbass) without caving compensate for part of the extracting seam thickness mex,
and the rock blocks receive a bearing surface from the side of the mined-out space with
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the reaction Q; the same bearing is located in the bottom-hole zone of the coal seam; with
sufficient thickness of the first rock layer in the main roof, it does not collapse, but retains
the integrity of the rock beam on two bearings.

With a small yielding property of the powered support section (up to 50 mm), it
deviates from the load from the side of the main roof rock layers and takes up only a
relatively small load (P) from the side of the immediate roof, which is 7–16% of the powered
support load-bearing capacity.

The described mechanism of displacement in the coal-overlaying formation, when
leaving the undercut rocks in the mined-out space, has been confirmed by performing a
set of computational experiments with different indicators ∆mrp—the relative rock pack
thickness (the ratio of the rock pack thickness mrp to the extracting seam thickness mex).

4. Research Methods
4.1. Numerical Modeling

To study the stress–strain state of a rock mass when mining mineral deposits, nu-
merical modeling by the finite element method has become widespread, which allows
real geomechanical processes to be reflected with a high degree of reliability [61–65]. The
geomechanical assessment of the stress state of the rock mass surrounding the 861 longwall
face, while leaving the waste rocks from undercutting the seam bottom rocks in the mined-
out space, has been performed by the finite element method using the Ansys software
package in the elastic-plastic formulation. The Ansys software package is a well-known,
professional program available for use in the environment of geotechnical engineering cal-
culations, which is based on the finite element method. This software product is quite often
used for the numerical analysis of stress distribution in a rock mass during underground
coal mining [66–69].

A calculation scheme for the geomechanical modeling of the rock mass surrounding
the 861 longwall face, which consists of 14 rock layers, is presented in Figure 3. The
model height (along the y coordinate) is 55 m, the dip/rise width is 60 m (x coordinate),
and the seam dip angle is 3 degrees. The main physical-mechanical characteristics of
the coal-bearing stratum taken for the modeling have been obtained from the mining-
geological prediction data of the extraction pillar of the 861 longwall face and are given
in the Table 1. For the Western Donbass mines, the physical-mechanical rock properties
are determined in laboratory conditions at the M.S. Polyakov Institute of Geotechnical
Mechanics (Dnipro, Ukraine). A load of 8.0 MPa is applied to the geomechanical model
surface, which corresponds to the rock pressure value (γH) at a depth of 440 m, taking into
account the average density of overlying rocks (2.0 t/m3).
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Table 1. Physical-mechanical characteristics of the coal-bearing rock stratum.

No Rock Type
Parameter

Compressive Strength
(σcomp), MPa

Tensile Strength
(σtens), MPa

Rock Density (γ),
kg/m3

Elasticity Modulus
(E·104), MPa

Poisson’s Ratio,
(µ)

1 Coal 31.0 1.3 1.24 0.3 0.3
2 Argillite 12.0 0.7 2.5 0.8 0.4
3 Sandstone 40.0 2.7 2.6 2.0 0.35
4 Siltstone 18.0 2.2 2.33 0.9 0.38

Based on the analysis of the deformation properties of lump-type backfill materials
from mine rocks [70,71], the following mechanical characteristics of the rock pack formed in
the mined-out space, corresponding to the period of compressive loading, have been taken.
The rock pack deformation properties after shrinkage are taken as follows: deformation
modulus Erp = 50 MPa, Poisson’s ratio µrp = 0.4. Depending on the calculation stage, the
relative height of the rock pack formed in the mined-out space changes. As a result, five
calculation stages are performed with a relative rock pack height from 10% to 50%.

To facilitate the calculation of the geomechanical system stress–strain state, powered
support is taken with a uniform support reaction to the immediate roof and bottom rocks,
which is achieved by replacing the real support section structure with a parallelepiped of a
deformation modulus Esup, which is calculated by the following expression:

Esup =
Pmax

εsup
, (1)

where Pmax is load-bearing capacity of the support section (Pmax = 350–500 kPa for the basic
technology of the seam mining; Pmax = 260–370 kPa for selective technology with leaving
the rocks in the mined-out space); εsup = ∆U

mex
is the relative yielding property of the support

hydraulic prop; mex is the extracting seam thickness, taken as 1.05 for the basic technology
and 1.2 m for selective technology with leaving the rocks in the mined-out space.

The deformation modulus is Esup = 55 MPa for a 1KD-90 support in the standard
version (with basic technology) and Esup = 35 MPa for a modernized 1KD-90 support with
a reverse cantilever (with selective technology), respectively.

4.2. Determining Force and Deformation Parameters for the Powered Support Loading

The methodology for conducting research is as follows. On the same geomechanical
model (already substantiated earlier), within the height of the extracting seam thickness,
four planes are drawn in the mined-out space, separating the rock mass from the rocks
of the uncontrolled collapse zone. Giving each of the obtained layers the mechanical
properties of collapsed rocks or backfill mass makes it possible to obtain five values of ∆mrp
within one model:

– ∆mrp = 0%—there is no rock pack—all the simulated layers are assigned the properties
of collapsed rocks.

– ∆mrp = 20%—the layer closest to the bottom simulates a rock pack, and the rest
simulate collapsed rocks.

– ∆mrp = 30%—the two lower layers simulate a rock pack, the rest (throughout the
height of the mined-out space) simulate collapsed rocks.

– ∆mrp = 40%—the three lower layers are the rock pack, the two upper layers are
collapsed rocks.

– ∆mrp = 50%—the four layers, beginning with the seam bottom, simulate a rock pack
and one upper layer simulates collapsed rocks.

Using this technique in the technology of conducting computational experiments, five
values of the relative Prel indicators (the ratio of the load on the support section to its load-
bearing capacity) and Urel (the ratio of the roof lowering to the value of section separation
displacement) have been obtained. The load on the support section is determined from the
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curve of vertical stresses σy at the contact with the immediate roof; the roof lowering at the
same contact is calculated based on the indicators of vertical immediate roof displacements
Uy. As a result, according to the five values of the indicators, dependences Prel (∆) and Urel
(∆) have been constructed.

In order to expand the area of reliable use of the specified dependences, two variants of
mining-geological conditions, which are called “difficult” and “favorable”, are considered.
Based on the analysis and systematization of the mechanical properties of the Western
Donbass coal-bearing stratum, three groups of conditions have been identified according to
the criterion of the estimated compressive strength of rocks with the participation of acting
weakening factors. Two extreme groups of conditions have been chosen and two variants
of the coal-bearing mass state in “difficult” and “favorable” mining-geological conditions
have been modeled.

Unfavorable conditions: weak, water-saturated rocks at the lower limit of compressive
strength: coal is 20 MPa, claystone is 5 MPa, siltstone is 10 MPa, sandstone is 20 MPa.
Favorable conditions: water-free rocks at the upper limit of compressive strength: coal
is 40 MPa, argillite is 20 MPa, siltstone is 25 MPa, sandstone is 60 MPa. Both variants
in the form of functions Prel (∆) and Urel (∆) are displayed graphically and are criteria
for determining the formation of the expedient thickness of the rock pack ∆mrp in the
mined-out space.

5. Results and Discussion
5.1. Results of Numerical Modeling around the Longwall Face

Given the research peculiarities, special attention should be paid to the influence
of the thickness mrp of the rock pack erected behind the powered support sections in
the mined-out space on the stress–strain state parameters of the rock mass surrounding
the longwall face. For greater visibility, vertical sections are drawn along the model in
the most important zones: in the zone of acting frontal bearing pressure ahead of the
longwall face (section I), directly within the area of the longwall face (section II), and in
the destressing zone behind the longwall face (sections III and IV) with the corresponding
distances between them (Figure 4).
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This approach makes it possible to obtain changes in stress intensity in the form of
graphs, which are presented in Figure 5. Here, as well as for other stress components,
already at the stage of visual assessment, it is possible to state the tendencies of reduction
in the mass stress using the selective technology of coal seam mining with leaving the rocks
in the mined-out space.
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The stress intensity distribution at the relative rock pack thickness ∆mrp = 50%
(Figure 5) was analyzed. Destructive concentrations (for all lithotypes, including sandstone)
act in different areas of the coal-overlaying formation: in the bearing pressure zone and
above the longwall face, the concentrations σ are located in the upper part of each layer
thickness; in the mined-out space—maxima.

The most stressed layer is sandstone due to its increased strength and rigidity; it
is quite probable that it is the sandstone that represents the upper limit of the hinge-
block displacement zone, above which there is a zone of smooth deflection of the layers
without discontinuity.

In this case, during selective seam mining, the penetration of destruction in sandstone
is 10–25% of its thickness, and the probability of a more stable thrust-block system formation
increases. The same tendencies can be noted in the lower thick layer of siltstone, where the
areas of acting maxima are reduced (with selective technology) by 1.8–2.15 times above the
longwall face (Figure 5b), and above the mined-out space they completely disappear with
the corresponding sharp drop in the concentration value (Figure 5c).

In the closer main roof layers, there is a significant reduction in the areas of distributing
concentrations above the longwall face and their disappearance above the mined-out space.
The total reduction in areas of acting destructive concentrations ranges within 40–80%. With
the basic technology, more intense rock pressure acts and sandstone is prone to destruction
to a height of at least half of its thickness: with such destruction, the creation of a sufficiently
stable thrust system from sandstone rock blocks is unlikely.

Consider the change in the maximum stress intensity concentrations at different
relative thickness of the rock pack ∆mrp (from 10% to 50%) and in its absence in the mined-
out space in the most characteristic zones of rock pressure manifestation—the frontal
bearing pressure zone (Figure 6) and the destressing zone (Figure 7) of the most stressed
rock layers.
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It can be seen from the graphs in Figure 6 that in all studied variants, with an increase
in the rock pack thickness in the mined-out space, the concentrations of maximum stresses
decrease. For example, with an increase in the relative rock pack thickness ∆mrp from
10% to 50%, the absolute maximum stresses acting in sandstone decrease from 158 MPa
to 78 MPa, that is, by 50.6% (Figure 6, curve 1). In the layers below the sandstone, the
maximum acting stresses decrease by 42.6% and 43.9% for siltstone (Figure 6, curve 2) and
argillite (Figure 6, curve 3), respectively.

Similarly, the influence of the rock pack thickness in the mined-out space on the change
in the maximum stress concentrations in the destressing zone has been analyzed (Figure 7).
An increase in the rock pack thickness has caused a significant decrease in the roof rock
stresses in relation to the coal seam. Stresses at a distance of 10 m behind the longwall face
reach 75–80 MPa in the absence of a rock pack, and 25–30 MPa with a relative rock pack
thickness ∆mrp = 50%, that is, due to the artificially created bearing, the maximum stress
concentrations decrease by 62.5% (Figure 7, curve 1).

The distribution of maximum stress concentrations in other rock layers is as follows
(Figure 7, curve 2 and 3). As a result of the increase in the rock pack thickness ∆mrp, the
stresses in siltstone decrease from 80 MPa to 9 MPa and in argillite from 4.4 MPa to 0.6 MPa,
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that is, there is a sharp decrease in the level of their stress–strain state due to leaving the
rocks in the mined-out space.

As a result of performing a series of computational experiments, the dependence of
a change in the rock mass stress–strain state on the influence of the rock pack thickness
∆mrp, which is formed in the mined-out space during selective seam mining, has been
revealed. The use of a rock pack, erected behind the powered support sections, the material
for which is undercut rocks from the longwall face, can significantly reduce the stress
intensity and increase the rock mass stability both around the longwall face and around
extraction workings.

5.2. Study of Force and Deformation Parameters for Powered Support Loading

According to the computational experiment results, a stable tendency of reducing
the load on the powered support has been determined with an increase in the rock pack
thickness, depending on the degree of complexity of the mining-geological conditions for
mining the coal seams. The pattern of a change in the force and deformation parameters of
powered support loading depending on the rock pack thickness is shown in Figure 8.

Energies 2022, 15, x FOR PEER REVIEW  12  of  16 
 

 

The distribution of maximum stress concentrations in other rock layers is as follows 

(Figure 7, curve 2 and 3). As a result of the increase in the rock pack thickness Δmrp, the 

stresses in siltstone decrease from 80 MPa to 9 MPa and in argillite from 4.4 MPa to 0.6 

MPa, that is, there is a sharp decrease in the level of their stress–strain state due to leaving 

the rocks in the mined‐out space.   

As a result of performing a series of computational experiments, the dependence of 

a change in the rock mass stress–strain state on the influence of the rock pack thickness 

Δmrp, which is formed in the mined‐out space during selective seam mining, has been re‐

vealed. The use of a rock pack, erected behind the powered support sections, the material 

for which is undercut rocks from the longwall face, can significantly reduce the stress in‐

tensity and  increase  the rock mass stability both around  the  longwall  face and around 

extraction workings. 

5.2. Study of Force and Deformation Parameters for Powered Support Loading 

According to the computational experiment results, a stable tendency of reducing the 

load on the powered support has been determined with an increase in the rock pack thick‐

ness, depending on the degree of complexity of the mining‐geological conditions for min‐

ing the coal seams. The pattern of a change in the force and deformation parameters of 

powered support loading depending on the rock pack thickness is shown in Figure 8. 

   

(a)  (b) 

Figure  8. Dependence  of  a  change  in  the maximum  stress  concentrations  of  rock  layers  in  the 

destressing zone on the relative rock pack thickness: (a) Force characteristics of powered support; 

(b) Deformation characteristics of powered support; 1—unfavorable conditions; 2—favorable con‐

ditions   

When mining very thin seams, the loading of powered support is predicted to be up 

to 24% (in unfavorable conditions) and up to 10% (in favorable conditions) of the load‐

bearing capacity, with a relative rock pack thickness Δmrp = 50% (Figure 8а). When mining 

seams with a thickness of 0.65–0.7 m with undercutting of rocks with a size of 0.55–0.6 m 

and their subsequent leaving in the mined‐out space, the loading on the powered support 

section stabilizes at the level of 7–8% to 16–17.5% of its load‐bearing capacity. In addition, 

a pattern has been revealed in the decrease in the value of the lowering (necessary yielding 

property) of  the support roof with an  increase  in  the relative rock pack  thickness Δmrp 

(Figure 8b). 

In favorable mining‐geological conditions, during support section operation, the dis‐

placement of hydraulic props and, accordingly, the operation of safety valves is not pre‐

dicted. The absolute values of lowering are reduced by 37–45% in the range of changing 

Δmrp = 35–50%. In difficult mining‐geological conditions, up to 50 mm (8.5% of the section 

separation displacement)  is sufficient  for maximum destressing of  the support section, 

which is provided at Δmrp = 22–25%. 

Figure 8. Dependence of a change in the maximum stress concentrations of rock layers in the
destressing zone on the relative rock pack thickness: (a) Force characteristics of powered support;
(b) Deformation characteristics of powered support; 1—unfavorable conditions; 2—favorable conditions.

When mining very thin seams, the loading of powered support is predicted to be up to
24% (in unfavorable conditions) and up to 10% (in favorable conditions) of the load-bearing
capacity, with a relative rock pack thickness ∆mrp = 50% (Figure 8a). When mining seams
with a thickness of 0.65–0.7 m with undercutting of rocks with a size of 0.55–0.6 m and their
subsequent leaving in the mined-out space, the loading on the powered support section
stabilizes at the level of 7–8% to 16–17.5% of its load-bearing capacity. In addition, a pattern
has been revealed in the decrease in the value of the lowering (necessary yielding property)
of the support roof with an increase in the relative rock pack thickness ∆mrp (Figure 8b).

In favorable mining-geological conditions, during support section operation, the
displacement of hydraulic props and, accordingly, the operation of safety valves is not
predicted. The absolute values of lowering are reduced by 37–45% in the range of changing
∆mrp = 35–50%. In difficult mining-geological conditions, up to 50 mm (8.5% of the section
separation displacement) is sufficient for maximum destressing of the support section,
which is provided at ∆mrp = 22–25%.

The given predictive data testify not only to the reliable and trouble-free operation of
the support, but also to an increase in its MTBF (mean time between failures) due to the
improvement of its operating modes.
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6. Conclusions

The present research provides a geomechanical assessment of the effect of leaving the
waste rocks from undercutting of the coal seam on a rock mass surrounding the longwall
face using a new method of selective mining of thin coal seams. The obtained scientific
results are as follows:

1. A geomechanical model has been substantiated and developed that adequately reflects
the mining-geological conditions for seam mining within the extraction site, the
real structure and properties of the rocks within the coal-overlaying formation, the
parameters of the longwall face and the modified powered support for the processes of
leaving the rocks in the mined-out space. This makes it possible to predict completely
objective results when conducting a series of computational experiments.

2. It has been determined that the stress intensity concentrations in the coal-bearing mass
in the zone of frontal bearing pressure change according to a logarithmic dependence
on the rock pack thickness value, which reduces their maxima by 1.7–2.0 times with
an increase in the ratio of the rock pack thickness to the extracting seam thickness
from 0.35 to 0.5. Given this dependence, it is possible to predict a decrease in rock
pressure in the longwall face and extraction drifts in the case of selective mining of
coal with leaving the undercut rocks in the mined-out space.

3. It has been revealed that the relative indicators of the load on the powered support
section and the lowering of its roof are exponentially dependent on the ratio of
thickness of the rock pack formed in the mined-out space to the extracting seam
thickness. The found pattern substantiates the choice of the thickness of the rock
pack formation in the mined-out space, which ensures trouble-free operation of the
longwall complex.

Creating the possibility of leaving waste rocks in the mined-out space of coal mines
opens a few positive aspects for achieving sustainable and “green” coal mining, which
can directly serve as the subject of further scientific research. This is an assessment of the
increase in the energy value of coal, a study of the reduction of costs for the transportation
of waste rock in the underground and surface complex of the mine, an increase in the
stability of excavation site workings, a study of subsidence of the earth’s surface, a study of
the reduction of the movement of the flow of waste mine rock to the daylight surface.
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of mine waste dumps in terms of environmental protection in industrial areas in Poland. Sci. Rep. 2021, 11, 8851. [CrossRef]
[PubMed]

18. Chen, D.; Chen, A.; Hu, X.; Li, B.; Li, X.; Guo, L.; Feng, R.; Yang, Y.; Fang, X. Substantial Methane Emissions from Abandoned
Coal Mines in China. SSRN Electron. J. 2022, 214, 113944. [CrossRef]

19. Liu, Y.; Gao, H.; Yu, Z.; Li, C.; Ren, H.; Zhao, Y.; Huang, F.; Guo, Y.; Wan, M.; Tian, J.; et al. Managing Methane Emissions
in Abandoned Coal Mines: Comparison of Different Recovery Technologies by Integrating Techno-Economic Analysis and
Life-Cycle Assessment. Environ. Sci. Technol. 2022, 56, 13900–13908. [CrossRef]

20. Vriens, B.; Plante, B.; Seigneur, N.; Jamieson, H. Mine Waste Rock: Insights for Sustainable Hydrogeochemical Management.
Minerals 2020, 10, 728. [CrossRef]

21. Wang, X.; Gao, Y.; Jiang, X.; Zhang, Q.; Liu, W. Analysis on the Characteristics of Water Pollution Caused by Underground Mining
and Research Progress of Treatment Technology. Adv. Civ. Eng. 2021, 2021, 9984147. [CrossRef]

22. Wu, P.; Zhao, G.; Li, Y. Green Mining Strategy Selection via an Integrated SWOT-PEST Analysis and Fuzzy AHP-MARCOS
Approach. Sustainability 2022, 14, 7577. [CrossRef]

23. Bozhanova, V.; Korenyuk, P.; Lozovskyi, O.; Belous-Sergeeva, S.; Bielienkova, O.; Koval, V. Green Enterprise Logistics Management
System in Circular Economy. Int. J. Math. Eng. Manag. Sci. 2022, 7, 350–363. [CrossRef]

24. Jafarpour, A.; Khatami, S. Analysis of Environmental Costs’ Effect in Green Mining Strategy Using a System Dynamics Approach:
A Case Study. Math. Probl. Eng. 2021, 2021, 4893776. [CrossRef]

25. Khorolskyi, A.; Hrinov, V.; Mamaikin, O.; Fomychova, L. Research into optimization model for balancing the technological flows
at mining enterprises. E3S Web Conf. 2020, 201, 01030. [CrossRef]

26. Bazaluk, O.; Rysbekov, K.; Nurpeisova, M.; Lozynskyi, V.; Kyrgizbayeva, G.; Turumbetov, T. Integrated monitoring for the rock
mass state during large-scale subsoil development. Front. Environ. Sci. 2022, 10, 852591. [CrossRef]

27. Nurpeissova, M.; Rysbekov, K.; Levin, E.; Derbisov, K.; Nukarbekova, Z. Study of slow motions of the earth surface. Vestn. Kazn.
2021, 143, 3–9. [CrossRef]

28. Byzylo, V.; Koshka, O.; Poymanov, S.; Malashkevych, D. Resource-saving technology of selective mining with gob backfilling.
New Dev. Min. Eng. 2015, 1, 485–491. [CrossRef]

29. Petlovanyi, M.V.; Zubko, S.A.; Popovych, V.V.; Sai, K.S. Physicochemical mechanism of structure formation and strengthening in
the backfill massif when filling underground cavities. Vopr. Khimii Khimicheskoi Tekhnologii 2020, 6, 142–150. [CrossRef]

30. Nurpeissova, M.; Rysbekov, K.; Kenesbayeva, A.; Bekbassarov, Z.; Levin, E. Simulation of geodynamic processes. Eng. J. Satbayev
Univ. 2021, 143, 16–24. [CrossRef]

http://doi.org/10.17794/rgn.2018.3.2
http://doi.org/10.1201/9781003159421-1
http://doi.org/10.1016/j.rser.2022.112579
http://doi.org/10.1016/j.jclepro.2022.134061
http://doi.org/10.3390/land11060826
http://doi.org/10.1007/s10584-017-2135-5
http://doi.org/10.33271/mining15.03.007
http://doi.org/10.1007/978-3-030-69189-9_17
http://doi.org/10.33271/mining15.01.001
http://doi.org/10.3390/su14159445
http://doi.org/10.1201/b17547-41
http://doi.org/10.3389/feart.2022.790737
http://doi.org/10.33271/mining14.04.066
http://doi.org/10.3390/recycling1020232
http://doi.org/10.1038/s41598-021-88470-7
http://www.ncbi.nlm.nih.gov/pubmed/33893382
http://doi.org/10.2139/ssrn.4067033
http://doi.org/10.1021/acs.est.2c02928
http://doi.org/10.3390/min10090728
http://doi.org/10.1155/2021/9984147
http://doi.org/10.3390/su14137577
http://doi.org/10.33889/IJMEMS.2022.7.3.024
http://doi.org/10.1155/2021/4893776
http://doi.org/10.1051/e3sconf/202020101030
http://doi.org/10.3389/fenvs.2022.852591
http://doi.org/10.51301/vest.su.2021.i5.01
http://doi.org/10.1201/b19901-84
http://doi.org/10.32434/0321-4095-2020-133-6-142-150
http://doi.org/10.51301/vest.su.2021.i4.03


Energies 2022, 15, 9522 15 of 16

31. Behera, S.K.; Mishra, D.P.; Singh, P.; Mishra, K.; Mandal, S.K.; Ghosh, C.N.; Kumar, R.; Mandal, P.K. Utilization of mill tailings, fly
ash and slag as mine paste backfill material: Review and future perspective. Constr. Build. Mater. 2021, 309, 125120. [CrossRef]

32. Bondarenko, V.I.; Griadushchiy, Y.B.; Dychkovskiy, R.O.; Korz, P.P.; Koval, O.I. Advanced experience and direction of mining of
thin coal seams in Ukraine. In Technical, Technological and Economic Aspects of Thin-Seams Coal Mining International Mining Forum
2007; CRC Press: London, UK, 2007; pp. 1–7.

33. Zavialova, O.; Kostenko, V.; Liashok, N.; Grygorian, M.; Kostenko, T.; Pokaliuk, V. Theoretical basis for the formation of damaging
factors during the coal aerosol explosion. Min. Miner. Depos. 2021, 15, 130–138. [CrossRef]

34. Shashenko, A.; Gapieiev, S.; Solodyankin, A. Numerical simulation of the elastic-plastic state of rock mass around horizontal
workings. Arch. Min. Sci. 2009, 54, 341–348.

35. Malashkevych, D.; Poimanov, S.; Shypunov, S.; Yerisov, M. Comprehensive assessment of the mined coal quality and mining
conditions in the Western Donbas mines. E3S Web Conf. 2020, 201, 01013. [CrossRef]

36. Haidai, O.; Ruskykh, V.; Ulanova, N.; Prykhodko, V.; Cabana, E.C.; Dychkovskyi, R.; Howaniec, N.; Smolinski, A. Mine Field
Preparation and Coal Mining in Western Donbas: Energy Security of Ukraine—A Case Study. Energies 2022, 15, 4653. [CrossRef]

37. Wu, D.; Yang, B.; Liu, Y. Transportability and pressure drop of fresh cemented coal gangue-fly ash backfill (CGFB) slurry in pipe
loop. Powder Technol. 2015, 284, 218–224. [CrossRef]

38. Zhang, J.; Li, M.; Taheri, A.; Zhang, W.; Wu, Z.; Song, W. Properties and Application of Backfill Materials in Coal Mines in China.
Minerals 2019, 9, 53. [CrossRef]

39. Kuzmenko, O.; Petlyovanyy, M.; Heylo, A. Application of fine-grained binding materials in technology of hardening backfill
construction. In Progressive Technologies of Coal, Coalbed Methane, and Ores Mining; CRC Press: London, UK, 2014; pp. 465–469.
[CrossRef]

40. Majcherczyk, T.; Małkowski, P.; Niedbalski, Z. Rock mass movements around development workings in various density of
standing-and-roof-bolting support. J. Coal Sci. Eng. China 2008, 14, 356–360. [CrossRef]

41. Rabe, M.; Drozdz, W.; Widera, K.; Loparka, A.; Lezynski, P.; Streimikiene, D.; Bilan, Y. Assessment of energy storage for energy
strategies development on a regional scale. Acta Montan. Slovaca 2022, 27, 163–177. [CrossRef]

42. Vlasov, S.; Moldavanov, Y.; Dychkovskyi, R.; Cabana, E.; Howaniec, N.; Widera, K.; Bąk, A.; Smolinski, A. A Generalized View of
Longwall Emergency Stop Prevention (Ukraine). Processes 2022, 10, 878. [CrossRef]

43. Huang, Y.; Zhang, J.; Yin, W.; Sun, Q. Analysis of Overlying Strata Movement and Behaviors in Caving and Solid Backfilling
Mixed Coal Mining. Energies 2017, 10, 1057. [CrossRef]

44. Sakhno, I.; Sakhno, S.; Vovna, O. Assesing a risk of roof fall in the development mine workings in the process of longwall coal
mining in terms of Ukrainian mines. Min. Miner. Depos. 2020, 14, 72–80. [CrossRef]

45. Zhang, Q.; Zhang, J.X.; Kang, T.; Sun, Q.; Li, W.K. Mining pressure monitoring and analysis in fully mechanized backfilling coal
mining face-A case study in Zhai Zhen Coal Mine. J. Cent. South Univ. 2015, 22, 1965–1972. [CrossRef]

46. Qin, D.; Wang, X.; Zhang, D.; Guan, W.; Zhang, L.; Xu, M. Occurrence Characteristic and Mining Technology of Ultra-thick Coal
Seam in Xinjiang, China. Sustainability 2019, 11, 6470. [CrossRef]

47. Mo, S.; Canbulat, I.; Zhang, C.; Oh, J.; Shen, B.; Hagan, P. Numerical investigation into the effect of backfilling on coal pillar
strength in highwall mining. Int. J. Min. Sci. Technol. 2018, 28, 281–286. [CrossRef]

48. Zhang, Z.; Yu, X. Numerical investigation on roadside backfill area roof failure mechanism subjected to roadside backfill body: A
case study. Geotech. Geol. Eng. 2020, 38, 5309–5325. [CrossRef]

49. Huang, P.; Spearing, A.J.S.; Feng, J.; Jessu, K.V.; Guo, S. Effects of solid backfilling on overburden strata movement in shallow
depth longwall coal mines in West China. J. Geophys. Eng. 2018, 15, 2194–2208. [CrossRef]

50. Petlovanyi, M.V.; Malashkevych, D.S.; Sai, K.S. The new approach to creating progressive and low-waste mining technology for
thin coal seams. J. Geol. Geogr. Geoecology 2020, 29, 765–775. [CrossRef]

51. Petlovanyi, M.; Malashkevych, D.; Sai, K.; Bulat, I.; Popovych, V. Granulometric composition research of mine rocks as a material
for backfilling the mined-out area in coal mines. Min. Miner. Depos. 2021, 15, 122–129. [CrossRef]

52. Kuzmenko, O.M.; Vialyi, K.I.; Demchenko, A.P.; Hrechushkin, V.V. Vplyv Heolohichnoho Seredovyshcha na Intensyfikatsiiu Rozrobky
Tonkykh i Nadtonkykh Plastiv Donbasu; Monograph, Dnipropetrovsk; LizunovPress: Dnipro, Ukraine, 2010; 212p.

53. Bondarenko, V.I.; Kovalevskaia, I.A.; Symanovych, H.A.; Chervatiuk, V.H. Geomekhanika Nagruzheniya Krepi Ochistnykh i Podgo-
tovitelnykh Vyrabotok v Sloistom Massive Slabykh Porod; Monograph, Dnipropetrovsk; LizunovPress: Dnipro, Ukraine, 2012; 248p.

54. Shashenko, A.N.; Sdvizhkova, E.A.; Gapeev, S.N. Deformiruemost i Prochnost Massivov Gornykh Porod; Monograph; National
Mining University of Ukraine: Dnipro, Ukraine, 2008; 224p.

55. Bondarenko, V.I.; Kovalevskaya, I.A.; Simanovich, G.A. Eksperimentalnye Issledovaniya Ustoychivosti Povtorno Ispolzuemykh vye-
mochnykh Vyrabotok na Pologikh Plastakh Donbassa; Monograph, Dnipropetrovsk; LizunovPress: Dnipro, Ukraine, 2012; 285p.

56. Zhang, J.X.; Jiang, H.Q.; Deng, X.J.; Ju, F. Prediction of the height of the water-conducting zone above the mined panel in solid
backfill mining. Mine Water Environ. 2014, 334, 317–326. [CrossRef]

57. Ju, F.; Huang, P.; Guo, S.; Xiao, M.; Lan, L. A roof model and its application in solid backfilling mining. Int. J. Min. Sci. Technol.
2017, 27, 139–143. [CrossRef]

58. Jiang, H.; Cao, Y.; Huang, P.; Fang, K.; Li, B. Characterisation of coal-mine waste in solid backfill mining in China. Min. Techn.
2015, 124, 56–63. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2021.125120
http://doi.org/10.33271/mining15.04.130
http://doi.org/10.1051/e3sconf/202020101013
http://doi.org/10.3390/en15134653
http://doi.org/10.1016/j.powtec.2015.06.072
http://doi.org/10.3390/min9010053
http://doi.org/10.1201/b17547-79
http://doi.org/10.1007/s12404-008-0078-1
http://doi.org/10.46544/AMS.v27i1.12
http://doi.org/10.3390/pr10050878
http://doi.org/10.3390/en10071057
http://doi.org/10.33271/mining14.01.072
http://doi.org/10.1007/s11771-015-2716-2
http://doi.org/10.3390/su11226470
http://doi.org/10.1016/j.ijmst.2017.07.003
http://doi.org/10.1007/s10706-020-01365-8
http://doi.org/10.1088/1742-2140/aac62c
http://doi.org/10.15421/112069
http://doi.org/10.33271/mining15.04.122
http://doi.org/10.1007/s10230-014-0310-8
http://doi.org/10.1016/j.ijmst.2016.11.001
http://doi.org/10.1179/1743286315Y.0000000002


Energies 2022, 15, 9522 16 of 16

59. Deng, X.; Zhang, J.; De Wit, B.W.; Ju, F. Pressure propagation characteristics of solid waste backfilling material during compaction
and its applications in situ. Geotech. Geol. Eng. 2016, 34, 1631–1642. [CrossRef]

60. Lyashenko, V.; Andreev, B.; Dudar, T. Substantiation of mining-technical and environmental safety of underground mining of
complex-structure ore deposits. Min. Miner. Depos. 2022, 16, 43–51. [CrossRef]

61. Zhang, J.; Wang, J.; Wei, W.; Chen, Y.; Song, Z. Experimental and numerical investigation on coal drawing from thick steep seam
with longwall top coal caving mining. Arab. J. Geosci. 2018, 11, 96. [CrossRef]

62. Petlovanyi, M.; Medianyk, V.; Sai, K.; Malashkevych, D.; Popovych, V. Geomechanical substantiation of the parameters for coal
auger mining in the protecting pillars of mine workings during thin seams development. ARPN J. Eng. Appl. Sci. 2021, 16,
1572–1582.

63. Snihur, V.; Bondarenko, V.; Kovalevska, I.; Husiev, O.; Shaikhlislamova, I. Optimization solution substantiation for resource-saving
maintenance of workings. Min. Miner. Depos. 2022, 16, 9–18. [CrossRef]

64. Wang, J.; Apel, D.B.; Dyczko, A.; Walentek, A.; Prusek, S.; Xu, H.; Wei, C. Investigation of the Rockburst Mechanism of Driving
Roadways in Close-Distance Coal Seam Mining Using Numerical Modeling Method. Min. Metall. Explor. 2021, 38, 1899–1921.
[CrossRef]

65. Pysmennyi, S.; Fedko, M.; Chukharev, S.; Rysbekov, K.; Kyelgyenbai, K.; Anastasov, D. Technology for mining of complex-
structured bodies of stable and unstable ores. IOP Conference Series: Earth and Environmental Science. E3S Web Conf. 2022,
970, 012040. [CrossRef]

66. Gao, M.; Zhang, Z.; Xiangang, Y.; Xu, C.; Liu, Q.; Chen, H. The location optimum and permeability-enhancing effect of a low-level
shield rock roadway. Rock Mech. Rock Eng. 2018, 51, 2935–2948. [CrossRef]

67. Ye, Q.; Wang, W.J.; Wang, G.; Jia, Z.Z. Numerical simulation on tendency mining fracture evolution characteristics of overlying
strata and coal seams above working face with large inclination angle and mining depth. Arab. J. Geosci. 2017, 10, 82. [CrossRef]

68. Baykenzhin, M.; Asanova, Z.; Rashid, Z.; Kasimov, A.; Ivadilinova, D.; Zhunis, G. Modeling the influence of rolled profile
strengtheners on the arch support load-bearing capacity. Min. Miner. Depos. 2022, 16, 84–91. [CrossRef]

69. Zhifei, S.; Yun-jiang, S.; Xuan, L. Research on in situ stress measurement and inversion, and its influence on roadway layout in
coal mine with thick coal seam and large mining height. Geotech. Geol. Eng. 2018, 36, 1907–1917. [CrossRef]

70. Simanovich, A.M. Sovershenstvovanie Sposobov Ohrany Podhotovitelnykh Vyrabotok; Monograph; Donentsk National Technical
University: Donetsk, Ukraine, 1973; 121p.

71. Iordanov, I.; Novikova, Y.; Simonova, Y.; Yefremov, O.; Podkopayev, Y.; Korol, A. Experimental characteristics for deformation
properties of backfill mass. Min. Miner. Depos. 2020, 14, 119–127. [CrossRef]

http://doi.org/10.1007/s10706-016-0070-2
http://doi.org/10.33271/mining16.01.043
http://doi.org/10.1007/s12517-018-3421-x
http://doi.org/10.33271/mining16.01.009
http://doi.org/10.1007/s42461-021-00471-2
http://doi.org/10.1088/1755-1315/970/1/012040
http://doi.org/10.1007/s00603-018-1461-x
http://doi.org/10.1007/s12517-017-2856-9
http://doi.org/10.33271/mining16.01.084
http://doi.org/10.1007/s10706-017-0427-1
http://doi.org/10.33271/mining14.03.119

	Introduction 
	Study Area 
	Theoretical Background 
	Research Methods 
	Numerical Modeling 
	Determining Force and Deformation Parameters for the Powered Support Loading 

	Results and Discussion 
	Results of Numerical Modeling around the Longwall Face 
	Study of Force and Deformation Parameters for Powered Support Loading 

	Conclusions 
	References

