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Abstract. Many years of coal production have led to significant changes
in the stability of the rock mass and the earth's surface in the territory of
the coal mining regions of Ukraine. The reasons for such changes are the
increase of fracture and decrease of the strength of rocks, stratification and
hanging of rocks in the boundary parts of workings, the presence of
interstices in the coal-face workings, large-scale subsidence of the earth's
surface, underworking of a considerable number of buildings, structures
and infrastructure.

1 Introduction

In the global economy, coal plays an important role among natural energy resources and
occupies the third position in terms of use after oil and natural gas. The coal industry is an
important component of the industrial potential of Ukraine and it ensures the functioning of
leading sectors of the economy [1 — 3]. The sustainable development of the state, its energy
and environmental safety depend on the effectiveness and stability of its functioning [4 — 6].

The problem of environmental protection in Ukraine is of crucial importance [7 — 9].
Mining enterprises cause significant environmental, social and economic damage to the
country's economy, as they are powerful sources of pollution and transformation of the
environmental components of industrial regions [10 — 14].

During underground mining of coal deposits, the main factors that significantly worsen
the environmental situation of coal-mining regions are: undermining and deformation of the
earth's surface, the release of large volumes of rock from mines [13 — 15], pollution of
water and air basins [16 — 21], the formation of significant amounts of waste, alienation and
pollution of land resources, as well as the negative impact on living organisms and human
health [22 — 24].

The rock given out from the mines occupies large areas of land suitable for agriculture.
At the same time, about 40% of surface and underground transport and more than 30% of
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transport workers are used to produce the rock winding [25 — 27]. A significant part of the
rock is transported and delivered to the surface via coal transport lines, thereby causing a
significant contamination of coal by the rock and, consequently, a sharp decrease in its
quality [28 — 32].

It should be noted that coal mining, including from pillars, negatively affects the
environmental state of the daylight surface due to displacement and deformation of rocks.
Dips, deflections, troughs of displacement, etc. are formed on the surface. The problem of
undermining the earth's surface is the most relevant for the mines of the Western Donbas.
This is due to the fact that in this region [5, 13, 14, 19]:

— Mining and geological conditions are difficult. The rocks that contain coal seams are
characterized by low mechanical strength, a tendency to soak, delaminate and swell. To this
view, subsidence of the earth’s surface as a result of coal seams mining is 90 — 95% of their
removable capacity;

— Hydrogeological conditions are complex. In the territory of the Western Donbas, more
than ten aquifers and complexes in sedimentary crystalline rocks are distinguished. The
groundwater level in the floodplain of the Samara River is slightly higher than the
maximum water level in the river (0.5 — 1.5 m);

— A characteristic feature of the Western Donbass is the location of a significant part of
the coal reserves under the floodplain of the Samara River and its tributaries. Among 10
operating mines, 8 are developing reserves under the floodplain. The balance reserves
within the boundaries of the zones of underground operations influence on the protected
surface objects of existing mines account for more than 40% of the total balance reserves;

— In the mines of the Western Donbas, about 40% of the rock of the total amount of
mined coal is exposed to the surface.

Improving the ecological state of the West Donbas requires solving two main issues:
reducing the volume of rock discharged from the mines and reducing the deformations of
the surface that arise as a result of mining operations [33 — 37].

From an analysis of scientific works and literary sources, it can be stated that the issue
of creating environmental protection, low-waste technology for the conditions of the
Western Donbas remains insufficiently unresolved, although some work in this direction
has been carried out.

2 The research problem setting

During underground mining of coal seams, displacements and deformations of rocks occur.
These displacements cause significant changes in the field of gravitational forces with the
formation of support zones in which the stresses are several times higher than the stresses
of the untouched mass [33 — 38]. Changes in the rock mass, depending on natural, mining,
and production factors, lead to significant difficulties in conducting coal-face works [37 —
41]. The harmful effect of abutment pressure is manifested not only in the plane of the
seam, but also in the rocks at a considerable distance from it up to the earth's surface.

In the conditions of the mines of the Western Donbas, where the coal-bearing stratum is
composed of unstable rocks [41 —43], subsidence of the earth’s surface reaches up to 95% of
the removed thickness of the seams. The number of coal seams of working thickness at each
mine is different and varies from 4 to 11. The total thickness in this case is 3.5 — 9.0 m. When
mining all coal seams according to the currently generally accepted technology and the
method of managing the roof completely caving, subsidence of the earth's surface can reach
3 — 8 m. Such subsidence of the earth's surface contributes to the violation of the ecological
state of coal-mining regions.

Particularly acute for the Western Donbas is the problem of maintaining the ecological
balance and the introduction of resource-saving technologies. A characteristic feature of
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this region is the location of a significant part of the coal reserves under the floodplain of
the Samara River and its tributaries. The width of the floodplain reaches 4 km. The surface
of the floodplain is horizontal, has a slight excess (1 —2 m) above the river level during the
low-water period. Underground mining of coal seams leads to waterlogging and flooding of
the surface with settlements, industrial facilities, communications, agricultural land and
forests located on it. The situation is aggravated by the fact that the arched stratum of rocks
in the Western Donbas is composed of low-metamorphosed sandy-clay rocks, which are
characterized by weak strength and low stability [43 —47].

To establish the patterns of formation of rock pressure during the development of gently
dipping coal seams and assess its impact on the earth’s surface, it is necessary

— To conduct mine observations to establish the dependences of the subsidence of the
roof rocks on the accepted practice and its parameters;

— To monitor the subsidence of the earth’s surface in the areas of underworking and to
establish its dependence on the time parameters of coal-face works;

—To develop a calculation model to determine the stress-strain state of the rock mass
and to forecast subsidence of the earth's surface during its underworking on the basis of
experimental data;

—To develop a methodology for determining the rational parameters of the coal-face
works when mining gently dipping coal seams, taking into account deformations of the
earth’s surface;

— To develop recommendations on the parameters of the coal-face works for the mines
of the Western Donbas.

3 Analysis of the nature, patterns and values of the parameters
of rock pressure manifestation

Mining operations in the conditions of underground mining of minerals provokes
geomechanical processes in a structurally heterogeneous rock mass [43 —47]. At the same
time, the underworked rock stratum is shifted and its physicochemical properties change.
With significant size of the underworking area, the movement of rocks reaches the earth's
surface. The main coal mining areas are located on the territory of densely populated,
industrialized regions with a high building density. Therefore, currently there is less and
less space on which mining can be carried out without taking into account deformations of
the earth’s surface.

The main aim of the studies is to establish the nature, patterns and values of the
parameters of the rock pressure manifestation in long breakage faces and in chambers
during mining of coal seams in specific mining and geological conditions.

The object of research was a structurally heterogeneous rock mass, including coal
seams, during underground coal mining in specific mining-geological and mining-technical
conditions. The breakage faces and face entries selected for the research were
representative, since they included all the existing mining-geological and mining-technical
conditions for mining seams in the Western Donbas.

Mine research was carried out in the existing wall faces and face entries of the
“Pavlohradska”, “Yuvileina”, “Stepova”, “Blahodatna”, and “Zakhidno-Donbaska” mines
in accordance with the provisions of the working methodology.

In all the wall faces, the coal seams were mined according to the pillar mining system,
the lengths of the extraction pillars were usually 1.1 — 1.2 m, the lengths of the wall faces
were 180 —200 m. Pillars are mined mainly to the rise, less often to the dip and to the
strike. At the “Stepova” mine, all wall faces are equipped with KMK-97M complexes with
MK-98 powered support and MK-67M combine, at the remaining mines, studies were
conducted in wall faces equipped with KD-80 or KD-90 complexes with KA-80 combines
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or two 1K101U combines.

Mine research was carried out in accordance with the provisions of a specially
developed working methodology that meets the requirements of existing methods and
standards.

In the study of mining-geological and mining-technical indicators of coal seam mining
in conditions of a specific working face were studied in detail:

— Thickness and angle of incidence of the seam, their fluctuations; exploitation depth;
hypsometry of the roof and soil along the length of the wall face;

— The composition, structure and physical and mechanical properties of the seam and
lateral rocks, their fracturing; volume of gas, abundance of water and dust formation;

— Characteristics of the coal-face working and excavation workings contouring it, coal
extraction technology.

The study of these indicators was carried out according to mine documentation, and by
direct observation and measurement.

When observing the state, stability, and movement of the lateral rocks in the working
area of the wall face, special attention was paid to cracks, cutter breaks, cuts, shortening of
the roof and inrushes, the moment of occurrence of faults in roof was recorded, it was noted
at what distance from the face it appeared. In this case, the width of the cracks and the
displacement of the rocks along them were measured. The nature of deformations and
caving of rocks, clod content, thickness of collapsing rocks, the sequence of collapses, the
influence of roof faults in the working area on the nature of its caving were studied.

Measurements of the values and rates of closure of the lateral rocks were carried out
during the extraction of coal, the movement of the supports and the absence of production
processes. In this case, zones of influence of production processes on the magnitude and
rate of convergence of lateral rocks were determined. The coal seams in all the studied wall
faces are gently dipping (incidence angle 3 — 5°), thin (m = 0.7 — 1.05), the useful worked
thickness varied within 1.0 - 1.1 m. In the process of mining the extraction pillars,
characteristic tectonic disturbance was often observed. Crushing zones up to 10 m
accompanied faults on both sides of the displacer with a sharp decrease in the strength
properties of coal and enclosing rocks. Zones of inelastic deformations were formed above the
arches and along the sides of the development workings, within which the roof rocks were
very unstable. When working in the zones of faults, in the working area of the wall face after
the passage of the combine, roof rocks inrushes of height from 0.5 to 1.2 m and along the
length of the wall face — 5 — 8 m were observed. Near tectonic faults, the inrushes reached a
height of 2.0 — 2.5 m. All coal seams have natural moisture. The coal seams are dangerous for
the explosiveness of coal dust and methane gas, but not prone to spontaneous combustion.
Natural gas content in the area of wall faces was 5.0 — 14.5 m’/t of daily production. The
rocks of the immediate roof were represented by unstable argillites, rarely — aleurolites. The
soil rocks were composed of argillites or aleurolites of medium stability. The natural
fracturing of the roof rocks was 4 — 5 cracks per meter, sometimes 10 — 12 cracks per meter.

Crack formation was studied visually, and the crack opening width was measured with a
ruler. During the study, the intensity of crack formation was 6 — 8 cracks per 1 linear meter
along the wall face, and at its end sections (up to 5 m) it was 10 — 12 cracks per 1 linear
meter. Increased fracturing of the rocks (12 — 15 cracks) was noted around the extraction
galleries.

In the wall faces, in the presence of unstable argillites in the immediate roof, the process
of crack formation occurred as follows: after the excavation of the seam by the combine, a
vertical technological crack appeared in the roof parallel to the face line. This crack opened
slightly (3 —5 mm). But the subsidence of the roof rocks along this crack occurred and
reached 15 — 25 mm — see Figs. la and 2a). After the extraction of the next strip of coal (the
working width of the combine is 0.8 m), the crack opened up to a width of 10 mm. In the
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vicinity of the operational crack, randomly located smaller cracks of natural origin were
revealed, while the roof continuity remained. After the third cycle, all cracks opened, the
roof rocks were broken into large pieces of irregular shape, although the outline and
integrity of the block between parallel technological cracks (multiple to the working width
of the combine) remained.
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Fig. 1. The nature of crack formation in wall face equipped with a mechanized complex KMK97M, in
the presence of argillite (a) and aleurolite (b) in the roof of the seam.

After the fourth cycle of coal mining, the roof rocks completely caved, partially spilled
up into the working space of wall face, a rock pillow up to 10 cm thick formed on the
ceilings. In the mined-out area, the immediate roof caved after each movement of the roof
support.

In the presence of medium stable aleurolite in the immediate roof, crack formation
occurred differently (see Figs. 1b and 2b). After the combine passed through, a barely
visible (1 —2 mm wide) vertical technological crack parallel to the face line also appeared
in the roof. The subsidence of the roof rocks along this crack did not exceed 5 mm. After
the extraction of the next strip of coal, the crack opened up to 5 — 8 mm. Natural cracks
appeared after excavation of the third strip. Before entering the mined-out area, the last
block cracked along multidirectional natural cracks, while maintaining overall integrity. In
the mined-out area, both in the wall faces equipped with KMK97M complexes and KD-80
complexes, the immediate roof most often collapsed after each movement of the support
with blocks equal in working width of the combine (0.8 m). Behind the support, such
blocks disintegrated into large units. Cases were recorded when the blocks were not
destroyed but, forming a console, hung in the mined-out area. The length of the rock
console was a multiple of the working width of the combine, i.e. 0.8; 1.6; 2.4 m and
sometimes — reached 4.0 m.

In all the studied wall faces, in the presence of medium stable aleurolite in the immediate
roof, in the middle part of the mined-out area, shortening, caving in and inrushes of the roof
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between the face and the ends of the roof supports were often observed. Inrushes of roof rocks
up to 1.5 —2.0 m high were recorded at the end sections of the wall face, which is explained
by the formation of zones of inelastic deformations around the extraction galleries. On
average, the height of the inrushes was 0.2 — 0.5 m, which contributed to the contamination of
mined coal and an increase in its ash content by 4 — 10%.
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Fig. 2. The nature of crack formation in wall face equipped with a mechanized complex KD-80, in the
presence of argillite (a) and aleurolite (b) in the roof of the seam.

4 Study of the nature and magnitude of lateral rocks closure in
wall faces

Studies of the convergence of lateral rocks during the extraction of coal seams in wall faces
were carried out at measuring stations located in the middle part of the wall face and at its
end sections [42, 44]. The first measuring stand was installed at a distance of 0.1 m from
the face between the sections' ceilings, and the second behind the main conveyor at a
distance of 1.2 m from the face between the same sections.

The indicator readings during coal mining were taken every 15 seconds. The countdown
was carried out by stopwatch, which were previously verified and installed synchronously.
When the combine approached the stand located at the face, the coal-face works stopped,
the stand was rearranged behind the combine, and measurements continued. The location of
the second stand made it possible to observe the convergence of the lateral rocks at the time
of passage of the combine. For continuous control of convergence when the combine was
moving away, two sections of powered roof support, between which a stand was installed,
were not pushed to the face. Thus, a continuous measurement of the lateral rocks
convergence over the entire period of the cycle of coal getting was carried out with
reference to the distance to the combine.

As a result of the measurements, it was found that the closure rate of the roof and soil
rocks in the middle part in the wall face until the combine approaches at a distance of up to
3 m remains constant (background) and equals 0.02 — 0.06 mm/min. When the combine
comes closer than 3 m, the closure speed begins to increase and reaches 0.8 — 1.2 mm/min
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until the stand is rearranged. After rearranging the stand and continuing the movement of
the combine, the convergence rate continues to grow rapidly and at a distance of 8 — 10 m
from the combine is 1.6 — 1.8 mm/min. As the combine moves away from the measuring
stand, the convergence rate decreases and reaches a background value at a distance of 25 —
30 m (0.06 — 0.08 mm/min.). These values of the lateral rocks convergence were recorded
at a seam extraction rate of 2.5 — 3.0 m/min.

With an increase in the combine feed rate for the coal extraction to 4.0 — 4.5 m/min. the
closure rate of the roof and soil rocks in the wall faces increased sharply: before reaching
the combine, it reached 1.5 m/min., after the passage of the combine, 1.9 —2.2 m/min.
Moreover, after the passage of the combine, the convergence rate sharply decreased and
reached a background value at a distance of 15 — 20 m.

An analysis of the results shows that the processes of displacement of the enclosing
rocks in the excavation area occur at different rates. The convergence rate increases with
decreasing distance to the combine and reaches its maximum value after its passage. The
noted effect is explained by the lowering of the hanging rocks of the roof. The convergence
rate of the lateral rocks increases with increasing excavation rate.

Rates and values of lateral rocks convergence were also measured at measuring stations
located at the end sections of the wall face. As a result of studies, it was found that the rate
and the total amount of closure of the lateral rocks at the end sections are 15 — 25% higher
than in the middle of the wall face. This is due to the presence of areas of high rock
pressure at the end sections of the wall face, formed as a result of the imposition of
reference pressure areas from the wall face and development workings.

The total closure of the roof rocks in the working area of the studied wall faces was 30 -
40% of the useful worked thickness of the seam. Such values were recorded at a movement
rate of the breakage face line 1.3 — 1.9 m/day or 40 — 60 m/month. In the wall faces, where
the movement rate of the breakage face line was higher than 60 m/day, the rocks closure at
the border with the mined-out area was 25 — 30% of the useful worked thickness of the
seam.

As a result of studies of the values and rates of roof and soil rocks convergence of in the
wall face, it was found:

— The area of intensive closure of the lateral rocks is formed not only due to the coal
extraction, but also due to the periodic unloading of the powered support sections, which
moved after the seam excavation by the combine;

— The change in the values and rates of enclosing rocks convergence is significantly
affected by the feed rate of the mining combine, namely, the higher the feed rate of the
combine, the greater the values and the rate of rocks closure;

—In some cases, there was a surge in the convergence rate in front of the technological
bench, which is explained by the crushing of the bench due to the high concentration of
stresses in the coal mass;

—The rate of the rocks convergence o increases significantly when the combine
approaches the niche at a distance of 7 — 8 m, and at 1 —2 m from the niche this parameter
reaches its maximum values, which are 0.86 — 1.52 mm/min depending on the feed rate of
the combine;

— The total value of the lateral rocks convergence along the width of the working area
decreases with increasing rate of wall face advance;

— At the end sections with a length of 15—25m, a more intense seam extraction,
increased crack formation and greater values of roof and soil rocks convergence were
observed.
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5 Geomechanical changes in the rock mass and the earth's
surface state in the territories of the coal mining regions

The exploitation of coal enterprises leads to the change of geomechanical processes both in
the subsoil and on the earth’s surface: displacement of the roof rocks (on a steep incline —
and soles), intensive movement of underground waters and gases (methane), modification
of seismic parameters of the rock mass, etc.

The development of the deformation and subsidence process of the earth's surface
begins as soon as the roof is lowered over the mined-out area. The subsidence rate of the
earth's surface depends on the seam thickness, the method of controlling the roof, the rate
of the face advance. The process of displacement of the earth’s surface is characterized by
the total duration and period of dangerous deformations. The attenuation of the
displacement process after intensive mining of seams at a depth of 600 — 700 m lasts at
least 8 years.

Particularly dangerous for building on the earth's surface are the areas over the
extinguished development workings of mines, which revealed cases of significant collapses
of the roof rocks of the coal seam. After the workings of the mines are extinguished and the
support is destroyed in them, the landslides of the rock collapses can be activated and create
collapse funnels that can reach the surface. The subsidence area in the coal mining regions
is more than 8000 km?, the subsidence depth of the earth's surface is 0.2 — 1.2 m on average
(in some places it exceeds 5.0 m).

Geomechanical processes are closely related to the mining and geological conditions
and technologies of coal seams mining. Complex mining and geological conditions are the
most potentially dangerous in the operation of mines. The most complex transformations
occur while mining of workings in the conditions of geological disturbances (folded
occurrence of rocks and the presence of discontinuous tectonic displacements in the mined-
out mass), as well as in the mining of the series of steeply inclined seams. In these
circumstances, there is an abnormal development of shifting processes that causes
significant changes in the state of the environment, waterlogging, and degradation of
farmland.

As a result of many years of researches in the territory of the coal mining regions, it has
been established that the mined-out area of wall faces and main mine workings, despite the
considerable period of working out (30 — 50 years), is not completely filled with rocks.
Even at considerable depths, they have interstices of different sizes, which are washed-
away as water appears. As a result, the rocks soaked in water begin to move, creating
conditions for the sliding of the fractured rocks of overlying mined-out strata.

When studying the activation mechanisms of the displacement processes of the earth's
surface it is established that the cause of the interstices’” formation is:

— Uncontrolled collapse of rocks in mine workings;

— Complete or partial hang of roof rocks;

— Support remains in mine workings (wood, concrete, etc.);

— The stability of rocks in the workings depends on the degree of their metamorphism
and the geological structure of the mined-out strata;

— Considerable fracture of the massif may remain and separate interstices can be formed
in the mined-out strata and extinguished mine workings during a long period (30 —50
years);

— Presence of water in extinguished workings under different pressure.

The condition of mine fields’ sections, worked by wall faces, differs sharply from the
status of the main mine workings, and is more favourable in terms of protection of objects
on the earth’s surface. The unfilled mined-out space in the main mine workings is always
much larger than in the wall faces The interstices found in the mined-out area of the wall
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faces, with the average stability of the roof, in most cases, have a local character with an
interstice height of up to 15—20% of the thickness of the coal seam. The main mining
workings have higher percentages of filling (50 —60%), but their intersection area is
usually 8 — 12 m?,

The state of the workings depends on the conditions in which they were: depth, level of
filling with water, location in rocks of different stability, etc. The metamorphism of rocks
significantly affects the stability of the mined-out strata, the condition of the mine
workings, as well as the duration of storage of interstices in them.

The displacement of the rocks over the height of the mined seam is heterogeneous — in
the lower part of the mined pillar the displacement is 1.3 — 1.5 times smaller than in the
upper one. From this it can be concluded that in the process of displacement of the roof
rocks only the lower layers of the immediate roof are involved, and the height of the
collapse is up to 1 —2 m at a distance of 20 — 30 m from the breakage wall face (in the
lower part of the roof practically does not collapse).

At present, in most coal mining regions, a significant number of subsidence of the
earth’s surface are recorded, which lead to the waterlogging of territories and the physical
destruction of utilities, buildings and structures.

6 Conclusions

As a result of the research, the following conclusions can be drawn:

1. During underground coal mining, irreversible changes occur in the rock mass,
enclosing the mined seam. These changes are the result of the collapse and subsidence of
rocks over the coal-face working, the redistribution of stresses around it. Changes in the
rock mass cause subsidence of the surface above the mine workings. Apart from the
deformations from the influence of the coal-face working, additional displacements and
deformations of the rock mass, the mined seam and the earth's surface arise, caused by the
compression of the coal seam and the enclosing rocks under the influence of reference
pressure.

2. As a result of the analysis of the displacement and deformation process of rocks and
the earth's surface in the conditions of a coal deposit in the Western Donbas, it was found
that to reduce the values of the subsidence of the earth's surface, it is necessary to use
technologies that provide the minimum parameters of support zones, in addition to minimal
displacements of roof rocks during mining. Such technologies may include technologies for
separate excavation, mining of seams with chambers, as well as full stowing of the mined-
out area.

This work was supported by the Ministry of Education and Science of Ukraine under the project
“Development of measures to improve the environmental situation and ecological safety in mining
regions”.
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