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Abstract

Purpose. The purpose of this research is to group the mining-geological conditions of a stratified mass containing weak
rocks in the Western Donbas (Ukraine) and to substantiate recommendations for rational supporting and protecting system
parameters for reused mine workings.

Methods. The research was conducted by combining analytical methods for studying the processes of rock mass defor-
mation in the zone of stope operations with experimental measurements of rock pressure manifestations. As a connecting link,
ideas about the development mechanism of the coal-overlaying formation shear process and its peculiarities for the mining-
geological conditions of the Western Donbas were studied. The obtained patterns were taken into account in the calculation
model as a component of load formation, as well as in supporting and protecting system for extraction drifts. A methodology
for computer modeling was determined based on the condition of the maximum possible representation of the design peculiari-
ties of frame and roof-bolting supports. The developed models were tested, which confirmed their adequacy to real objects.

Findings. The complex of conducted studies made it possible to develop an array of calculated texture variants that reflect
the probability of dividing lithotypes by their thickness in the rock layers of the immediate and main roof and bottom. Based
on the results of a number of computational experiments to study the effectiveness of the recommended options for supporting
and protecting systems, the distribution of the stress-strain state in the load-bearing elements of the system has been deter-
mined. Principles of grouping of mine working maintenance schemes have been created, which cover most of the mining-
geological conditions of mines in Western Donbas.

Originality. To achieve the reliability of the results, a complex of peculiarities and mutual influence of the geomechanical
system elements has been studied. The patterns obtained as a result of multifactorial modeling have revealed the link between
the strengthening of rock layers in the form of their discrete disturbance and the formation of a system of interacting plates,
which intensifies the process of pressing-out a partially strengthened border mass.

Practical implications. The novelty of the research is in generalized principles of grouping structural-technological
schemes for maintaining extraction drifts. As a result, three groups of mining-geological conditions for the operation of extrac-
tion drifts planned for reuse have been identified. Three variants of schemes for maintaining extraction drifts for the conditions
of mines in the Western Donbas have been proposed and studied.
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1. Introduction A key aspect of effective mining is understanding and

Minerals are the true basis of modern world economies ~ Managing the complex geomechanical processes that occur
and the development of civilization as a whole for the long ~ Within the rock mass. The interaction between mining-
term [1]. Effective mining is associated with many factors, ~ téchnical and geomechanical factors plays a crucial role in
the main of which are mining-technical, geomechanical, ~ ensuring the stability, and safety of underground opera-
environmental, economic, etc. [2]-[4]. Successful considera-  tions [10], [11]. Given the inherent heterogeneity of the rock
tion of the interconnection and mutual influence of these ~ Mass and its response to mining activities, a comprehensive
factors, as well as a meaningful resolution of the contradic- ~ @PProach is required to analyze and predict its behavior. This
tions that have always existed in the mining industry, form  Necessitates detailed research into both the mechanical pro-

the basis for further development of the economy with a  Perties of the rock mass and the technological solutions used
careful attitude to the environment [5]-[9]. to support mine workings, which are fundamental to main-

taining the integrity of underground structures [12], [13].
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The rock mass is a very complex system characterized by
a large number of texture parameters and mechanical proper-
ties that significantly influence the development of geome-
chanical processes in underground mining [14]-[18]. On the
other hand, an interrelated component in solving geomecha-
nics problems is a set of data and research on the behavior of
mining-technological structures (the most common types of
supporting and protecting structures of mine workings) that
ensure the implementation of technological processes of
mineral resource mining [19]-[24]. These are complex mul-
tiparametric structures that interact with an equally multipa-
rametric heterogeneous rock mass and together constitute
geomechanical systems with difficult-to-predict behavior
under the influence of rock mass pressure.

Difficult mining-geological conditions significantly com-
plicate the maintenance of mine workings, which leads to a
decrease in their stability and the occurrence of dangerous
frame support deformations [25]-[28]. In particular, in the
area affected by stope operations, non-uniform load on the
support causes its local destruction and overloading of indi-
vidual structural elements.

As Figure 1 shows, a significant deformation of the
frames is associated with the manifestations of the bearing
pressure, which forms the stress-strain state of the surrounding
rocks. Tangential stresses at contact points of layers exceed
the ultimate strength values, which leads to their disturbance
and additional mine working instability. Thus, the choice of
the optimal scheme for supporting and protecting mine wor-
King is critical to ensure its safe operation [29]-[31].

Figure 1. Deformation of the extraction working support frames
in difficult mining-geological conditions of the Western
Donbas mines

Therefore, the wide variability of mining-geological condi-
tions requires a certain generalization of the processes of inte-
raction between a mining-technical facility and a rock mass.
Thus, we are faced with the solution of the urgent task of sub-
stantiating the rational parameters of the supporting and pro-
tecting systems for each group of mining-geological condi-
tions for maintaining mine workings. This issue is discussed
for a weakly metamorphosed stratified rock mass on the
example of Western Donbas mining enterprises (Ukraine).

2. Analysis of the grouping of mining-geological
conditions of mining coal seams in Western Donbas

According to numerous geological prospecting works of
the last century, Donbas coal-bearing deposits are mainly
represented by terigenic rocks — sandstones, siltstones and
argillites, among which there are coal seams and limestone
layers in the form of low-thickness layers (Fig. 2).
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Figure 2. Fragment of a geological section of the coal-bearing
stratum in Western Donbas

Terigenic rocks in the coal-bearing stratum make up
90-95%, besides, in some suites, argillites and siltstones
predominate — up to 80%. Carbonate rocks are represented
mainly by limestone, which plays a subordinate role among
Donbas coal-bearing deposits, constituting 0.2-5.0% in the
sections of individual suites. Coal and coal-clay rocks typi-
cally make up 0.5-2.0% of the total thickness of the suite.
The above data show that the modeling of the coal-bearing
stratum, consisting of coal seams and rock layers of argil-
lites, siltstones and sandstones, is quite objective.

Many researchers [32]-[36] suggest that the development
of rock pressure manifestations is influenced not only by the
mechanical properties of rocks, but also by the structure
(thickness ratio) of the adjacent rock layers of the coal seam
roof and bottom. In addition, many experts believe that the
intensity of rock pressure manifestations, for example, in the
roof of a mine working depends to a certain extent on the
rock texture in its bottom and vice versa. It is also believed
that this mutual influence extends not only to the rocks of the
immediate roof or bottom, but also covers more distant main
roof and bottom layers. Some patterns of this relationship for
the Western Donbas conditions are presented in [37]-[40].

The identified patterns of the actual coal-overlaying
formation structure in Western Donbas are used for grou-
ping adequate and reliable variants (Table 1) of the adjacent
roof rock texture, which simultaneously satisfy the harmo-
nious nature of the change in layer thickness throughout the
height of the roof and the probability of thickness distribu-
tion within one layer. In addition, a set of variants should
ensure sufficient reliability of further modeling of geome-
chanical processes in the zone of conducting stope opera-
tions, and its results should be adequate and reliable in pre-
dicting the state of the supporting and protecting systems for
extraction drifts planned for reuse.

Table 1. Studied structure variants of the adjacent roof layers

Variants  m:fm mARm mR'm, mfRm
1 0.5 15 0.5 10.0
2 0.5 2.0 1.0 6.0
3 1.5 4.0 1.5 3.0
4 2.0 3.0 2.0 6.0
5 4.0 3.0 8.0 5.0
6 4.0 1.0 10.0 4.0

To model the most reliable coal seam texture, the struc-
ture of all the coal seams mined in Western Donbas has been
analyzed based on the generalization of works [32], [41],
[42] summarized in Table 2.

The coal seam texture was analyzed in three directions:

— probability of distributing the seam total thickness to
identify the most characteristic interval of its change;
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—thickness and lithotype of rock layers in complex-
structure seams;

—the probability of distributing the thickness of coal
bands and their number in seams with complex structure.

The next stage of the analysis is the assessment of the
most probable variants of the structure of the adjacent bottom

rocks based on the study of the data in [42], where it is pro-
posed to divide the entire thickness variation range of rock
layers into five intervals: <1m, 1-2m, 2.1-4.0 m, 4.1-6.0 m,
> 6 m. These intervals are used to determine the probability
of their occurrence in each of the four rock layers of the
studied bottom (Table 3).

Table 2. Parameters of coal seams mined in the Western Donbas mines

Total thickness, m

Seam structure

Seam

Mine index change upper (mid- lower interlayer rock interlayer
range dle) band, m band, m thickness, m lithotype
ce 0.70-1.01 - - - -
Ternivska ce 0.84-1.15 - - - -
cl 1.59-1.60 0.75-0.85 0.80-0.87 0.02-0.03 argillite
Cs 0.96-1.00 - - - -
Yuvileina 1 .
Cs 0.73-0.86 0.13-0.18 0.58-0.66 0.02-0.03 argillite
Ce 0.75-1.00 - - - -
Stepova 1 .
Cs 0.56-0.74 0.02-0.08 0.47-0.64 0.03-0.04 sandstone, argillite
Cs 0.85-1.19 - - - -
Pavlohradska
Co 0.95-1.26 - - - -
C 0.81-0.93 - - - _
Samarska Cy 0.79-0.92 - - - -
Cs 0.91-1.10 - - - -
Cq 1.02 - - - -
Heroiiv Kosmosu Clo 0.80-1.00 0.60-1.00 0.00-0.26 0.00-0.02 kaolin
0.06-0.13 0.02-0.04 .
C - i
11 0.80-0.84 0.26.0.28 0.37-0.42 0.03.0.04 kaolin
cl 0.74-0.86 0.07-0.12 0.63-0.71 0.02-0.03 sandstone
Dniprovska ¢t 0.70-1.17 0.02-0.82 0.00-0.88 0.00-0.26 argillite
Clo 1.05-1.25 - - - -
c 0.97-1.05 0.13-0.14 0.77-0.87 0.03 sandstone
Zakhidno-Donbaska ~ CP 0.56-0.67 - - - -
Ch 0.75 - - - -

Table 3. Distribution of adjacent layers of the coal seam bottom by
their thickness

Layer Layer thickness, m
No. <1.0 1.0-20 21-40 4.1-6.0 > 6.0
mp 43% 25% 21% 9% 2%
m'zJ 16% 32% 27% 14% 11%
mg 22% 29% 24% 10% 15%
mg 20% 26% 28% 11% 15%

Table 3 shows the designation of the bottom rock thick-
ness mib with the numbering of layers (i =1, 2, 3, 4), begin-
ning with the coal seam. It follows from Table 3 that if,
during modeling, to take into account the first four intervals
of mib change (from < 1.0 to 4.1 — 6.0 m), then a very repre-

sentative range of thickness variation of the adjacent coal
seam bottom rocks will be covered: first rock layer — 98%,
second rock layer — 89%, third and fourth rock layers — 85%.
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This solution provides a high degree of reliability in mode-
ling the texture of the coal seam bottom rocks.

In addition to ensuring a high degree of model structure
adequacy to the real coal-bearing mass texture, it is necessary
to find a compromise of the multivariate combinations of
thicknesses of the adjacent bottom rock layers:

—on the one hand, it is necessary to ensure that it is pos-
sible to identify the patterns of influence of the thicknesses

miad of the adjacent bottom rock layers on the stress-strain
state (SSS) of the “mass — in-seam working” system;

—on the other hand, a certain limitation of calculation
variants is required to ensure a “reasonable” time frame for
conducting computational experiments and further analysis
of its results.

The formulated principles are the basis for compiling
variants of the coal seam bottom rock texture (Table 4).

There is another peculiarity of creating coal-bearing stra-
tum texture variants for the Western Donbas conditions.
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Table 4. Distribution of adjacent layers of the coal seam bottom by
their thickness

ad ad ad

Variants m@ m m¥d m md m m{ m
1 0.5 1.5 0.5 4
2 3 4 4 6
3 2 1 6 3
4 1 0.5 2 15
5 3 2 3 2
6 2 6 4 6

By analogy with the roof texture (Table1), by two
variants with predominantly thin-, medium-, and thick-
bedded textures are formed in the seam bottom (Table 4).
This is done with the intention of identifying trends in the
influence of the texture type on the parameters of rock pres-
sure manifestations and the load value on the supporting and
protecting systems of the extraction drifts.

The final stage in substantiating the texture of the adja-
cent coal-bearing stratum is to determine the most probable
contact conditions of adjacent lithological varieties along the
bedding planes. Therefore, there is a high probability of
contact discontinuity between lithological varieties not only
near the mine workings, but also at a considerable distance
from them. In this sense, it is well known that rock layers
with discontinuous contacts are less stable and intensify the
rock pressure manifestations. Therefore, contact discontinui-
ty between adjacent lithotypes should be taken into account
in further analytical calculations of the SSS of the “mass —
in-seam working” system.

3. Systematization of mechanical properties
of the coal-bearing stratum lithotypes

After assessing the structure variations of the adjacent
coal-bearing stratum in Western Donbas, it is necessary to
determine the most characteristic range of changes in me-
chanical properties for each lithotype. The determining fac-
tors for this task are:

— distribution of lithotypes of terigenic rocks in the layers
of the adjacent coal seam roof and bottom;

— choosing the most appropriate rock deformation model:
elastic, elastic-plastic, limiting and superlimiting;

— determining the ranges of changes in mechanical pro-
perties of argillites, siltstones, sandstones and coal, which are
generally characteristic not only of Western Donbas, but also
of its particular areas; these properties should describe the
rock behavior within the chosen model of its deformation.

Analysis made it possible to formulate such provisions:

—the coal seams mined in Western Donbas have a rather
narrow range of strength changes;

—ultimate uniaxial compression strength of coal is

Oeom = 30-40 MPa;
— the immediate roof rocks are represented mainly (88%)
by weak argillites and siltstones, for which the most adequate

interval of compression change is 5 MPa SG(EEH_ <20 MPa;
1
— siltstones (45%) are predominant in the main roof, which,
together with sandstone (22%), slightly increase (on average)

the strength characteristics; however, due to the presence of
weak argillites (33%), the most objective range of changes in

compression resistance is 10 MPa < och)an_ <40 MPg;
1
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— the first bottom rock layer is represented by 76% weak
argillite, which, together with weak siltstone (15%), deter-
mines its low compression resistance; thus, the most ade-

quately reflected interval is 5 MPa <o <20 MPa;

com; —

—the second, third and fourth bottom rock layers are
characterized by a decrease in the probability of weak argil-
lite occurrence (13-46%) and an increase in the probability of
occurrence of stronger sandstones and coal interlayers
(32-33%), which is accompanied by an increase (on average)
in the strength properties of the main bottom rocks; thus, in
our opinion, the most appropriate range for compression

resistance changes is 10 MPa sUé’om <40 MPa.

The next component of the task is to select the most ade-
quate ranges of changes in the mechanical characteristics of
the Western Donbas rocks and to construct the required
variant number of combinations of mechanical properties of
rock layers in the adjacent coal-bearing stratum necessary for
a reliable assessment. The whole variety of variants is divi-
ded into three positions: coal seam, roof and the bottom rock
layers; in this case, the data used are from [37], [42].

For coal seams, the characteristics of prelimiting state are

quite stable: oy, = 30-40 MPa, EP = (0.30-0.35):10* MPa;
the characteristics of the superlimiting state have been
studied to a much lesser extent, but, given the results of

individual experiments and the increased brittleness of
coal, the variation intervals can be estimated as follows:

3
(08m ) /oo = 0.05-0.10, M®/E"=2-3. Based on these

intervals, three variants (Table 5) of the mechanical charac-
teristics of coal were constructed and used for preliminary
testing of the “mass — in-seam working” system model.

Table 5. Variants of coal seam mechanical characteristics

Mechanical characteristics

Variants oSm EP-10%, 3
o MPa (agom) 6%y MP/ED
1 30 0.30 0.10 2.0
2 40 0.35 0.05 3.0
3 35 0.33 0.08 2.5

Analysis of data from a large number of rock sample tests
made it possible to identify the most adequate ranges of
changes in mechanical characteristics of prelimiting and super-
limiting states of terigenic rocks in Western Donbas (Table 6).

Table 6. Ranges of changes in mechanical characteristics of coal-
bearing rocks

Mechanical characteristics

Rock type oS, EP-104, 3

,\;%n;l MPa (O'r(::om) ! oom M/E
Argillite 5-25 0.2-11.0 0.10-0.25 0.5-1.7
Siltstone 10-35 0.4-15 0.08-0.20 1.0-3.0
Sandstone 25-45 0.8-2.0 0.05-0.15 2.0-5.0

Variants of combining the mechanical characteristics of
the roof and bottom rocks (Tables 7 and 8) are intended for
calculating the SSS of the “mass — in-seam working” system;
in addition to covering the main range of changes in proper-
ties, these variants correspond to the probability of distribu-
tion of lithotypes through adjacent rock layers.
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Table 7. Variants of mechanical characteristics of adjacent rock
layers of the coal seam roof

Mechanical characteristics

Layer - .

No., i Variants O-'\Cﬂos;, EII\'AIP(? Gg’omi I &com; M; [ E

First 1 5 0.3 0.2 05

) 2 10 0.6 0.2 1.0

3 30 2.0 0.08 3.0

Second 1 5 0.2 0.25 05

?Czog T2 20 1.0 0.15 2.0

3 40 2.0 0.05 5.0

. 1 10 06 0.15 15

Tih:”g' 2 20 1.0 0.20 2.0

3 30 2.0 0.08 3.0

Fourth 1 10 08 0.20 1.0

2 10 0.3 0.25 05

3 40 2.0 0.05 5.0

Table 8. Variants of mechanical characteristics of adjacent rock
layers of the coal seam bottom

Mechanical characteristics

Layer . ]

No, i varants GI\C/;’;“; ’ E|'\)|1p(:’ 3 | Oeom, Mi1Ey

e 1 5 0.2 0.25 05

N 2 10 0.8 0.20 10

3 20 1.0 0.15 15

Second 1 10 0.6 0.15 2.0

O 2 10 1.0 0.15 15

3 20 15 0.20 3.0

. 1 5 0.3 0.25 05

e T 10 08 015 15

3 30 2.0 0.08 3.0

Fourth 1 10 1.0 0.15 15

?f4 * 2 20 15 0.15 2.0

3 40 2.0 0.05 4.0

Systematization should provide a limited number of
groups of mining-geological conditions, because structural-
technological solutions for maintaining reused mine workings
should be universal to a certain extent, which can help im-
prove the quality of the relevant technical documentation.

4. Loading mechanism of support and protection
systems in reused workings

Proper fulfillment of the main task — substantiation of the
parameters of supporting and protecting systems for each
group of mining-geological conditions for maintaining ex-
traction workings — is impossible without analyzing the pe-
culiarities of the mechanism of coal-overlaying formation
shear in Western Donbas, since any grouping of conditions
depends on the predicted parameters of deformation, stratifi-
cation, fracture formation, water-cut and other texture trans-
formation components and mechanical properties of litho-
types in the zone influenced by stope operations.

As for the geomechanical conditions of the Western
Donbas mines, the ideas about the development of the so-
called anomalous zones of the coal-bearing stratum near the
longwall face have been developed in [42]-[44].

Summarizing the above trends, it is necessary to note
the following positions of loading the supporting and protec-
ting systems:

— firstly, there is a large load P non-uniformity along the
mine working perimeter, which negatively affects its stability;
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—secondly, a rigid protecting structure provokes the for-
mation of increased bearing pressure on it, and, as a result,
lateral pressure on the frame;

— thirdly, due to the above, the asymmetry of load distribu-
tion on the extraction working support is further enhanced,
which is confirmed by analytical studies and mine experiments;

— fourthly, the high bearing pressure on the mine working
berm (from the protecting structure) contributes to its wea-
kening and the creation of lateral load concentrations in the
area of the frame stand bearing;

— fifth, intensive lateral load does not correspond to the
frame support structural peculiarities and its operation under
such conditions is inefficient.

The presented general peculiarities of the mechanism of
loading the supporting and protecting systems of the extrac-
tion workings in the Western Donbas mines have certain
differences depending on the coal-bearing stratum texture
and mechanical properties of the lithotypes composing it.
Thus, the schemes for maintaining extraction workings are
grouped based on the following geomechanical factors.

Firstly, the development of rock mass disturbances into
the mine working roof depends on the stability of the thrust
load-bearing rock formations in the hinged-block shear zone.
The load-bearing capacity, and therefore the level of re-
sistance to rock pressure of such thrust rock structures, large-
ly depends on a number of the following main factors: litho-
type thickness, where the thrust structure is formed; the value
of its compression strength, taking into account the effects of
rock-weakening phenomena; length of the rock blocks
(slabs) that make up the thrust structure.

Secondly, the coal-bearing mass texture and the mechani-
cal properties of its lithotypes influence the formation of
lateral rock pressure, which the traditional frame support
does not resist very effectively.

Numerous studies [43] have revealed a direct relationship
between the intensity of rock pressure manifestations in the
vertical and lateral directions. Consequently, there is a
general decrease in multi-vector rock pressure due to the
support of mine working in the predominantly thick-bedded
mass with increased strength properties of its lithotypes.

Thirdly, a decrease in vertical rock pressure has a positive
effect on the stability of extraction working bottom
rocks [37], [45], [46].

Positive trends in increasing the stability of the extraction
working bottom rocks are as follows:

— thick-bedded roof texture with high-strength lithotypes
reduces vertical and lateral rock pressure on the coal seam
and, consequently, on the bottom rocks;

— the thick-bedded bottom rock texture limits its heaving
due to the formation of the same thrust structures of
increased stability;

—side roof bolts set to the height of the lower bottom
dinting also limit its movement into the mine working cavity.

Fourth, it is necessary to take into account the influence
of geomechanical factors on the load of the protecting system
and to respond constructively to changes in the shear pa-
rameters of the coal-overlaying formation depending on its
texture and mechanical properties of its lithotypes.

Summarizing the stated principles of grouping structural-
technological schemes for maintaining extraction workings
according to the trends of influence of the coal-bearing mass
texture and the mechanical properties of its lithotypes, it is
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possible to propose rather universal conditions, taking into
account the existence of other geomechanical factors.

It is quite clear that under the conditions of placing an
extraction working in a predominantly thick-bedded mass
with reduced mechanical properties of its lithotypes, the
opposite trends will occur — an increase in rock pressure in
all directions, and the mechanism of this process has already
been revealed earlier. The group of mechanical conditions
occupying an intermediate position will be characterized by
moderate multi-vector rock pressure manifestations, which are
consistent with certain structural-technological solutions to
maintain the extraction working in proper operating condition.

Therefore, the following grouping of mining-geological
conditions for the operation of reused extraction workings
is proposed:

— predominantly thick- and medium-bedded texture with
increased mechanical characteristics of the adjacent mass
lithotypes;

— predominantly medium-bedded texture with averaged
mechanical characteristics of lithotypes;

— predominantly thin- and medium-bedded texture with
reduced mechanical characteristics of lithotypes.

Thus, the principles of grouping structural-technological
schemes for maintaining extraction workings wee summa-
rized according to the trends in the influence of coal mass
texture and the mechanical properties of its lithotypes. As a
result, three groups of mining-geological conditions for the
operation of the extraction workings that are planned for
reuse have been identified.

5. Results and discussion

5.1. Geomechanical modeling results by mining conditions

The accumulated experience [22], [36], [37] of conduc-
ting computational experiments using modern methods of
calculating the SSS of geomechanical systems proves the
feasibility of gradually approximating the model to a real
object with simultaneous implementation of cycles for as-
sessing the reliability and adequacy of the results obtained.

Step-by-step modeling:

1. Modeling of the rock mass mechanical properties in
several successive stages: elastic and elastic-plastic defor-
mation in the prelimiting state; deformation in a superlimi-
ting state, given the rock weakening and loosening.

2. Modeling the texture of the mass surrounding the mine
working: stratified coal-bearing mass represented by rocks
with different mechanical properties; a mass with discontin-
uous contacts between rock layers with modeling of the main
natural fracture systems within each layer.

3. Modeling of the support is performed in relation to
typical sections of mine workings in the direction of con-
sistent approximation to its real structural-technological
peculiarities: support with interframe fencing and a back-
filled grouting space; spatial (third coordinate — the axis of
the mine working) modeling of a group of frames with struc-
tural idealization of the yielding nodes (locking joints)
and interframe fencing; spatial modeling in elastic setting
(mandatory for discrete types of supports set along the mine
working): frame, roof-bolting, frame-roof-bolting, etc.) with
structural idealization of the most geometrically complex
nodes while preserving the principle of their operation; spa-
tial modeling in an elastic setting with full indication of the
geometric parameters of all support units; spatial modeling
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of all real structural peculiarities of a particular type of sup-
port based on the full deformation diagram of materials
(steel, concrete, wood, etc.).

4, Stage-by-stage substantiation of the initial modeling
provisions: at the first stage, the texture and properties of the
rock mass surrounding the mine working, the support struc-
ture, initial and boundary conditions for its interaction with
the surrounding rocks, the dimensions of the spatial model,
etc. are substantiated (most typical for a particular mining-
geological and mining-technical situation); at the second
stage, the most typical ranges of changes in the texture and
properties of the coal-bearing mass, intervals of variation of
typical mine working sections with the corresponding sup-
port structures and its standard sizes, variants of support
operating modes with the corresponding boundary conditions
are selected; at the third stage, the behavior of the “mass —
frame — roof bolt” system is studied relative to the extreme
values of the selected ranges of changes in its parameters; at
the fourth stage, the ranges of changes in the main influen-
cing parameters of the system, variants of initial and bounda-
ry conditions of its deformation, and the expedient dimen-
sions of the geomechanical model for a particular mine
working, mine or geological-industrial area are substantiated.

5. Assessment of the geomechanical model reliability
and adequacy:

— sequential assessment of each of the idealizations and
assumptions adopted in the model separately for the geomet-
ric, mechanical and force parameters of the “mass-frame —
roof bolt” system based on the relevant calculations and
subsequent analysis of its SSS for each of the stress and
displacement components;

—analysis of the degree of error in assumptions and idea-
lizations of the created geomechanical model and its correc-
tion based on the analysis results;

— verification of the adequacy and reliability of modeling
results for compliance with available analytical, laboratory
and mine studies and adjusting the model based on the con-
clusions obtained.

The research algorithm is presented in the form of a
sequential execution of the following stages:

A. Mine working location depth.

B. Mine working orientation relative to the coal seam.

C. Coal-bearing stratum texture.

D. Mechanical characteristics of the rock mass adjacent
to the mine working in the prelimiting state.

E. Typical mine working section.

6. Structural-technological characteristics of support.

The six stages covered concern the substantiation of the
initial data for computer modeling; the following stages are
aimed at improving the model, assessing the adequacy and
reliability of the research in accordance with the proposed
methodology for modeling geomechanical processes.

7. Estimating the dimensions (in Y, X, Z coordinates) of a
spatial geomechanical model. The task of this stage is
to determine the minimum permissible dimensions of the
model, at which the boundary conditions on its surfaces do
not significantly affect the disturbance of stress fields and
displacements around the mine working. To do this, it is
sufficient that the SSS components at the model boundaries
approach the initial state of the virgin mass with an error of
up to 10%. In this case, the SSS calculation is performed in
the elastic setting, which, on the one hand, is the most sensi-
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tive to disturbances in the stress fields and displacements,
and, on the other hand, the relative SSS error on the model
boundaries is not related to the mining depth.

8. Assessment of compliance of the SSS calculation re-
sults (in the elastic setting) with the classical provisions of
the mechanics of underground structures. The analysis of the
SSS calculation results of the models at stage No. 7 is per-
formed for each stress component, during which the presence
or absence of contradictions to the provisions of the mechan-
ics of underground structures in general, or to known studies
(in this area) in particular, has been found.

It has been determined that the tangential stresses along
the rock-coal bedding planes, as a rule, significantly exceed
(sometimes by an order of magnitude) the adhesion forces
(or net shear resistance) between the layers. Therefore, there
is a contact discontinuity between the adjacent rock layers
around mine working, which should be incorporated into the
geomechanical model to improve its adequacy.

9. Consideration of discontinuous contacts between the
layers of coal-bearing stratum around the mine working. The
task of this stage is to model the discontinuous contacts be-
tween adjacent layers in an elastic setting (a fact determined
in the studies at stage No.8), which makes it possible to pre-
dict them relative to each other when bending towards the
mine working cavity.

10. Estimating model dimensions with account of discon-
tinuous contacts between rock layers. By analogy with the
studies at stage No. 7, the minimum permissible model di-
mensions are determined. The necessity of this stage is
caused by an increase in the intensity of bending of rock
layers when interlayer contacts are disturbed, which is pro-
ven by an increase in the minimum required width of the
model along the X coordinate to 60 m. The model dimen-
sions remain constant along the vertical coordinate Y and the
axial coordinate Z of the mine working length.

11. Substantiation of the model texture of the adjacent
coal-bearing stratum. The task of this stage is to assess two
interrelated factors: firstly, to determine the extent of in-
fluence of thickness of the rock layers and the coal seam;
secondly, whether it is possible to describe the structure of
the adjacent coal-bearing stratum throughout the entire mine
working length with one model. This intention is conditioned
by the peculiarities of the finite element method, which in-
volves constructing a new model every time any of its geo-
metric parameters change; on the other hand, it is necessary
to limit the number of variants of the mass texture around the
mine working to a smaller number (if possible), while maxi-
mally covering the real structure of the coal-bearing rock
stratum in Western Donbas.

12. Assessment of the influence of deformation characte-
ristics of adjacent rock layers on the SSS of model elements.
The task of the stage includes three components: firstly, to
identify the patterns of influence of deformation characteris-
tics of rock layers on the system SSS in general and, in par-
ticular, on the size of the bearing pressure zones of de-
stressing (around the mine working) as factors determining
the intensity of rock pressure manifestations; secondly, to
assess the compliance of modeling results with the provi-
sions of the mechanics of underground structures and exist-
ing knowledge of geomechanical processes around the mine
working; thirdly, to identify the quantitative patterns of
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growth of the bearing pressure and de-stressing zones with
deepening of the mine working location.

Having made an intermediate summary, we note that
stages 7-12 gave a positive assessment of the adequacy of the
modeling results (in the elastic setting) to the basic principles
of the mechanics of underground structures and modern ideas
about geomechanical processes in the stratified mass sur-
rounding the extraction working. The next stages are aimed
at improving the model to take into account the full defor-
mation diagram of all system elements and to assess the
adequacy and reliability based on the results of existing ana-
lytical, laboratory and mine research in this area.

13. Substantiation of mechanical characteristics of com-
plete deformation diagrams of materials of model elements.
In accordance with the idealization generally accepted in
geomechanics, the complete rock-coal deformation diagram
is modeled by three linear sections with the following char-
acteristics: ultimate uniaxial compression strength ocom, rela-

tive residual strength Ggom/ ocom at the loosening stage,

strain modulus, strain modulus E at the elastic-plastic stage
and relative modulus of decay M / E at the stage of weaken-
ing. Modern studies of the superlimiting rock state in
Western Donbas have made it possible to substantiate the
most objective ranges for changing the above characteristics

0.05-0.10 <6 / oom < 0.20; 0.5< M /E <3.

The characteristics of the prelimiting state are specified
earlier (stage D); here it should be noted that it is necessary
to take into account rock weakening factors, which are most
reasonably considered according to the recommendations of
industry normative documents. The frame support is exposed
to very significant stresses and strains, so the real diagram of
steel St.5 loading is modeled, taking into account the yield
point when the ultimate state o = 270 MPa is reached ( oy —

is the yield strength of steel).

14. Calculating the model SSS based on the full defor-
mation diagram of its elements.

15. Assessment of the adequacy and reliability of the
model SSS calculation results based on the full material
deformation diagram. The adequacy of the results is assessed
in two directions: analysis of the peculiarities of stress fields
and displacements, as well as analysis of the patterns of in-
fluence of a particular geomechanical model parameter.

The reliability of the results is assessed by constructing a
number of dependences of the displacement development of
the mine working contour with increasing mining depth H
with the variation of a particular model parameter. These
dependences are compared with the results of mine observa-
tions and recommendations of industry normative documents,
for which additional calculations are performed for specific
mining-geological conditions of the mine experiment.

16. Development of recommendations for maintaining ex-
traction workings in the conditions of Western Donbas mines.

According to the research results of the effectiveness of
the recommended variants of supporting and protecting sys-
tems for extraction workings, it has been determined:

— the greatest danger to the extraction working stability is
the bearing pressure zone from the side of the mined-out
space; here, large rock volumes of the roof are expected to be
weakened to width of 2.0-2.2 m and the bottom to 1.8-2.0 m;
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—in terms of the impact of vertical stress o, factor, the

greatest danger to the supporting system stability is posed by
the frame stand, especially from the side of the mined-out
space, which need to be strengthened with lateral lagging; to
prevent bending of the cap board and bending of the stand of
the strengthening support, it is necessary to specify a struc-
turally yielding operating mode;

— the protecting system is quite stable due to the crushing
of timber and pressing into the rocks of the roof and bottom,
although this reduces its height and, accordingly, the height
of the extraction working;

— the stress intensity field o development as the longwall
face retreats, is more actively manifested from the side of the
mined-out space in such load-bearing elements as frame
stands, side roof bolts, strengthening support and the protect-
ing structure; this fact emphasizes the need for stability of the
border rocks, supporting and protecting systems of mine
workings from the side of the operating extraction site.

5.2. Recommendations for maintaining reused workings

All the available variety of supporting and protecting
systems is to some extent subordinated to consideration of
peculiarities of rock pressure manifestation in specific
mining-geological conditions. In this regard, when ana-
lyzing the schemes for maintaining the reused extraction
workings, their compliance with the mining-geological
conditions of the mine working operation was assessed and
the conditions were grouped according to the degree of
feasibility of using various supporting and protecting
systems. Three averaged conditions for the texture and state
of the coal-overlaying formation rocks, as well as the
schemes for maintaining site workings recommended to
them, have been identified.

Group I, which characterizes the so-called “difficult”
mining-geological conditions: predominantly thin-bedded
texture of weak rocks (strength coefficient f < 1.5); argil-

(@)

6,=12.5 MPa

} ' |

(b)

6,=12.5MPa

lite with a thickness of 1.0 m and more with average dis-
tance between weakening surfaces less than 1.0 m; argillite
and siltstone layers (f = 1.5-2.5) of medium thickness are
periodically separated by watered coal interlayers of thick-
ness 0.1-0.3 m. Figure 3a shows the supporting scheme:
step of setting frames and resin-grouted rockbolts is
Lt = Lygp = 0.8 m; step of setting rope bolts is Lsrp, = 1.6 m.

Group II, reflecting the “moderate” rock pressure mani-
festations: thin- and medium-bedded texture of water-free
rocks with a strength coefficient of argillite and siltstone
f = 1.5-25; medium- to thick-bedded structure of water-cut
rocks with f >1.5 with sandstone occurring up to 3.0 m
thick. Figure 3b shows the supporting scheme: step of setting
frames and resin-grouted rockbolts is Li=L.,=0.8 m; step
of setting rope bolts is Lsrp = 2.4 m.

Group III, characterizing “favorable” mining-geological
conditions: medium- and thick-bedded texture of water-cut
rocks (f >2.5) with sandstone occurring over 3.0 m thick; medi-
um- and thick-bedded texture of water-free rocks (f >2.5). Step
of setting frames and resin-grouted rockbolts is L¢= Lyg, = 0.8;
step of setting rope bolts is Lsr, = 3.2 m (Fig. 3c).

The reliability of the correctness of using the proposed
systems has been confirmed by conducting mine experi-
ments. The analysis of the results of visual and instrumental
observations, shown in Figure 4, proved that the choice of
rational parameters for supporting and protecting systems
of reused mine workings should be based on groups of
mining-geological conditions with the above-studied classi-
fication peculiarities.

The conducted research and mine experiments have con-
firmed the effectiveness of the proposed supporting and
protecting systems for maintaining reused extraction wor-
kings under different mining-geological conditions. The
classification of conditions into three groups — difficult,
moderate, and favorable — ensures a systematic approach to
selecting appropriate support schemes.
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Figure 4. Prefabricated drift 1047 condition in the frontal bearing pressure zone with the proposed supporting scheme (Zakhidno-
Donbaska Mine): (a) from the side of the 1047 longwall face; (b) from the side of the mined out 1045 longwall face;
(c)checking the state of the mine working roof using a measuring rai

The results of visual and instrumental observations
demonstrated that properly chosen support parameters signif-
icantly enhance the stability of mine workings and mitigate
the risks associated with rock pressure manifestations. The
implementation of these re-commendations in real mining
operations, as exemplified in the Zakhidno-Donbaska Mine,
contributes to improving the safety and efficiency of under-
ground extraction processes.

6. Conclusions

The adjacent rock layers around the coal seams mined in
Western Donbas are composed mainly of weak argillites and
siltstones and to a lesser extent of weak sandstones; in this
sense, the patterns of their texture are presented and ana-
lyzed. On this basis, an array of calculated texture variants
has been developed that reflect the probability of lithotype
classification by their thickness in the rock layers of the
immediate and main roof and bottom, which maximally
approximates geomechanical models to the real mining-
geological conditions for maintaining extraction drifts in the
Western Donbas mines.

Recommendations have been developed on the principles
of creating geomechanical models of mass shear and loading
of supporting and protecting systems in the zone of influence
of stope operations.

Two directions of modern structural-technological solu-
tions, which have already been tested at the Western Donbas
mines, contribute to the implementation of resource-saving
prospects for the reuse of extraction drifts:

— use of combined roof-bolting systems to form powerful
reinforced rock structures of high load-bearing capacity
in the roof;

—use of spatially yielding rope lagging of frames and
roof bolt tail joints to increase resistance to rock pressure,
especially in the sides of the extraction drifts.

The principles have been generalized of grouping struc-
tural-technological schemes for maintaining extraction
drifts according to the trends in the influence of the coal-
bearing mass texture and the mechanical properties of its
lithotypes. As a result, three groups of mining-geological
conditions for the operation of extraction drifts planned for
reuse have been identified.

Based on the results of a number of computational expe-
riments performed to study the effectiveness of the recom-
mended variants of supporting and protecting systems of
extraction drifts, it has been determined:
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— the greatest danger to the stability of extraction drifts is the
zone of bearing pressure from the side of the mined-out space;
here, large rock volumes of the roof are expected to be wea-
kened to a width of 2.0-2.2 m and the bottom —to 1.8-20 m;

— frame stands, especially from the side of the mined-out
space, need to be strengthened with side roof bolts with spa-
tially yielding lagging;

—to prevent bending of the cap board and bending of the
stand of the strengthening support, it is necessary to specify a
structurally yielding operating mode;

— the protecting system is quite stable due to the crushing
of timber and pressing into the rocks of the roof and bottom;

—the stress intensity field development up to 10-20% is
observed as the longwall face retreats, but only in such load-
bearing elements as frame stands, side roof bolts, strengthen-
ing support and the protecting structure.

The generalization of the performed studies is given in a
convenient form of three variants of schemes for maintaining
extraction drifts, while covering most of the mining-
geological conditions of the Western Donbas mines.
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IIpuHIMIK FipHUY0-Te0JI0TYHOI KiIacHpikanii miATpuMaHHs BUPOOOK
B YMOBax cjiadomeramopdizoBaHux mopin

I. Canees, B. bongapenko, I. KoBanesceka, /. Manamkesuy, P. ["ankoB

MeTta. Meta gaHoi poOOTH — IPOBECTH I'PYITyBaHHS TipHUYO-TEOJIOTIYHAX YMOB IIapyBaTOr0 MACHBY, SIKHi BMilIye ciadki mopoxu 3a-
ximHoro [lon6acy (YkpaiHa) Ta oOTpyHTYBaTH PEKOMEHIALI] IOA0 panioHaJbHUX IapaMeTpiB CHCTEM KpIIUICHHS Ta OXOPOHHU BHPOOOK, IO
MIOBTOPHO BUKOPHCTOBYIOTBCSL.

MeTtomuxka. J[ocipKeHHs IPOBOMIINCH ITPH MOEJHAHHI aHAJIITHYHUX METO/IiB BUBUCHHS NPOLECB Je(hopMyBaHHs IipChKOrO0 MAaCHBY Y 30-
Hi BeJICHHS OYMCHHUX POOIT 3 EKCIIEPUMEHTAIFHIMH BUMipaMu MPOSBIB TiPChKOro THCKY. SIK 3B’sI3yl0ua JIaHKA BUBYAIMCH YSBICHHS IIPO MeXa-
Hi3M PO3BUTKY IIPOLIECY 3CYBY HaABYTLIBHOI TOBIII Ta HOro OCOOIMBOCTI A TPHUYO-TEONOrYHUX yMOB 3axigHoro Jlon6acy. OTpuMmani 3aKo-
HOMIPHOCTI BpaXxOBaHi B pO3paxyHKOBY MOJIENb SIK CKJIa/10Ba ()OpPMYyBaHHS HABAHTA)KECHHS Ta CHCTEMHU KPIIUICHHS 1 OXOPOHH BHIMKOBHX IITpe-
KiB. Bu3HaueHa METO0JIOTis] KOMIT FOTEPHOTO MOZICIIOBAHHS 32 YMOBO MaKCUMaJIbHO MOYJIUBOTO BiJOOpaKeHHSI KOHCTPYKTHBHHUX OCOOJIHMBO-
cTeil paMHOTO i aHKepHOTO KpirieHs. [IpoBe/ieHo TecTyBaHHS pO3poOIIeHIX MOJIeNIeH, 10 MiATBEPIHIIO X aIeKBaTHICTh PealbHUM 00’ €KTaM.

Pe3yabsTaTn. KomIniekc nmpoBefeHNX TOCIIKEHb J03BOJIMB ITOOYAyBaTH MacHB PO3paXyHKOBHX BapiaHTIB TEKCTYD, SIKi BiToOpakaroTh
HAMOBIPHICTh MOALTY JITOTHUIIB 32 X HOTY)KHICTIO [0 HOPOJHUX IIapax Oe3nocepeaHbol Ta OCHOBHOI MOKPIBIIi 1 MiJOMIBH. 3a pe3ybTaTaMu
BUKOHAHHS HU3KH OOYHCITIOBANIBHUX €KCIIEPUMEHTIB 11010 BUBUCHHs e()eKTUBHOCTI PEKOMEH/I0OBaHHUX BapiaHTIB KPIMMJIBHUX T4 OXOPOHHUX
CHCTEM BCTaHOBJICHO PO3IOALI HAMpPYKEHO-Ie(hOPMOBAHOTO CTaHY Y BAaHTAXKOHECYYHX eleMeHTax cucTeMd. CTBOPEHO MPHHIMIHN TPYIy-
BaHHS CXEM I ATPUMaHHs BUPOOOK, SIKi OXOIUTIOIOTH OUTBIIICTh TIPHUYO-TEOJIOTIYHAX YMOB IIaxT 3axinHoro-/lonbacy.

HaykoBa HOBH3HA. 3 METOIO JIOCSTHEHHS JOCTOBIPHOCTI PE3yJITATIB TOCIHIIKEHO KOMIUIEKC 0COOIIMBOCTEH Ta B3a€EMOBIUIHBY €IIEMCH-
TiB reoMeXaHigHOI CHCTeMH. 3aKOHOMIPHOCTI, OTpUMaHi B pe3yJbTaTi 6araro(akTopHOT0 MOZIETIOBaHHS, BUSIBIIIN 3B 130K 3MII[HEHHS ITOPO-
JTHUX IIapiB y BUMIAL iX JUCKPETHOI MOPYIIEHOCTI 3 (JOPMYBaHHSIM CUCTEMHU B3a€MOJIIOUMX IUTHT, sIKa IHTEHCU(]IKY€E MpoLiec BUIABIIOBAH-
HS YaCTKOBOT'O 3MIITHEHOTO IIPUKOHTYPHOTO MACHBY.

IIpakTHYHA 3HAYMMICTB. Y3araabHeHI NPUHIMITN IPYMYBaHHSI KOHCTPYKTHBHO-TEXHOJIOTIYHHX CXEM IMiJATPUMAaHHS BHIMKOBHUX ILITpe-
KiB. Y MiJICyMKY BHAIICHO TPH TPYITH TiPHUYO-TEOJIOTIYHUX YMOB €KCILTyaTalii BUIMKOBUX IITPEKIB, 1[0 IUIAHYIOTHCS 0 HOBTOPHOTO BHKO-
pHcTaHHs. 3amponoOHOBAHO Ta AOCITIKEHO TPH BapiaHTH CXeM MiATPUMAaHHS BUIMKOBHX IITPEKIiB U1 yMOB IaxT 3axigHoro Jlonobacy.

Knrouosi cnosa: cipcokuii macus, 6upobka, cucmema KpinieHHs, CUCIEMA OXOPOHU, MEXAHIZM HABAHMANCEHHS, 2e0MEXAHIKA
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