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Abstract

Purpose. To develop and substantiate rational parameters of a support and protective system for maintaining mine wor-
kings under conditions of potential unpredictable manifestations of rock pressure, ensuring the stability of the workings for
their subsequent reuse after longwall face retreat.

Methods. The study is based on geomechanical modeling within an elastic-plastic framework using a bilinear “stress-
strain” diagram for each lithological unit and support element. Calculations were performed considering the actual physical
and mechanical properties of the surrounding rock. The modeling included standard and combined support schemes involving
cable bolts (6.0 m length) and steel-polymer bolts (2.8 m length), with the inclusion of additional support elements in the zone
of potential secondary caving.

Findings. The proposed combined support system comprising cable and steel-polymer bolts enabled the formation of a
high-load-bearing reinforced rock plate. Comparative analysis of the stress-strain state (SSS) demonstrated a reduction in haz-
ardous stress concentrations by 10-40%, and the affected areas decreased by a factor of 4.2-4.6. The recommended system
effectively counteracts rock pressure even under unpredictable geotechnical conditions.

Originality. For the first time, the correlation between the structural configuration of the combined bolting system and the
spatial stress distribution in the rock mass has been substantiated, ensuring the transition from a frame-bearing to a rock-
reinforced bearing structure. A methodology for selecting support parameters is proposed, considering the integrated influence
of jointing, water saturation, and rock rheology.

Practical implications. The obtained results allow for a significant improvement in the reliability and safety of mine wor-

kings in complex geotechnical conditions and facilitate their reuse with minimal repair costs.
Keywords: coal, mine, rock pressure, mine workings, fastening system

1. Introduction

In today’s conditions of global challenges, ensuring energy
independence is a priority issue for each country, and in the
conditions of warfare, for Ukraine it is a national security
strategy [1], [2]. Along with the development of alternative
energy sources [3], [4], mining, especially coal, occupies an
important place in providing the country with energy
sources [5]-[7].

Over the past decade, Ukraine has made substantial ef-
forts to diversify its energy mix and reduce dependence on
imported fossil fuels, including the active development of
renewable energy technologies, legislative reforms, and
integration into European energy markets [8]. However, the
volatility of global energy prices, logistical constraints, and
infrastructural damages caused by hostilities have exposed
the vulnerability of these initiatives and underscored the need
for balanced, multifaceted energy strategies [9]-[11].
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In this context, the mining industry, and coal mining in
particular, continues to serve as a vital pillar in ensuring the
country’s energy security. Despite the environmental con-
cerns and decarbonization goals, coal remains a readily
available and controllable energy source, especially in criti-
cal situations where alternatives are either insufficient or
inaccessible [12]-[14]. Its strategic significance has once
again become evident amid the current conditions of warfare
and infrastructure disruption [15]. Therefore, the role of coal
in current conditions remains critically important in the tran-
sition to green energy, especially in the face of energy mar-
ket instability [16], [17].

About 30-35% of the country’s electricity is generated by
thermal power plants, which are mainly fuelled by coal.
Figure 1 compares the dynamics of coal mining in Ukraine
for 8 months of 2023 and 8 months of 2024.
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Figure 1. Coal mining dynamics in Ukraine for 8 months of 2023 /
8 months of 2024

A separate issue of ensuring the stability of the state of
operation of coal mining enterprises is the maintenance of
mine workings to ensure their stability and production safety
during their operation [18]-[20]. This issue is of particular
relevance in the mines of Western Donbas (Ukraine) [21]-,
where about 77% of the mine workings, driven in weakly
metamorphosed rocks, are reused [23]-[25]. In this context,
the negative impact of underground coal mining on surface
infrastructure, including critical facilities such as gas pipe-
lines, has been confirmed by recent studies, highlighting the
need for comprehensive monitoring and prediction of subsid-
ence effects [26], [27]. Furthermore, maintaining the stability
of mine workings under such conditions requires careful
geomechanical justification, particularly in the case of auger
mining in protective pillars during the extraction of thin
seams [28], as well as proper design and control of mine
ventilation systems to reduce air leakage and resistance di-
rectly affect operational safety [29]-[32].

In the practice of mining coal deposits, especially in Wes-
tern Donbas, unpredictable rock pressure manifestations usual-
ly occur when several unfavourable factors are superimposed
on each other to disturb the stability of the coal-bearing stratum
around the extraction drifts [33]. This mining situation will be
examined using the example of seam mining in the conditions
of the mines of Vidokremlenyy Pidrozdil “Shakhtoupravlinnia
Pershotravenske”, PJSC “DTEK Pavlohradvuhillya”.

Among the peculiarities of the coal-bearing stratum tex-
ture, as one of the factors that significantly influence the
intensity of rock pressure manifestations, the following
should be noted.

Firstly, using the example of three extraction sites (188
and 96 longwall faces of Stepova mine and 148 longwall face
of Yuvileina mine), the coal-bearing mass texture is shown
in Figures 2-4. The texture peculiarities are similar to each
other and are characterized in terms of lithotype thickness as
predominantly thin- to medium-bedded. In this sense, the
classical provisions of rock mechanics, existing research and
accumulated mining experience indicate reduced stability of
rocks adjacent to extraction drifts, especially under the active
influence of stope operations.

Secondly, it is well known that the adhesion between
rock layers is very low [34], or even non-existent. In such
circumstances, the rock layers, when deformed, behave as
separate and sufficiently independent elements of the rock
mass. This factor sharply reduces the stability of rock layers,
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which has been proved analytically [35] and by using mo-
dern technologies for performing computational experi-
ments [36]. Practical absence of joint resistance of rock
layers to geostatic pressure causes the process of their suc-
cessive caving, which is clearly observed in the mined-out
space near the extraction drifts; this process can develop into
the roof over a considerable distance and will result in an
intensification of the load not only on the fastening and pro-
tection systems of the extraction drifts, but also on the pow-
ered support of the stope face. These first and second factors
are quite capable of provoking the so-called “uncontrolled
collapse” of rock layers, which precisely corresponds to the
concept of “unpredictable rock pressure manifestations”. It is
also important to note that the process of rock instability and
collapse is often accompanied by sudden methane emissions,
which further complicate the prediction and management of
hazardous manifestations in mining operations [37].

Third, most coal-bearing mass lithotypes are fractured, espe-
cially in the case of coal seams and sandstones; fracturing signi-
ficantly reduces the lithotype resistance to compression [38].

Fourthly, a number of lithotypes of the coal-bearing stra-
tum are in a water-cut state; this primarily refers to coal
seams and sandstones. They themselves lose some of their
own strength properties and moisten the adjacent lithotypes
(usually argillites and siltstones), which are very sensitive to
the reduction of compressive strength when exposed to wa-
tering; according to [39], water-cut siltstone loses 40% of the
value of the sample resistance to compression, and an argil-
lite loses 50%. This weakening of the lithological framework
of coal-bearing strata due to water saturation significantly
complicates mining operations, especially in areas affected
by underground water inflow or artificial groundwater re-
charge. Numerous studies have addressed the mechanisms of
infiltration, water leakage, and the interaction between hy-
drodynamic processes and geological media in coal-bearing
formations. These include forecasting underground water
dynamics in mining areas, modeling the effects of water
leakage, and studying infiltration and colmatation in both
natural and artificial conditions [40]-[45].

The mechanical characteristics of the coal-bearing stra-
tum lithotypes are analyzed using the example of the
96 longwall face extraction site of the Cs seam (Fig. 3). In the
immediate roof, there is a 1.9 m thick siltstone with a re-
sistance to compression o. = 31.431.4 MPa in the sample; it
is water-cut, so it loses 40% of its strength [46]. In addition,
the intensity of fracturing is 3-4 fr/m, which gives grounds to
apply a reducing factor of rock disturbance by weakening
surfaces K, = 0.4. Adding the rheological factor [47], [48] in
the form of a reducing factor of K;=0.7-0.9, we have the
calculated strength of the immediate roof siltstone at the
level of R = 5.28-6.78 MPa. That is, the immediate roof has a
strength coefficient of /< 1 and it cannot provide any signifi-
cant resistance to geostatic pressure. Also, according to this
methodology, three layers of the main roof are analyzed.

Next, consider the state of the prefabricated drift bot-
tom rocks of the Cs seam. In the immediate bottom, there
is a 1.3 m thick argillite with an ultimate resistance to
compression of o.=20.3-29.5 MPa in the sample and a
fracture intensity of 2-4 fr/m. The argillite is water-cut due
to the water-saturated coal seam Cs, therefore K, =0.5,
and fractures add another K, =0.5 to the reduction in
resistance to compression.
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Figure 3. Fragment of the actual geological section along the 96 longwall face of the Cs seam

109




H. Symanovych, V. Krasnyk, M. Odnovol, M. Snihur, I. Sheka. (2025). Mining of Mineral Deposits, 19(2), 107-120

Figure 4. Fragment of the actual geological section along the 148 longwall face of the Cs seam

Reduction of argillite strength due to the action of rheo-
logical factor is K;=0.7-0.9. As a result, the calculated re-
sistance to compression is equal to R =3.55-6.64 MPa. Such
weak strength of the argillite provokes its heaving into the
mine working cavity.

The analysis of the texture peculiarities and mechanical
properties of the coal-bearing stratum lithotypes proved the
possibility of occurrence of unpredictable rock pressure man-
ifestations under conditions of a coincidence of negative
circumstances of the action of factors weakening rock layers
(watering, fracturing and rheology), mainly of thin- and
medium-bedded texture. Frame support is not able to with-
stand unpredictable rock pressure, therefore, combined roof-
bolting systems are required. Therefore, ensuring the stability
of mine workings in such complex geological and hydrogeo-
logical environments necessitates the development and im-
plementation of advanced geomechanical models and support
systems specifically tailored to mitigate the risks associated
with unpredictable rock pressure manifestations.

2. Methodology

An analysis of texture and mechanical properties of rocks
in some areas of extraction panels in the PJSC “DTEK Pav-
lohradvuhillya” mines shows that there is a possibility of an
unstable state of the coal-bearing stratum, which can extend
over a long distance into the roof (up to 20 m or more). This
poses a danger not only to the extraction faces, but also to the
operation of modern powered supports of the stope faces.

When examining and substantiating the mechanism of the
coal-overlaying formation displacement into the mined-out
space, we used the currently existing understanding of this
process in Western Donbas [49], [50]. Using the example of
the coal-overlaying formation texture in the 96 longwall face
of the Cs seam, a scheme has been created (Fig. 5) for the
possible loss of its stability at a considerable height into the
roof, which will lead to unpredictable rock pressure manifes-
tations. The scheme shows the classical uncontrolled collapse
and hinged-block shear zones that occur in the roof when
mining the coal seam Cg, but the essence of a possible nega-
tive situation is in details.
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Figure 5. Scheme of an unstable rock zone formation

First, in accordance with the existing concepts, the initial
height of the uncontrolled collapse zone is calculated by
the Formula:
my

(0

where:

my, — thickness of the coal seam to be mined, m, = 1.20 m;

K, — the coefficient of loosening of the caving lithotype
(we take the average value of K, for siltstone and partially
for sandstone K, = 0.3).

Then the initial height of uncontrolled collapse zone is ob-
tained /,.=4.0 m. We called this indicator the initial height,
because, as studies have shown precisely for the Western
Donbas conditions, under the influence of geostatic pressure,
the caved rocks are compacted and at a certain small distance
from the longwall face (about 25-30 m), the final height /..
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decreases very significantly. Figure 6 shows two experimental-
ly determined graphs of pressure P increase on the caved rocks
and their relative compaction J as the longwall face L, retreats.

7 70
|
-~ °
61 60 =,
= =
X -
= [ S— =
. 2,
a <
z =
o 4 40 £
a ,/ / =
3 / / o
8 y J $
& / / £
’ // 03
I
/’i "///
0 20 40 60 VAR

Longwall face retreats (L), m

Figure 6. Dependences of pressure increase P (1) in the zone of
uncontrolled collapse and relative shrinkage 0 (2) of
disturbed rocks as the longwall face L retreats

It can be assumed that similar patterns occur in the direc-
tion of the extraction site width. The area of the extraction
panel studied is located at a depth of about H =270 m, then
the geostatic pressure of the overlying rocks up to the earth’s
surface are:

o, =yH =6.75 MPa, 2)

where:

y =25 KN/m® — weighted average volume weight of rocks.

Suppose that not the entire weight of the coal-overlaying
formation rocks will put pressure on the destroyed rocks of
the uncontrolled collapse zone, and take only half of them,
that is, the load is P = 3.48 MPa; for this indicator P, accor-
ding to the graph in Figure 6, we obtain the relative compac-
tion value 0 =42%; accordingly, the height of the uncon-
trolled collapse zone is reduced by 1.68 m, its final height is
Ay =2.32 m. These dimensions are shown in Figure 5.

Now it is necessary to find out how the compaction of
caved rocks influences the stability of lithotypes in the
hinged-block shear zone. These rocks have a certain re-
sistance to rock pressure due to the formation of spacer sys-
tems, when individual rock blocks contact each other during
their deflection and in areas of action of compressive stresses
o, generate spacer forces F. As shown in the scheme, the pair
of spacer forces F creates a restoring moment that resists
further deflection and gives the fracture-broken layer a cer-
tain stability. It is well known that as the lithotype moves
towards the roof of the seam, the lithotype deflections de-
crease and at a certain height they no longer lose stability,
but resist to rock pressure without caving.

This stable state of the spacer systems depends on several
factors, and the first of them is the value of the lithotype de-
flection U,. It operates in such a way that with an increase in
Uy, the arm of the force pair F decreases (Fig.5, which shows
that o < a1, the restoring moment decreases accordingly and
the stability of the individual backing system decreases.

Secondly, it is necessary to consider the effect of the layer
thickness m; in combination with the effect of lowering it U,
into the mined-out space. For a more visual representation,
Figure 7 shows schematically two cases of the same rock
block lowering U, at different its thickness m;.
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Figure 7. Scheme for substantiating the effect of layer thickness
mi on the rock block stability in a spacer system: (a) thin
layer; (b) high thickness layer

It has already been noted that a certain stability of the
spacer-block system is provided by a pair of forces F that
creates a restoring moment aimed at resisting to geostatic
pressure. Spacer forces F occur on opposite contacts of the
block in the area (according to the height of its thickness)
where compressive forces o act. If the classical provisions of
the material resistance discipline are used, compressive
stresses oy occur at half the block thickness and have a trian-
gular distribution curve along the height of the compression
area. Then, the resultant force F' will be located at one-third
of the height of the compression area, which is close to the
block surface. That is, in the end, the distance 4 of the force
F action from the block surface is equal to:

1

and the arm a of the force pair F action is calculated as follows:
2

a= 3 m; . 4)

Formula (4) is valid when the block is in an approxi-
mately horizontal position. If to take into account the
lowering U, of one end of the block relative to the other,
then the arm a is reduced:

az%mi—Uy, %)

and with a low thickness of the rock block, a situation may
arise when the arm a completely disappears and there is no
restoring moment, that is, at least one rock block loses stabi-
lity, and the entire spacer system with it. Moreover, with a
small rock block thickness m; and a rather significant lowe-
ring U,, the arm of the force pair F action may acquire a
negative sign (Fig. 7a); then the restoring moment becomes a
caving-facilitating moment.

The third and last factor that significantly affects the sta-
bility of spacer-block systems is the lithotype resistance to
compression; moreover, we operate with such an indicator as
the calculated resistance R, which already takes into account
the weakening factors of fracturing, water-cut and rheology.
When analyzing the mechanical properties of the coal-
overlaying formation lithotypes, very low resistance to com-
pression was noted: the vast majority of rock layers have a
strength coefficient of less than one (f<1), and slightly
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stronger sandstone (f'=1.3-1.6) refers to thin and medium
thickness lithotypes. In these conditions, the destruction of
the so-called rock hinges located in the areas of action of
compressive horizontal stresses oy (Fig. 8) and determine the
stability of any lithotype in the general area of the spacer
systems, is very likely. In such a situation, some contact
between adjacent rock blocks may remain, but the spacer
forces F' many times decrease — accordingly the resistance to
rock pressure of this spacer system will decrease; it can cave
onto underlying rocks. Such a process can behave like a
chain reaction and the caving of the rock layers can spread
into the roof over a considerable distance.

(b)

Destroyed

Figure 8. Schemes of rock hinge failure and significant loss of
stability of the spacer system: (a) stable state; (b) stage
of destruction

Thus, three main reasons for the loss of stability of the
spacer-rock systems in the main roof of a mine working and
near it from the side of the mined-out space have been for-
mulated. In case of probable coincidence of all three fac-
tors, the “chain reaction” of successive caving of rock
layers over a long distance into the Cs seam roof is possi-
ble, which is equivalent to the concept of “unpredictable
rock pressure manifestations”.

3. Results and discussion

3.1. Analysis of rock mass SSS in hazardous
extraction site areas

In accordance with the methodology commonly used in
the Western Donbas mines for performing a computational
experiment to study the processes of coal-bearing mass shear
around the extraction drifts in the zone of influence of stope
operations [51], [52], a geomechanical model has been con-
structed that contains all the necessary and sufficient posi-
tions to reflect the state of the object.

Firstly, the coal-bearing mass is modeled to the height of
the roof, to the depth of the bottom, and to the width along
the strike of the Cs seam, which are sufficient to fully and
adequately reflect the parameters of rock pressure anomalies
in the zone of influence of stope operations, and most im-
portantly, behind the longwall face.

Secondly, the uncontrolled collapse zone from the side of
the mined-out space is reflected with parameters substantiated
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in [53], [54]. The height of the zone is calculated according
to the recommendations in [34]. The resistance to compres-
sion of the destroyed weakly metamorphosed Western Don-
bas rocks is determined according to [55], the deformation
modulus is determined according to the graphs in Figure 6,
and the Poisson's coefficient. Thus, we have a complete set
of necessary initial data for modeling the deformation pro-
cess of the uncontrolled collapse zone.

The third is the hinged-block shear zone above the
mined-out space. The rock layers are divided into blocks
based on the analysis of fields of horizontal stress o, and
stress intensity o distribution. The loss of adhesion between
lithotypes is also necessarily taken into account.

Fourth, the zone of smooth deflection of rock layers
without breaking the continuity is reflecte, and contact dis-
turbance along the surfaces of bedding of adjacent lithologi-
cal varieties is modelled, which is substantiated in [56]-[58].

Fifthly, the 148 prefabricated drift location relative to the
Cs seam in accordance with the technical documentation for
mining the extraction site of the 148 longwall face.

Sixth — an adequate reflection of the structural and tech-
nological peculiarities of the fastening and protection sys-
tems of the 148 prefabricated drift according to the methodo-
logical developments [59], [60].

The following should be noted from the general infor-
mation. Calculation of the stress-strain state (SSS) was per-
formed in the elastic-plastic formulation with a bilinear func-
tion reflecting the real diagram “stress — relative defor-
mation” of each lithological variety and fastening materials.
This made it possible, when taking into account the plastic
deformations of the geomechanical system elements, to avoid
significant “failures” in the calculation technology and in-
crease the reliability of its implementation.

Now, study the fastening and protection schemes in more
detail: the first, according to the technical documentation for
mining the 148 extraction site of the Cs seam at Yuvileina
mine, will be considered the “basic” one; the second scheme
is proposed on the basis of the performed modeling of geo-
mechanical processes around the 148 prefabricated drift, and
has some variations in order to achieve more efficient
maintenance of the extraction working.

The positions of the basic scheme for maintaining the
prefabricated drift and boundary entry are taken from the
technical documentation of the Yuvileina mine and frag-
ments are shown in Figure 9 in the area behind the longwall
face. A positive aspect is the use of resin-grouted rockbolts
and rope bolts in the systems for fastening mine workings —
this technical solution is usually called a combined roof-
bolting system and is becoming increasingly common in the
Western Donbas mines. We have tried to eliminate the dis-
advantages of the basic fastening and protection systems in
the proposed variants of fastening and protection structures.
The main positions of their improvement are as follows.

Firstly, despite the significant strengthening of the frame
support, there is no certainty that the required section of the
drift can be preserved for its reuse. The reason for this is the
probability of exceeding the vertical load (from the weight of
unstable rocks) of the total load-bearing capacity of the basic
fastening system. An alternative to directly counteracting
vertical load is to strengthen the roof rocks with combined
roof-bolting systems, which is partially incorporated into the
basic support structure.
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Figure 9. Basic schemes for maintaining drifts at the 148 extrac-
tion site of the Ce seam at Yuvileina mine: (a) prefabri-
cated drift; (b) boundary entry

In this regard, the recommended combination of roof-
bolts creates an armoured and rock plate in the roof.

Secondly, the recommended parameters for the location
of the roof-bolting system are designed to perform the fol-
lowing tasks:

—to create a load-bearing spacer-block system that rests
on the rock mass beyond the mine working width and pro-
tects it from excessive rock pressure;

— certain inclination angles of resin-grouted rockbolts and
rope bolts are provided for “extending” the load-bearing
structure bearings beyond the mine working width in such a
way as to strengthen the rock volumes above the side prop
stays of the strengthening support and adjacent breaker-prop
rows; then the most probable caving of rock cantilevers occurs
outside (vertically) the breaker-prop rows, and a relatively
monolithic rock plate will remain in the mine working roof.

Thirdly, rope bolts, connected to the peripheral part of the
frame cap boards by flexible crown runners, dramatically
increase their load-bearing capacity and allow for stability in
the area of longwall face “window” when dismantling the
frame prop stays; this makes it possible to abandon the cen-
tral prop stays of the strengthening support.
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Fourthly, lateral horizontal roof-bolts in the immediate
bottom of the seam strengthen the rock volumes of the weak
bottom to create stronger bearings for the load-bearing plate
in the roof; in addition, lateral roof-bolts in the immediate
bottom of the coal seam help to reduce its heaving intensity,
as one of the factors of the sectional plane loss of the drift.

From the perspective of the above concepts, a scheme
has been developed for fastening and protecting the
148 prefabricated drift and boundary entry of the Yuvileina
mine seam Cs, which is an integral part of the model of the
general geomechanical system. Computational experiments
have been conducted for the comparative assessment of the
basic and proposed maintenance schemes to analyze their
advantages and disadvantages.

3.2 Comparative analysis of the rock mass SSS

In our opinion, the most informative and useful are the
comparative analysis results of the SSS of the geomechanical
model main elements and they will be the basis for the feasi-
bility of some improvements in the fastening and protection
systems on the example of 148 prefabricated drift. This com-
parative analysis of SSS is performed for three stress compo-
nents: vertical g,, horizontal oy and stress intensity o.

The vertical stress curve oy, shown in Figure 10, is charac-
terized by the following peculiarities of the distribution of
vertical rock pressure anomalies around the 148 prefabricated
drift. A sufficiently homogeneous distribution field g, is ob-
served from the side of the mined-out space, varying in the
main range of 2.3-6.7 MPa and indicating a de-stressed state of
the rocks with a value of 0.21-0.61 from the initial state yH of
the undisturbed mass. The most homogeneous distribution g,
occurs in the rocks of the Cs seam bottom for the entire depth
of the model, and laterally extends to its vertical boundary and
covers a width of 17.1-20.9 m. Localised pressure concentra-
tions of g, = 11.0-15.3 MPa are observed in the mine working
side up to 7.7 m in height, which are associated with the influence
of the fastening and protection systems of the drift. The com-
pressive o, concentrations are only K, = 1.0-1.39: these values
are lower than the resistance of argillite o, to compression in
sample, but many times higher than the calculated resistances
R to compression of the immediate roof and bottom rocks.

Figure 10. Curve of vertical stresses oy in the coal-bearing stratum
around the 148 prefabricated drift of the Cs seam ac-
cording to the recommended scheme of its maintenance
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There is another restricted area above the rows of wooden
prop stays of the breaker-prop where g, = 15.3-19.7 MPa; in
this area, the weakening of weak argillite is even more in-
tense, but its small size (up to 1.4 m in height and 0.4 m in
width) does not have a significant influence on the general
de-stressed state of the immediate roof rocks from the side
of the mined-out space.

In the main roof rocks, against the background of de-
stressing mainly at the level of K, =0.21-0.61, sufficiently
limited areas of tensile stress up to 2 MPa of rocks with even
more local areas of compressive stress concentration oy up to
the value of K, =1.39 are formed. These areas of o, with
different signs appeared due to fracturing of the main roof
rock layers into blocks and their interaction with each other
during lowering into the mined-out space. Here, the main
factors of sign-variable disturbances o, are contact stresses
on the surfaces of interacting blocks and their bending
deformations under the influence of the weight of overlying
rock layers. In general, these local areas of component o,
disturbances do not have a significant impact on the overall
pattern of de-stressed state of the main roof rocks up to a
height of 16.6 m.

A lateral bearing pressure zone is formed from the side of
the undisturbed mass, which has the following peculiarities of
the distribution of compressive o, concentrations. Manifesta-
tions of lateral bearing pressure extend up to 13.1 m in height
into the roof above the mine working. Here, the concentration
of g, is K, = 1.39-1.79; the area is elongated into the roof and
has an irregular shape with asymmetry towards the undis-
turbed mass; only in some local areas, the vertical stress con-
centration reaches K, =2.18, and in absolute dimension does
not exceed 24 MPa. The area of ¢, concentration is limited by
the thickness of the hinged-block shear zone. Comparison of
the strength characteristics within this area with the acting oy
concentrations hows that all lithotypes are exposed to weak-
ening, taking into account the calculated strength value.

Similar conclusions can be drawn for the remaining
areas of lateral bearing pressure, which are located beyond
a certain zone adjacent to the mine working, formed at its
side and occupying a position of up to 9.7 m in height and
up to 7.2 m in width. In this area, g, concentrations in the
range of K, =1.79-2.18 are destructive for almost all litho-
types, taking into account the action of weakening factors
of fracturing, water-cut and rheology. Within this area, a
second-order area with concentration of o, in the range of
K, =3.75-4.15 is formed along the width up to 1.2 m and
the entire height of the drift, where intensive destruction of
the near-contour rocks of the immediate roof and bottom, as
well as the coal seam Cs, definitely occurs. This area re-
quires resin-grouted rockbolts to strengthen both the roof
and the bottom of the seam, which is implemented in the
proposed drift support scheme.

Attention should be paid to another area of o, concentra-
tion, which is located in the main roof and extends up to
7.0 m in height and 3.1 m in width; it is spaced 2.5-3.0 m
from the mine working contour towards the undisturbed
mass. Its significance is as follows. Firstly, the area is lo-
cated in the reach of strengthening with rope bolts or
strengthening of the rock layers that are part of this area.
Secondly, it is from these rock layers of the main roof that
the load-bearing armoured and rock structure is formed
using the rope bolts, which is designed to protect the frame
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support from excessive rock pressure. Thirdly, if there is a
significant break in the continuity of these lithotypes, then
the width of this area of 3.1 m is quite enough to cause such
displacements in the spacer system from the main roof rock
blocks, at which it would lose stability; in this case, the task
of forming an armoured and rock plate in the roof would
not be fulfilled and the entire load from the weight of un-
stable rocks would act on the frame support.

The above considerations for the analysis of the vertical
stress distribution field sufficiently substantiate the expediency
of strengthening the main roof with rope bolts. As for the resin-
grouted rockbolts, their positive strengthening effect contri-
butes to the stability of the immediate roof rocks in two areas of
relatively low o, concentrations: in the lower part of the end
sections of the armoured and rock plate and in the sides of the
mine working above the protection system from the side of the
mined-out space and from side of the undisturbed mass. These
areas serve as a kind of bearings for the armoured and rock
plate, and the degree of their stability determines the efficiency
of the load-bearing armoured and rock structure in limiting the
rock pressure manifestations in the 148 prefabricated drift.

Next, consider the peculiarities of the horizontal stress oy
distribution field (Fig. 11) according to the recommended
scheme for maintaining the 148 prefabricated drift. It is
worth mentioning here that the curve o, clearly shows the
bending deformations of the rock layers and their direction.

4547
Sel
584899 Min

Figure 11. Curve of horizontal stresses ox in the coal-bearing
stratum around the 148 prefabricated drift with the
recommended scheme of its maintenance

In general, the action of horizontal stresses o, can indicate
the compatibility of the influence of stable and unstable rock
volumes around the drift, and this ambiguity can significant-
ly change the extent and nature of rock pressure manifesta-
tions, depending on the intensity of the action of rock-
weakening factors.

3.3. Comparative analysis of the SSS of fastening
and protection systems for drift maintenance

In accordance with the previously substantiated geome-
chanical model, which reflects the loading conditions of the
fastening and protection systems of the 148 prefabricated
drift after the longwall face advance, a set of SSS calcula-
tions for each of the constituent elements has been per-
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formed. A detailed SSS analysis of each main element of the
basic and recommended schemes for mine working mainte-
nance has been made in terms of fulfilling the main task —
ensuring the conditions for its reuse.

In the frame support, the component o, reflects the fol-
lowing distribution peculiarities, which are typical for the
Western Donbas mining-geological conditions. Thus, the
frame cap board is in de-stressed state under the action of
sign-variable stresses o, from 30 MPa of compression to
30 MPa of tension, which is only 11% in relation to the cal-
culated yield strength value of SCP steel. At the same time,
the frame prop stays are under the action of a more or less
uniform field of compressive stresses with a value approach-
ing or exceeding the calculated yield strength of St.5 steel.
The uniformity of the field o, indicates the absence of a sig-
nificant bending moment in the prop stays, but their limiting
state predicts a high probability of plastic bending into the
mine working cavity. Therefore, it is advisable to attach the
frame prop stays to the side resin-grouted rockbolts with
pliable rope binders.

Rope bolts have different spacing o, depending on their
place of setting. Along the length of the rope bolts set from
the side of the undisturbed mass, there is a periodic alterna-
tion of areas with high tensile o, (30-80% of their load-
bearing capacity) with compression areas of the same level.
This phenomenon is caused by different deformations of
individual rock layers and blocks relative to each other along
the length of the rope bolt, which indirectly confirms the
existence of significant displacement of certain roof rock
volumes, on the one hand, and active resistance to lateral
bearing pressure acting from the mass as a result of stope
operations, on the other hand. The rope bolt from the side of
mined-out space is exposed to mainly compressive oy, which
is caused by the lowering of rock layers and blocks, and the
rope bolt connects them. It can be argued that the rope bolts
form a certain similarity in the roof to a relatively holistic
rock plate of considerable thickness (up to 5.0-5.5 m), which
is capable of withstanding a vertical load that is many times
higher than the load-bearing capacity of the frame support.

Assessing the overall vertical stresses g, and oy distribu-
tion in the elements of the fastening and protection systems, it
can be concluded that the recommended scheme for maintain-
ing the 148 prefabricated drift of the Cs seam can be used.

In the final part of the analysis, the stress intensity curve is
studied as the most informative and summarising parameter.

In general, the frame cap board is in a stable state with
varying levels of loading along its length. The central area
near the arch keystone, 0.8-1.0 m long, is exposed to action
of ¢ =200-240 MPa, which is 74-89% of the ultimate yield
strength of St.5 steel. In the peripheral areas of the cap board,
the stress intensity gradually decreases from 120-190 MPa to
20-80 MPa near the yielding joists. Here, additional bearings
in the form of pliable rope binders attached to rope bolts
have a significant impact. Nevertheless, for most of the cap
board, it is loaded by more than 50%. The active resistance
to vertical rock pressure of the roof-bolting system should
also be taken into account.

The analysis of the stress intensity distribution in rope
bolts shows their high loading. More specifically, it should
be noted that rope bolts operate at 85-100% of their own
load-bearing capacity along the length, which is 75-80% of
the active length of the bolts. The high load of the rope bolts
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indicates the effectiveness of their performance in forming
the armoured and rock plate in the roof and the expediency
of the selected setting parameters.

The immediate roof of the Cs seam and a part of the
main roof lower layer are strengthened in the sides of the
mine working with resin-grouted rockbolts. They are de-
signed to create relatively solid and stable bearings in the
sides of the mine working for effective resistance of the
armoured and rock plate in the roof. The loading on resin-
grouted rockbolts is very high both from the side of the
undisturbed mass and from the side of the mined-out space,
which means that they actively resist not only vertical but
also oblique rock pressure. The specific quantitative values
of this resistance are as follows:

— the upper resin-grouted rockbolt in the immediate roof
from the side of the mined-out space is loaded by 80-100%
(of the load-bearing capacity) by 40% of its own length adja-
cent to the mine working; the rest of its buried part resists
with a force of 30-75%;

— the lower bolt from the side of the mined-out space is
exposed to a loading in the range of 80-100% of the load-
bearing capacity by 90-95% of its length;

— from the side of the undisturbed mass, the upper side
bolt is similarly loaded by 50% of its length, located in the
buried part of the bolt, and the resistance is 40-75% along the
remaining length adjacent to the mine working;

—the lower side bolt from the side of the undisturbed
mass is loaded to a lesser extent (up to 70-80%).

The need to set the side roof-bolts at the depth of bottom
dinting of the drift is substantiated by their sufficient stress o
loading. The level of stress intensity in the roof-bolt from the
side of the mined-out space is 30-55% of its load-bearing
capacity, which is explained by the relative unloading of the
near-contour area of the drift berm. At the same time, the
lateral bearing pressure from the side of the mass contributes
to 100% loading of the roof-bolt by 40-45% of its length
adjacent to the mine working. Such results confirm the expe-
diency of roof-bolt strengthening of the immediate bottom of
the drift at the depth of its bottom dinting.

Thus, the SSS calculation data confirm the efficiency of
the combined roof-bolting system as a whole: rope bolts create
an armoured and rock plate of high load-bearing capacity, and
side resin-grouted rockbolts provide reliable bearings for it.

3.4. Recommendations for choosing the parameters
of fastening and protection systems

Based on the analysis of the mining-geological conditions
for maintaining the 148 prefabricated drift and the results of
a computational experiment to calculate the geomechanical
model SSS, recommendations have been developed for de-
termining the parameters of the fastening and protection
systems for the mine working with the purpose of its reuse.
The proposed technical solution is shown in Figure 12, a and
is characterized by the following parameters. The frame
support of the SCP series is set in accordance with the pass-
port for maintaining the 148 prefabricated drift.

The 6.0 m long rope bolts are arranged symmetrically
relative to the vertical axis of the mine working with an in-
clination angle to the horizontal of 60°. Along the length of
the extraction working, the rope bolts are set at L., =3.8 m
intervals, that is, every four frames in the middle of the inter-
frame spacing. For the most dangerous area (PK5- PK2), the
step of setting the rope bolts is halved (L, = 1.6 m).
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Figure 12. Recommended schemes for maintaining the 148 pre-
fabricated drift of the Cs seam at the Yuvileina mine in
case of geotechnical situations: (a) “ordinary”; (b) unpre-
dictable rock pressure manifestations

The distance between the tail joints of the rope bolts in the
mine working cross-section is 1.6 m (0.8 m from the vertical
axis of the mine working). This scheme of setting will allow
for the “deep” strengthening of the main roof rocks and the
formation of an armoured and rock plate, which rests on the
strengthened (resin-grouted rockbolts) rocks of the immediate
roof and bottom, a number of side wooden prop stays of the
strengthening support and a breaker-prop row of prop stays
from the side of the mined-out space.

The coupling (along the mine working) of the frame cap
board with flexible spatially pliable binders will provide a
number of technological advantages:

116

— strengthening of the frame cap board, especially when
dismantling prop stays in the area of the longwall face “win-
dow”, which increases the safety of work in the area of junction;

— the need for assembly/disassembly wooden prop stays
for strengthening support during the subsequent bottom din-
ting after the longwall face advance is eliminated;

—the “live” drift section increases and the resistance to
air jet movement decreases, which increases the ventilation
efficiency of the extraction site;

—1it is easier to provide distances and clearances in ac-
cordance with safety rules and regulations.

The 2.8 m long resin-grouted rockbolts are set in the im-
mediate roof of the Cs seam in the middle of the interframe
space. Setting parameters: lower roof-bolts — at a distance of
0.1 m from the edge of the coal seam at an angle of 300° into
the roof; upper roof-bolts — at a distance of 0.5 m from the
lower roof-bolts at an angle of 500° into the roof. This ar-
rangement of roof-bolts provides the formation of a holistic
rock bearing, which transfers the load from the armoured and
rock plate in the main roof to a number of side wooden prop
stays of the strengthening support and to a number of prop
stays of the breaker-prop row. Increased resistance of bear-
ings limits the lowering of the armoured and rock plate in the
roof and reduces the drift section loss.

At the immediate bottom of the Cs seam, 2.8 m long
resin-grouted rockbolts are set horizontally in the interframe
space in the middle of the depth of the drift bottom dinting.
Along the length of the drift, the tail joints of the resin-
grouted rockbolts are attached to the frame prop stays with
pliable rope binders. This provides:

— creating a sufficiently rigid lower part of the bearing for
the armoured and rock plate by strengthening the weak rocks
of the immediate bottom;

— limiting the bending of the frame prop stays into the
mine working cavity and reducing the intensity of bottom
heaving, which helps to reduce the drift section loss.

A number of side wooden prop stays of the strengthening
support are loaded with a full load and provide forced caving
of the main roof rock cantilevers beyond the mine working
width, which reduces the load on the fastening system.

The single-row breaker-prop support serves as a tempo-
rary support in the area of junction and in a limited area
behind the longwall face; its task is to provoke the caving of
the immediate and lower layers of the main roof (almost to
the seam C}), to create a backing from caved rocks, suffi-

cient to stabilize the rock pressure behind the stope face with
a small distance of its retreat. The above recommendations
will ensure the reuse of the prefabricated drift as a side adja-
cent one to the extraction site.

At the final stage, the situation concerning the probability
of unpredictable rock pressure is modelled. To complete the
research tasks, we simulate such a situation by simultaneous-
ly changing the parameters of the combined roof-bolting
system (while searching for its rational values): two resin-
grouted rockbolts are added near the roof arch keystone of
the mine working and only one roof-bolt is left in its sides;
other elements of the fastening system are unchanged.

For greater clarity of comparison, Figure 13 shows two
curves of stress ¢ intensity in the elements for maintaining
the 148 prefabricated drift: the first — for the “ordinary”
course of events; the second — for the case of unpredictable
rock pressure manifestations.
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(b)

Figure 13. Stress o intensity curves in the fastening and protection
systems of the 148 prefabricated drift in case of geotech-
nical situations: (a) “ordinary”; (b) unpredictable rock
pressure manifestations

The first variant of the geomechanical situation provides
for the already analyzed stress ¢ intensity distribution curve
with an underloaded frame cap board and more loaded its
prop stays. In the event of unpredictable rock pressure mani-
festations (Fig. 13b), there are obvious changes in almost all
fastening system elements:

— the frame cap board along the entire central part up to
2.7 m long is exposed to critical stresses o , equal to or ex-
ceeding the calculated yield strength o, of St.5 steel; the cap
board needs additional points of bearing from longitudinal
binders connected to central resin-grouted rockbolts, or the
use of a central prop stay of the strengthening support, but
with a yielding mode of operation (for example, inventory
hydraulic props), so as not to provoke plastic bending of the
cap board at the point of contact with the prop stay;

—in the mine working sides, one more resin-grouted
rockbolt should be added (Fig. 13b) and an additional row of
side wooden prop stays for the strengthening support;

— the parameters of rope bolts and resin-grouted rock-
bolts remain constant, as they can fully withstand the
increased load.
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Thus, it is possible to provide stability of the 148 prefab-
ricated drift even in the event of unpredictable rock pressure
manifestations. A set of studies made it possible to substanti-
ate and create a methodology for selecting rational parame-
ters of fastening and protection systems of mine workings in
case of unpredictable rock pressure manifestations.

4. Conclusions

A geomechanical model has been developed and substan-
tiated of the behaviour of the coal-bearing mass, fastening
and protection systems of the extraction working in the peri-
od after stope face advance, which is maintained for its reuse.
The elastic-plastic formulation of the computational experi-
ment (for each lithological variety and fastening materials)
has brought the conditions of geomechanical system defor-
mation closer to the real ones, as well as the reflection of the
geometric parameters of the methods and means of fastening
and protection in full compliance with the mine working
passport. In conclusion, the SSS calculation results can be
assessed as sufficiently adequate and reliable.

Comparative analysis of the SSS of the coal-bearing rock
mass with different schemes for the prefabricated drift mainte-
nance has created an evidence base for two new ideas about
the probability of unpredictable rock pressure manifestations:

— changing the scheme for fastening and protection of
mine working can significantly affect the distribution of
stress components not only in the near-contour, but also in
the rock volumes sufficiently distant from the mine workings;

—the combination of resin-grouted rockbolts and rope
bolts plays a decisive role in transforming the stress field in
the surrounding mass; their rational parameters make it pos-
sible to create an armoured and rock structure that is able to
protect the mine working from excessive rock pressure.

The positive impact of the combined roof-bolting
system is manifested in the rocks of the roof, sides and
bottom of the drift: dangerous concentrations of stress
components are reduced from 10-15 to 30-40%, and their
areas of action are reduced to 50-80%, and in some zones —
by up to 4.2-4.6 times.

A comparative analysis of the state of the basic and recom-
mended fastening systems by the main stress components con-
firmed the feasibility of using a combination of resin-grouted
rockbolts and rope bolts in combination with the used protec-
tion method for maintaining the prefabricated drift for the
purpose of its reuse. An armoured and rock structure of high
load-bearing capacity is created in the roof, and the side
resin-grouted rockbolts provide reliable bearings for it.

Based on the research performed, a methodology for
selecting rational parameters of the fastening and protec-
tion systems of mine workings planned for reuse in condi-
tions of unpredictable rock pressure manifestations has
been developed.
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Merta. Po3poOka Ta oOIpyHTyBaHHSI PalliOHATFHHUX MapaMeTpiB KPIMHMIBHOT Ta OXOPOHHOI CHCTEM MiITPUMaHHs TiPHHYMX BHPOOOK B
YMOBax MOXJIMBHX HENPOTHO30BAHHMX HPOSIBIB TiPCHKOIO THUCKY i3 3a0e3MedeHHsIM iX CTIMKOCTi Uil MOBTOPHOTO BHKOPHUCTaHHS BHPOOGOK

TICIIST BIATIPAIIOBAHHS OYMCHOTO BHOOIO.

Metoaunka. JlocTi/PKeHHS IPYHTYEThCS Ha T€OMEXaHIYHOMY MOJIEIIIOBAaHHI B IPYKHO-IUIACTHYHII ITOCTAHOBII 3 BimoOpakeHHsAM Oii-
HilfHOT IiarpaMu “Hamnpy»keHHs — BiJHOCHA JedopMarlis’” IUIsl KOXKHOI JITOJIOTIYHOI Pi3HUMLI Ta KPIMMIFHOTO eleMeHTy. Po3paxyHku mpose-
JICHO 13 ypaxyBaHHIM (i3MKO-MEXaHIYHUX BIACTUBOCTEI mopis. MozemoBaHHs BKIIIOYAIO BapiaHTH CTAaHAAPTHOTO Ta KOMOIHOBAHOTO Kpil-
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JICHHS 13 3aCTOCYBaHHSIM KaHATHUX aHKepiB (JoBxuHA 6.0 M) Ta cTaJenoNiMepHIX aHKepiB (1oBxkHHA 2.8 M), i3 PO3MIIIEHHSM J0JaTKOBOTO
KpIIJIEHHS B 30HI MOKJIMBOTO BTOPHHHOTO OOBaJICHHI.

Pe3yabTaTn. 3anponoHoBaHa KOMOIHOBaHA CHCTEMa 3 KAHATHUMU Ta CTAJIETIONIMEPHUMH aHKEPaMH J03BOJIMIIA CTBOPUTU apMOTIOPOIHY
IUIUTY BUCOKOI Hecyuoi 3aaTHOCTI. [opiBHAIBHUIN aHaMi3 HampyXeHO-1e(GOpMOBaHOIO CTaHy IOKa3aB 3HI)KEHHS HEOE3NEeYHUX KOHIICHTpa-
il Hanpy>xeHb Ha 10-40%, a miomti iX BrummBy — 10 4.2-4.6 pasiB. PekoMeHnoBaHa cxeMa e()eKTHBHO NPOTHI€ TipCHKOMY THCKY HaBiTh 3a
YMOB HEMPOTHO30BAHUX T'€OTEXHIYHUX CUTYAIliH.

HaykoBa nHoBu3Ha. Briepnie o0rpyHTOBaHO B3a€MO3B’SI30K MK CTPYKTYpPHOIO TT0OYZO0BOIO KOMOIHOBAHOI aHKEPHOI CHCTEMH H IPOCTO-
POBHM PO3IIOIIIOM HaNpyKeHb y MTOPOAHOMY MAacCHBI, 1[0 3a0e3Medye Mmepexis Bil paMHOI Jo apMOIIOPOIHOT HeCy4oi cucTeMH. 3amporoHo-
BaHO METOJVKY BHOOpPY IMapaMeTpiB KPIiIUIEHHS 3 ypaxyBaHHSIM KOMIDIEKCHOTO BIUIUBY TPIIHMHYBaTOCTi, 0OBOJTHEHHS Ta PEOJIOTii IIOpiJ.

IpakTnuna 3HaynMicTs. OTpUMaHi pe3yJbTaTH JO3BOJIAIOTH IMIJBUINATH HAmiHHICTH i Oe3meKy eKkcuryaramii TipHHYHX BHPOOOK y
CKJIQ[HUX T€0TEXHIYHUX YMOBAX, a TAKOXK 3a0€3MEeYNTH iX TOBTOPHE BUKOPUCTAHHS NIPU MiHIMAJIBHUX BUTPATaX Ha PEMOHT.

Knrwouogi cnoea: gyeinns, waxma, 2ipCoKutl MUck, SipHuyi 6UpooKu, KpinuibHa cucmema

Publisher’s note

All claims expressed in this manuscript are solely those of the authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the reviewers.

120



