Mining of Mineral Deposits
Volume 15 (2021), Issue 1, 1-10

DNIPRO UNIVERSITY
of TECHNOLOGY

JOURNAL / MINING.IN.UA

UDC 622.831.312 https://doi.org/10.33271/mining15.01.001

Development and testing of an algorithm
for calculating the load on support of mine workings

Volodymyr Bondarenko™ @, Iryna Kovalevska'™ ®, Frederick Cawood®™,
Oleksandr Husiev®<, Vasyl Snihur*<, Dennis Jimu®~

!Dnipro University of Technology, Dnipro, 49005, Ukraine

2University of the Witwatersrand, Johannesburg, 2000, South Africa

SMM “Dniprovske”, PJSC “DTEK Pavlohradvuhillia”, Paviohrad, 51400, Ukraine
‘MM “Heroiv Kosmosu”, PJSC “DTEK Paviohradvuhillia”, Paviohrad, 51400, Ukraine

*Corresponding author: e-mail kovalevska_i@yahoo.com, tel. +380503328585

Abstract

Purpose. The purpose is to develop the calculation methods for minimizing the load on the fastening system of the prepara-
tory mine working in difficult mining and geological conditions of its maintenance.

Methods. By analysing the multivariate computational experiments on the study of the stress-strain state of the load-bearing
elements of the “massif — support” system in the preparatory mine workings by means of the finite-element method, as well
as mine observations and measurements of displacement in the coal-overlaying rock formation.

Findings. An algorithm has been developed for searching the rational modes of the fastening system resistance and methods for
minimizing the load on the support of the preparatory mine working, maintained in very complex mining and geological conditions.

Originality. The methodical principles have been developed of minimizing the load on the fastening system of the prepara-
tory mine working, which are based on the use of a combination of stress-strain state studies of the “massif — support” sys-
tem by means of the finite element method and provisions of normative documents for calculating the dimensions of the
dome of natural equilibrium of the mine working roof rocks.

Practical implications. The operation modes optimisation of the load-bearing elements interaction of the mine working

fastening system reduces the material and labour costs during its construction and increases its stability during operation.
Keywords: analysis, calculation, optimization, support, preparatory mine working, stope works, roof rocks, collapse

1. Introduction

The prediction of rock pressure for underground work-
ings has been a major issue in excavation support design.
Current research of geomechanical processes in working
areas is focused on solving this problem [1]-[3]. The modern
methods of predicting rock pressure manifestations are con-
stantly being improved to fully account for the peculiarities
of the interaction between support and the rock massif which
encloses the mine working, together with its physical and
mechanical properties [4]-[7]. These studies are crucial for
the development of a general concept about the “massif —
support” system interaction and surveying the optimal pa-
rameters of this interaction. This takes into account the ulti-
mate goal, which is to ensure stability of the mine workings
using cost-effective technologies [8], [9]. Even though there
are geological, mining and technical factors affecting the
roadways design and their maintenance [10], [11], the fas-
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tening process should be completely related to the geome-
chanics of border rock massif. The relationship between
stress and fastening strength during roof support has been
extensively dealt with by [12].

According to [12], [13], the main provisions have been
substantiated by the loading process on fastening systems of
the preparatory mine workings in the zone of the stope
works. Schemes of conjunctive influence have been devel-
oped on the deformation-strength characteristics of lowering
rocks of the roof (with their structural disturbances) and
fastening constructions with different resistance modes. At
this stage of the research, a transition from the overall quali-
tative pattern of such an interaction to quantitative assess-
ments of parameters is deemed necessary [14], [15]. This is
to develop methods of determining the rational deformation-
strength characteristics of a fastening system and its main
constituent components depending on the geomechanical
factors of maintaining the preparatory mine work-
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ing [16], [17]. In accordance with the research purpose, the
first stage involves developing an algorithm to search for the
rational modes of interaction between the fastening system
and strengthened roof rocks. The roof rocks can be strength-
ened by resin-grouted roof bolts and cable bolts [18]. This
includes performing a series of related studies with common
parameters of the interaction process:

— the quality of the operation mode on the fastening sys-
tem suggest the amount of load anticipated to be acting on it
in specific mining and geological conditions of the mine
working maintenance. The matching of the deformation-
strength characteristics of the roof rocks and the fastening
system can be done using the basic principles represented in
research work [13]. Therefore, it is necessary to quantitative-
ly determine the functions of each separately.

— for a specific rational mode of a fastening system op-
eration, it is necessary to select a corresponding deformation-
strength characteristics of each main load-bearing elements
that constitutes the fastening system. The selection is per-
formed based on the general rational function of the fas-
tening system, but it also takes into account the moment of
erecting the studied element. For example, setting the central
prop stays of the strengthening support [19], [20].

— the structural parameters of fastening elements should
be optimized meaning that it is practical to select a rational
operation mode of each fastening element in terms of mini-
mizing the material consumption. This allows the even dis-
tribution of resistance in proportion to the load-bearing ca-
pacity so as to satisfy a strength uniformity condition on the
fastening structure when withstanding rock pressure [21].

The three listed positions are performed simultaneously
and are extremely complex in their specific implementations.
A number of schematic representations is required to simplify
the task. This will result in predictable inaccuracies to assist in
making the final recommendations. According to [22], [23],
complex multivariate computational experiments based on the
widely tested numerical finite element method could be a
solution to the problem. The main reason for researching on
rational parameters of the fastening system is as follows:

The fundamental difference between the finite element
method (FEM) and the traditional analytical methods is that
FEM covers any massif volume [24]-[26]. Again, introduc-
ing certain conditions at the boundaries of various elements
of a model can make the following possible:

— constructing a coal-bearing massif structure with corre-
sponding mechanical properties and critical discontinuities
such as stratification of lithotypes, their breaking down into
blocks in certain areas, etc. This makes it possible to model
adequately the displacement of the coal-overlaying formation
at different structure variants;

—to implement the deformation conditions compatibility
between the border massif and fastening system elements of
an extraction mine working, which is the most important
zone of the stope works influence. This aspect makes it pos-
sible to consider the mutual influence of the stress-strain
state (SSS) of border rocks and support which is necessary
when calculating the deformation-strength characteristic of
the rocks of the dome of natural equilibrium.

An advantage of the FEM method is that it is not neces-
sary to separately calculate the deformation-strength charac-
teristics, which three groups include: the weakened massif,
the rocks of the dome of natural equilibrium and the fas-
tening system. When calculating the FEM, the principle of

their joint deformation is already considered, which allows
automatic assessment of the following:

—influence of the deformation-strength characteristic of
the fastening system P(u) on the deformation-strength cha-
racteristic of the weakened massif as shown in Figure 1;

— influence of P(u) on the deformation-strength characte-
ristic of rocks of the dome at natural equilibrium as shown in
Figure 2.
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Figure 1. An example of stresses intensity curves in a coal-bearing
rock stratum around the drift: the basic variant —
strengthening of each frame by four central prop stays
and additional roof strengthening with bearing roof-bolt
fastening (a) and recommended variant — strengthening
the roof by combined roof-bolting system (b) in combina-
tion with resin-grouted roof bolts and rope bolts (H =60 m;
roof bolts length — 2.4 m; cable bolts length — 6.0 m)

Nevertheless, the main task remains to look for a two-
parameter scheme of the optimal point A of stabilization of
the fastening system loading and its related parameters such
as resistance Pa and yielding property ua. This is done by
setting out the variants of computational experiments whilst
varying the structural and operating parameters of the fas-
tening system.
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Figure 2. The scheme, generalized according to the computational
experiments results, of development of rock pressure
manifestations along the contour 8(z, y) of the prepara-
tory mine working in the process of approaching the
stope face (formation of a dome of natural equilibrium
of rocks): Uz — the mine working contour displacement

and q(0) — the fastening system load: — - — at the begin-
ning of the bearing pressure zone; — - - in the middle of
the bearing pressure zone;——before the stope face

When setting out the variants for each of the identified
structure types of coal-overlaying formation, the SSS of the
fastening system is assessed based on its main load-bearing
elements, taking into account the strength uniformity condition.

On the other hand, despite the advantages of the FEM
method, two peculiarities should be considered relating the
deformation-strength characteristics of the weakened massif
and the rocks of the dome of natural equilibrium. The nu-
merous analytical studies present a relatively weak influence
of the fastening system reaction on the constraint of rock
contour displacements of mine working [27]-[29]. The influ-
ence level ranges between 3-15% with various combinations
of geomechanical factors and the value of repulsive reaction
of support. An approximately equivalent degree of influence
can be observed in SSS studies of the geomechanical systems
by means of FEM method (Fig. 1). Thus, the deformation-
strength characteristic qi(u) of the weakened massif is ex-
posed to restricted influence of the deformation-strength
characteristic P(u) of the fastening system. Again, the peculi-
arity is that the reaction is very sensitive to the value of the
yielding property of the fastening system and, with relatively
small variation, the value P may change significantly. This
fact is described in detail in previously developed
schemes [13]. Hence, a relatively small SSS conversion of a
weakened massif with a change in the fastening system reac-
tion can result in a significant SSS conversion of the fas-
tening system when varying the yielding property value. This
provides an effective tool for optimizing the fastening system
and its deformation-strength characteristic.

The second peculiarity relates to the deformation-strength
characteristic gz(u) of rocks of the dome of natural equilibri-
um. In this case, the experience of solving elastic-plastic
tasks by means of FEM method demonstrates the restricted
influence of the fastening system reaction on the SSS change
in the adjacent rock massif in areas where the formation of a
dome of natural equilibrium is predicted [30]-[32]. The au-
thors’ opinion is that this scenario is conditioned by use of
the computational experiment of a bound medium model.
The bound model does not describe entirely the state of
weakened and loosened rocks inside the dome, which lose
stability and create a load on the fastening system with their

weight. This rock volume behaviour is expected to be simu-
lated according to the complete diagram of its deformation,
including the super-limiting stages of its state [28]-[33]. This
model of mine rock behaviour is extremely complex, but it
was successfully solved for a single mine working [34].
From this mine, it can be shown that at the stage of the so-
called “ruin” destruction, high rock contour displacements of
the mine working are developed, which are very sensitive to
the value of the fastening system reaction. Therefore, the
graphs in a two-parameter scheme, which describe the de-
formation-strength characteristic of rocks of the dome of
natural equilibrium are inclined at a smaller angle on the
developed schemes [35]. That is, when changing the yielding
property of the fastening system, the load on it from the
weight of the rocks in the dome is changed less intensively
than for the graph of the deformation-strength characteristic
of the weakened massif. The main point of this influence of
the fastening system reaction is revealed in the work by [28],
where the possibility of stabilizing the unstable state of
weakened rock is proven. This is achieved by the so-called
“little impacts”, which are comparable to the value of the
fastening system reaction.

It is also necessary to reflect an inhomogeneity of the dis-
turbed massif structure and a combination of fastening ele-
ments in the system of mine working maintenance. In view
of the extreme complexity of performing a computational
experiment with the use of a complete diagram of mine rock
deformation, the following compromise has been proposed:
it is recommended to determine the deformation-strength
characteristic of rocks of the dome of natural equilibrium by
the experimental-analytical methods described in the norma-
tive documents [35], [36]. It reflects quite objectively that the
function g2(u), which causes the value of load on the fas-
tening system (depending on the rock contour displacements
of the drift) to be identical to the yielding property of sup-
port. In underground construction mechanics, modeling
methods allow to determine the main qualitative elements,
i.e. strain and failure processes mechanism of rocks during
stoping. These are important steps in the process of hypothe-
ses and theories development.

2. Algorithm development and testing
using coal mine workings as an example

2.1. Algorithm for searching the rational
modes of the fastening system resistance
in the preparatory mine working

Summarizing the methodological aspects of a number of
existing studies, the algorithm for assessing the rational pa-
rameters of the fastening system of the preparatory mine
workings includes the following positions:

—the interaction of the deformation-strength characteris-
tics of the weakened rock massif with the fastening system
should be studied with the use of the FEM method in the
elastic-plastic formulation;

—searching for a rational equilibrium state is performed
based on joint consideration of the deformation-strength char-
acteristic of a weakened massif qi(u) which can be determined
by the FEM method, and the deformation-strength characteris-
tic of rocks of the dome of natural equilibrium qx(u), deter-
mined according to the normative technique [35], [36];

— optimization of the deformation-strength characteristic
of the fastening system is performed on the basis of FEM
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method calculations taking into account of the function qgz(u)
of the deformation-strength characteristic of rocks of the
dome of natural equilibrium;

— optimization of parameters of the fastening system ele-
ments takes into account the condition of their strength uni-
formity which is performed based on their SSS study using
the FEM method.

2.2. Methods for minimizing the load on the support
in the preparatory mine working

According to the set algorithm for assessing the rational
operation modes of the fastening system, the definition has
been specified to a critical point A on the graphs intersecting
in a two-parameter optimization scheme. This point characte-
rizes the choice of the value of yielding property ua of support,
at which the load Pa acting on it will be decreased to minimum
value in these mining and geological conditions of mine work-
ing maintenance. In an attempt to carry out this task, several
methods have been developed to minimize the load on the
fastening system, the essence of which is as follows.

It has been proven earlier that the criterion for minimi-
zing the load is to achieve a condition where loads are equal
according to the displacement factor of a weakened adjacent
massif g, and based on the factor of formation of a dome of
natural equilibrium .. For this purpose, it is necessary to
calculate both components of the dependence according to a
two-parameter optimization scheme in each specific case of
the mine working maintenance. The order of determining
specified dependencies is described sequentially.

Firstly, the deformation-strength characteristic of a wea-
kened massif is determined by multivariate calculations of
SSS using the FEM method of the “massif — support” geo-
mechanical system as follows. The initial data such as the
structure and properties of the coal-bearing strata, as well as
the fastening system parameters are kept constant. However,
only the value of the yielding property u of the frame support
is a subjected to variations. The range of yielding property
change is looking at the fact that mine working is located in
the zone of the stope works influence, what dramatically
changes the rock mass structure [37], [38]. Again, the meas-
urements of the rock contour displacements of the drift rep-
resents their maximum values in the period after the stope
face passage at the boundary with the area of rock pressure
stabilization [39], [42]. Generally, as a rule, a distance of
40-60 m behind the longwall face is adopted, however some-
times this distance is higher up to 160-200 m [38]. The ana-
lysis of results from various underground investigations,
together with the measurements of rock contour displace-
ments in the preparatory mine working shows that the chang-
es in the yielding property of support varies with the mining
and geological conditions. The range of changes of the work-
ing’s dimensions in the most favorable conditions is up to
300 mm, whereas in difficult conditions, the changes are up
to 1100 mm and in very poor conditions in the areas with
multi-seam mining can reach even 2100 mm [37]. In this
range, more than five discrete values are established of the
rock contour displacements u of the mine working, for which
the value qg; of load on the support is determined. As a result,
based on the combination of points with coordinates (q:); and
uj, a graph is constructed of the deformation-strength charac-
teristic qi(u) of a weakened rock massif.

It is worth noting that the mining-geological and mining-
engineering conditions for maintaining the preparatory mine

working are held fixed, so its rock contour displacements
will be constant and are the only values in a specific compu-
tational experiment. Therefore, the question arises on how to
change the yielding property of the frame and fastening
system as a whole? When analyzing the available techniques
for constructing the geomechanical models and conducting
computational experiments such as changing the defor-
mation characteristics of the frame yielding joists, fastening
materials, operating parameters of fastening elements, etc.,
the choice has been made in favor of the following tech-
nique. Along the drift contour on the roof and sides, a layer
with variable deformation characteristics of material is
placed which changes the yielding property of the fastening
system as a whole:

— the starting point is the yielding property of the fastening
system without making changes to its structural and operating
parameters; at the same time, the artificial layer along the mine
working contour is attributed with the properties of the litho-
types occurring here and its “interference” into the yielding
property of the fastening system is reduced to zero;

—to reduce the yielding property of the fastening system,
the rigidity of the artificial layer is increased by increasing its
deformation characteristics;

—to increase the yielding property of the fastening sys-
tem, the deformation characteristics of the artificial layer is
reduced. Again, the total “virtual” yielding property, which is
assigned to the fastening elements, will contain the true
yielding property and the compression value of the easily
deformable layer.

In the analysis of the range of changing the predicted
rock contour displacements of mine workings behind the
longwall face, the technology of reducing the yielding
property of the fastening system is unlikely to be used due
to the active stope works influence. At the same time, in
difficult mining and geological conditions, the sagging roof
is mainly affected by the upper boundary of the determined
range of 1100 mm. By deducing the design yielding proper-
ty of a frame of 300 mm, it is necessary to increase the
yielding property of the fastening system by 800 mm. For
this purpose, an artificial layer with a thickness of 1.0 m is
introduced into the geomechanical model made up of a
material with low deformation properties to allow the ab-
sorption of 800 mm under compression. Thus, by changing
the deformation characteristics of the artificial layer from
the values corresponding to the border rocks to the mini-
mum values corresponding to a compression of 800 mm,
there is a possibility of modelling the different yielding
properties of the same fastening system in specific mining
and geological conditions.

According to the variable yielding property value of the
fastening system, the value of the load qg; should be deter-
mined for each its value. In a two-parameter formulation of
an optimization scheme, the load g is represented as the sum
of vertical stresses oy, distributed along the mine working
contour per unit length [39]-[43], [44]. The task of determin-
ing the curve oy along the drift contour is easily performed
after conducting a computational experiment with a hold
fixed value of the yielding property of fastening system as
shown in Figure 3. As a result, the second coordinate g is
obtained which is used to determine the j-th point (qy);, u; on
the plane in the parameters (qi, u), for the subsequent con-
struction of a dependence, which reflects the deformation-
strength characteristic gi(u) of the weakened massif.
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Figure 3. The curve of vertical stresses o, distribution for recom-
mended scheme of the drift maintenance

To improve the accuracy of the geomechanical model
SSS, calculations can be performed in an elastic-plastic for-
mulation involving the bilinear deformation diagram of both
mine rocks and fastening materials. This makes it possible to
consider the occurrence of the limiting state in unspecified
model areas, which is accompanied by plastic flow of steel
fastening elements and quasi-plastic deformation of mine
rocks, provided that their volume is constant. This fact in-
creases the displacement of the rock contour of the model
and constrains the degree of “interference” of the artificial
easily deformable layer into the process of displacement.

In the described sequence, the deformation-strength char-
acteristic qi(u) is determined under specific mining-
geological and mining-engineering conditions for maintaining
the extraction mine workings. Based on the works by [13],
[43], it should be noted that the following geomechanical
factors influence significantly: depth H of mine working
location; the calculated resistance of roof rocks R" and bottom
rocks R® of the coal seam. These can be used in the integral
form to evaluate the strength properties of the coal-bearing
stratum. According to the normative document SOU (2008),
these are the most objective indicators in the zone of the stope
works influence; the structure of an adjacent massif should be
more than 20 m in height of the roof and the depth of the
seam bottom, taking into account the influence of the weaken-
ing factors like water-cut, fracturing and rheology; the degree
of rigidity of the collapsed rocks in the mined-out space [13].

The above-mentioned factor is formed by a small number
of lithotypes such as sandstone, siltstone, argillite, coal, etc
of the immediate and main roof rocks. Generally, these rocks
occur in thick formation consisting of zones of uncontrolled
collapse and hinged-block displacement. It should also be
noted that when the total thickness of the mentioned zones of
more than 12-15 m of extracted thicknesses of the seam, they
are represented by rocks with different mechanical character-
istics. This fact to some extent considers the average of de-
formation properties of the collapsed rocks which makes it
possible to take them as constant, thereby excluding them
from a number of variable factors.

The geomechanical factors are the structure of an adja-
cent coal-bearing stratum with planes of weakness, fracturing
and water-logged lithotypes. In the course of studies by [31],
three groups of conditions have been identified according to

the degree of complexity of maintaining the extraction mine
workings for their everyday use. In these studies, the pro-
posed grouping of mining and geological conditions is taken
into account when forming three series of multivariate com-
putational experiments, each of which reflects its generalized
structure of the adjacent coal-bearing stratum.

Two closely related factors remain the depth H of mine
working and integral strength characteristics of the roof R" as
well as the bottom R® of an adjacent coal-bearing stratum.
According to the related document by [35], these two are
combined to get the average index given by R = 0.5(R" + R?).
The tendencies to influence the geomechanical parameters H
and R are both opposite and in the mining-engineering litera-
ture they are often classified as one index H/R. This does not
only satisfy the various studies in the development of geo-
mechanical processes around mine workings, but also reduc-
es the number of mining-geological factors under considera-
tion by one unit. The results of the SSS analysis of fastening
systems presented earlier confirm that the parameters H and
R on the state of fastening elements have an impaction the
patterns. Therefore, the specified geomechanical parameters
are combined into one index H/R, which is subsequently
used to solve the set tasks. Another argument supporting this
approach is the elastic-plastic formulation of the task, where-
by step-by-step algorithm of calculations are performed with
a gradual increase in the value of hydrostatic pressure on the
model. This is equivalent to an increase in the depth H of mine
working location. Since the parameter H is included into the
index H/R, there is a possibility of its gradual change within a
single computational experiment. Thus, in the methodical plan
the following sequence of actions is implemented:

— a specific structure with mechanical characteristics of the
coal-bearing massif is simulated, with parameters hold fixed
onto the fastening system in the preparatory mine working;

—the range of changing the mine working depth H, for
example, from 200 to 600 m, covers significantly the actual
conditions of mining operations performance [29], [31], [32],
[45]. This is adopted when doing the present research;

—according to the technique by [36], the average calcu-
lated compressive resistance R of an adjacent coal-bearing
stratum can be determined;

—several values are accepted (usually more than five) of
the index H/R in the investigated range of variation
200 m < H< 600 m;

— for each fixed value of H/R, a number of SSS calcula-
tions are performed with different values of yielding property
u of the fastening system and a group of lines 1 is construct-
ed, which reflects the deformation-strength characteristic
g1(u) of the weakened massif.

As a result, for a specific structure variant of the coal-
bearing massif and the fastening system of a mine working, a
set of graphs is obtained at different values of index H/R.
This significantly reduces the computational and time re-
sources required to obtain the patterns of link between the
function gi(u) and the index H/R.

Another significant geomechanical factor is the structure
of an adjacent coal-bearing massif. The structure variation
can be systematized and grouped into some averaged types
according to studies [31], [45], [46] proposed that “a separa-
tion of mining and geological conditions according to the
degree of complexity in repeated use of extraction mine
workings”. This work is closely related to the current studies
on optimizing the interaction modes of the fastening system
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of reusable mine workings with the surrounding massif. A
justifiable decision has been made to use the principle of
grouping the mining and geological conditions in terms of
the averaged structures of the adjacent coal-bearing stratum.
These groups are discussed below:

—group |—the most unfavorable conditions for the
maintenance of reusable extraction mine workings. It is char-
acterized by predominantly thin-bedded structure of soft
rocks (f <1.5), layers of argillite and siltstone with a thick-
ness of more than 1.0 m and an average distance of up to 1m
between the surfaces of weakening and layers of argillite and
siltstone (f = 1.5-2.5) of medium thickness, which are period-
ically separated by water-flooded coal interlayers with a
thickness of 0.1-0.3 m;

—group Il —the conditions of medium intensity of rock
pressure manifestations. It is characterized by thin-bedded
and medium-bedded structure of water-free rocks with a
hardness coefficients of argillite and siltstone ranging from
f=15-25. It also has medium-bedded and thick-bedded
structure of water-flooded rocks (f>1.5) with sandstone
having a thickness of up to 3.0 m”;

—group Il —most favorable conditions for the repeated
use of extraction mine workings. It is characterized by medi-
um-bedded and thick-bedded structure of water-flooded
rocks (f >2.5) with sandstone occurring with a thickness of
more than 3.0m. It also has medium-bedded and thick-
bedded structure of water-free rocks (f > 2.5).

The separate series of computational experiments is per-
formed according to these three structure groups of an adja-
cent massif. As a result three groups of graphs are obtained
which reflect the deformation-strength characteristic qi(u) of
the weakened massif. This allows for the monitoring of the
influence of geomechanical factors on changing the function
g:(u). An analysis of the fastening schemes and maintenance
schemes for reusable extraction mine workings emphasises
the value of the approach [31], [39]. Therefore, it is impracti-
cal to monitor the influence of each of the used schemes due
to the following reasons:

— firstly, the influence of the fastening system reaction P
on constraining the value of the mine working contour dis-
placements u is weak and usually amounts to a small per-
centage in the most widely used fastening schemes;

—secondly, recommended that a limited number of typi-
cal schemes for maintaining the preparatory mine workings,
among which a fastening system has been chosen for group
Il with a medium intensity of rock pressure manifestations.
This choice has been made intentionally to allow the expan-
sion the range of optimization of the deformation-strength
characteristic P(u) of the fastening system, to increase its
rigidity as well as the yielding property;

—thirdly, the computational experiments should be conduc-
ted using the same fastening system to maintain the accuracy.

Based on these principles, an algorithm has been deve-
loped for determining the deformation-strength characteristic
g1(u) of a weakened massif, depending on the most influen-
cing geomechanical factors.

The second component of the optimization scheme is the
deformation-strength characteristic g>(u) of rocks of the
dome of natural equilibrium. The calculation methods are
represented by equation (1). When substantiating an algo-
rithm for searching the rational modes of the fastening sys-
tem resistance, the expediency of using the normative tech-
nique has been proven [36]. This makes it possible to link

directly the load g, from the dome of natural equilibrium and
the displacements u of the rock contour of the drift by means
of the functional dependence gz(u). To determine the func-
tion gz(u), the known ratios of the technique by [36], were
used with some transformations and simplifications connect-
ed with the specification of the region. The fastening
schemes and protection of the preparatory mine working with
the most relevant area which is the zone of the rock pressure
stabilization behind the longwall face. The design fundamen-
tals have been used according to the approach by [31].

When performing the mathematical transformations, a li-
near function of the deformation-strength characteristic g2(u)
has been set of rocks of the dome of natural equilibrium:

2
1—0(1

By u,
0.15+40.03a, —0.1804

@

O U =Ky

where:

Kq — dynamic factor, which takes into account conven-
tional instantaneous displacements of massif around the
extraction mine working; it is determined based on the
recommendations [36];

B — the depth of mine working during driving;

y —the weight-average unit specific gravity of rocks in
the dome of natural equilibrium;

a; and a; — parameters, setting the ratio between the lower-
ing of the mine working roof in the areas: outside the zone of
the stope works influence; in the zone of frontal bearing pres-
sure of approaching longwall face; behind the stope face in the
zone of stabilization of the rock pressure manifestations.

The parameters a; and a; have been obtained based on
the calculated equations from [36], by transforming them for
the solved task of determining the function g2(u):

15RY R} +RY

oq = ; 2
3.0+2m R Rf +RP
3.9RY RY +RY
%2 = b b’ )
39+2m RY RS +RS
where:

m — the extracted thickness of the coal seam;
r§3 —the calculated values of compressive resistance

of roof rocks and bottom rocks of the coal seam in the appro-
priate areas include: outside the zone of the stope works
influence; in the zone of frontal bearing pressure; behind the
longwall face. It is determined by the technique from [36], in
addition to work from [31].

When determining the deformation-strength characteristic
g2(u) of rocks of the dome of natural equilibrium, the meth-
odological provisions based on the normative geomechanical
phenomenon have been adopted, such as constraining the
dimensions of the dome by means of the fastening system
reaction [36]. The theoretical principle of this phenomenon
was substantiated in the work by [28], where it has been
proven that the rock volumes can be brought out to a stable
state from an unstable state by the so-called “little impacts”
such as the support reaction to the acting stresses. These
volumes are then excluded from the process of loading the
fastening system in the preparatory mine working.
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In practical, to determine the degree of constraining the
load and displacements of the rock contour, the methods
and results of studies by [43], [44] have been used to opti-
mize the interaction modes of mine workings support with
the rock massif. A complex of calculations has been per-
formed on the existing methods, and dataset obtained is
summarized in Table 1.

Table 1. The values of coefficient Kp of influence of the fastening
system reaction, %

Weight-average
compressive re-

sistance of thedome 50 100 150 200 250 300
rocks Rer, MPa

Fastening system reaction P, kPa

5 42 96 156 221 288 359
10 30 68 111 156 204 254
15 25 56 91 129 168 209
20 21 48 78 110 144 180
30 1.7 39 64 90 117 146
40 15 34 55 78 102 127

In the construction of Table 1, it has been taken into ac-
count that the constraint value of the displacements and
loads, presented in a relative form by a coefficient Kp, is not
only influenced by the fastening system reaction P. It is also
influenced by the weighted-average compressive resistance
of rocks in the unbroken state and located in the dome of
natural equilibrium. This process occurs in such a way that a
decrease in R¢r will result in an increase in the degree of
influence of the support reaction. This result is in agreement
with the principles of mine rocks mechanics which states that
softer rocks require minimum principal stresses to take them
out of the limiting state.

Taking into account of the influence of the fastening sys-
tem reaction P, the equation for calculating the deformation-
strength characteristic of rocks of the dome of natural equi-
librium is transformed as follows:

K
1-og 2|1-P
. 100 "
u = s
2 477 0.15+0.030, — 0,180y -

where:

K, — the coefficient of influence of the fastening system
reaction on the constraint of the roof rocks lowering of the
preparatory mine working, %; it is determined by Table 1.

As a result, the methods have been developed for deter-
mining the deformation-strength characteristic of a weakened
massif gi(u) and rocks of the dome of natural equilibrium
gz(u). These methods occupy dominant positions when opti-
mizing the operation modes of the fastening system of the
preparatory mine workings. To set the patterns of link between
the optimal values Pa and ua with geomechanical factors for
maintaining the extraction mine workings, a complex of calcu-
lations is performed for all the three structure groups of an
adjacent coal-bearing massif with variation of the H/R index.
The data obtained is processed by the methods of correlation-
dispersion analysis. The functions Pa(H/R) and ua(H/R) are the
end results for the three generalized structures of the coal-
overlaying formation. The developed methods of obtaining the
patterns Pa(H/R), ua(H/R) enables the determination of the
conditions of the minimum load formation on the support,
under which the optimization of the deformation-strength
characteristic of the fastening system is made.

2.3. Testing of calculation methods for
minimizing the load on excavation support

According to the developed methods, complex of multi-
variate computational experiments has been carried out to
determine the deformation-strength characteristic gi(u) of a
weakened massif and calculations have been performed of
the deformation-strength characteristic gz(u) of rocks of the
dome of natural equilibrium. To put to practice the technolo-
gy of performing the search for minimization of the load ga
on the fastening system with appropriate yielding property
Ua, preliminary (test) calculations of functions qgi2(u) have
been performed in the areas of boundary values of geome-
chanical parameters that characterize favorable and complex
mining-geological conditions of maintaining the extraction
mine workings. This is demonstrated in Figure 4.

P,q,, kH/m
b
1000' \ U \\/\
P. = 860 xH/m Py \'\

800 % ) ;\,\i\,\’» ’%c

Pa, = 618 kH/MEL =TS
600 NN NN

P, = 575 kH/m
1
Pp, =407 xkH/m
400
L N\_U, =1065 fhim
/ Uy =516 mm
U 4, =356 mm U p, =712 mm
200
300 500 700 900 U, mm

Figure 4. To the analysis of accuracy and adequacy of the methods
for optimizing the interaction modes between the fastening
system and the surrounding massif: 1 - H/R = 9.6 m/MPa;
Il - H/R = 88.9 m/MPa; “b”-B =5.18 m, Rer = 30.2 MPa;
“c”-B=450m, Rer=5.3MPa; ——- the boundaries of
the range of loads on the yieldable support according to

normative documents [35], [47], [48]

From Figure 4, the lines I and 1l denote the calculated re-
sults of the deformation-strength characteristic g:(u) of the
weakened massif. These are performed using multivariate
computational experiments, hence the dependencies are
shown in the form of polylinear graphs. Each point of inflex-
ion corresponds to a single computational experiment with a
specific thickness of the artificial yieldable layer. The calcu-
lations have been performed for both the minimum (line 1)
and maximum (line 11) values of the index H/R, which ap-
proximate to the boundaries of the studied range of mining
and geological conditions. Therefore, the area enclosed be-
tween the | and 1l lines gives a sufficiently complete concept
of the group of functions ga(u).

The deformation-strength characteristic of rocks of the
dome of natural equilibrium is a fairly “smooth” function
g2(u), which is calculated using Formula (4). The range of
g2(u) variation at a fixed value of the rock contour displace-
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ment u can be explained by the mining and geological condi-
tions for maintaining preparatory mine working. It is justified
by the standard size of its section and the degree of influence
of the fastening system reaction on the constraint of the drift
contour displacements. The presented range of the function
gz(u) variation reflects the maximum array of probable situa-
tions when maintaining the mine working. These include: an
increase in its depth B at a sufficiently high value of the
average compressive resistance R of an adjacent rock massif
which was calculated; a decrease in the mine working width
due to the intense rock pressure impact on a smaller section
with soft host rocks.

As shown in Figure 4, there is a main range of variation
of the deformation-strength characteristics gi(u) and g2(u).
The joint consideration makes it possible to determine the
rational interaction mode between the fastening system and
the surrounding massif. As previously noted, the point A is
one of the dominant positions in the optimization scheme. It
has been determined for favorable and difficult mining and
geological conditions of maintaining the preparatory mine
workings as indicated by A, and A respectively. The follow-
ing optimization results have been obtained:

— in favorable conditions, the point A, which is an intersec-
tion of graphs “I” and “b” is characterized by minimum load
Pap =407 kN-m with the yielding property ua, =356 mm of
the fastening system;

—in difficult mining and geological conditions, the point
Ac which is an intersection of graphs “II” and “c” has the
following coordinates: Pac = 618 kN'm, Uac = 712 mm.

From the results, it can be seen that the deterioration of
conditions for maintaining the preparatory mine working has
led to an increase in the minimum load on support by 51.8%.
At the same time, the optimal value of yielding property of
the fastening system is doubled. The predominant increase in
yielding property as compared to the load is owing to pres-
ence of intensive stratification and weakening of the roof
rocks in the zone of the stope works influence. The increased
yielding property of the fastening system is important for the
“deviation” from excessive rock pressure. This conclusion is
confirmed by the following examples (Fig. 4):

—assuming that the yielding property of the fastening
system in favorable conditions is u, =516 mm which is
44.9% more than optimal value and the load increases to
Py = 575 kN-m which is 41.3% more than the optimal value;

—similarly, in difficult mining and geological conditions,
the yielding property is increased to u. = 1065 mm which is
49.6% more than optimal value which in turn leads to an
increase in the load to P. = 860 kN'm which is 39.2% more
than optimal value.

It is prudent to emphasize the following tendencies. A
fairly constant relative increase in the yielding property (44.9
and 49.6%) of the fastening system led to a relatively con-
stant increase in the load (41.3 and 39.2%) regardless of the
degree of complexity of conditions for maintaining the mine
working. This can confirm indirectly the adequacy of the
adopted initial provisions of the optimization scheme which
states that the nature of the interaction mechanism between
the support and massif is the same for different conditions of
maintaining the preparatory mine workings.

Another important observation is that with a significant
dispersion of geomechanical indexes (H/R — by 9.26 times,
Rer — by 5.70 times), the minimum possible load value (Pas
and Pac) differs only by 51.8% for near boundary conditions

of maintaining the preparatory mine workings. Such a con-
clusion emphasizes the importance of optimizing the interac-
tion modes between support and rocks surrounding the mine
working. With a significant deterioration in the conditions
for maintaining the mine working stability, it is possible to
ensure relatively small additional costs for fastening materi-
als and their setting.

In order to assess the degree of certainty of the algorithm,
the results have been compared with normative tech-
niques [35], [47], [48]. The yielding property of support as a
reducing factor of the load P(u), generally takes into account
the range of changing the function P(u) as shown in Figure 4
with dotted lines and shaded. The task of optimizing the
interaction modes between the support with the surrounding
massif is not solved in the mentioned methods. Therefore,
the load on the yieldable support is significantly higher than
the optimal values Pa, and Pac, but to a certain extent corre-
sponds to the considered examples of non-optimal operation
modes of the support with increased yielding property. Thus,
under favorable conditions, the optimal load Pa, is 36.9 to
57.5% lower than the recommended one by [35], [47], [48].
In difficult mining and geological conditions, this deviation
is approximately 10.8 to 27.5%. Moreover, comparing the
non-rational increase in the yielding property of the fastening
system in the discussed examples, the load values are reduced
by 3.7 to 19.4% under favorable conditions — and by 1.7 to
18.0% under difficult mining and geological conditions.

Two important conclusions can be drawn from this data.
Firstly, the developed optimization scheme is effective in
reducing the load on the fastening system by about 10-57%.
Secondly, with non-optimal interaction modes between sup-
port and rock massif, the differences with normative docu-
ments in the results of load calculations are reduced by
2-19% which is quite acceptable for mining-engineering
calculations. It should be noted that the attempt to describe
geomechanical systems, which has a significant discontinuity
of geometric and mechanical parameters of its elements can
create complexities in the finite equation. Hence, the devel-
opment of an algorithm seems more appropriate than numer-
ical methods of geomechanic systems research.

3. Conclusions

Several conclusions can be drawn from this research
work. These include:

1. In terms of the main purpose of this research, the algo-
rithm has been substantiated by searching of rational interac-
tion modes of the fastening system with the coal-bearing mas-
sif surrounding the mine working. The algorithm includes
conducting a number of studies that are closely related to each
other by common parameters of the interaction process:

— formation of the lowest possible load in specific mining
and geological conditions of the mine working maintenance;

— correlation of the deformation-strength characteristics
of load-bearing elements with that of the fastening system;

— optimization of structural parameters of fastening ele-
ments by the criterion of their strength uniformity.

2. The methodical principles have been developed to
minimize the load on the fastening system of the reusable
preparatory mine workings. These are based on the use of
various studies by means of the FEM method to determine
the deformation-strength characteristic of a weakened massif
and recommend on the normative documents for calculating
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the dimensions of the dome of natural equilibrium (defor-
mation-strength characteristic of the dome rocks).

3. Based on the set principles, the methods have been de-
veloped for determining the deformation-strength character-
istics of a weakened massif depending on the most influenc-
ing geomechanical factors such as the depth of mine working
location, the rocks structure of coal-overlaying formation and
its strength properties. When determining the deformation-
strength characteristic of rocks of the dome of natural equilib-
rium, the methodological provisions of the related documents
have been modified and supplemented taking into account of a
geomechanical phenomenon which is constraining the dimen-
sions of the dome due to the fastening system reaction.

4. Testing the methodical principles of minimizing the
load on the fastening system of extraction mine workings has
confirmed their adequacy and certainty.
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Po3poOka i TecTyBaHHS aJITOPUTMY PO3PAXYHKY HABAHTAKEHHS HA KPIiNJIeHHS] BHPOOOK

B. bornapenko, I. KoBanescrka, @. Keiisyz, O. I'yces, B. CHiryp, . Jxumy

Merta. Po3pobuTtn MeToMKy po3paxyHKy MiHIMi3allii HaBaHTa)KCHHS Ha KPIMWIBHY CHCTEMY IiIrOTOBYOI BUPOOKH y CKJIaJHUX TipHIYO-
TeOJIOTIYHUX YMOBAX il MiATPUMKH.

MeToauka. AHami3 pi3HOMaHITHUX 00YHCITIOBABHUX SKCIIEPUMEHTIB 3 TOCHIHKEHHS HAMPYKEeHO-1e(HOPMOBAHOTO CTAaHy BAaHTAKOHECY-
YHX EJIEMEHTIB CUCTEMH “‘MacHB — KPIIUICHHA MiATOTOBYMX BUPOOOK METOAOM CKIHUCHHHX €JIEMEHTIB, a TAKOX IIAXTHHX CIOCTEPEKEHD 1
BHMIipPIOBaHb 3pYyLICHHS HaABYT1JIbHOI TOBIII MOPIL.

PesyabTaTn. Po3po6ieHo alropuT™ NOUIyKy palioHAIBHUX PEXKUMIB ONOPY KPiIUIEHHS CHCTEMH 1 METOJUKY MiHiIMi3allil HABaHTaXEHHS
Ha KpIIUIEHHS MiATOTOBYOI BUPOOKH, SIKa MiATPHMYETHCS y JOCUTH CKJIAJHHAX TiPHHYO-TEOJIOTTIHNX YMOBAX.

HaykoBa HoBu3Ha. Po3po0iieHO MeToIMuHI 3acaay MiHiMi3allii HABaHTaKEHHS Ha KPIMIIBHY CHCTEMY MiIr0TOBY0I BUPOOKH, IO MOOYI0-
BaHI Ha BUKOPUCTAaHHI KOMOIHAIT JOCTIKEHb HaNpPyKeHO-1e(hOpPMOBAHOTO CTaHy CHCTEMH “MacHB — KPIIUIEHHS 32 JJOIIOMOT'O0 METOJY CKiH-
YEHHUX EJIEMEHTIB 1 ITOJI0XKeHb HOPMAaTHBHUX JIOKYMEHTIB 3 PO3PaxXyHKy PO3MIpiB CKJIEHiHHS MPUPOIHOT PIBHOBArH ITOPIJ TIOKPIBIIi BUPOOKH.

ITpakTHyHa 3HAUMMicTh. OnTHMI3allis po6OYNX PEKUMIB B3a€MO/Iii BAHTAKOHECYUUX €JIEMEHTIB KPIIUICHHSI CHCTEMH BHPOOKHU 3HMKYE
MartepiajbHi i TPyIOBi BUTPATH MY 11 CIIOPYAXKEHHI Ta MiJBUIILY€ CTIHKICTh MPH eKCILTyaTallil.

Knruoei cnosa: ananis, po3paxynox, onmumizayis, KpinienHs, niocomogua upooxa, o4ucHi poobomiu, nopoou noKpieni, 006anieHHs

Pa3pa6oTka H TeCTUpPOBaHHE AITOPHTMA PacyeTa HATPY3KH HA KpeNnb BHIPadOTOK

B. bornapenko, U. KoBanesckas, @. KeiiByn, A. I'yces, B. Cauryp, . Jxumy

Lean. Pa3zpaboTaTth METOMUKY pacdeTa MUHMMH3AIMN HAarpy3KH Ha KPEHEeKHYI0 CUCTEMY ITOJrOTOBHUTENBHOH BBIPAOOTKH B CIIOXHBIX
TOPHO-T€0JIOTHUECKUX YCIOBUSAX €€ MOIEePKAHU.

MeTo;[mca. Amnanus MHOTI'OBapUAHTHBIX BBIYHUCIUTECIIBHBIX IKCICPUMEHTOB IO UCCICIOBAHUIO Hal'lpf[)l(eHHO-}le(bOpMHpOBaHHOFO COCTO-
STHUS TPY30HECYIIUX DJIEMEHTOB CHUCTEMBI “MaccuB — erl’lb” MOATOTOBHUTCIIBHBIX Bpra6OTOK MCTOJOM KOHCYHBIX 3JICMCHTOB, a TAaKXC
[IaXTHBIX HAOJIONEHUH 1 N3MEPEHNH CABIKEHUS HaTyTOJBHON TOJIIN TTOPOI.

Pe3yabTaTsl. Pa3paboTan aaropuT™ moucka paroHaNbHBIX PEXIMOB CONPOTHBIICHUS KPETISKHOH CHCTEMBI M METOMKA MUHUMH3AIHN
Harpy3KH Ha Kpellb ITOJJrTOTOBUTENHHOM BEIPAOOTKH, TIOANEPKUBAEMOH B BECEMa CIIOXKHBIX TOPHO-TEOJIOTHIECKUX YCIOBHSX.

Hayunas HoBu3Ha. Pa3paboTaHbl MeTOANYECKHE TIPHHIMIE MHHIMH3AIHH HArPy3KH Ha KPETIeXHYIO CHCTEMY HOATOTOBUTEIHHOH BHI-
paboOTKH, MOCTPOSHHBIE Ha UCIONB30BaHUM KOMOMHALMH HCCIIEIOBAHNI HANPSKEHHO-Ae(OPMHPOBAHHOTO COCTOSHHUS CUCTEMBI “MacCHB —
Kpenb” ¢ MOMOILBI0 METOJa KOHEUHBIX 3JIEMEHTOB U IMOJOXEHUI HOPMATUBHBIX JOKYMEHTOB IO pacueTy pa3MepoB CBOJAA €CTECTBEHHOI'O
paBHOBeCHS IOPOJ KPOBJIU BBIPAOOTKH.

ITpakTHYeckasi 3HAYUMOCTh. OnTHMU3ALHS Pab0YNX PEKUMOB B3aUMOJICHCTBUS TPY30HECYIHX 3JIEMEHTOB KPEMEeKHOW CHCTEMBI BbI-
pabOTKH CHIDKAeT MaTepualbHBIE U TPYAOBBIE 3aTPATHI IIPH €€ COOPYKEHHH H MOBBIIIAET yCTOHYHBOCTD MTPU SKCIITyaTallUH.

Kniouegvie cnoea: ananus, pacuem, onmumuzayusl, Kpens, H0020MOGUMENbHAA 8bIPAOOMKA, OYUCMHbIE PAbOMbL, NOPOObl KPOBIU, 0OpyuleHUe
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