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The object of this study is the processes
of managing the state of lateral rocks in the
coal rock array with preparatory workings.
The influence of deformation characteristics
of the protective structures of the preparato-
ry workings on the stability of lateral rocks
in the coal rock array has been established.
The stable state of the above-the-drift pil-
lars of coal is provided within the defor-
mation resource, which corresponds to the
critical level of the specific potential energy
of the deformation. The limits of the defor-
mation resource are the range of change
in the relative deformation of coal pillars
0.1<0<0.25. When the critical level of the
specific potential energy of deformation is
passed, at .>0.25, there is a relative change
in the volume of pillars 5).> 0.1, as a result
of which their durability decreases and the
state changes.

Under such conditions, the residual
strength of coal pillars is not enough to limit
the movement of lateral rocks, which pro-
vokes their collapse.

For protective structures made of cru-
shed rock, within the established deforma-
tion resource of 0.4<)\<0.7, with an increase
in static load and cross-sectional area, the
specific potential energy of deformation de-
creases, simultaneously with the relative
change in the volume of the embedded ma-
terial. This is due to the compaction of the
crushed rock and an increase in its strength.

Regularities of change in the specific
potential energy of deformation of protec-
tive structures have been established, which,
under conditions of uniaxial compression,
make it possible to assess, within the defor-
mation resource, their stability.

To ensure the stability of lateral rocks in
the coal rock array and to preserve the ope-
rational condition of the preparatory work-
ings, it is advisable to use protective struc-
tures made of crushed rock. This method will
limit the movement of the roof and sole in the
produced space and avoid collapses

Keywords: coal rock array, protective
structures, compression, deformation cha-
racteristics, potential energy, compaction,
stability
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1. Introduction

of miners. The level of safety of schemes for the preparation

Increasing the depth of development and intensifying
mining operations in mines require the implementation of
a set of measures aimed at improving the reliability and safety

and development of excavation sites of coal mines is one of the
main indicators determining the scope of their application.

Under conditions of gas-bearing and self-ignition coal seams
prone to spontaneous combustion, pillar-free technological




schemes for seam mining are rational. For the pillar-free tech-
nological schemes for working out steep layers and managing
the roof against a complete collapse, various options for pro-
tecting site preparatory workings with artificial structures
are used. At the same time, in the mines, the method of pro-
tecting the sliding drifts with coal pillars is widespread. The
main requirements for pillars are to ensure the stability of the
preparatory workings in the zone of influence of the cleaning
work and the length of the excavation site.

To ensure the operational condition of the preparatory work-
ings when using coal pillars, it is necessary to carry out repair
work, which includes the re-attachment of individual sections
or the entire workings. The complexity of repair work remains
high and reaches 80-90 people-shifts per 1000 tons of average
daily coal production. The length of the re-attached workings is
about 50 % in relation to those traversed. Despite the large vo-
lume of repair work and its high labor intensity, the length of the
workings with an unsatisfactory condition remains significant.

Under the difficult operating conditions of steep layers,
the safety of work and the efficiency of coal mining depend
on the correct choice of the technique for protecting work-
ings and the parameters of protective structures. Therefore,
the preservation of the preparatory workings in operational
condition is an urgent task. This problem can be solved by
studying the deformation properties of protective structures
of the sliding drifts, which predetermine the stability of the
lateral rocks in the coal rock array.

2. Literature review and problem statement

The safety and efficiency of the coal mine depends on the
state of the preparatory workings. Being transport and ven-
tilation lines, they provide access to coal reserves, continuity
and reliability of the underground complex of the mine.

An increase in the depth of mining operations (up to
1200—1400 m) leads, among other things, to an increase in
the displacement of rocks on the contour of the preparatory
workings. Under such conditions, to limit or reduce the inten-
sity of rock displacements, they began to use an arched pliable
mount and increase the density of installation of fasteners
along the length of the workings [1, 2]. This expectedly led
to an increase in the cost and complexity of carrying out and
maintaining the workings.

It is proposed to protect the preparatory workings of
steep seams to use coal pillars 8 m high behind the reservoir
uprising [3]. However, the use of pillars of this size under the
existing procedure for working out floors in mines, especially
under the conditions of development of close layers, is ineffec-
tive due to the creation of zones of increased mining pressure
on neighboring layers.

To reduce the effect of stress concentration on the prepa-
ratory workings, it is proposed to increase the height of the
pillars to 15-20 m [4]. It is important to note that pillars of
this size somewhat limit the displacement of the thickness
in the coal massif but significantly increase the loss of coal.

To ensure the stability of the preparatory workings, in
studies [5, 6] the schemes of loading of pillars were considered
and their durability was determined. By analyzing the stability
of the pillars under different conditions when measuring the
loads on them, the actual loads were determined, and a conclu-
sion was made about their durability. This makes it possible to
predict the state of coal pillars but does not assess the stability
of lateral rocks in a coal rock array with workings.

To ensure the safety of site preparatory workings with pil-
lar-free technological schemes for working out steep layers,
it is proposed to use bushes made of wooden risers, which
are installed intermittently above the sliding drift [7]. Being
amount of increasing support, riser bushes either break or are
pressed into the lateral rocks, destroying them, as a result of
which the arched mount in the drift is deformed.

The use of wooden risers to maintain lateral rocks above the
drift allows one to limit the displacement of the roof and sole on
the contour of the preparatory workings [7]. Meanwhile, in or-
der to achieve the maximum effect of using this technique, it is
necessary to increase the density of installation of risers, which
is associated with additional costs of wood material.

It is known [8] that the most favorable effect on the state
of lateral rocks in the coal rock array containing workings is
introduced by the laying of the produced space. When using
this technique, collapses of rocks of the immediate roof and
sudden collapses of the main roof are excluded.

A number of experts believe that leaving rock in the mine
is the most effective way to manage geomechanical processes
in the development of cleaning and preparatory work [9, 10].
The efficiency of roof management in this case is significantly
influenced by the level of shrinkage of the embedded array,
which, in turn, depends on the deformation properties of the
embedded material.

The practice of using pillar-free techniques of working
out excavation sites on a steep fall has shown that if the
deformation characteristics of protective structures do not
correspond to the strength properties of lateral rocks in a coal
rock array, it is impossible to ensure the operational condi-
tion of the preparatory workings. Therefore, it is advisable
to study the influence of the deformation characteristics of
protective structures on the stability of lateral rocks and the
preservation of sliding drifts in the excavation section.

3. The aim and objectives of the study

The purpose of this study is to establish the influence
of the deformation characteristics of protective structures
on the stability of lateral rocks, which makes it possible to
assess the effectiveness of the technique for protecting the
preparatory workings and preventing the collapse of the coal
rock array in the produced space.

To accomplish the aim, the following tasks have been set:

— to investigate the deformation properties of coal pillars
and establish their deformation resource, within which the
stability of lateral rocks is ensured,;

— to investigate the deformation properties of structures
made of crushed rock within their deformation resource,
when the embedded material is compacted and there is an
increase in the resistance of protective structures and the
stability of the roof;

—to perform a comparative analysis of the deformation
characteristics of protective structures to substantiate the
stability of lateral rocks and the choice of technique for pro-
tecting preparatory workings.

4. The study materials and methods

The object of the study is the processes of managing the
state of lateral rocks in the coal rock array with preparato-
ry workings. Therefore, to investigate the influence of the



deformation characteristics of the protective structures of
the sliding drifts on the stability of lateral rocks, studies
were conducted on models. Experimental models were rep-
resented by coal pillars and protective structures made of
crushed rock. The models had the shape of a rectangular par-
allelepiped. The dimensions of experimental samples of pro-
tective structures are given in Table 1. Modeling scale M1:25.

Table 1
Dimensions of experimental samples of protective structures
Dimension Cross-sec-
I:I?t'ff Length | Width | Height tional area V‘(;lunge
Y a, m b, m h, m a/b S, m? o
1 0.08 0.04 0.04 2 0.0032 0.000128
2 0.08 0.08 0.04 1 0.0064 0.000256
3 0.12 0.08 0.04 | 1.5 0.0096 0.000384
4 0.1 0.1 0.04 1 0.01 0.0004
5 0.16 0.08 0.04 2 0.0128 0.000512
6 0.16 0.1 004 |16 0.016 0.00064

In these studies, the identity of the equations of equilib-
rium of nature and model was ensured [11, 12]. The tensile
strength of models at compression was determined from the
following expression [12]:

n

where 67, o" is the compressive strength of the model and
nature, respectively, N/m?% [, [, — linear dimensions of the
model and nature, m; ¥y, v, — the density of the material of
the model and nature, kg/m?.

Characteristics of materials for research are given in Table 2.

Table 2
Characteristics of materials
Object Material | v, kg/m® | Geom MPa
Lateral rocks
model sand and cement mixture 1,600 1.16
nature aleurites 2,300 42
Coal pillar

model | sand-cement mixture with rosin 1,100 0.4
nature coal 1,300 12

In the selection of crushed rock we used the following
ratio [12]:

tgp, =tgp,,

where p,=p,=23° are the angles of internal friction of the
material of the model and nature, deg.

Experimental samples in the form of coal pillars had
a Poisson coefficient v=0.3. In protective structures made of
crushed rock, particles of various sizes were used. Sieve ana-
lysis of crushed rock was performed in accordance with [13];
its results are given in Table 3. Bulk density of crushed rock
Pnr=1790 kg/m® with hollowness M=15 %. Poisson coef-
ficient v=0.25 [14].

Table 3
Sieve analysis data of crushed rock
for experimental samples

Fraction size, mm % in total volume
>5 4
4-5 16
3-4 19
2-3 24
1-2 18
0.1-1 14
<0.1 5

Roofing and sole rocks were modeled as a slab [;=0.3 m
long, b;=0.1 m wide and A;=0.03 m thick. To ensure the me-
chanical similarity of the model and nature, equality of weight
parameters was rejected, which is quite permissible [11].

Experimental samples of protective structures were sub-
jected to uniaxial compression on the P-50 press at the mining
pressure laboratory of Donetsk National Technical Universi-
ty (Ukraine). During the research, the models were installed
between the roof, sole, and metal plates of the press. The
samples were subjected to continuous gradual deformation
until the moment of loss of stability for coal pillars and com-
plete compression of the embedded material for protective
structures made of crushed rock. During the experiments, the
relationship between the compressive force F(kN) and the
decrease in the height of the sample A (m) was recorded.

Under uniaxial compression conditions, the relative de-
formation of experimental samples was determined using the
following expression [15]:

_m

ho b
where A is the amount of deformation of the sample; /2 — ini-
tial sample height, m.

The rigidity of the experimental samples was determined
asin [16]:
_£

Ah
The relative change in the volume 8\ of experimental

samples under uniaxial compression conditions was deter-
mined using the following expression [17]:

A (1)

C (2)

8V =(1-2v)-A. 3)

The deformation module Eg of protective structures was
determined on the basis of Hooke’s law from expression [18]:

_E h
“TS A )

where F/S is the mechanical stress, which under uniaxial com-
pression conditions is considered pressure, N/m?; S — cross-
sectional area of the experimental sample, which is in contact
with the roof and sole, m?.

The work of the external force, which is spent on the
deformation of samples, can be determined by the formula:

E.-S an? E,-V
goles A7 _EV L, (5)



The amount of energy U (J) that is stored by the sample
can be determined from the following expression [16]:

U=—V, (6)

where ¢’ / 2E,, is the energy density or specific potential ener-
gy, J/m?.

When deforming experimental samples, the work of exter-
nal forces is spent on changing the volume and shape. The po-
tential energy of protective structures can be divided by the
energy of change in volume U, (J/m?) when, under conditions
of uniaxial compression, the following expression [18] holds:

U, = (1_—2\/)02, )
6F,

and the energy of change in shape [18]:

v, - g ®)
3E,

It should be noted that the deformation modulus E, (Pa)
should not be identified with the modulus of elasticity E (Pa)
since it characterizes not only elastic but also residual defor-
mations of experimental samples.

When performing research, the provision was taken into
account that for coal pillars with specified geometric dimen-
sions and characteristics of the material, there are certain
levels of critical values of potential energy. Exceeding these
levels with uniaxial compression changes the behavior of the
deformed body. For protective structures made of crushed
rock, the nature of the deformation is determined by the simul-
taneous change in the deformation module, shape, and volume.

3. Results of studying the deformation properties
of protective structures to assess the effectiveness of
techniques for the protection of workings

5. 1. Results of investigating the influence of the deforma-
tion properties of coal pillars on the stability of lateral rocks

Experimental samples in the form of coal pillars were
considered. Table 4 gives the limiting values of the external
force F (kN) and the deformation of samples A% (m), which
are registered under uniaxial compression conditions. Using
these values, the values of the relative deformation A and
hardness C (N/m) of experimental samples were established.

Fig. 1 shows the general view of experimental samples in
the form of coal pillars (moment of loss of stability).

Table 4

Deformation characteristics of coal pillars under uniaxial
compression conditions

No. of Coal pillars
entry F kN Ah,m A €106, (N/m)
1 20.1 0.0056 0.14 3.59
2 41 0.0088 0.22 4.6
3 62 0.0092 0.23 6.74
4 66.1 0.01 0.25 6.6
5 86 0.0094 0.24 9.1
6 110 0.01 0.25 11.0

Fig. 1. General view of experimental samples
in the form of coal pillars with uniaxial compression:
a— A=0.14, sample No. 1; b6 — A=0.22, sample No. 2;
¢ — A=0.24, sample No. 5

In order to determine the deformation resource of coal
pillars, the determination coefficient (R?) was calculated in
relation to different types of dependences between parame-
ters S (m?) and A (Tables 1, 4).

After making the necessary calculations in accordance
with [17, 18], the regression equation A=0.0677-In(s)+0.5439
was derived. The dimensionless characteristic of model ac-
curacy and bond closeness (R?) for this ratio is 0.8683. The
deformation resource of coal pillars is within 0.14<A<0.25,
after which there is a loss of stability of protective structures.

Table 5 gives the values of the specific potential energy of
deformation of coal pillars 62/ 2E, and the relative change in
their volume 8V at pressure F/S (under uniaxial compression
conditions).

Table 5

The value of the specific potential energy 02/2Eg
and the relative change in the volume &V of coal pillars
under pressure F/S

No. of Coal pillars

entry | F/S, MPa | o/2E,, MJ/m? 3V
1 6.28 0.44 0.056
2 6.4 0.7 0.088
3 6.45 0.74 0.092
4 6.61 0.77 0.1
5 6.67 0.78 0.096
6 6.87 0.86 0.1

From the above table, it is clear that with the growing
pressure F/S the potential energy o’ / 2E, grows with the
relative change in the volume of pillars (Table 5).

Table 6 gives the values of the relative deformation A and
the specific potential energy Uy (M]J/m?) of coal pillars.

Table 6

Value of the relative deformation A and the specific
potential energy U (MJ/m3) of coal pillars

Coal pillars
No. of - - — -
entry Relative deformation Specific potential energy,
during compression, Ay Uy (M]/m?)
1 0.14 0.44
2 0.22 0.7
3 0.23 0.74
4 0.25 0.77
5 0.24 0.78
6 0.25 0.86




Table 6 shows that within the established deformation
resource of coal pillars 0.14<A<0.25, the specific potential
energy increases during deformation.

The relationship between specific potential energy and
relative deformation is described by an exponential function
in the form:

U. = o 0506928510 _ () 623 . o851
1= =u. )
with correlation coefficient R? =0.9828 [19, 20].

5. 2. Results of the study of the influence of the defor-
mation properties of structures made of crushed rock on
the stability of lateral rocks

Experimental samples from crushed rock were considered.
Table 7 gives the values of the external force F (kN) and the
deformation of samples Ak (m) upon reaching which the final
compression of the crushed rock occurred.

Table 7

Deformation characteristics of crushed rock structures
under uniaxial compression conditions

No. of Protective facilities made of crushed rock
entry | £ MPa Ah,m A €105 (N/m)

1 40 0.028 0.7 1.42

2 74 0.023 0.59 3.21

3 92 0.0208 0.52 4.42

4 105 0.0192 0.48 5.46

5 128 0.017 0.44 7.5

6 149 0.016 0.4 9.31

Fig. 2 shows the general view of experimental samples
from crushed rock after uniaxial compression.

The values of the relative deformation A and hard-
ness C (N/m) of the experimental samples are given in Table 7.

Fig. 2. General view of experimental samples in the form
of protective structures made of crushed rock after uniaxial
compression: @ — sample No. 1; b — sample No. 2;
¢ — sample No. 5

Regression analysis between pairwise random vari-
ables (cross-sectional area and relative deformation) allows
us to establish the relationship existing between these
quantities and the corresponding measure of correlation of
quantities [19, 20].

The regression equation is obtained for the logarithmic
dependence:

A=-0.19-In(s)-0.38. )
The dimensionless characteristic of model accuracy and

bonding closeness (R?) for this ratio is 0.986. The average
error with approximation is 2.03 %.

The deformation resource of crushed rock structures is
within 0.4<A<0.7, which ensures the compaction of the rock.

Table 8 shows the values of the specific potential energy
o’ / 2E, of deformation of structures from crushed rock and
the relative change in their volume 84 at pressure F/S (under
uniaxial compression conditions).

Under conditions when the pressure on the structures of
crushed rock decreases, the relative change in the volume of
protective structures and the potential energy of deformation
also decreases (Table 8).

Table 9 gives the values of the relative deformation A and
the specific potential energy U, (M]/m?) of structures made
of crushed rock under uniaxial compression conditions.

Table 8

The value of the specific potential energy 02/259
and the relative change in the volume &V of structures from
crushed rock under pressure F/S

No. of Protective structures from crushed rock
entry F/S, MPa o’/2E,, MJ/m? 8V
1 12.5 4.41 0.35
2 11.5 3.34 0.29
3 9.5 2.45 0.26
4 10.5 2.52 0.24
5 10.0 212 0.22
6 9.3 1.86 0.2
Table 9

Value of relative deformation A and specific potential
energy U (MJ/m?3) of experimental samples

No. of Protective structures from crushed rock
iy | e ot | S
1 0.7 4.44
2 0.59 3.34
3 0.52 2.45
4 0.48 2.52
5 0.44 2.12
6 0.4 1.86

Table 9 shows that within the deformation resource of
structures made of crushed rock, the potential energy of the
deformed body is reduced.

The relationship between specific potential energy and
relative deformation is described by a function in the follow-
ing form:

U _6—1.60484—5.631312 _0 2009'65‘631312 (10)

27 - :

The correlation coefficient for these ratios is equal to

R} =0.9597, which indicates the presence of an actual expo-

nential functional relationship between the specified para-
meters [19, 20].

5. 3. Evaluation of the deformation properties of pro-
tective structures to substantiate the stability of lateral
rocks and the choice of technique for protecting workings

Fig. 3 shows plots of changes in the relative deformation
of experimental samples under uniaxial compression depen-



dent on the cross-sectional area. The plots (Fig. 3, curve 1)
demonstrate that for the model of coal pillars, with an increase
in the cross-sectional area from $=0.0032 m? to $=0.016 m?,
the value of the relative deformation A varies from A=0.14 to
A=0.25 as a function of logarithmic dependence.

For protective structures made of crushed rock, with an
increase in the cross-sectional area S, m?%, the value of the cor-
responding deformation A decreases. Between the studied pa-
rameters there is a logarithmic relationship (Fig. 3, curve 2).

Fig. 4 shows plots of changes in the amount of deforma-
tion dependent on the work of compression of experimental
samples. For experimental samples in the form of coal pillars,
with an increase in the parameter A&, (m), from A2=0.0056 m
to Ah=0.01 m, the compression work also increases from
A=55.4(]) to A=549.6 (J) (Fig. 4, curve 1). Under condi-
tions of uniaxial compression of protective structures from
crushed rock, with an increase in the parameter A&, (m) from
Ah=0.016 m to Ah=0.028 m, the compression work decreases
from A=1187] to A=555.1] (Fig. 4, curve 2). Fig. 5 shows
plots that reflect the relationship between the specific poten-
tial energy and the relative change in the volume of experi-
mental samples.

The plots demonstrate that with an increase in the specific
potential energy of the deformation of experimental samples,
the relative change in volume 8V increases (Fig. 5).
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Fig. 3. Plots of changes in the relative deformation A
of experimental samples under uniaxial compression

dependent on the cross-sectional area S, m% 1 — coal pillars;
2 — protective structures made of crushed rock

Ah,m 0.035

0.03

0.025

0.02 \ﬁ.

0.015 1 \
0.01 7:.—%

0.005 -

0

0 500 1000 1500

Al

Fig. 4. Plots of changes in the amount of deformation A/ (m)
dependent on the work of compression A (J) of experimental
samples: 1 — coal pillars; 2 — protective structures made
of crushed rock
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Fig. 5. Plots showing the relationship between the specific
potential energy 02/2Eg and the relative change

in the volume O\ of experimental samples: ¢ — coal pillars;
b — protective structures made of crushed rock

Using expressions (7) and (8), the amount of energy of the
form change Uy, (J/m?) and the change in volume U, (J/m?)
was determined. As the calculations show, for coal pillars at
the transverse deformation coefficient v=0.3:

2
U, =0.066,
E

8

(1)

and

2

(&)
U,=043—-. 12
sh 2Eg ( )

For protective structures made of crushed rock, with
a coefficient of transverse deformation v=0.25:
2
c
U,=0.088—,
E,

(13)
and
62
U,=041—. 14
sh E ( )

g

As the cross-sectional area of the experimental samples in-
creases, the values of U, and Uy, increase while the ratio Ug,/U,
remains constant. For coal pillars, this ratio Ug,/U, is 6.5, and
for protective structures made of crushed rock Uy,/U,=4.9. The
value of this ratio depends on the coefficient of transverse



deformation of the material of protective structures. It is ob-
vious that for coal pillars the potential energy of form change
takes 86 %, and for protective structures made of crushed
rock — 82 %, of the total potential energy of deformation under
uniaxial compression conditions. The volume change consumes
14 % and 18 % of the potential deformation energy, respectively.

Fig. 6 shows the plots of changes in the potential energy
of deformation of uniaxial compression dependent on the
relative deformation of experimental samples.
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Fig. 6. Plots of changes in the specific potential energy
of deformation of uniaxial compression 02/259 ,MJ/m3,
dependent on the relative deformation A of experimental

samples in the form of a model: @ — coal pillars;
b — protective structures made of crushed rock

For coal pillars, with an increase in relative deforma-
tion from A=0.14 to A=0.25, the specific potential ener-
gy increases exponentially from 02/2Eg.=0.44 MJ/m? to
o’/2E,=0.86 MJ/m? (Fig. 6, a).

For protective structures made of crushed rock, with an
increase in relative deformation from A=0.4 to A=0.7, the
specific potential energy also increases exponentially from
0’/2E,=1.86 MJ/m® to 6°/2E, = 4.41 M]/m? (Fig. 6, b).

Fig. 7 shows the plots of changes in the magnitude of
pressure and specific potential energy under conditions of
uniaxial compression of experimental samples of different
cross-sectional areas.

It was recorded that with an increase in the external
force and cross-sectional area of experimental samples from
$=0.0032 m? to 0.016 m?, for coal pillars, the pressure increa-
ses in linear dependence (R?>=0.94) (Fig.7,a, curve 1), and
for protective structures made of crushed rock, it decreases by
logarithmic dependence (R*=0.87) (Fig. 7, b, curve 2).
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Fig. 7. Plots of changes in the value of pressure F/S (MPa)
and specific potential energy under uniaxial compression
of experimental samples of different cross-sectional
areas S, (m?): a — coal pillars; b — protective structures

made of crushed rock; 1 — F/S; 2 — GZ/ZEg

The change in the potential energy of deformation oc-
curs according to the logarithmic dependence (for coal
pillars, R?=0.94; for protective structures made of crushed
rock, R?=0.99). For coal pillars, an increase from ¢* / 2E,=0.44
to 0.86 MJ/m? is recorded (Fig.7,a, curve 1); for protec-
tive structures made of crushed rock, from ¢* / 2E,=4.41to0
1.86 MJ/m?® (Fig. 7, b, curve 2).

6. Discussion of results of investigating the deformation
characteristics of protective structures to assess
the effectiveness of protection techniques

Given the results of our studies into the deformation
characteristics of protective structures, their influence on the
stability of lateral rocks and the preservation of preparatory
workings was established. This makes it possible to assess the
effectiveness of techniques for the protection of preparatory
workings. Experimental samples were used to study the de-
formation characteristics (Table 1). Such samples, with an
aspect ratio of length to width a/b=(1-2), were subjected to
uniaxial compression.

For above-the-drift pillars of coal or structures made of
crushed rock, between the change in their size A and the speci-
fic potential energy during compression, there is an exponential



relationship that makes it possible, within the deformation re-
source, to assess the condition of protective structures (Fig. 3).

With different cross-sectional areas of experimental sam-
ples, in the range of changes in relative deformation for coal
pillars (0.1<1<0.25) (Fig. 3, curve 1) and protective struc-
tures made of crushed rock (0.4<Ai<0.7) (Fig. 3, curve 2),
their stable state and increase in durability are ensured. At
these intervals between the magnitude of the relative defor-
mation and the change in the cross-sectional area of protec-
tive structures, there is a functional dependence that allows
one to determine their deformation resource.

For coal pillars, within the established deformation
resource, simultaneously with an increase in stability, the
potential energy reaches a critical level at which the short-
term stability of protective structures is realized. In these
intervals, a relative change in the volume of 0.05<8A<0.1
of protective structures was recorded (Table 5). With an
increase in static operating load and during the transition of
the critical level, when A>0.25 and 8V>0.1, the shape of the
experimental samples changes and after the loss of stability
there is a decrease in the resistance of the pillars. Under the
conditions of uniaxial compression of coal pillars, the reserve
of elastic energy increases and the deformation modulus
decreases (Fig. 5, 7, a). The main element in the mechanism
of destruction of coal pillars is the critical density of the
potential energy of deformation, the amount of which is de-
termined by their (pillars) size.

For protective structures made of crushed rock of dif-
ferent particle size distribution, within the established
deformation resource, the crushed rock is compacted as
a system of fractions of the embedded material, after which
an increase in their durability is observed. Within the defor-
mation resource, a relative change in the volume of embed-
ded material of 0.2<8V<0.35 (Table 8) was recorded. With
an increase in the size of such protective structures, under
the action of a static load, the value of 8V decreases, and the
work of uniaxial compression increases, which is associated
with the compaction of the rock and the creation of a stable
structure (Fig. 5,7, b). For protective structures made of
crushed rock with their uniaxial compression, a change in
the behavior of a deformed body occurs when the primary
material is compacted. At the same time, simultaneously
with the growth of the deformation module, a change in the
shape and volume of the pliable support occurs, due to which
their holding increases, and the movement of lateral rocks
is limited (Fig. 2).

The rigidity of coal pillars or structures made of crushed
rock, as a deformation characteristic of protective struc-
tures, is sensitive to the behavior of lateral rocks (Fig. 1, 2;
Tables 4, 7). Depending on the combination of rigidity of
protective structures, the conditions for the formation of
external load on them and contact interaction with the roof
and sole, the stability of side rocks in the coal rock array
should be ensured.

For protective structures, with an increase in static load
and relative deformation A, with an increase in the area .S, m?,
the change in the specific potential energy o”/2E,, M]/m?,
occurs according to the logarithmic dependence. Under such
conditions, for coal pillars, the deformation modulus decreases,
and for structures made of crushed rock, it grows. This process,
within the deformation resource of the applied protective
structures, allows one to establish their durability (Fig. 6, 7).

Thus, it can be summed up that the deformation resource
of the protective structures of the preparatory workings de-

termines the effectiveness of the protection technique used.
For coal pillars, the deformation resource is limited, which
allows for a short-term preservation of the stable state of the
lateral rocks in the coal rock array, which means that this
technique has a limited scope. The use of crushed rock for
protective structures, allows one to ensure the stability of
the lateral rocks around the preparatory workings, and this
effect increases with increasing size of protective structures.
Therefore, in order to preserve the stability of lateral rocks
in the coal rock array and the operational condition of the
preparatory workings, it is advisable to use structures made
of crushed rock.

The results of our research could be used in coal mines
for a reasonable choice of techniques of protection and
parameters of protective structures. This would ensure the
operational condition of the recoil drifts and reduce the
volume of repair work to restore the workings. For further
development of research, in order to clarify the parameters
of protective structures, it is necessary to conduct full-scale
experiments in the mine.

7. Conclusions

1. For coal pillars, with an increase in the area S (m?)
and static operating load in the range of change in relative
deformation of 0.1 <A<0.25, simultaneously with an increase
in specific potential energy, a relative change in volume oc-
curs in the range of §V=0.05-0.1. This makes it possible to
ensure their stability. Under conditions where A>0.25, with
an increase in 8V>0.1, there is a decrease in the resistance of
pillars and their destruction. As a result, the residual strength
of protective structures does not make it possible to limit the
movement of lateral rocks and leads to their collapse in the
produced space of the excavation section.

2. For protective structures made of crushed rock, with
an increase in the area S (m?) and static operational load in
the range of change in relative deformation of 0.4<A<0.7,
a decrease in specific potential energy is observed. At the
same time, there is an increase in the deformation modulus
and a relative change in the volume of protective structures.
The minimum value of §V=0.2 corresponds to the maximum
area, and the maximum value §V=0.35 — minimum area. This
is due to the process of compaction of crushed rock in the
total volume of embedded material and an increase in the
resistance of pliable supports and makes it possible to ensure
the integrity of the lateral rocks in the produced space of the
excavation site.

3.Based on a comparative analysis of the deforma-
tion characteristics of protective structures, the effective-
ness of the use of structures made of crushed rock has
been established. This will ensure a stable condition of the
lateral rocks and workings due to the compaction of the
crushed rock within the deformation resource (0.4<A<0.7).
When using coal pillars that have a limited deformation re-
source (0.1<A<0.25), it is impossible to ensure a stable con-
dition of the lateral rocks and prevent collapse, which limits
the use of the protection technique.
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