
Engineering technological systems: Reference for Chief Designer at an industrial enterprise

73

Copyright © 2023, Authors. This is an open access article under the Creative Commons CC BY license

EVALUATION OF THE 
EFFECTIVENESS OF 

SECONDARY SUPPORT OF 
HAULAGE DRIFTS BASED ON 
A COMPARATIVE ANALYSIS 

OF THE DEFORMATION 
CHARACTERISTICS OF 

PROTECTIVE STRUCTURES

O l e k s a n d r  T k a c h u k
Сhief	Engineer

Structural	Unit	«Elektroremont»	of	PJSC	«Donbasenergo»
Sichovykh	Striltsiv	str.,	9,	Mykolaivka,	Donetsk	reg.,	Ukraine,	84180

D a r i a  C h e p i g a
Corresponding author

PhD,	Associate	Professor*
E-mail:	daria.chepiha@gmail.com

S e r h i i  P a k h o m o v
Director

State	Enterprise	«Myrnogradvugilya»
Soborna,	str.,	1,	Myrnograd,	Ukraine,	85323

S e r h i y  V o l k o v
PhD,	Associate	Professor

Department	of	Higher	Mathematics	and	Physics**
Y a r o s l a v  L i a s h o k

Doctor	of	Economic	Sciences,	Professor*
Y a r o s l a v a  B a c h u r i n a

Senior	Lecturer
Department	of	Mining	Management	and	Labour	Protection**

S e r h i i  P o d k o p a i e v
Doctor	of	Technical	Sciences,	Professor*

*Department	of	Mining	Management	and	Labour	Protection
Donetsk	National	Technical	University	

Shybankova	sq.,	2,	Pokrovsk,	Ukraine,	85300
**Institute	of	Postgraduate	Education

Sofiyi	Kovalevskoi	str.,	29,	Lutsk,	Ukraine,	43024

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 ≤ λ ≤ 0.25. When the critical level of the 
specific potential energy of deformation is 
passed, at λ > 0.25, there is a relative change 
in the volume of pillars δλ > 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 ≤ λ ≤ 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
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1. Introduction

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 

of miners. The level of safety of schemes for the preparation 
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 
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schemes for seam mining are rational. For the pillar-free tech-
nological schemes for working out steep layers and ma naging 
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  
a mount 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  
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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

No. of 
entry

Dimension Cross-sec-
tional area 

S, m2

Volume 
V, m3Length 

a, m
Width 

b, m
Height 
ho, m

a/b

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 0.04 1.6 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]:

σ
γ
γ

σcom
m m

n

m

n
com
nl

l
= ⋅ ⋅ ,

where σcom
m , σcom

n  is the compressive strength of the model and 
nature, respectively, N/m2; lm, ln – linear dimensions of the 
model and nature, m; γm, γn – the density of the material of 
the model and nature, kg/m3.

Characteristics of materials for research are given in Table 2.

Table	2
Characteristics	of	materials

Object Material γ, kg/m3 σcom, 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]:

tg tgρ ρm n= ,

where ρm = ρn = 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 ν = 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 
ρn.r. = 1790 kg/m3 with hollowness M = 15 %. Poisson coef-
ficient ν = 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 ls = 0.3 m 
long, bs = 0.1 m wide and hs = 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 h (m) was recorded.

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

λ =
Δh
h0

,  (1)

where Δh is the amount of deformation of the sample; h0 – ini-
tial sample height, m.

The rigidity of the experimental samples was determined 
as in [16]:

C
F
h

=
Δ

.  (2)

The relative change in the volume δλ of experimental 
samples under uniaxial compression conditions was deter-
mined using the following expression [17]:

δ ν λV = −( )⋅1 2 .  (3)

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

E
F
S

h
hg = ⋅

Δ
0 ,  (4)

where F S is the mechanical stress, which under uniaxial com-
pression conditions is considered pressure, N/m2; S – cross- 
sectional area of the experimental sample, which is in contact 
with the roof and sole, m2.

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

A
E S

h
h E Vg g=

⋅
⋅
Δ

=
⋅

⋅
2

2

2 2
λ .  (5)
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The amount of energy U (J) that is stored by the sample 
can be determined from the following expression [16]:

U
E

V
g

= ⋅
σ2

2
,  (6)

where σ2 2Eg is the energy density or specific potential ener-
gy, J/m3.

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 Uv (J/m3) when, under conditions 
of uniaxial compression, the following expression [18] holds:

U
Ev

g

=
−( )

⋅
1 2

6
2ν

σ ,  (7)

and the energy of change in shape [18]:

U
Esh

g

=
+( )

⋅
1

3
2ν

σ .  (8)

It should be noted that the deformation modulus Eg (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.

5. 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 Δh (m), which 
are registered under uniaxial compression conditions. Using 
these values, the values of the relative deformation λ 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 
entry

Coal pillars

F, kN Δh, m λ С·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

   
a b c

Fig.	1.	General	view	of	experimental	samples		
in	the	form	of	coal	pillars	with	uniaxial	compression:		

a –	λ = 0.14,	sample	No.	1;	b –	λ = 0.22,	sample	No.	2;		
c –	λ = 0.24,	sample	No.	5

In order to determine the deformation resource of coal 
pillars, the determination coefficient (R2) was calculated in 
relation to different types of dependences between parame-
ters S (m2) and λ (Tables 1, 4). 

After making the necessary calculations in accordance 
with [17, 18], the regression equation λ = 0.0677·ln(s)+0.5439 
was derived. The dimensionless characteristic of model ac-
curacy and bond closeness (R2) for this ratio is 0.8683. The 
deformation resource of coal pillars is within 0.14 ≤ λ ≤ 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 σ2 2Eg and the relative change in 
their volume δV at pressure F/S (under uniaxial compression 
conditions).

Table	5

The	value	of	the	specific	potential	energy	σ2 2Eg		
and	the	relative	change	in	the	volume	δV	of	coal	pillars		

under	pressure	 F S

No. of 
entry

Coal pillars

F S ,  MPa σ2 2Eg ,  MJ/m3 δV

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 σ2 2Eg  grows with the 
relative change in the volume of pillars (Table 5).

Table 6 gives the values of the relative deformation λ and 
the specific potential energy U1 (MJ/m3) of coal pillars.

Table	6

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

No. of 
entry

Coal pillars

Relative deformation 
during compression, λ1

Specific potential energy, 
U1 (MJ/m3)

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
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Table 6 shows that within the established deformation 
resource of coal pillars 0.14 ≤ λ ≤ 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 e e1
0 5069 2 851 2 8511 10 6023= = ⋅− +. . .. ,λ λ

with correlation coefficient R1
2 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 Δh (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 
entry

Protective facilities made of crushed rock

F, MPa Δh, m λ С·106 (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 λ and hard-
ness C (N/m) of the experimental samples are given in Table 7.

   
a b c

Fig.	2.	General	view	of	experimental	samples	in	the	form		
of	protective	structures	made	of	crushed	rock	after	uniaxial	

compression:	a –	sample	No.	1;	b –	sample	No.	2;		
c –	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:

λ = − ⋅ −0 19 0 38. ln( ) . .s  (9)

The dimensionless characteristic of model accuracy and 
bonding closeness (R2) 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 ≤ λ ≤ 0.7, which ensures the compaction of the rock.

Table 8 shows the values of the specific potential energy 
σ2 2Eg of deformation of structures from crushed rock and 
the relative change in their volume δλ 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 λ and 
the specific potential energy U2 (MJ/m3) of structures made 
of crushed rock under uniaxial compression conditions.

Table	8

The	value	of	the	specific	potential	energy	σ2 2Eg 		
and	the	relative	change	in	the	volume	δV	of	structures	from	

crushed	rock	under	pressure	F S

No. of 
entry

Protective structures from crushed rock

F S ,  MPa σ2 2Eg ,  MJ/m3 δV

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 2.12 0.22

6 9.3 1.86 0.2

Table	9

Value	of	relative	deformation	λ	and	specific	potential		
energy	U	(MJ/m3)	of	experimental	samples

No. of 
entry

Protective structures from crushed rock

Relative deformation 
during compression, λ2

Specific potential energy, 
U2 (MJ/m3)

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 e e2
1 6048 5 6313 5 63132 20 2009= = ⋅− +. . .. .λ λ  (10)

The correlation coefficient for these ratios is equal to 
R2

2 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-



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 2/1 ( 122 ) 2023

78

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 S = 0.0032 m2 to S = 0.016 m2, 
the value of the relative deformation λ varies from λ = 0.14 to 
λ = 0.25 as a function of logarithmic dependence. 

For protective structures made of crushed rock, with an 
increase in the cross-sectional area S, m2, the value of the cor-
responding deformation λ 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 Δh, (m), from Δh = 0.0056 m  
to Δh = 0.01 m, the compression work also increases from 
A = 55.4 (J) 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 Δh, (m) from 
Δh = 0.016 m to Δh = 0.028 m, the compression work decreases 
from A = 1187 J to A = 555.1 J (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 δV increases (Fig. 5).
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Fig.	3.	Plots	of	changes	in	the	relative	deformation	λ		
of	experimental	samples	under	uniaxial	compression	

dependent	on	the	cross-sectional	area	S,	m2:	1	–	coal	pillars;	
2	–	protective	structures	made	of	crushed	rock
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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	 σ2 2Eg 	and	the	relative	change		

in	the	volume	δλ	of	experimental	samples:	a –	coal	pillars;	
b – protective	structures	made	of	crushed	rock

Using expressions (7) and (8), the amount of energy of the 
form change Ush (J/m3) and the change in volume Uv (J/m3)  
was determined. As the calculations show, for coal pillars at 
the transverse deformation coefficient ν = 0.3:

U
Ev

g

= 0 066
2

. ,
σ

 (11)

and

U
Esh

g

= 0 43
2

2

. .
σ

 (12)

For protective structures made of crushed rock, with  
a coefficient of transverse deformation ν = 0.25:

U
Ev

g

= 0 088
2

. ,
σ

 (13)

and

U
Esh

g

= 0 41
2

. .
σ

 (14)

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

a   

b  
Fig.	6.	Plots	of	changes	in	the	specific	potential	energy	

of	deformation	of	uniaxial	compression	σ2 2Eg ,	MJ/m3,	

dependent	on	the	relative	deformation	λ	of	experimental	
samples	in	the	form	of	a	model:	a	–	coal	pillars;		
b	–	protective	structures	made	of	crushed	rock

For coal pillars, with an increase in relative deforma-
tion from λ = 0.14 to λ = 0.25, the specific potential ener-
gy increases exponentially from σ2 2 0 44Eg = .  MJ/m3 to 
σ2 2 0 86Eg = .  MJ/m3 (Fig. 6, a).

For protective structures made of crushed rock, with an 
increase in relative deformation from λ = 0.4 to λ = 0.7, the 
specific potential energy also increases exponentially from 
σ2 2 1 86Eg = .  MJ/m3 to σ2 2 4 41Eg = .  MJ/m3 (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 
S = 0.0032 m2 to 0.016 m2, for coal pillars, the pressure increa-
ses in linear dependence (R2 = 0.94) (Fig. 7, a, curve 1), and 
for protective structures made of crushed rock, it decreases by 
logarithmic dependence (R2 = 0.87) (Fig. 7, b, curve 2).

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0

1

2

3

4

5

6

7

0 0.0032 0.0064 0.0096 0.0128 0.016 0.0192

σ²/2Eg, МJ/m³F/S, МPа

S, m²

1

2

0

1

2

3

4

5

6

7

0

2

4

6

8

10

12

14

0 0.0032 0.0064 0.0096 0.0128 0.016 0.0192
S, m²

1

2

σ²/2Eg, МJ/m³F/S, МPа

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0

1

2

3

4

5

6

7

0 0.0032 0.0064 0.0096 0.0128 0.016 0.0192

σ²/2Eg, МJ/m³F/S, МPа

S, m²

1

2

0

1

2

3

4

5

6

7

0

2

4

6

8

10

12

14

0 0.0032 0.0064 0.0096 0.0128 0.016 0.0192
S, m²

1

2

σ²/2Eg, МJ/m³F/S, МPа

a

b

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,	(m2):	a	–	coal	pillars;	b	–	protective	structures	

made	of	crushed	rock;	1	–	F/S;	2	–	 σ2 2Eg

The change in the potential energy of deformation oc-
curs according to the logarithmic dependence (for coal 
pillars, R2 = 0.94; for protective structures made of crushed  
rock, R2 = 0.99). For coal pillars, an increase from σ2 2 0 44Eg = .   
to 0.86 MJ/m3 is recorded (Fig. 7, a, curve 1); for protec-
tive structures made of crushed rock, from σ2 2 4 41Eg = .  to 
1.86 MJ/m3 (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 λ and the speci -
fic potential energy during compression, there is an exponential 
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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 ≤ λ ≤ 0.25) (Fig. 3, curve 1) and protective struc-
tures made of crushed rock (0.4 ≤ λ ≤ 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 ≤ δλ ≤ 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 λ > 0.25 and δV > 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 ≤ δV ≤ 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 δV 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 λ, with an increase in the area S, m2, 
the change in the specific potential energy σ2 2Eg , MJ/m3, 

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 (m2) 
and static operating load in the range of change in relative 
deformation of 0.1 ≤ λ ≤ 0.25, simultaneously with an increase 
in specific potential energy, a relative change in volume oc-
curs in the range of δV = 0.05–0.1. This makes it possible to 
ensure their stability. Under conditions where λ > 0.25, with 
an increase in δV > 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 (m2) and static operational load in 
the range of change in relative deformation of 0.4 ≤ λ ≤ 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 δV = 0.2 corresponds to the maximum 
area, and the maximum value δV = 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 
late ral rocks and workings due to the compaction of the 
crushed rock within the deformation resource (0.4 ≤ λ ≤ 0.7). 
When using coal pillars that have a limited deformation re-
source (0.1 ≤ λ ≤ 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.

Conflicts of interest

The authors declare that they have no conflicts of interest 
in relation to the current study, including financial, personal, 



Engineering technological systems: Reference for Chief Designer at an industrial enterprise

81

authorship, or any other, that could affect the study and the 
results reported in this paper.

Funding

The manuscript was prepared with the assistance of the 
Program «Ukraine Digital: Ensuring Academic Performance 

in a Crisis (2022)» of the German Academic Exchange Ser-
vice (DAAD) and the Federal Ministry of Education and 
Science of Germany.

Data availability

All data are available in the main text of the manuscript. 

References

1. Yakobi, O. (1987). Praktika upravleniya gornym davleniem. Moscow: Nedra, 566.

2. Selezen’, A. L., Tomasov, A. G., Andrushko, V. F. (1977). Podderzhanie podgotovitel’nyh vyrabotok pri razrabotke krutyh plastov. 

Moscow: Nedra, 205.

3. Chepiga, D. (2019). Obgruntuvannia ta rozrobka sposobiv pidvyshchennia bezpeky pratsi hirnykiv u vyimkovykh dilnytsiakh  

hlybokykh vuhilnykh shakht. Pokrovsk: DonNTU, 24.

4. Jie, C. (2019). Study on Reasonable Size of Coal Pillars in Large Dip Angle Coal Seam. 2019 International Conference on Environ-

mental Protection, Coal Industry and Metallurgical Mine Safety (EPCIMMS 2019), 71–75. Available at: https://webofproceed-

ings.org/proceedings_series/ESR/EPCIMMS%202019/EP015.pdf

5. Zhaoyuan, L., Feng, C., Jianwei, L., Xingping, L., Ruiqiang, Y. (2021). Dynamic Evolution Law and Width Determination of Section 

Coal Pillars in Deep Mining Height Working Face. Research Square. doi: https://doi.org/10.21203/rs.3.rs-442910/v1 

6. Zhang, K., Wu, F., Yue, X. (2022). Study on Reasonable Chain Pillar Size in a Thick Coal Seam. Geofluids, 2022, 1–14. doi: https://

doi.org/10.1155/2022/7290894 

7. Iordanov, I., Buleha, I., Bachurina, Y., Boichenko, H., Dovgal, V., Kayun, O. et al. (2021). Experimental research on the haulage 

drifts stability in steeply dipping seams. Mining of Mineral Deposits, 15 (4), 56–67. doi: https://doi.org/10.33271/mining15.04.056 

8. Petlovanyi, M., Malashkevych, D., Sai, K., Zubko, S. (2020). Research into balance of rocks and underground cavities formation in the 

coal mine flowsheet when mining thin seams. Mining of Mineral Deposits, 14 (4), 66–81. doi: https://doi.org/10.33271/mining14.04.066 

9. Petlovanyi, M., Malashkevych, D., Sai, K., Bulat, I., Popovych, V. (2021). Granulometric composition research of mine rocks as 

a material for backfilling the mined-out area in coal mines. Mining of Mineral Deposits, 15 (4), 122–129. doi: https://doi.org/ 

10.33271/mining15.04.122 

10. Chen, D., Guo, F., Xie, S., Wang, E., Wu, Y., Jiang, Z. et al. (2022). Mining-induced failure characteristics and surrounding rock con-

trol of gob-side entry driving adjacent to filling working face in the deep coal mine. Energy Science & Engineering, 10 (8), 2593–2611.  

doi: https://doi.org/10.1002/ese3.1214 

11. Shashenko, A. N., Pustovoytenko, V. P., Sdvizhikova, E. A. (2016). Geomekhanika. Kyiv: Novyy druk, 528.

12. Nasonov, I. D. (1978). Modelirovanie gornyh protsessov. Moscow: Nedra, 256.

13. Podkopaev, S. V., Gavrish, N. N., Deglin, B. M., Kamenets, V. I., Zinchenko, S. A. (2012). Laboratorny  praktikum po kursu «Me-

khanika gornyh porod». Donetsk: DonNTU.

14. Bachurin, L. L., Iordanov, I. V., Simonova, Yu. I., Korol, A. V., Podkopayev, Ye. S., Kayun, O. P. (2020). Experimental studies of the defor-

mation characteristics of filling massifs. Technical Engineering, 2 (86), 136–149. doi: https://doi.org/10.26642/ten-2020-2(86)-136-149 

15. Ishibashi, I., Hazarika, H. (2015). Soil Mechanics Fundamentals and Applications. CRC Press, 432. doi: https://doi.org/10.1201/b18236 

16. Robitaille, V., Tremblay, D. (2001). M canique des sols: Th orie et pratique. Modulo.

17. Demenko, V. (2009). Examples and Problems in Mechanics of Materials. Stress-Strain State at a Point of Elastic Deformable Solid. 

National Aerospace University «Kharkiv Aviation Institute».

18. Meshkov, Yu. Ya. (2001). The Concept of a Critical Density of Energy in Models of Fracture of Solids. Uspehi Fiziki Metallov,  

2 (1), 7–50. doi: https://doi.org/10.15407/ufm.02.01.007 

19. Dekking, F. M., Kraaikamp, C., Lopuha , H. P., Meester, L. E. (2005). A Modern Introduction to Probability and Statistics. Springer 

London, 488. doi: https://doi.org/10.1007/1-84628-168-7 

20. Barkovskyi, V. V., Barkovska, N. V., Lopatin, O. K. (2002). Teoriya ymovirnostei ta matematychna statystyka. Kyiv: TsUL, 448.


