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The object of this study is the defor-
mation processes in protective structures 
under the action of static load in the coal 
massif in order to preserve the integrity of 
the side rocks and the operational condi-
tion of mine workings. Under laboratory 
conditions, the deformation characteristics 
of rigid and flexible protective structures, 
as well as supports made of crushed rock, 
were studied on experimental samples. The 
samples were subjected to uniaxial com-
pression. It was established that there is  
a functional relationship between the coef-
ficient of transverse deformation ν and the 
relative change in the volume δV of pro-
tection structures, which makes it possible  
to estimate their bearing capacity. For 
rigid protection structures (coal pillars, 
cast strip, cement blocks, blocks of rein-
forced concrete bollards, bundles of wooden 
racks), the deformed state of the structures 
determines their behavior. This happens at 
values of ν = 0.3–0.5 and δV £ 0.09. Their 
stability is fixed within the safe deforma-
tion resource. An increase in the defor-
mation energy density of such structures 
beyond the safe deformation resource 
leads to their destruction due to a change 
in shape. For flexible protection struc-
tures (bundles of wooden racks, rolling 
bundles made of wooden sleepers), which 
have a transverse deformation coefficient 
ν = 0.02, at a relative change in volume 
δV £ 0.3, the compaction of structures is 
observed. Increasing their stiffness allows 
limiting the convergence of side rocks.

For a support made of crushed rock, at 
ν = 0.25–0.32 and a relative volume change  
of 0.12 £ δV £ 0.32, its compaction and  in- 
crease in resistance occur. Under such con-
ditions, the convergence of side rocks is 
limited. In order to preserve the integri-
ty of the lateral and operational condition 
of preparatory workings in the excavation 
areas of coal mines, it is advisable to use 
flexible protective structures made of wood 
or supports made of crushed rock
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1. Introduction

With the increase in the depth of mining operations, 
the coal industry faces the important task of improving the 
efficiency of underground coal mining while simultaneous-
ly enhancing the safety of mining operations. The solution 

to this problem is hindered by the failure to solve the 
task of protection and maintenance of preparatory mining  
workings. The working condition of workings is a guaran-
tee of the effective operation of the mining areas at the coal 
mine, the reliable functioning of ventilation and under
ground vehicles.
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When developing steep coal seams, the main way of pro-
tecting the preparatory workings is to arrange coal pillars. 
The use of this protection technique does not exclude the 
performance of repair work in the working, related to the 
replacement of a deformed fastener. The experience of mines 
shows that despite the large volume of repair works and their 
high labor intensity (more than 80 people-shifts per 1000 tons 
of coal production), the extent of workings with an unsatis-
factory condition when using coal pillars remains significant.

The practice of using coal pillar-free methods of pro-
tection of workings has shown that when the deformation 
characteristics of protective structures do not match the 
strength-deformation characteristics of the side rocks, roof 
collapses occur. In some situations, traditional coal pillar-free 
methods of protection of preparatory workings do not satisfy 
the existing mining and geological conditions or are used 
inefficiently, which is the cause of accidents.

The advantage of preserving the stability of preparatory 
mining workings without leaving coal pillars is obvious. 
However, so far, no solution has been found that could make 
it possible to preserve the operational condition of workings 
under the difficult mining and geological conditions of the 
development of coal seams. It is practically impossible to take 
into account all the variety of factors that affect the condition 
of side rocks in the produced space of the coal massif with pre-
paratory workings. It is proposed to evaluate the conditions 
of maintenance of workings taking into account the deforma-
tion characteristics of protective structures. The solution to 
this problem is possible through the study of the stability of 
protective structures under static load conditions in the coal 
massif. The assessment of the stability of protective structures 
will make it possible to justify the choice of a technique for the 
protection of preparatory mining workings in the excavation 
areas of the coal mine and to preserve the integrity of side 
rocks in the produced space of the coal massif.

Therefore, it is a relevant task to study stability of the 
protective structures in the preparatory mining workings 
when unloading the coal massif.

2. Literature review and problem statement

With the increase in the depth of mining operations, the 
processes of layering of side rocks are revealed in the coal 
massif with preparatory workings. Under such conditions, 
the fastener is deformed, that is, the condition of the prepa-
ratory workings deteriorates.

During the development of steep coal beds after stratifi-
cation of the stratum, the roof collapses in the upper part of 
the lava and rolls down [1]. This condition leads to a dynamic 
form of manifestation of mountain pressure, which negatively 
affects the safety of mining operations. The parameters of the 
roof displacement zones in the produced space of the coal 
massif are significantly influenced by the method of protec-
tion of preparatory workings.

Protection of preparatory workings from the influence 
of clearing works is carried out by coal pillars. To reduce 
the intensity of the manifestation of mountain pressure, the 
recommended height of coal pillars is 8–12 m. It is believed 
that such dimensions ensure the operational condition of the 
workings along the length of the mining area [2]. However, 
the practice of using protective structures in the form of coal 
pillars of the specified sizes shows that at a depth of more 
than 1000 m, maintenance of workings without repair is not 

ensured. The reason for this state of affairs is that in many 
cases the comparison of the actual sizes of coal pillars and 
the sizes of coal pillars calculated according to the normative 
method does not coincide and indicates their reduction. 
Moreover, it does not take into account the fact that in  
a cracked carbonaceous massif the coal pillars are in the ul-
timate stress-deformed state and are subject to destruction.  
All this has a negative effect on the stability of the side rocks 
and the condition of preparatory workings.

The protection of workings with cast strips, cement 
blocks, and blocks made of reinforced concrete bollards im-
plies erecting a rigid support in the created space. The advan-
tages of such protective structures include a quick increase 
in strength (cast strip) and the creation of the necessary 
resistance of the settling massif [3, 4]. Really tough protective 
structures provide «cutting» of the roof rocks in the produced 
space of the coal massif, which avoids the formation of canti-
levers. However, such structures help increase the amount of 
displacement of the sole. When the «stamp effect» occurs, the 
sole collapses, and under the conditions of inclined or steep 
layers – it slides. This situation creates emergencies, which 
are associated with blockages of preparatory workings.

Analysis of protection structures used in mines reveals 
that the largest volume of use is associated with bundles of 
wooden racks and bush fastenings [5, 6]. The disadvantages 
of such protection structures include the imperfection of the 
mechanical characteristics of bundles of wooden racks and 
the premature failure of bush fasteners. 

Protection of the workings with rock rubble strips makes 
it possible to leave ordinary rock in the mine [7]. After com-
paction, such protective structures are the pillars of increasing 
resistance. Their use provides for the integrity of the side rocks 
around the preparatory workings. The high labor-intensive-
ness of constructing lanes in a non-mechanized way and their 
high flexibility (about 70 %) reduce the effectiveness of the use 
of this type of protection structures.

The influence of the bearing capacity of protective struc-
tures on the stability of workings in the coal massif is estima
ted on the basis of the mechanical properties of the support-
ing structures used [5]. It is believed [8] that the deformation 
of protective structures should be considered as a process of 
transformation of shape and volume during the unloading 
of the coal massif with preparatory workings. It should be 
noted that to assess the stability of protection structures 
under such conditions, it is advisable to take into account the 
deformation energy density and the change in stiffness. This 
will make it possible to monitor the stress-deformed state of 
protection structures, which affects their capacity. 

In order to assess the stability of supporting side rock 
structures, it is necessary to carry out laboratory studies on 
experimental models. Such studies will make it possible to es-
tablish the deformation properties of protective structures and 
pillars made of crushed rock, the change in their stress-strain 
state under static loading. All this provides grounds for justify-
ing the technique for protecting preparatory mining workings.

3. The aim and objectives of the study

The purpose of our study is to assess the stability of pro-
tective structures under static load conditions and designed 
to ensure the integrity of side rocks and the operational con-
dition of preparatory mining workings in the mining areas 
of the coal mine. This will make it possible to improve labor 
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safety in mining operations and the efficiency of coal produc-
tion in the mining areas of coal mines.

To achieve the goal, the following tasks were set:
– to investigate the deformation characteristics of rigid 

protection structures on experimental samples in the form 
of coal pillars, cast strip, cement blocks, blocks made of rein-
forced concrete bollards, and bundles of wooden risers;

– to investigate the deformation characteristics of flexible 
protection structures on experimental samples in the form of 
bundles of wooden racks and rolling bundles made of sleepers;

– to investigate the deformation characteristics of supports 
made of crushed rock of different granulometric composition;

– to perform a comparative analysis of the deformation 
characteristics of protective structures to assess their stabili-
ty and to make a justified choice of the technique for protect-
ing preparatory mining workings.

4. The study materials and methods

The object of our study was the deformation processes in 
protective structures under the action of static load in the 
coal massif in order to preserve the integrity of side rocks and 
the operational condition of preparatory mining workings. 
Depending on the physical and mechanical characteristics, 
protective structures are divided into hard ones, which 
include coal pillars, cast strips, cement blocks, blocks of rein-
forced concrete bollards, bundles of wooden risers. Flexible 
protection structures included bundles of wooden racks, 
rolling bundles, and rock support.

Under static load conditions, the potential energy of 
deformation was considered as the equivalent of work spent 
on compressing protective structures. At the same time, the 
change in their shape, volume, and stressed-strained state 
was taken into account.

For experimental samples in the form of coal pillars, 
cast strips, cement blocks, blocks of reinforced concrete 
bollards, bundles of wooden risers, wooden and rolling bund
les of racks, the initial height was equal to h0 = 0.04 m, the 
cross-sectional area was S = 0.0016 m2. During the research, 
experimental samples were installed between the roof and 
the sole, which were represented in the form of a beam with 
a thickness of hb = 0.02 m, a length of l lb = 0.08 m, and a width 
of b = 0.04 m. The physical and mechanical characteristics of 
rigid and flexible protection structures are given in Table 1.

Table 1

Physical-mechanical characteristics of rigid and flexible 
protection structures

No. Protection structure ν

1 Coal pillars 0.3

2 Cast strip 0.2

3 Cement blocks 0.22

4 Blocks of reinforced concrete bollards 0.26

5 Bundles of wooden risers 0.5

6 Bundles of wooden racks 0.02

7 Rolling bundles 0.02

Protective structures in the form of rock supports had 
different bulk density of the original material. The original 
material consisted of fractions of crushed rock of diffe

rent sizes. Dimensions of experimental samples: initial height 
h0 = 0.04 m, cross-sectional area S = 0.0064 m2. The data of 
the sieve analysis of the crushed rock and its correspon-
dence to the bulk density ρb.d. (kg/m3) and the coefficient 
of transverse deformation are given in Table 2. For experi-
mental samples in the form of a rock support, the roof and 
sole were represented in the form of a slab with dimensions  
hs ⋅ls ⋅b: 0.02 ⋅0.08 ⋅0.08 m. Modeling scale: M 1:25.

Table 2

Data on the sieve analysis of crushed rock and its 
correspondence to the bulk density ρb.d.  (kg/m3) and 	

the coefficient of transverse deformation ν

No. Crushed rock fraction size, mm ρb.d., kg/m3 ν

1 0.1–5 1820 0.25

2 4–5 1680 0.28

3 3–4 1720 0.27

4 2–3 1860 0.29

5 1–2 1880 0.3

6 0.1–1 1920 0.32

The strength limit of experimental models for uniaxial 
compression was determined similarly to [9], in which the 
linear dimensions of the model and nature, the density of the 
material of the model and nature, as well as the compressive 
strength of the model and nature were taken into account. 
The following relation [10] was used for crushed rock:

tg tgρ ρm n= ,

where ρm = ρn = 23° are the internal friction angles of the ma-
terial of the model and nature, degrees.

In these studies, the identity of the equilibrium equations of 
nature and models was provided for [11]. To ensure the mecha
nical similarity of the model and nature, the equality of weight 
parameters was refused, which is quite acceptable [10, 11].

Experimental samples were subjected to static loading 
under conditions of uniaxial compression on a P-50 press.  
In the process of static loading of experimental samples, the 
external force F (kN) performs work, which is transformed 
into the potential energy of deformation accumulated in the 
body during compression. During the course of the experi-
ments, the change in the height Δh (m) of the samples from 
the compressive force F (kN) was recorded.

The relative deformation λ of the experimental samples 
was determined from the following expression [12]:

λ =
Δh
h0

.	 (1)

The stiffness C (N/m) of the experimental samples was 
determined as in [12]:

C
F
h

=
Δ

.	 (2)

The mechanical stress σ (N/m2), which under conditions 
of uniaxial compression is considered pressure, was deter-
mined from the following expression:

σ =
F
S

.	 (3)
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The relative change in volume δV of experimental sam-
ples under static loading under conditions of uniaxial com-
pression was determined from the following expression [13]:

δV = (1–2ν)λ,	 (4)

where ν is the coefficient of transverse deformation.
The transverse deformation coefficient ν reflects the part 

of the deformation that occurs in the direction of the external 
load. The value of this coefficient is determined by the physi-
cal and mechanical characteristics of the material from which 
protection structures are made. The coefficient used should 
be taken into account during deformation in the case when 
the geometry of the body being compressed is determined by 
two or more dimensions [14].

Coefficient of compaction of crushed rock kcon. was cal-
culated as the ratio of the volume occupied by the original 
material before compaction to the volume it occupied after 
compaction [15].

The specific potential energy of deformation of experi
mental samples or the density of deformation energy was 
determined from the following expression [16]:

U
En

g

=
σ2

2
,	 (5)

where Eg is the modulus of deformation of protection struc-
tures, N/m2.

According to Hooke’s law, the deformation modulus is 
defined as follows [8]:

E
h

hg = σ 0

Δ
.	 (6)

When the sample is deformed, its size and shape change. 
The specific potential energy of the deformation of the 
protective structure can be divided into the energy of the 
volume change Uo (J/m3), when the following expression is 
valid for uniaxial compression [16]:

U
Eg

0
2 1 2

6
=

−







σ

ν
,	 (7)

and shape-shifting energy:

U
Ef

g

=
+







σ

ν2 1
3

.	 (8)

The energy ratio is defined as:

U

U
f

0

2 1

1 2
=

+( )
−

ν
ν

.	 (9)

When evaluating the deformation characteristics of pro-
tective structures, the provision was taken into account that 
the potential energy of deformable bodies has boundary 
conditions at which their steady state is realized. For rigid 
and flexible protective structures, the steady state is ensured 
within the limits of the safe deformation resource [8, 9]. The 
transition of limit levels changes the stressed-strained state 
of deformed bodies and their behavior [17, 18].

5. Results of investigating the stability of protective 
structures in preparatory mining workings under static 

load conditions

5. 1. Results of studying the deformation characteris-
tics of rigid protection structures

We have considered experimental samples in the form 
of coal pillars, cast strip, cement blocks, blocks of reinforced 
concrete bollards, and bundles of wooden risers. Table 3 gives 
the values of external force F (kN) and sample deforma-
tion Δh (m). Deformation of the samples occurred within the 
limits of the safe deformation resource. The recorded values 
correspond to the limit values of the specific potential energy 
of deformation σ2/2Еg (MJ/m3). For this level, the values of 
the relative deformation of the samples λ and the relative 
change in volume δV were determined.

Table 4 gives values of the parameters F (kN) and Δh (m), 
which correspond to the maximum value of the specific po-
tential energy of deformation σ2/2Еg (MJ/m3). In this case, 
deformation of the samples occurred beyond the safe defor-
mation resource.

Table 3

Experimental data on the static load of rigid samples under conditions of uniaxial compression when the limit 	
of the specific potential energy of deformation is reached

No. Sample F, kN Δh, m λ σ, MPa δV C ⋅106, N/m σ2/2Еg, MJ/m3

1 Coal pillars 21 0.009 0.22 13.1 0.088 2.3 1.44

2 Cast strip 44 0.0048 0.13 27.5 0.078 8.46 1.78

3 Cement blocks 42 0.004 0.12 26.2 0.082 8.75 1.96

4 Blocks of reinforced concrete bollards 49 0.0042 0.12 30.6 0.06 10.2 1.91

5 Bundles of risers 58 0.004 0.1 36.2 0 14.5 1.82

Table 4

Experimental data on the static load of rigid samples under conditions of uniaxial compression when the maximum values 	
of the specific potential energy of deformation are reached

No. Sample F, kN Δh, m λ σ, MРа δV C ⋅106, N/m σ2/2Еg, MJ/m3

1 Coal pillars 31 0.03 0.76 19.3 0.3 1.03 7.14

2 Cast strip 98 0.025 0.63 61.2 0.37 3.92 18.3

3 Cement blocks 94 0.024 0.62 58.7 0.34 3.79 18.4

4 Blocks of reinforced concrete bollards 101 0.024 0.6 63.1 0.28 4.2 17.6

5 Bundles of risers 74 0.033 0.81 46.2 0 2.3 18.1
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With the use of experimental data (Tables 3, 4), plots of 
the change in stiffness С ⋅106, N/m of the experimental sam-
ples against the magnitude of the external force F (kN) were 
constructed.

It was recorded that for an experimental sample in the form 
of a coal pillar with an increase in external force to the value 
F = 21 kN, the stiffness corresponds to the value С = 2.3 ⋅106 N/m. 
At the same time, the relative deformation is equal to λ = 0.22. 
As the external force increases to the value F = 31 kN, the stiff-
ness of the sample decreases to the value С = 1.03 ⋅106 N/m, and 
the relative deformation increases to λ = 0.76 (Fig. 1, curve 1).

For an experimental sample in the form of a cast strip 
with an increase in external force to the value of F = 44 kN at 
a relative strain of λ = 0.15, the stiffness of the sample corre-
sponds to С = 8.46 ⋅106 N/m. As the external force increases 
to the value F = 98 kN, the stiffness of the sample decreases 
to the value С = 3.92 ⋅106 N/m. At the same time, the relative 
deformation increases to λ = 0.63 (Fig. 1, curve 2).

With static loading of experimental samples in the form 
of cement blocks with an increase in external force to the 
value F = 42 kN, the stiffness of the sample corresponds 
to С = 8.46 ⋅106 N/m, and the relative deformation λ = 0.12.  
An increase in the external force to F = 94 kN leads to a de-
crease in stiffness when С = 3.79 ⋅106 N/m. At the same time, 
the relative deformation of the experimental sample increases 
to λ = 0.62 (Fig. 1, curve 3).

For an experimental sample in the form of blocks of re-
inforced concrete bollards with an increase in external force 

to the value of F = 49 kN, the stiffness is С = 10.2 ⋅106 N/m  
at a relative deformation of λ = 0.12. An increase in the ex-
ternal compressive force to F = 101 kN leads to a decrease in 
stiffness to С = 2.3 ⋅106 N/m and an increase in the relative 
deformation to the value λ = 0.6. (Fig. 1, curve 4).

For an experimental sample in the form of a bundle of 
wooden risers, when the load was applied along the wood 
fibers with an increase in the external force to the value 
F = 58 kN, the stiffness is С = 14.5 ⋅106 N/m at λ = 0.1. As F 
increases to a value of 74 kN, the stiffness of the sample 
decreases to С = 2.3 ⋅106 N/m, and the relative deformation 
increases to a value of λ = 0.81. (Fig. 1, curve 5).

In all considered cases, the stability of the deformed 
samples was ensured at the OK site. It should be noted that 
the maximum value of the rigidity of protection structures 
was observed at point K. This level of rigidity corresponds 
to the maximum bearing capacity of structures. At point K, 
the limit level of the specific potential energy of deformation 
σ2/2Еg (MJ/m3) was observed. With an increase in the value 
of the external force F (kN) (beyond the point K), the de-
struction of the samples and the loss of bearing capacity were 
recorded (Fig. 1). The general appearance of the experimen-
tal samples after static loading is shown in Fig. 2.

It is important to note that the destruction of the experi-
mental samples and the loss of bearing capacity was recorded 
at values of the specific potential energy that significantly 
exceeded the limit level of the parameter σ2/2Еg, which is 
given in Table 3.
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Fig. 1. Plots of changes in the stiffness С ⋅106, N/m, of experimental samples depending on the magnitude 	
of the external force F (kN): 1 – coal pillars; 2 – cast strip; 3 – cement blocks; 4 – BZBT; 5 – a bundle of wooden risers; 	

OK – safe deformation resource; p. K – the limit level of the specific potential energy of deformation: it corresponds 	
to the maximum value of the rigidity of protective structures
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Fig. 2. General view of experimental samples after static loading under conditions of uniaxial compression: 	
a – bundle of sleepers; b – rolling bundle of sleepers; c – bundle of wooden risers; d – cast strip; e – concrete blocks
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5. 2. Results of studying the deformation characteris-
tics of flexible protection structures

Experimental samples in the form of bundles of wooden 
racks and rolling bundles made of wooden sleepers were con-
sidered. Tables 5, 6 give experimental data on the static load 
of such samples. It was observed that for bundles of wooden 
racks at F = 35 kN and Δh 0.03 m, the sealing of wooden 
structures is ensured. Upon reaching the limit level of the 
specific potential energy of deformation, the stiffness of the 
sample is С = 1.16 ⋅106 N/m (Table 4). With an increase in the 
external force to the value F = 45 kN, relative deformation 
λ = 0.9, stiffness С = 1.5 ⋅106 N/m. The determined level of 
compaction of the experimental samples is provided by the 
maximum value of the specific potential energy of deforma-
tion σ2/2Еg = 12.6 MJ/m3 (Table 5).

For rolling bundles of wooden sleepers under the action 
of an external force of F = 49 kN, the limit level of the specific 
potential energy of deformation σ2/2Еg  = 9.95 MJ/m3 is en-
sured (Table 5). With an increase in the external force to the 
value F = 62 kN, the maximum compaction of the experimental 
sample is ensured. At the same time, the stiffness of the wooden 
structure is С = 2.0 ⋅106 N/m, and σ2/2Еg = 15.4 MJ/m3 (Table 6).

5. 3. Results of studying the deformation characteris-
tics of supports made of crushed rock of different granulo-
metric composition

Experimental samples from crushed rock of different 
fractions (granulometric composition) were considered. Un-
der the action of an external force F (kN), the support was 
deformed by the volume Δh (m). Table 7 gives experimental 
data on the static load of a support made of crushed rock, 
which led to the compaction of the original material.

Using the data from Table 6, plots of changes in the 
compaction coefficient kcon. of crushed rock and longitudinal 

deformation Δh (m) depending on stiffness С ⋅106 (N/m) 
were constructed.

It was observed that between the change in stiffness C (N/m) 
of the support and the compaction coefficient of crushed 
rock kcon. under conditions of static loading with uniaxial 
compression, there is a linear dependence with a correlation 
coefficient of R = 0.98 [19]. The average approximation error 
was 1 % (Fig. 3, curve 1).

The change in the longitudinal deformation Δh (m) of 
the compressed sample depending on stiffness С (N/m) of 
the crushed rock is linearly dependent with the correlation 
coefficient R = 0.98 [19]. The average approximation error  
is 2.5 % (Fig. 3, curve 2).

Fig. 4 shows the plots of changes in the compaction 
coefficient kcon. and the specific potential energy of defor-
mation σ2/2Еg of a strip of crushed rock depending on bulk 
density ρb.d. of the source material.

The maximum value of the compaction coefficient of 
crushed rock kcon. = 1.43 at its bulk density ρb.d. = 1820 kg/m3  
was observed. Such a support consists of particles of crushed 
rock that are heterogeneous in size (0.1–5) mm. The mini
mum value of the compaction coefficient kcon. = 1.13 was ob-
served at the bulk density of crushed rock ρb.d. = 1920 kg/m3.  
Such a support consists of crushed rock of a fine fraction 
with a size of (0.1–1) mm. For a support made of crushed 
rock of bulk density ρb.d. = 1680 kg/m3, which consists of 
fractions (4–5) mm, the compaction coefficient corresponds 
to kcon. = 1.43 (Fig. 3, curve 1).

It should be noted that between the compaction coeffi-
cient kcon. and bulk density of crushed rock ρb.d. (kg/m3) there 
is a quadratic relationship with the correlation coefficient 
R = 0.89 [19]. This dependence is valid for a statically loaded 
support made of crushed rock under conditions of uniaxial 
compression (Fig. 3, curve 1).

Table 5

Experimental data on the static load of flexible samples under conditions of uniaxial compression when the limit 	
of the specific potential energy of deformation is reached

No. Sample F, kN Δh, m λ σ, MРа δV C ⋅106, N/m σ2/2Еg, MJ/m3

1 Bundle of wooden risers 35 0.03 0.75 21.8 0.72 1.16 8.2

2 Rolling bundle 49 0.026 0.65 30.6 0.62 1.88 9.95

Table 6

Experimental data on the static load of flexible samples under conditions of uniaxial compression when the maximum values 	
of the specific potential energy of deformation are reached

No. Sample F, kN Δh, m λ σ, MРа δV C ⋅106, N/m σ2/2Еg, MJ/m3

1 Bundle of wooden risers 45 0.036 0.9 28.1 0.86 1.5 12.6

2 Rolling bundle 62 0.032 0.8 40.6 0.77 2.0 15.4

Table 7

Experimental data on the static load of a support made of crushed rock of different granulometric composition 	
after compaction of the source material

No. Fraction size F, kN Δh, m λ δV C ⋅106, N/m σ, MРа Еg σ2/2Еg kcon.

1 0.1–5 118 0.026 0.65 0.32 4.53 18.4 28.1 5.8 1.47

2 4–5 120 0.025 0.62 0.28 4.28 18.7 29.9 5.79 1.4

3 3–4 125 0.024 0.6 0.27 5.2 19.5 32.3 5.85 1.37

4 2–3 121 0.019 0.47 0.2 6.36 18.9 39.6 4.34 1.25

5 1–2 116 0.016 0.4 0.16 7.25 18.1 45.2 3.62 1.19

6 0.1–1 112 0.014 0.35 0.12 8.0 17.5 49.8 2.97 1.13
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Fig. 4. Plots of changes in the compaction coefficient kcon. 

and specific potential energy of deformation σ2/2Еg, MJ/m3, 	
of a support made of crushed rock under uniaxial 

compression under conditions of static load depending on 
bulk density ρb.d. of the source material: 	

1 – kcon.; 2 – σ2/2Еg, MJ/m3

The maximum values of the specific potential energy 
of deformation σ2/2Еg = (5.79–5.85) MJ/m3 correspond to 
the bulk density of crushed rock ρb.d. = (1680–1820) kg/m3.  
As the particle size decreases, the σ2/2Еg parameter de-
creases, reaching a minimum value of 2.97 MJ/m3 when 
the source material contains crushed rock of a fine frac-
tion (0.1–1) mm  (Fig. 3, curve 2).

5. 4. Results of comparative analysis of the deforma-
tion characteristics of protection structures

Fig. 5 shows a plot illustrating the relative change in the 
volume δV of the experimental samples as a function of the 
transverse deformation coefficient ν.

It was observed that with an increase in the transverse 
deformation coefficient from ν = 0.02 to ν = 0.5, the relative 
volume change changes from δV = 0.92 to δV = 0. Between the 

studied parameters δV and ν there is a logarithmic functional 
dependence of the form:

– for curve 1 (Fig. 5):

δν = 0.0471–0.0854lnν,	 (10)

with correlation coefficient R = 0.85 [19];
– for curve 2 (Fig. 5):

δν = –0.2481–0.3974lnν,	 (11)

with correlation coefficient R = 0.96 [19].
On the plot, it is important to highlight zone A of the 

stability of the experimental samples. The limit of this zone 
is the safe deformation resource of the experimental sam-
ples (Fig. 5, curve 1). The zone of loss of stability B and 
the zone of reduced bearing capacity of experimental sam-
ples C (Fig. 5, curve 2).
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Fig. 5. Plot showing the relative change in the volume δV 
of the experimental samples depending on the coefficient 

of transverse deformation ν: 1 – the limit of the safe 
deformation resource; 2 – limit of destruction; A – zone 
of stability of experimental samples; B – zone of loss of 
stability; C – zone of reduced load-bearing capacity of 

experimental samples

It is known [20] that in the case of uniaxial compres-
sion, the specific potential energy of deformation can be 
divided into the energy spent on the change in volume Uv  
and the energy spent on the change in shape Ush. The ener
gy ratio depends on the value of the transverse deforma-
tion coefficient.

Taking into account expression (9), Table 8 gives values 
of the energy ratio, which took into account the change in 
shape and volume of the samples under static loading under 
conditions of uniaxial compression.

According to the results of Table 8, a plot of change in the 
energy ratio Ush/Uv was constructed depending on the value 
of the transverse deformation coefficient ν (Fig. 6).

It was observed that with an increase in the transverse 
deformation coefficient from ν = 0.02 to ν = 0.3, the Ush/Uv 
ratio increases from 2.12 for flexible protection structures  
to 6.5 for rigid protection structures (Fig. 6).
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Table 8
Ratio of specific potential energy of the change 	

in shape Ush (MJ/m3) to the change in volume Uv (MJ/m3) 
during static loading of experimental samples

No. Sample Ush/Uv

1 Coal pillars 6.5

2 Cast strip 4

3 Cement blocks 4.35

4 Blocks of reinforced concrete bollards 5.25

5 Bundles of racks 0

6 Bundles of wooden risers 2.12

7 Rolling bundles 2.12
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Fig. 6. The plot of change in the ratio of energy spent 	

on shape transformation to the transformation of 	
the volume Ush/Uv of protection structures as a function 	
of the value of the transverse deformation coefficient ν

Fig. 7 shows a plot of change in the specific potential 
energy of deformation σ2/2Еg of the experimental samples 
depending on the coefficient of transverse deformation ν 
within the limits of the safe deformation resource.

It was observed that with an increase in the transverse defor-
mation coefficient from ν = 0.02 to ν = 0.5, the specific potential 
energy decreases from σ2/2Еg = (8.2–9.95) MJ/m3 to σ2/2Еg =  
= (1.44–1.96) MJ/m3 at compression of rigid structures (Fig. 7).

Fig. 8 shows a plot illustrating the relative change in the 
volume δV of a support made of crushed rock depending on the 
coefficient of transverse deformation ν under static loading.

It was determined that with an increase in the coeffi-
cient of transverse deformation from ν = 0.25 to ν = 0.32, the 
relative change in the volume of the compressed support 
decreases from δV = 0.32 for crushed rock of heterogeneous 
granulometric composition (0.1–5) mm to δV = 0.12 for the 
fine fraction of crushed rock (0.1–1) mm (Fig. 8).

Taking into account expression (9), Table 9 was compiled, 
which takes into account the ratio of the potential energy of 
a change in shape to the volume during static compression  
of a support made of crushed rock.

Fig. 9 shows a plot of change in the potential energies 
spent on the transformation of shape to the transformation 
of volume Ush/Uv of the support made of crushed rock under 
static uniaxial loading as a function of the value of the trans-
verse deformation coefficient ν.
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Fig. 8. Relative change in the volume δV of a support made 
of crushed rock under static loading depending on the 

coefficient of transverse deformation ν: А – zone of stability 
of experimental samples; D – zone of increased bearing 

capacity of the support

Table 9

Ratio of the specific potential energy of change 	
in shape Ush (MJ/m3) to the change in volume Uv (MJ/m3) 

under static loading of a support made of crushed rock 	
of different granulometric composition

No. Fraction, mm Ush/Uv

1 0.1–5 5.0

2 4–5 5.8

3 3–4 5.5

4 2–3 6.1

5 1–2 6.5

6 0.1–1 7.3
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It was observed that with an increase in the transverse 
deformation coefficient from ν = 0.25 to ν = 0.32, the Ush/Uv 
ratio increases from 5.0 to 7.3 (Fig. 9). At the same time, the 
minimum value of Ush/Uv = 5.0 corresponds to a support made 
of crushed rock with a heterogeneous granulometric compo-
sition (0.1–5) mm. The maximum value of Ush/Uv = 7.3 was 
determined for a support consisting of crushed rock of a fine 
fraction (0.1–1) mm.

Fig. 10 shows a plot of change in the ratio of the potential 
energy of the transformation of shape to the transformation 
of volume Ush/Uv of the crushed rock support depending on 
the compaction coefficient kcon. of the source material.
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for the transformation of shape to the transformation 
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under static uniaxial loading depending on the compaction 
coefficient kcon. of the source material

It was determined that with an increase in the com-
paction factor from kcon. = 1.1 to kcon. = 1.47, the Ush/Uv  ra-

tio decreases from 7.3 to 5.0. The minimum value of  
Ush/Uv = 5.0 corresponds to the maximum compaction coeffi-
cient kcon. = 1.47 of the original material, represented by a he
terogeneous particle size composition (0.1–5) mm (Fig. 10).

Fig. 11 shows a plot of change in the specific potential 
energy of deformation σ2/2Еg, (MJ/m3), of a support made 
of crushed rock depending on the coefficient of transverse 
deformation ν.
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Fig. 11. The plot of change in the specific potential energy 	

of deformation σ2/2Еg, (MJ/m3), of a support made of 
crushed rock depending on the coefficient of transverse 

deformation ν

It was observed that the maximum value of the specific 
potential energy of deformation σ2/2Еg = (5.79–5.85) MJ/m3  
corresponds to the conditions under which the support, 
consisting of crushed rock of large fractions, is compressed. 
The minimum value of the parameter σ2/2Еg = 2.97 MJ/m3 is 
attributed to the deformation of the support, which consists 
of a small fraction (0.1–1) mm of crushed rock (Fig. 11).

6. Discussion of results of investigating stable protective 
structures in preparatory mining workings

For the justified use of any type of protection structures, 
it is necessary to know the parameters of the stressed-
strained state (SSS) of compressible structures under their 
static load. This type of load is manifested in a real coal massif 
when the rock stratum is unloaded. The SSS parameters of 
protective structures determine their behavior in the created 
space of the excavation site.

The considered models of assessment of SSS for the 
stability of protection structures are based on the mecha
nics of a deformed body. Static tests were carried out to 
avoid the risks of instant destruction of rigid experimental 
samples. For flexible experimental samples, this type of 
load made it possible to assess their main characteris-
tic – the tendency to deformation. For the calculation of 
such models, the physical and mechanical characteristics 
of materials were used as initial data. The coefficient of 
transverse deformation ν was used for rigid protection 
structures (coal pillars, cast strip, cement blocks, blocks of 
reinforced concrete bollards, bundles of wooden sleepers) 
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and flexible protection structures (bundles of wooden risers,  
rolling bundles). Moreover, for wooden structures in the 
form of bundles of wooden risers and bundles of wooden  
racks, the direction of the load was taken into account, 
which determines the value of the transverse deformation 
coefficient [21]. For a support made of crushed rock of 
different granulometric composition, the bulk density of 
crushed rock ρb.d. (kg/m3) and the value of the transverse 
deformation coefficient ν (Table 2) were used. The charac
teristics of the starting material were determined by the 
conditions of the experiment.

The results of experimental studies are of a qualitative 
nature and reflect the deformation properties of protection 
structures. The behavior of the deformed body was investi-
gated by recording the relative change in volume δV. Regis-
tration of stiffness C (N/m) was determined by the amount of 
deformation Δh (m) of the experimental sample.

The considered problem of the stability of rigid protec-
tion structures refers to their deformation characteristics.  
It was established that within the limits of the safe defor-
mation resource of rigid protective structures, their stable 
condition is ensured (Fig. 1, curves 1–5). It is possible to 
single out the following successive stages of the processes in 
the experimental samples in accordance with the features of 
the deformation (Fig. 5):

– strengthening of the compressed body (zone A) due 
to the growth of the strain energy density in its volume to  
a critical value (curve 1);

– loss of stability of the compressed body (zone B), when 
the critical values of the deformation energy density exceeded 
the permissible values (curve 2);

– destruction, when a relative volume change of δV > 0.06 
is observed, and a decrease in the bearing capacity of the 
compressible body (zone C).

The presence of elastic deformations and the accumu-
lation of deformation potential energy to critical values 
determines the limits of the safe deformation resource of 
protection structures. Exceeding critical values leads to loss 
of stability and destruction. It is obvious that the condition 
of loss of stability and reduction of the load-bearing capacity 
of the deformed body is the criterion for destruction during 
static loading of rigid protective structures. Based on this, 
for a high-quality calculation of the bearing capacity of 
rigid protection structures, in addition to the assessment of 
strength, information about their elastic-deformation charac-
teristics is equally important.

Under conditions of static loading of bundles of wooden 
risers, when the external load acts along the fibers with an in-
crease in the specific potential energy of deformation, a change 
in shape of the compressive body occurs (Table 7). For such 
protection structures, within their safe deformation resource, 
we have a maximum stiffness value of С = 14.5 ⋅106 N/m. After 
the loss of stability, the specific potential energy of deformation 
increases from σ2/2Еg = 1.82 MJ/m3 to σ2/2Еg = 18.1 MJ/m3.  
The stiffness of the structure decreases to С = 2.3 ⋅106 N/m, i.e., 
7 times, which indicates destruction.

When studying the deformation properties of flexible 
protection structures (bundles of wooden racks, rolling 
bundles made of wooden sleepers), it was established that 
as the specific potential energy of deformation increas-
es, the constituent elements of the protection structures 
are compacted. Under the action of static loads, flexible 
wooden structures were deformed by the maximum value 
Δh = 0.032–0.036 m (Table 6). In the process of compression, 

the minimum value of the ratio of the energy of the shape 
change to the energy of the volume change Ush/Uv = 2.12 
was observed (Table 8). The rigidity of protection structures 
depends on the number of components and their layout.  
At a relative deformation of 0.65 £ λ £ 0.9, there is an increase 
in the resistance of protection structures (Tables 5, 6). Trans-
verse deformations are the result of a change in the shape and 
volume of the deformed body.

During static compression of the rock strip, at the initial 
stage of deformation, uniaxial compaction of the crushed 
rock occurs. When the maximum value of the compaction 
coefficient (kcon.) is reached, the transverse expansion of the 
rock strip occurs due to a change in the shape of the com-
pacted volume of the source material. In this case, transverse 
deformations are the result of a change in the shape of the 
deformed body.

As a result of the comparison of the deformation char-
acteristics of the crushed rock (Table 7), it was observed 
that the greatest effect from the use of foundation mate
rials is achieved when their composition contains heteroge-
neous (by particle size) crushed rock (0.1–5) mm. The fine 
fraction of crushed rock (0.1–1) mm is (relatively) incom-
pressible due to the physical and mechanical properties of 
the starting material. Due to this, the minimum values of the 
compaction coefficient (kcon. = 1.13) were observed (Table 7).

When analyzing the performance of protective structures 
in preparatory mining workings, the task of analyzing their 
stability was set, taking into account changes in stiffness 
and bearing capacity. It was established that the amount 
of specific potential energy of deformation in a compressed 
body under static loading under conditions of uniaxial com-
pression increases depending on the coefficient of transverse 
deformation ν (Fig. 7).

Thus, having certain physical and mechanical charac-
teristics, rigid and flexible protective structures, as well 
as supports made of crushed rock, perform the role of 
load-bearing structures. Under certain conditions, such 
structures prevent the collapse of side rocks in the produced 
space of the coal massif and ensure a stable condition of the 
preparatory workings along the length of the excavation 
site. Rigid protective structures under static loading for 
a short time limit the convergence of side rocks, which is 
caused by the achievement of a critical level of strain energy 
density within the limits of a safe strain resource. Reaching 
the critical level means that the protective structure is in  
a critical stress-deformed state. Under such conditions, due  
to the accumulation of the specific potential energy of defor-
mation, a temporary increase in resistance is ensured, after 
which the loss of the load-bearing capacity of rigid protec-
tive structures occurs.

Flexible protective structures and supports made of crushed 
rock, when the maximum stiffness values are reached, limit 
the convergence of side rocks. The increase in the density of 
deformation energy under static loading indicates the com-
paction of flexible protective structures and supports made 
of crushed rock. Under such conditions, the resistance of 
structures increases. This is due to the change in the shape 
and volume of flexible protective structures or the repacking 
of pieces of crushed rock of different sizes in the total volume 
of the foundation material. To ensure the stability of the 
side rocks in the coal massif and to preserve the operational 
condition of preparatory mining workings, it is advisable 
to use flexible protective structures or supports made of 
crushed rock.
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The results of our research could be used in coal mines for 
a reasoned choice of methods to protect preparatory mining 
workings. At the same time, it is necessary to take into ac-
count the tendency of side rocks to collapse and slip, as well 
as their fissures. For the further development of research, in 
order to clarify the parameters of protective structures, it is 
necessary to carry out field studies in mines.

7. Conclusions

1. For rigid protective structures under conditions of 
static load under uniaxial compression after the loss of 
structural stability, the potential energy of a change in 
shape significantly (more than 4 times) exceeds the poten
tial energy of a change in volume. The critical level of de-
formation energy density is the safe deformation resource 
of protective structures. Within this resource, with a rela
tive volume change of 0.06 £ δV £ 0.082 and an absolute 
longitudinal deformation of 10–22 %, there is a short-term 
increase in the stiffness of structures, which leads to an 
increase in their resistance. Beyond the safe deformation 
resource and the growth of deformation energy density, the 
stressed-strained state of protection structures changes. 
Over time, this leads to the loss of stability of the structure, 
its shape change, and is accompanied by a decrease in bear- 
ing capacity.

2. For pliable protection structures under static load 
under uniaxial compression, when the absolute longitudinal 
deformation does not exceed 80–90 %, simultaneously with 
the increase in rigidity, their resistance increases. Under such 
conditions, their stability is ensured with a relative volume 
change of δV £ 0.76–0.86. The strain energy density is aimed 
at increasing stiffness. The amount of stiffness depends on the 
number of elements that make up the structure.

3. For a strip of crushed rock after compaction of the 
source material under conditions of uniaxial compression, the 
relative change in volume δV = 0.32 and when the maximum 
value of the compaction coefficient kcon. = 1.47 is reached, 
the deformation occurs due to the change in the shape of 
the flexible support. The increase in strain energy density is 
aimed at repacking and densifying the source material. For 
a large fraction of crushed rock under conditions where it 
occupies 100 % of the total volume of the embedded mate-
rial, the increase in the strain energy density is aimed at the 
destruction of large rock fractions and its repacking during 
further compression.

4. Under the conditions of uniaxial compression and 
static loading of protection structures, an exponential 

functional dependence has been established between the 
relative change in their volume δV and the coefficient of 
transverse deformation ν. For a support made of crushed 
rock, such a relationship between the studied parameters is 
established in the form of a linear function. For flexible pro-
tection structures made of wood (bundles of wooden racks, 
rolling bundles made of sleepers), which have minimum 
values of the transverse deformation coefficient ν = 0.02, 
after a relative volume change of 0.65 £ δV £ 0.75, compac-
tion and an increase in their resistance are observed. This 
makes it possible to limit the movement of side rocks. For 
rigid protection structures that have ν = 0.2–0.5 beyond the 
safe deformation resource when the strain energy density 
increases, their destruction occurs due to structural defor-
mation, which limits the scope of application. For a support 
made of crushed rock, at values of the coefficient of trans-
verse deformation of the original material ν = 0.25–0.32 and 
a relative change in volume of 0.12 £ δV £ 0.32, its compac-
tion occurs, due to which the resistance of the structures 
increases. Under such conditions, the convergence of side 
rocks is limited, which has a positive effect on the condition 
of preparatory workings.
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