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Метою дослiдження є обґрунтування умов стiйкостi 
вiдкатних штрекiв при розробцi крутих вугiльних пластiв.

В процесi моделювання стiйкостi штрекiв встанов-
лено, що напружено-деформований стан бiчних порiд в 
вуглепородному масивi дiльницi покрiвлi, який вмiщає 
виробки, залежить вiд фiзико-механiчних властивостей 
покрiвлi i ґрунту вугiльного пласта, що розробляється, 
жорсткостi охоронних споруд i довжини пiдтримува-
ної охоронною спорудою. Зi збiльшенням довжини, яка 
пiдтримується охоронною спорудою дiльницi покрiвлi, 
при мiнiмальнiй жорсткостi пiддатливих опор, збiль-
шується зона плавного прогину бiчних порiд над вiдкат-
ним штреком i знижується рiвень їх напружено-дефор-
мованого стану.

Доведено, що при пiдтримцi гiрничих виробок в глибо-
ких шахтах зниження напружено-деформованого стану 
бiчних порiд при застосуваннi закладки виробленого про-
стору вiдбувається в результатi ущiльнення закладного 
масиву, на який спираються породи покрiвлi, коли значен-
ня коефiцiєнта ущiльнення вихiдного матерiалу прийма-
ють максимальнi значення, що дорiвнюють kущ=1.5–1.53. 
При використаннi штучних пiддатливих охоронних спо-
руд, що зводяться над штреком, змiна напружено- 
деформованого стану вiдбувається в результатi стиснен-
ня опор, коли перемiщення порiд покрiвлi i ґрунту обмежу-
ються, а площа контакту бiчних порiд з засобами охорони 
збiльшується.

При виборi способу охорони вiдкатних штрекiв необ-
хiдно враховувати параметри охоронних споруд, тому що 
вплив розмiрiв одних i тих же опор, при однаковiй жор-
сткостi на розподiл напружень в вуглепородному масивi, 
рiзноманiтний.

Для забезпечення експлуатацiйного стану дiльнич-
них пiдготовчих виробок, при розробцi крутих вугiльних 
пластiв, доцiльно застосування пiддатливих охоронних 
споруд, розташованих над вiдкатним штреком, якi обме-
жують перемiщення бiчних порiд у виробленому просторi

Ключовi слова: гiрський тиск, очисний вибiй, обвален-
ня бiчних порiд, закладка виробленого простору, пiддат-
ливi опори
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1. Introduction

The	coal	industry	is	the	main	supplier	of	high-quality	coal	
for	 the	 steel	 industry	 and	 energy.	 According	 to	 experts	 [1],	
the	 possible	 depth	 of	 development	 of	 high-quality	 coking	

coal,	under	conditions	of	steep	coal	seams,	 is	1,700	m,	with	
balance	reserves	reaching	1.14	billion	tons.	

Despite	 that,	 at	 present,	 the	 development	 of	 steep	
high-quality	coal	seams	is	characterized	by	a	relatively	low	
level	of	 the	 technical	and	economic	 indicators.	 In	no	 small	
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part, this is due to the lack of reliable and effective ways to 
protect haulage drifts.

The current protection techniques of preparatory work-
ings do not provide reliable protection of haulage drifts 
from harmful manifestations of mountain pressure, which 
requires a large amount of repair work, which does not lend 
itself to mechanization. Therefore, the search for more reli-
able ways to protect haulage drifts is one of the main areas 
of increasing the efficiency of the development of steep coal 
seams under difficult conditions of great depths, which, 
therefore, confirms the relevance of our research to substan-
tiate the stability of section preparatory workings.

2. Literature review and problem statement

The world experience of deep mine operation shows 
that the efficiency of coal seam development depends on 
the stability of side rocks and the state of mining workings.  
Paper [2] reports the results of a study into the manifesta-
tions of mountain pressure in haulage drifts at the different 
protection techniques. It is shown that in a coal-rock massif, 
in the unloading zones, clay rocks, while increasing in vol-
ume, contribute to the stratification of side rocks and form 
the conditions of their collapses. However, nothing is said 
about the prevention of side rock stratifications and col-
lapses of the roof of the worked coal seam, which lead to the 
collapsing of the exploited haulage drifts.

Taking into consideration the properties of a coal-rock 
massif that accommodates the workings, study [3] addresses 
the features of interaction of the stratified roof at the hinge-
block movement of side rocks over the worked space. When 
clarifying the mechanism of displacement of stratified rocks, 
in the vicinity of the maintained mining workings, the study 
has no recommendations on the effective support of the roof 
and soil of the coal seam behind the breakage face, which 
negatively affects the stability of haulage drifts.

The use of the filling of the worked space may be an op-
tion to overcome the relevant difficulties in ensuring the sta-
bility of the side rocks and the preservation of haulage drifts. 
This approach is used in work [4], which considers the use of 
the filling of the worked space to increase the efficiency of 
coal seam treatment. However, by limiting themselves to the 
choice of means for mechanizing the filling operations, the 
researchers do not offer specific technical solutions aimed at 
ensuring the stability of preparatory workings.

Some experts believe that leaving the rock in a mine 
could solve the complex issues of geomechanical processes 
management in the coal-rock massif, which accommodates 
the workings in the development of treatment and prepa-
ratory operations [5]. It is noted that it is the filling of the 
worked space that provides the least shrinkage of the worked 
thickness and limits the displacement of side rocks in the 
array. However, this argument gives no solutions to ensure 
the stability of the side rocks and the operational condition 
of haulage drifts, especially with limited rock volumes in 
the mine.

To preserve the mining workings, under limited rock 
volumes, it is proposed to use a hardening filling in under-
ground conditions [6]. This solution ensures the safety of 
workings due to the minimum shrinkage of the hardening 
support, designed to protect the drifts, in comparison with 
other types of filling. At the same time, there are still un-
resolved issues related to handling the filling hardening 

process and preparing the multi-component hardening mix-
tures, as well as to the impact of hardening supports on the 
stability of haulage drifts.

As an alternative component of the filling, it is proposed 
to use the waste of the processing plants, which are placed in 
the worked space, formed after the excavation of the miner-
als [7]. The hydraulic technique of supplying such materials 
into the worked space ensures the satisfactory stability of 
filling arrays while the condition of workings somewhat 
improves. However, at the same time, as a result of the ar-
ray formation, a water flow carries away small fractions of 
the material used to the haulage drifts, which requires the 
implementation of special measures to manage used water.

It is obvious that in order to ensure the stability of min-
ing workings under difficult mining and geological condi-
tions, it is necessary to focus on the use of pliable supports 
made from special materials, whose application would help 
reduce harmful manifestations of mountain pressure in haul-
age drifts. The results reported in work [8] indicate that the 
use of pliable supports of a certain rigidity, made from shred-
ded filling material, to protect the workings creates zones 
of stable rocks in a coal-rock massif. However, they do not 
take into consideration the impact and change in the rigidity 
of protective structures on the formation of such zones of 
stability, especially when the dynamic loads manifest them-
selves when there are sudden displacements of the main roof.

All this suggests the relevance of research aimed at sub-
stantiating the stability of haulage drifts at different protec-
tion techniques, taking into consideration a change in the 
rigidity of protective structures, making it possible to limit 
the displacement of the stratified rocks over a preparatory 
working in the worked space.

3. The aim and objectives of the study

The aim of this study is to substantiate the conditions 
for the stability of a haulage drift of the steep coal seam with 
protective structures of different rigidity.

To accomplish the aim, the following tasks have been set:
– to investigate, using models made from equivalent ma-

terials, the stability of a coal seam roof with a pliable support 
under the action of dynamic loads;  

– to examine, using models made from optical materials, 
the stressed-strained state of side rocks at the different tech-
niques for protecting a haulage drift.

4. Materials and research methods to substantiate  
the stability conditions of haulage drifts

Under actual conditions of the development of steep 
coal seams, at the different techniques to manage mountain 
pressure in a breakage face, the safety of a haulage drift is 
ensured by the stability of the roof as the main load-carry-
ing element of the underground structure. Haulage drifts 
are guarded by the coal pillars of limited size or wooden 
structures.

The set of technical solutions for the protection of section 
preparatory workings includes security facilities of different 
rigidity, designed to ensure the stability of haulage drifts 
under different conditions. In the absence of a possibility to 
leave the rock in a mine to improve the conditions of main-
tenance of haulage drifts, it is proposed to install, above 
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a preparatory working, above the pillars of coal or wood 
chocks made from sleepers, a supporting shell, which is filled 
with compressed air.

The elastic shell supporting the side rocks is a soft struc-
ture of the predefined size and shape, whose walls are limited 
by two surfaces (the roof and soil of the worked layer), the 
distance between which is small compared to other dimen-
sions. Such a soft structure, if filled, for example, with com-
pressed air, can perceive stretching stresses under working 
pressure and resist the force compressing loads [9].

Under actual conditions of developing steep coal seams, 
an important operational characteristic of such a shell is the 
number of degrees of freedom that take into consideration 
the displacements of the system in space, which depends on 
fixing techniques. It can be considered that the shell under 
consideration is fixed by generatrix, when its fixation is 
provided, while the elastic compressed medium, enclosed 
in such a structure, renders it rigidity, that is, the ability to 
resist external exerting force loads. 

There are three states of the elastic shell. The initial state 
is when the pressure in the shell is close to the atmospheric 
and compensates for its own mass. The original state is 
when, for example, the pressure of compressed air in the shell 
reaches the operational level. The final state is if the balance 
is ensured under the influence of applied external loads.

Earlier studies have found [9, 10] that as a result of exter-
nal influence on the supported structure, its stability is en-
sured by the presence of a pliable base. However, if a shell air-
tight container filled with compressed air is used as a pliable 
base, any displacement of the supporting structure creates a 
pressure gain in the shell, proportional to its displacement. 
In cases where compressed air in a container is completely 
isolated, no absorption of energy can occur. If there are 
small leaks of compressed air, the pressure increment would 
correspond to the losses resulting from these leaks, and the 
compressed air capacity would act as a damper [11].

Given this, it can be assumed that the use of elastic 
supporting shells filled with compressed air would ensure 
the stability of side rocks and section preparatory workings 
(including haulage drifts) in the development of steep coal 
seams.

To assess protective structures as a means for limiting 
the displacement and deformation of side rocks and their 
effect on the stability of haulage drifts, a set of laboratory 
experiments has been performed, using models made from 
equivalent and optical materials.

Studies on models made from equivalent materials were 
performed to assess the impact of a support on the stability 
of side rocks under the action of dynamic loads. The selec-
tion of material for the models is carried out in accordance 
with the recommendations given in [12, 13]. According to 
the hypothesis of the beams [14], it can be assumed that 
in a breakage face the roof of a coal seam is deformed and 
destroyed similarly to beams, with all sorts of variants of 
support bonds. 

Based on this position, the roof rocks were represented in 
the form of a beam, of length Lb=0.6 m, thickness h=0.02 m, 
width  b=0.04 m. The mass of the beam corresponded  
to mb=1.4 kg, the elasticity module is Е=8,800 MPa, density 
is ρ=2,100 kg/m3. The beam was made from a sand-cement 
mixture; the models used in the experiments met the criteria 
of similarity [15].

The stability of the roof rocks was studied on models in 
which the beam at one end had a hard pinch, the other end 

rested on a support made from crushed rock with different 
particle size distribution. As an alternative, we considered 
the models in which the free end of the beam rested on a 
wooden structure and an elastic supporting shell, directed 
by compressed air. The photograph of the bench to study the 
stability of the roof with a pliable support is given in Fig. 1.

a  

b 
Fig. 1. Photograph of the bench to study the stability of the 
roof of a coal seam: a – with a support made from crushed 
rock; b – with a supporting shell filled with compressed air: 

1 – rigid fastening of the beam; 2 – beam – direct roof; 
3 – a support made from crushed rock; 4 – coordinate 

grid; 5 – an elastic supporting shell filled with compressed 
air; 6 – wood chock; Lb – length of the beam, Lb=0.6 m; 

h – thickness of the beam, h=0.02 m; a – the beam span is 
а=0.2 m

The granulometric composition of the filling materi-
al made from crushed rock for a support that holds the 
beam, its bulk density ρb.d. (kg/m3) and voidness M (%), 
were determined in accordance with [16]. The compaction  
ratio kcomp of the filling material was calculated as the ratio 
of the volume, occupied by the rock mass before compaction, 
to the volume that it occupied after the compaction.

To determine the compaction ratio, we used the starting 
material when the crushed rock consisted of heterogeneous 
fractions and the material sieved into standard fractions. 
Special steel cylinders were used for testing, in which 
crushed rock was poured; we placed them between the slabs 
on the press and compressed them.

Models made from optically sensitive material were used 
to determine the stressed-strained state of the side rocks, in 
a coal-rock massif that can accommodate workings. Igdantin 
(composition: glycerin, gelatin, and water) was used as such 
a material. The models were examined at the polarizing in-
stallation PPU-4, by a known way of comparing colors and 
the bands of tangent stress distribution. The criteria of sim-
ilarity, the elastic and optical constants of the models were 
determined in accordance with the methodology developed 
at the Skochinsky Institute of Mining [11].

The models, taken in the form of parallelepipeds, measur-
ing 300×300 mm and 20 mm thick, were loaded according 
to the scheme when the vertical load corresponded to the  
depth Н=1200 m and the horizontal load was created by 
the rebuff of the side walls of the model. The distribution 
of stresses was studied in the vicinity of a haulage drift, 
passed on the coal seam with a capacity of m=1.0 m. The 
arch-shaped drift: height, 2.5 m; width, 2.5 m. The study 
was carried out on models with layers that were taken as im-
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itators of the direct and main roof and soil of the coal seam, 
with a capacity of 2m and 4m. The models simulated a haul-
age drift protected by pillars of coal or a filling array made 
from crushed rock. The height of the pillar of coal was h=6m, 
where m is the power of a coal seam, m; the rigidity in the 
model is с=150 N/m. The filling array made from crushed 
rock, whose rigidity corresponded to с=50 N/m, was ar-
ranged over the entire floor height above a haulage drift.

The conditions of haulage drift stability were also de-
termined on models when the working was protected by 
pillars of coal or wood chocks made of sleepers. The rigidity 
of the wooden structures corresponded to с=50 N/m; they 
were laid out over the working in two rows. Above the 
pillars of coal or bonfires, we placed an elastic supporting 
shell, designed to limit the displacement of side rocks in the 
lower and middle part of the long face for the height of the 
floor. When modeling the stability of haulage drifts, the 
final state of the simulated limited-rigidity shell (N/m) was 
taken into consideration. To this end, we used an elastic cy-
lindrical hollow tube with different thickness walls, whose 
diameter corresponded to the simulated power of the layer. 
The scale of the simulation corresponded to M1:100. 

Options for protection a haulage drift are given in 
Table 1.

Table 1

Modeled options for protecting a haulage drift

Protection  
technique

Rigidity с1, N/m
The rigidity of supporting 

shell с2, N/m

Pillars of coal ‒ 
supporting shell

150 pillars of coal

25

50

75

100

Wood chocks 
made from sleep-
ers ‒ supporting 

shell

50 wood chocks 
made from 

sleepers

25

50

75

100

In the analysis of a static field of the tangent strains in a 
coal-rock massif containing workings, it was taken into con-
sideration that the volumetric stressed state of the side rocks 
changes, in proportion to the distance from a working con-
tour, from a state close to the generalized stretching to the 
generalized compression in the depth of the array [17, 18]. 

A comprehensive approach was used to assess the 
stressed-strained state of the side rocks and the stability of 
haulage drifts, where known methods of processing exper-
imental data were applied to process the results of physical 
modeling and analytical calculations were carried out us-
ing the fundamental provisions from mining geomechanics, 
the theory of elasticity and vibrations.

5. Results of studying the stability conditions for  
haulage drifts 

5. 1. Results of studying the stability of the roof with 
a pliable support

Fig. 1 shows that the beam at point A has a rigid fasten-
ing, and its loose end C rests on a filling array of crushed 
rock (Fig. 1, a) or a wooden protective structure and an 
elastic supporting shell filled with compressed air (Fig. 1, b). 
The beam span AB is equal to а=0.2 m (Fig. 1).

Laboratory data to determine the granulometric com-
position of the crushed rock, its bulk density, (kg/m3), and 
voidness M, are given in Tables 2, 3. For each fraction size,  
10 tests were performed. The number of tests n=10, required 
to obtain sufficient modeling results, with an accuracy score 
of 5 %, was established in accordance with [19].

The compaction coefficient of crushed rock was es- 
tablished during its compression [20], when with an in-
crease in bulk density ρb.d. (kg/m3) and voidness M (%)  
of the filling material, the compaction coefficient increas- 
ed from kcomp=1.49 to the maximum values kcomp=1.53, 
at the heterogeneous fractions of crushed rock. The val-
ues of the compaction coefficient decrease to kcomp=1.13 
with an increase in ρb.d., (kg/m3), and a decrease in  
M (%), which is typical for homogeneous fractions of small 
sizes (0.1–1 mm).

Table 2

The granulometric composition of the crushed rock

Fraction size, mm >5 5–4 4–3 3–2 2–1 1–0.1

Percentage, % 1 17 22 25 23 12

Table 3

Laboratory test data on crushed rock

Number of 
entry

Fraction 
size, mm

Bulk density 
ρb.d, kg/m3 Voidness М, %

1 5–4 1,680 20

2 4–3 1,740 18

3 3–2 1,870 11

4 2–1 1,880 11

5 1–0.1 1,990 6

6 5–0.1 1,840 13

In the laboratory, a load of m=2.4 kg was used to deter-
mine the static stiffness обC  (N/m) of the elastic shell filled 
with compressed air. The load was applied to the simulated 
structure, and the method of photo-registration [21] was ap-
plied to determine the magnitude X (m), that is, the amount 
of shell compression under loading. Before the tests, the shell 
was filled with compressed air. Using a gauge, the pressure 
in the shell was measured. For each working pressure in the 
shell, 10 measurements were performed to determine the 
magnitude Сsh (N/m). Laboratory data are given in Table 4. 
The variation rate was 5 %.

Table 4

Laboratory test data to determine the static stiffness of  
a supporting shell

No. of 
entry

Working 
pressure in a 

shell, kPa

Load 
mass m, 

kg

Magnitude 
Х, m

Static stiffness 
of the shell ,st

shC  
(N/m)

1 50 2.4 0.0018 13,000

2 30 2.4 0.0034 7,000

3 20 2.4 0.0052 4,500

4 10 2.4 0.0065 3,600

The rigidity of the wooden structure was determined in 
a similar way and amounted to СW=7,000 N/m. 

To determine the dynamic rigidity of the simulated 
system, we established the magnitude of beam displace- 
ment X, (m), when a rock block of different mass m, (kg), 
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was dropped on it from the height H=0.3 m we registered an 
inelastic impact. 

When testing models, the displacements of the beam 
X, (m), were recorded by a digital camera. Based on the 
photographic images, using pixel coordinates of the dots, 
applying the basic principles of photogrammetry [21], we 
determined the beam position in space before and after the 
action of the external force on it. Experimental data are 
given in Tables 5, 6.

Table 5

Laboratory data to determine the displacement magnitude of 
beam X, (m), with a support made from crushed rock, when 

dropping a load of weight m=0.46 kg

Indicator
Fraction size, mm

5–4 4–3 3–2 2–1 1–0.1 5–0.1

Displacement 
Х, (m)

0.003 0.0032 0.0028 0.002 0.0016 0.0038

Dynamic stiff-
ness С, (N/m)

6,000 5,600 6,500 9,100 11,400 4,800

Table 6

Laboratory data to determine the displacement magnitude of 
beam X, (m), with a support in the form of a shell filled with 

compressed air

No. of 
entry

Mass of 
a falling 

load m, kg

10 kPa 20 kPa 30 kPa 50 kPa

Х, m Х, m Х, m Х, m

1 0.1 0.0009 0.00062 0.00042 0.0003

2 0.13 0.0012 0.00081 0.00048 0.00042

3 0.17 0.0016 0.0011 0.00051 0.00046

4 0.2 0.0021 0.0016 0.00062 0.00052

5 0.46 0.0026 0.0021 0.0007 0.0009

6 0.7 0.0038 0.0024 0.0009 0.0011

The beam displacement X,  (m),  recorded in the experi-
ments, corresponds to the equivalent static force Рeq. (N), the 
magnitude of which can be determined from the following 
expression, similarly to [22‒24].

. ,eqP S p= ⋅    (1)

where S=m∙V is the magnitude of the impact pul- 
se, kgm/s;

,
g

p
x

=

p is the frequency of the beam’s natural oscillations in 
the examined system, 1/s. 

Data from experimental studies are given in Ta-
bles 7, 8. 

After the force influence of a falling load on the 
beam, the duration of the impact can be determined, 
as in [8], from the following expression

,
2imp

x
t

g
π

=    (2)

and the magnitude of the maximum compression of a 
pliable support due to the impact ‒ from the following 
expression [23]

( )
2 2 2

2 2 .b b

b

m g m g m
X gH

c c c m m
∆ = + +

+
   (3)

The physical process of the beam’s natural vibrations in the 
examined system, when an elastic supporting shell with com-
pressed air is used, is characterized by its goodness G, the value 
of which is determined from the following expression [22, 24].

2
,G

π
=

δ
    (4)

where δ is the logarithmic decrement of fading. 
The magnitude of force Рimp, (N), from the impact of a 

load weighing m, (kg), against the beam when falling from 
a height of H=0.3 m, can be determined using Newton’s 
second law [23], when

d d .m V P t=    (5)

Using a theorem of the average [22, 23], we believe that 
the force of the impact is determined as

1
,

2imp
imp

mV
Р

t
= ⋅    (6)

where impt  is the impact duration, s.

Table 7

Values of the equivalent static force Рeq (N) to compress a 
support made from crushed rock

Mass of a 
falling load, 

m, kg

Fraction 
size, mm

Beam displace-
ment Х, m

The magnitude of the 
equivalent static force 

Рeq, (N)

0.46

5–4 0.003 63.7

4–3 0.0032 61.7

3–2 0.0028 66

2–1 0.002 78

1–0.1 0.0016 87.2

5–0.1 0.0038 56.6

Fig. 2 shows the dependences that reflect a change in the 
maximum compression of a pliable support ∆Х (m) and the 
impact duration ∆timp (s) on its dynamic stiffness C (N/m).

It was determined experimentally that with an increase 
in the dynamic rigidity of a pliable support c (N/m) the 

Table 8

Values of the equivalent static force Рeq (N) for compressing a 
supporting shell, filled with compressed air, under different working 

pressure

Mass of 
a falling 
load m, 

kg

Equivalent static force Рeq (N)

Working pressure in a supporting shell, kPa

10 kPa 20 kPa 30 kPa 50 kPa

Х,  
(m)

Рeq, 
(N)

Х,  
(m)

Рeq, 
(N)

Х,  
(m)

Рeq, 
(N)

Х,  
(m)

Рeq, 
(N)

0.1 0.0009 25.3 0.00062 30.4 0.00042 37 0.0003 48.1

0.13 0.0012 28.4 0.00081 34.6 0.00048 45 0.00042 48.8

0.17 0.0016 32.2 0.0011 38.9 0.00051 57.2 0.00046 60.2

0.2 0.0021 33.1 0.0016 37.9 0.00062 61 0.00052 66.5

0.46 0.0026 68.4 0.0021 76.2 0.0009 116.3 0.0007 131.2

0.7 0.0038 86.2 0.0024 108.4 0.00098 178.2 0.0011 160.2
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magnitude of its maximum compression ∆Х (m) and the 
period ∆timp (s), during which the compression occurs, de- 
crease (Fig. 2, a‒c). 

a                             b 

c 
Fig. 2. Plots of change in the maximum compression of a 

pliable support ∆Х (m) and the impact duration ∆timp (s) when 
dropping a load of weight m, (kg), from height H, (m), on 

its dynamic rigidity c (N/m): a – crushed rock; b – elastic 
shell, filled with compressed air, with a working pressure of 
10 kPa; c – elastic shell, filled with compressed air, with a 

working pressure of 50 kPa; 1 – ∆timp (s); 2 – Х (m)

Fig. 3 shows the plots of change in the values of good- 
ness G of the examined system dependent on its dynamic 
rigidity, while the beam is maintained by an elastic shell.

It was established that at the minimal dynamic rigidity 
с=5.0 N/m the goodness of the system is equal to G=380 
(Fig. 3). With the increase in dynamic rigidity, the goodness 
G of the system increases and, at с=45,000 N/m, reaches 
the maximum values when G=1,000 (Fig. 3, b). At these  
G values, the probability of the system destruction increases.

a                             b 

Fig. 3. Plots of changes in the magnitude of goodness G of 
the examined system with an elastic shell dependent on its 
dynamic rigidity c (N/m): a – at a working pressure in the 

shell of 10 kPa; b – at a working pressure in the shell of 
50 kPa

Fig. 4 shows the plots reflecting a change in the equiv-
alent static force  Рeq (N) depending on the rigidity of a 
support c (N/m), which demonstrate that the increasing 
rigidity increases the equivalent force. It was regis-
tered that for a beam with a support made from crushed 
rock, when the rigidity of such a support increases from 
с=4,800 N/m to с=12,000 N/m, the magnitude of the 

equivalent static force Рeq (N) changes from Рeq=58 N to 
Рeq=84 N (Fig. 4).

Fig. 4. Plots of changes in the equivalent static force Рeq (N) 
depending on the rigidity of a support c (N/m): 1 – made 

from crushed rock; 2 – elastic supporting shell

When using an elastic shell filled with compressed air, at 
this interval of rigidity variations, the equivalent static force 
changes from Рeq=82 N to Рeq=131 N (Fig. 4). 

In all cases, the dynamics coefficient values range from 
kdin’1.5 to kdin’2.7, with a lower rigidity of the supporting 
support ratio being less than the dynamic factor.

5. 2. Results of studying the stressed-strained state 
of side rocks

The results of studying the stressed-strained state of side 
rocks at the different protecting techniques of haulage drifts 
are given in the form of a static field of tangent strains, which 
were recorded in the models of a coal-rock massif that can 
accommodate workings. 

Fig. 5, a, b shows the diagrams of models of the static 
field of tangent strains in the vicinity of a haulage drift when 
protecting with pillars of coal (Fig. 5, a) or by filling the 
worked space (Fig. 5, b).

a                                 b 

Fig. 5. Schematic of the static field of tangent strains in  
a coal-rock massif when protecting a haulage drift:  

a – by pillars of coal; b – by filling the worked space;  
1 – haulage drift; 2 – pillar of coal; 3 – filling array; the 

stiffness of a pillar of coal is сp=150 N/m; the rigidity of  
a filling array is сa=50 N/m; the height of a pillar of coal 
in the model is h=0.03 m; L – length of the roof section 

maintained by a protective structure, m

The study of the diagrams of the models of stress distri-
bution in the vicinity of a haulage drift when protecting by 
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pillars of coal shows that the greatest tangential stresses are 
concentrated near the contour of a working and at the edge 
of a pillar of coal, in the place of bending the rocks of the roof 
and the soil of the coal seam (Fig. 5, a). Using the 
filling of the worked space to maintain the side 
rocks reduces the concentration of stresses in the 
rocks of the roof and soil along the entire length 
of the breakage face, as well as in the vicinity of a 
haulage drift (Fig. 5, b).

Fig. 6 shows a model of the static field of tan-
gent strains in a coal-rock massif when protect-
ing a drift by a pillar of coal and a supporting 
elastic shell. 

Analysis of the static stress field at this com-
bination of protective elements indicates that the 
concentrations of stresses in the roof and soil 
match the bottom of the drift, where the side rocks 
are supported by a pillar of coal. Above the pillar 
of coal, in the area where the supporting shell is 
located, we have a smooth deflection of the side 
rocks and a zone with a minimum concentration 
of stresses in the rocks of the roof and soil (Fig. 6).

Fig. 6. Schematic of a model of the static field 
of tangent strains in a coal-rock massif when a 
haulage drift is protected by the pillars of coal 

and a supporting shell, when the stiffness of the 
shell is equal to сss=50 N/m; L=L1+L2, where  

L1 is the height of a pillar of coal, m; L2 is the shell 
length, m; 1 – haulage drift; 2 – pillar of coal;  

3 – elastic supporting shell

When protecting a section preparatory working by 
the wood chocks made of sleepers, in combination with a 
supporting shell (Fig. 7, a–c), the concentration of stresses 
in the side rocks is markedly reduced, in comparison with 
the protection of the drift by the pillars of coal and a shell. 
This occurs as a result of a smooth bend of the side rocks 
throughout the entire area of roof maintenance, the length of  
which L, (m). This effect is achieved by increasing the area of 
contact between the roof and the soil with a pliable protec-
tive structure located above the haulage drift.

However, the most favorable conditions for maintaining 
the workings are created at a certain rigidity of the support-
ing shell, when its magnitude is equal to the rigidity of the 
wood chocks or less (Fig. 7, a, b).

When a haulage drift is protected by wood chocks and 
a supporting shell, whose rigidity is 1.5 times larger than 
the rigidity of wood chocks, the maximum concentration 
of stresses moves to the area of the shell installation. At the 

bottom of the drift, where the wood chocks made from sleep-
ers are placed, we have a minimum concentration of stresses 
due to their compression (Fig. 7, c). 

It is believed [25] that the stressed-strained state of the 
side rocks in a coal-rock massif, which can accommodate 
workings, depends on the rigidity of protective structures 
and the magnitude of deflection of the rock layers. The 
degree of impact of the rigidity of protective structures on 
the distribution of stresses in the model, when the bending 
rigidity of the roof and soil does not change, is proposed to 
be assessed, similarly to [25], by a factor ,Mkτ  using the fol-
lowing expression

3

,M

cL
k

EI
τ =     (7)

where c the stiffness of a pillar of coal or a filling mas-
sif, N/m; EI is the bending rigidity of the roof rocks, N∙m2;  
L is the length of the roof section maintained by a pillar of 
coal or a filling array of the roof section, m. 

Fig. 8, a, b shows the plots reflecting a change in the  
ratio Mkτ  in the model depending on the parameter L, (m).

The dependences, given in Fig. 8, a, reflect a change 
in the coefficient Mkτ  depending on the parameter L, (m), 
determined from expression (7), when the values of L (m) 
in the model changed from L=0.02 m to L=0.18 m at the 

 

 
  

 

   
 
 

 
  

a                                        b  
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Fig. 7. Schematic of a model of the static field of tangent strains in  
a coal-rock massif when protecting the haulage drift by wood chocks 
made from sleepers (the rigidity of wood chocks made from sleepers 
is сns=50 N/m) and a supporting shell, when a is the rigidity of a shell 
сs=50 N/m; b is the stiffness of a shell сs=25 N/m; c is the stiffness 
of a shell сs=75 N/m; 1 – haulage drift; 2 – wood chocks made from 
sleepers; 3 – elastic supporting shell; L is the length of the supported 
section of the roof, m; L1 – by wood chocks, m; L2 – by a supporting 

shell, m
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following rigidity of protective structures: pillars of coal, 
с=150 N/m, a filling massif, с=50 N/m. When a haulage 
drift is protected by pillars of coal, with an increase in the 
L (m) parameter in the model from L=0.02 m to L=0.18 m, 
the Mkτ  coefficient values change from 0.00001Mkτ =  to 

0.0038,Mkτ =  that is, they increase (Fig. 8, a, dependence 1).  
When adopting the filling of the worked space to protect a 
haulage drift, the array undergoes a geomechanical change, 
leading to a decrease in the values of the coefficient Mkτ  
from 0.00002Mkτ =  at L=0.02 m to 0.0013Mkτ =  at L=0.18 m 
(Fig. 8, a, dependence 2).

a                                 b 

Fig. 8. Plots of change in the coefficient  Mkτ  in the model 
depending on the parameter L, (m): a – haulage drift is 
protected by pillars of coal or a filling array made from  
crushed rock; b – a haulage drift is protected by pillars 
of coal and a supporting shell or by wood chocks and 
a supporting shell; 1 – the rigidity of a pillar of coal is 

с=150 N/m, 2 – a filling array made from crushed rock with 
the rigidity of с=50 N/m; 3 – the rigidity of a pillar of coal is 

с1=150 N/m, the stiffness of a shell is с2=75 N/m;  
4 – the rigidity of wood chocks is с1=50 NM, the stiffness of 

a shell is с2=25 N/m

The use of pillars of coal or wood chocks made from 
sleepers, combined with a supporting shell, gives completely 
different values of the coefficient ,Mkτ  to be determined from 
the following expression

3 3
1 1 2 2 ,M

с L c L
k

EI
τ +

=      (8)

where с1 is the rigidity of a pillar of coal or wood chocks, N/m; 
с2 is the stiffness of an elastic shell, N/m; L1 is the length of a 
section of the roof maintained by a pillar of coal or a wooden 
structure, m; L2 is the length of a section of the roof main-
tained by an elastic shell, m.

The models helped establish that an increase in the size 
of the shell, located above a pillar of coal or wood chocks, 
from L2=0.04 m to L2=0.18 m, leads to an increase in the 
stiffness factor .Mkτ  When a haulage drift is protected by pil-
lars of coal (the rigidity of a pillar of coal is 1 150 N/mpc = ) in 
combination with a shell, the value of the factor studied vary 
from 0.00008Mkτ =  to 0.0015Mkτ =  (Fig. 8, b, dependence 3).

When using wood chocks, the rigidity of which is equal 
to 1 50�N/m,nsc =  in combination with a supporting shell of 
rigidity 2 25�N/m,sc =  the Mkτ  coefficient values vary from 

0.00006Mkτ =  to 0.00048Mkτ =  (Fig. 8, b, dependence 4). It 
is obvious that with the increase in the size of the pliable 
protective structures supporting the roof of the coal seam, 
the values of the coefficient Mkτ  take the minimum values, 
but only when one registers an increase in the size of the 

area of the bend of the side rocks. At small L (m) parameters, 
when L=0.02–0.04 m, the Mkτ  coefficient values are almost 
the same for all simulated protective options (Fig. 8, a, b).

Fig. 9 shows the plots that reflect a change in the coef-
ficient Mkτ  in the model depending on the rigidity variation 
in a supporting shell. The dependences, shown in Fig. 9, are 
derived from expression (8) when L=L1+L2 and L1=L2. The 
parameter с1, (N/m), corresponded to a specific protection 
technique of a haulage drift while the parameter с2, (N/m), 
changes.

Fig. 9. Plots of change in the coefficient  Mkτ  in the model 
depending on the variation of the rigidity of the protective 
structures erected above a drift: 1 – when protecting by 

pillars of coal and a supporting shell; 2 – when protecting by 
wood chocks made from sleepers and a supporting shell

Our experiments suggest that at the rigidity of a pillar of 
coal с1=150 N/m and the stiffness of a shell с2=75 N/m, the 
coefficient 0.0007.Mkτ =  When the wood chocks made from 
sleepers are used to protect a haulage drift, at their rigidity 
с1=50 N/m and the stiffness of an elastic shell с2=25 N/m, 
the value of the examined coefficient 0.00022Mkτ = (Fig. 9). 
As one can see, an increase in the rigidity of protective struc-
tures leads to an increase in the coefficient ,Mkτ which means 
that the variation of their parameters changes the nature of 
the distribution of stresses in a coal-rock massif, which can 
accommodate workings.

6. Discussion of results of studying the justification of  
the stability conditions of haulage drifts

The result of our laboratory studies involving models 
made from equivalent and optical materials is the performed 
physical simulation of geomechanical processes that cannot 
be investigated in mine conditions (Fig. 1, 5–7).

It was registered that the stability of the simulated 
geomechanical system, in which the roof of a coal seam is 
represented in the form of a beam (Fig. 1), which has pliable 
support links, depends on the rigidity of the support. At 
an inelastic impact, with increasing rigidity of the pliable 
support, the displacements of the roof decrease (Fig. 2). 
Meanwhile, under such conditions, with the dynamic 
impact on the roof, there is an increased likelihood of de-
struction of side rocks and their chaotic displacement to the  
working (Fig. 4).

Maximum roof displacements depend on the amount of 
supports’ pliability (Tables 5, 6). When the filling arrays are 
used to maintain side rocks, the amount of their pliability 
is determined by a compaction factor, taking into consid-
eration the granulometric composition of the crushed rock 
(Table 5). In the case when elastic shells filled with com-
pressed air are used to maintain the side rocks, the mallea-
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bility of such structures depends on the amount of working 
pressure in them (Table 6).

The presence of pliable supports over a haulage drift 
(Fig. 7) or the use of the filling of the worked space (Fig. 5, b) 
contributes to the preservation of the stability of side rocks 
and the operational state of mining workings. However, the 
larger the carrying capacity of protective structures and 
their rigidity, the greater the destructive efforts that the 
side rocks are exposed to in the zones of excessive stresses 
(Fig. 5, a, Fig. 6). Such zones are formed through a contact 
between the rigid means of protection and side rocks over 
a haulage drift, as a result of minimal deflection of the roof 
rocks of a coal seam.

The preservation of haulage drifts in the operational 
state is ensured by the presence of protective structures of 
certain sizes and rigidity in the worked space (7), Fig. 8. 
With an increase in the area of bend of the side rocks over a 
haulage drift and while limiting their displacements, there 
is a decrease in the concentration of stresses in the array, 
that is, the stressed-strained state of the side rocks changes 
(Fig. 5, b, Fig. 7, a, b). 

A change in the stressed-strained state of side rocks 
when applying pliable supports occurs as a result of their 
shrinkage or compression. In order to achieve a favorable 
geomechanical condition in a coal-rock massif contain-
ing the workings, it is necessary to ensure a smooth 
deflection of the roof rocks throughout the height of the  
floor (Fig. 5, b).

Therefore, all other things being equal, the probability 
of manifestations of natural hazards in workings will always 
be greater in the absence of pliable supports in the worked 
space. The absence of the latter leads to a deterioration in 
the stability of the roof and haulage drift, which increases 
the likelihood of a working’s blockage. 

Thus, the presence of pliable protective structures over 
a haulage drift, as opposed to conventional protection tech-
niques (for example, pillars of coal), ensures the stability 
of side rocks, prevents their stratification, and blockages of 
mining workings.

The use of the filling, made from the crushed rock, of 
the worked space, in comparison with the hardening filling, 
contributes to the reduction of harmful manifestations of 
mountain pressure in a coal-rock massif, especially at the 
sudden collapses of thickness, when there are dynamic loads. 
When the filling arrays are used to maintain the side rocks, 
whose compaction coefficient kcomp=1.5–1.53, a smooth bend 
of the roof over the drift is ensured (Fig. 5, a).

With the limited rock volumes in a mine, which is used 
to fill the worked space, the application of a supporting 
elastic shell above the drift provides stability of the work-
ings (Fig. 7). Performing the role of a dampener, the sup-
porting shell allows for a smooth bending of the side rocks 
over the drift, as is the case when filling the worked space. 
At the same time, the destruction of the roof and its collapse 
into the working is practically excluded. This effect cannot 
be achieved by using pillars of coal or a hardening filling to 
protect the section preparatory workings.

Meanwhile, the efficiency of the use of such shells, once 
installed in the worked space, would increase if their rigid-
ity is adjusted. However, such a solution requires further 
research. 

The recommended protection techniques of section pre-
paratory workings (Fig. 7) are low-cost and make it possible 
to ensure the operational condition of haulage drifts in the 
development of steep coal seams (the inclination angle of 
such seams is α=55–70°).

7. Conclusions

1. Our study, which involved models made from equiv-
alent materials, into the stability of the roof of a coal seam 
with a pliable support under the action of dynamic loads 
has established that increasing the rigidity of the support 
increases its carrying capacity. The maximum impact force 
values (Рimp=80–120 N) and the greatest goodness of the 
simulated system (G=600–1,000) have been observed at 
the minimal displacements of the roof. This has a negative 
impact on the resilience of the side rocks in a coal-rock 
massif containing the workings, especially at the sudden 
collapses of the stratified thickness.

2. The application of the filling of the worked space 
or the wood chocks made from sleepers, located above 
the drift, in combination with an elastic supporting shell, 
filled with compressed air, provides a reduction in the 
concentration of stresses in a coal-rock massif. This result 
is achieved by increasing the area of the bend of the roof 
and soil of a coal seam and by increasing the area of their 
contact with the pliable means of protection. Variation of 
the rigidity of the elastic supporting shell significantly 
changes the nature of the distribution of stresses in a coal-
rock massif, even at the same dimensions of protective 
structures (for example, pillars of coal), due to the bend of 
the roof of the coal seam.
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