
Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 6/1 ( 108 ) 2020

72

DETERMINING STABILITY 
CONDITIONS FOR HAULAGE 

DRIFTS PROTECTED BY 
COAL PILLARS

I .   I o r d a n o v 
PhD,	General	Director*

Y u .   N o v i k o v a
PhD,	Associate	Professor

Department	of	Higher	Mathematics	and	Physics***
Y u .   S i m o n o v a

Postgraduate	Student**
E-mail:	yuliia.simonova@donntu.edu.ua

A .   K o r o l 
Engineer

DTEK	LLC
Krasnoarmiyska	str.,	1a,	Dobropillia,	Ukraine,	85043

Y e .   P o d k o p a y e v 
Postgraduate	Student**

O .   K a y u n
Engineer*

V .   D o v g a l 
Adviser	to	the	Head

State	Property	Fund	of	Ukraine
Henerala	Almazova	str.,	18/9,	Kyiv,	Ukraine,	01133

H .   B o y c h e n k o
Director

Svyato-Pokrovskaya	No.	3	Mine	LLC
Shybankova	sq.,	1а,	Pokrovsk,	Ukraine,	85300	

M .   H r y h o r e t s
Postgraduate	Student**

*LLC	Manufacturing	Company	ELTEKO
Oleksy	Tykhoho	str.,	3,	Kostiantynivka,	Ukraine,	85103

**Department	of	Mining	of	Mineral	Deposits***
***Donetsk	National	Technical	University

Shybankova	sq.,	2,	Pokrovsk,	Ukraine,	85300

The aim of this research is to study the sta
bility of haulage drifts and the manifestations 
of rock pressure in them lengthwise the work
ing area when protecting them with coal pillars. 

To assess the stability of workings, field 
experiments were conducted to study the mani
festations of rock pressure in the haulage drifts 
of a steep coal seam. It has been registered that 
as the breakage face progresses, the displace
ment of roof rocks on the contour of the drift 
li nearly increases with an increase in the length 
of the working area.

The deformation properties of coal pil
lars were studied taking into consideration the 
extent of the convergence of the roof and soil. 
This paper reports a theoretical model that 
describes the destruction of the abovedrift coal 
pillars when unloading the coalbearing massif 
that hosts the workings.

It has been determined that the equilibrium 
state of coal pillars is ensured when the speci
fic deformation and stress potentials are equal 
before the occurrence of main cracks of destruc
tion. As the relative deformation of coal pillars 
increases at compression, when this equality is 
broken, the specific energy intensity of destruc
tion increases. It is noted that at a distance 
exceeding l>10 m behind the breakage face, the 
occurrence of the main cracks of destruction is 
followed by a stability loss in the coal pillars. 
As a result of external forces, the change in the 
volume and shape of the coal pillars causes the 
intensification of the process of convergence of 
lateral rocks on the contour of haulage drifts 
lengthwise the working area and leads, with  
a certain degree of probability, to a deteriora
tion in the stability of workings.

The results of this study could be used to jus
tify the choice of technique to protect haulage 
drifts. This would allow the timely development 
of minefield reserves thereby improving the 
safety of operations. It is recommended that the 
technique of protecting haulage drifts by coal 
pillars should be abandoned
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1. Introduction

The safety and efficiency of coal mine operations are 
largely determined by the state of workings in the working 
area. At the same time, normal operating conditions for 
breakage faces during the development of steep seams can 
be provided only when the operational condition of haulage 
drifts is ensured.

When a floor technique to prepare steep coal seams is used, 
mining operations lead to collapses of lateral rocks that happen 

every year due to changing mining and geological conditions. 
The current technique to protect the sections of preparatory 
workings by coal pillars does not always provide reliable pro-
tection of haulage drifts adjacent to the working area against 
harmful manifestations of rock pressure. When the stratified 
rock mass collapses, the workings’ roof is deformed while 
the area of their cross-section is reduced, which does not 
meet the requirements set by the Safety Regulations (SR). 
The underlying causes of such a situation are related to the 
increase in the depth of mining operations, the deterioration  
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of rock and geological conditions, and the intensification of 
rock pressure manifestations.

In order to ensure the operational condition of sections’ 
preparatory workings in emergency areas, a large volume of 
repair work is required (the labor-intensive repair operations 
include 85–90 people/shifts per 1,000 tons of average daily 
production). These activities imply the re-strengthening of 
workings, the replacement of the roof’s deformed elements 
lengthwise the working area, and cannot be mechanized. 
Some mines have to repair up to 40 % of the total length of 
preparatory workings annually.

Ensuring the stability of haulage drifts over their entire 
service time is a prerequisite for guaranteeing high coal produc-
tion rates. Therefore, in order to maintain the sections’ prepara-
tory workings in the operational state, a protection technique is 
important. When working out steep coal seams, the techniques 
used to protect sections’ preparatory workings should ensure 
their operational condition within the working area.

Thus, it is a relevant task to justify and select the tech-
nique to protect the sections’ preparatory workings under 
changing rock-geological conditions based on the patterns 
of rock pressure manifestations in a coal-bearing massif. The 
proper solution to this problem would affect the safety of mine 
operations, the timely development of reserves in working 
areas, as well as the technical-economic indicators of a coal 
enterprise’s performance.

2. Literature review and problem statement

By now, many coal mines that develop steep seams have 
abandoned the use of pillar-free technology to operate work-
ing areas. To ensure high coal mining performance indicators, 
a protection technique that is currently used in sections’ 
preparatory workings involves coal pillars.

Study [1] reports the results of investigating the move-
ment of rocks in the development of steep coal seams. It is 
shown that the floor technique of preparation is accompa-
nied by a consistent separation of layers from the rock mass 
located above the coal-bearing massif hosting workings. This 
is the reason for the worsening stability of haulage drifts and 
for the destruction of protective coal pillars.

Paper [2] proposes the use of coal pillars with a height of 
8 m to protect the haulage drifts. However, the application 
of pillars of this size in the existing procedure of working 
out the seams, including conjoined layers, contributes to 
the formation of areas of elevated rock pressure (AERP) on 
adjacent layers. In fact, the effect of eliminating emissions 
during the advanced development of protective layers is sig-
nificantly reduced or completely neutralized in such zones, as 
noted in work [3]. Indeed, this increases the likelihood of gas 
dynamics and the risk of drift blockages.

The transition of mining operations to large depths increa-
ses the intensity of rock pressure manifestations, which neces-
sitates maintaining large-scale pillars (larger than 8–10 m) for 
the protection of workings. Attempts to establish changes in 
the intensity of rock pressure manifestations along the length 
of maintained workings depending on the size of the protec-
tive pillars were reported in paper [4]. However, the results 
did not make it possible to determine the type of dependence 
that establishes the effect of the size of coal pillars on the 
stability of workings.

It should be noted that the use of coal pillars that are 
10 to 15 m high for the protection of workings increases the 

concentration of stresses in the lateral rocks and expands the 
area of their harmful influence. Moreover, the wider the pil-
lar, the greater the distance over which AERP spreads in the 
rocks of the roof and soil, which was established in work [5].

In order to ensure the stability of workings, the authors 
of [6] considered the patterns of loading the pillars and deter-
mining their carrying capacity as a safety facility. By analyz-
ing and measuring under field conditions, they determined 
actual stresses affecting the pillars at the time of their de-
struction. This solution makes it possible to predict the state 
of coal pillars; however, there are unsolved issues of ensuring 
the stability of workings in a working area, especially behind 
the breakage face (in the worked-out space).

An earlier study [7] found that the stresses in the roof 
and soil of a coal seam are concentrated in the area of the 
location of the protective pillar. Given this, the destruction 
of the lateral rocks and their swelling is always more intense 
on the part of the pillar, which is confirmed in practice. This 
geomechanical situation contributes to the sudden collapse 
of lateral rocks above the drift and their chaotic movement 
into the working.

Our analysis of research into the stability of mining 
workings makes it possible to assert the expediency of study-
ing the manifestations of rock pressure in the haulage drifts 
and the patterns of side rock displacements on the contour of 
a working protected by coal pillars. A proper understanding 
of the involved geomechanical processes could help prepare 
reasonable decisions to ensure the stability of sections’ pre-
paratory workings in deep mines developing steep coal seams.

3. The aim and objectives of the study

The aim of this study is to determine the conditions of 
the stability of haulage drifts and the manifestations of rock 
pressure in them lengthwise a working area when a technique 
of protection with coal pillars is used.

To accomplish the aim, the following tasks have been set:
– to perform field observations of the convergence of late-

ral rocks on the contour of haulage drifts and establish the de-
pendence of the roof displacements lengthwise a working area; 

– to investigate the deformation properties of the above-
drift coal pillars and determine their impact on the stability of 
mining workings lengthwise a working area.

4. Materials and methods to study the stability  
of haulage drifts protected by coal pillars

In studying the stability of the sections’ preparatory 
workings and patterns in the deformation of the above-drift 
coal pillars, the object of research is studying the processes of 
ensuring the stability of lateral rocks in a haulage drift. Quan-
titative evaluation often involves the use of rock displacement 
values on the contour of a working, which makes it possible to 
justify its stability along the length of the working area.

To study the stability of haulage drifts protected by coal 
pillars, we experimentally investigated the breakage faces of 
seams l5 and l6 at a 1,146 m horizon in the mine «Central» at 
the «State Enterprise Toretskugol» (Toretsk, Ukraine).

The haulage drift of seam l5 was protected by coal pil-
lars whose size in terms of a seam rise is bp = 8 m; in terms 
of a seam advance, lp = 5 m, where bp, lp are, respectively, the 
height and width of the pillar, m. The area of the cross-section 
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of a preparatory working at the joint between a breakage face 
and a drift was S = 8.5 m2. The distance between the frames 
of the arch support (AP-3) with a wooden clamp is 0.8 m. 
The drift was made with the help of drilling and blasting 
operations (DBO). The drift pass rate is Vd = 11 m/month,  
the speed of breakage operations is Vbr = 9 m/month. Mine 
face with a ledge ceiling. The technique to manage the face 
roof is a complete collapse.

Coal seam l5 with a capacity of m = 0.6 m has a drop  
angle α = 59°. The elasticity module is Е = 0.33 ·1010 N/m2.  
In the immediate roof, there is stable shale, with a capacity 
of m = 1.7–2.5 m. The main roof is represented by the shale of 
medium stability, the capacity of m>10.0 m. In the immediate 
soil, there is shale with a capacity of m = 2.0 m. In the main 
soil, there is sandstone, the capacity of m = 10.0 m.

The haulage drift of seam l6 was protected by coal pillars 
whose size is bp  = 8 m, lp = 5 m. The area of the cross-section 
of the drift was S = 8.2 m2, the distance between the frames 
of the arch support (AP-3) with a wooden clamp was 0.8 m. 
The drift was made with the help of DBO. The drift pass rate 
is Vd = 12 m/month; the speed of the breakage operations is 
Vbr = 8 m/month. Mine face with a ledge ceiling. The tech-
nique to manage the face roof is a complete collapse.

Coal seam l6 with a capacity of m = 0.62 m has a drop 
angle α = 59°. The elasticity module is Е = 0.3·1010 N/m. In 
the immediate roof, there is stable shale, with a capacity of 
m = 1.1 m. The main roof is represented by shale, the capa-
city of m to 10.0 m. In the immediate soil, there is shale with 
a capa city of m = 0.8–2.5 m; in the main roof, there is shale, 
the capacity of m = 2.5–4.4 m.

The advance of the drift for seams l5 and l6 at the time of 
our study was, respectively, Lad = 110 m and Lad = 105 m.

Special measuring stations were installed in the haulage 
drifts of seams l5 and l6 at the experimental sites (Fig. 1) to 
observe the displacement of rocks along the contour. A mine 
surveying roulette (the error of measurements did not exceed 
±2 mm) was used at the measurement stations to determine the 
value of side rock displacement on the contour of the workings.  
To this end, we determined a value of the convergence of 
benchmarks in the directions most typical of a steep fall. The 
arrangement of measuring stations is shown in Fig. 2.

 

Fig.	1.	Schematic	of	the	experimental	section		
to	determine	the	displacements	of	lateral	rocks	on	the	

contour	of	a	haulage	drift	protected	by	coal	pillars:		
1	–	haulage	drift;	2	–	coal	pillars;	3	–	measuring	station;		

Vbr	–	the	speed	of	breakage	operations,	m/month;		
Vpr	–	the	speed	of	preparatory	operations,	m/month;		
bp	–	pillar	height	for	the	seam	rise,	m;	lp	–	pillar	width		

for	the	seam	front,	m

During the operation of haulage drifts, the safety struc-
tures located above the working behind the working area 

are exposed to external force factors. When unloading 
a coal-bearing massif that hosts workings, the result of 
the convergence of lateral rocks is the compression of coal  
pillars. They exchange energy, which leads to the destruction 
of safety structures [8, 9].

    
a b

Fig.	2.	Schematic	of	the	measuring	station	to	determine		
the	displacements	of	lateral	rocks	on	the	contour	of	haulage	

drifts	protected	by	coal	pillars:	a	–	seam	l5;	b	–	seam	l6;		
1,	2,	3,	4	–	benchmarks;	1–3;	2–3;	2–4;	1–4	–	convergence	

of	benchmarks	1,	2	in	the	direction	of	benchmarks	3,	4;		
α	–	drop	angle,	degrees;	m = h	–	capacity	of	a	coal	seam,	m;	
Dhr,	Dhs	–	displacement	of	roof	and	soil,	m;	Dh = Dhr+Dhs	–	

compression	value	of	a	coal	pillar,	m

It is believed [8] that unloading a coal-bearing massif 
from compressive stresses contributes to the instantaneous 
transformation of the accumulated potential energy beyond 
the elasticity and strength of rocks to the work of destruc-
tion. This process includes the origin of microfractures in 
coal pillars, their development, and subsequent integration 
into macro-cracks [9]. It is obvious that under certain con-
ditions there comes such a state of coal pillars that changes 
their properties to maintain, when exposed to external forces, 
the predefined form of equilibrium.

As the external load on the pillars increases, the density 
of the ruptures increases, and the main cracks are formed in 
them. The fragile body decomposes into parts. Meanwhile, 
under the uniaxial compression, during the last stage of 
destruction, the propagation of the main cracks in the pil-
lars is hindered by the end cone zones [10]. The presence 
of such zones predetermines a model of the destruction of 
safety structures. The destruction of coal pillars depends 
on various factors, many of which are random and not stud-
ied in detail. These include the nature of loads, external 
conditions, internal defects, etc. As regards the task to be 
solved, we consider it the most simple and realistic to apply 
a model of coal pillars representing a linear-elastic body. 
The calculation scheme of such a model is based on the 
ratio between stresses and deformations [10, 11, 13]. This 
approach will make it possible, in the first approximation, 
to assess the performance of coal pillars at different stages  
of the operation of haulage drifts along the length of the 
working area.

It is known [11] that for a linear-elastic material in 
a state of equilibrium, the potential of stresses Ust (J/m3)  
is numerically equal to the potential of deformations  
Ud (J/m3), that is, the following ratio holds:

U Ust d=  and 
σ e2 2

2 2E
E

= .  (1)
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The specific potential energy of the above-drift coal 
pillars Up (J/m3) at compression can be divided into the 
energy of change in the volume Upv (J/m3) and the energy of 
change in the shape Ups (J/m3). And, for a uniaxial compres-
sion [11–13],

U
Epv = ⋅

−





σ
ν

1
2 1 2

6
,  (2)

and

U
Eps =

+





σ
ν

1
2 1

3
,  (3)

where ν is the transverse deformation factor.
Under uniaxial compression, the transverse deformation 

factor ν is a kinetic parameter as it reflects the process of 
changing the size of the pillars in a cross-sectional direction. 
According to a study reported in [14, 15], the established va-
lue of the transverse deformation factor (ν) is the same for all 
solids and equals ν = 0.25. Based on the results from the cited 
studies, we accept the value of the transverse deformation 
factor in the investigation of the deformation properties of 
coal pillars to equal ν = 0.25.

Our analysis of research into the stability of haulage 
drifts of steep coal seams protected by pillars reveals that the 
issues of the performance of safety structures and the preser-
vation of working areas have always been considered sepa-
rately. Our paper proposes a comprehensive approach that 
includes a joint solution to the problem of pillars’ stability 
and supported preparatory workings within a working area.

5. Results of studying the stability of haulage drifts 
protected by coal pillars 

5. 1. Results of studying the manifestation of rock 
pressure in haulage drifts lengthwise a working area

Based on the results of field studies, we have built the dis-
placement diagrams of the side rocks u (mm) on the contour 
of a haulage drift along seams l5 and l6 lengthwise a working 
area l (m) (Fig. 3, 4). 

Fig. 3 shows the diagram of side rocks displacements u (mm)  
on the contour of a haulage drift of seam l5 along the length 
of the working area l (m).

 

Fig.	3.	Displacement	diagrams	of	rocks	u	(mm)	on	the	
contour	of	a	haulage	drift	of	seam	l5	protected	by	coal	pillars	

along	the	length	of	the	working	area	l	(m):	1–4,	2–4,	2–3,	
1–3	–	displacements	of	benchmarks

The derived dependences demonstrate that the largest 
displacements of lateral rocks on the working area contour are 

registered in the direction of benchmarks 1–3 and 2–3 (Fig. 3).  
In quantitative terms, the number of displacements u (mm) at  
the distance l = 100 m behind the breakage face is, for benchmarks 
1–3, u1–3 = 450; for benchmarks 2–3, u2–3 = 310 mm (Fig. 3).  
The displacements of lateral rocks in the direction of bench-
marks 2–4 and 1–4 were, respectively, u2–4 = 210 mm and 
u1–4 = 160 mm (Fig. 3). 

Fig. 4 shows the displacement diagrams of side rocks u (mm)  
on the contour of a haulage drift of seam l6 along the length 
of the working area l (m).

 

Fig.	4.	Displacement	diagrams	of	rocks	u	(mm)	on	the	
contour	of	a	haulage	drift	of	seam	l6	protected	by	coal	pillars	

along	the	length	of	the	working	area	l	(m):	1–3,	2–3	–	
displacements	of	benchmarks

Based on the results of our field experimental studies, 
by measuring the convergence of benchmarks in the haulage 
drifts along the length of the working area section, we de-
termined the maximum displacements of lateral rocks at the 
distance l = 100 m behind the breakage face, in directions 1–3 
and 2–3, at u1–3 = 480 mm and u2–3 = 380 mm (Fig. 4).

In all cases, we registered the deformation of the arch sup-
port of the haulage drifts and, at the distance l > (20–30) m 
behind the breakage face, the deterioration in the stability of 
the workings. The displacements of roof rocks, exceeding the 
structural margin of the roof in the haulage drifts, were regis-
tered behind the face, at the distance l ≥ 40–60 m (Fig. 3, 4).  
It was established visually that in the zone of exposure to 
breakage operations the lining in the haulage drifts was de-
formed specifically, from the side of the roof. From the soil 
of the coal seam, the rise of rocks was not significant and 
amounted to u1–4 = 100–160 mm (Fig. 3).

To study the relationship between the length of the sup-
ported section l (m) of the haulage drift of seam l5 and the con-
vergence of lateral rocks u (mm) on the contour, which is ac-
companied by a compression of the pillar by the value Dh (m),  
we shall determine the correlation factor. 

Calculate the correlation factor using a formula recom-
mended in [16, 17, 22]:

r
xy x y

S Sx y

=
− ⋅
⋅

.

Experimental research data and the intermediate values 
required for calculation are given in Table 1.

After the transformations, we obtain the following values:

x
n

xi
i

n

= =
=
∑1

55
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= =
=
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Consequently, the correlation factor is equal to:

r = 0.99.

Since r>0.7, there is a strong direct correlation between 
the experimental data [16, 17]. 

Table	1

Data	to	determine	a	correlation	factor	(seam	l5)

No. of entry xi yi xi
2 yi

2 xiyi

1 10 0.05 100.0 0.0025 0.50

2 20 0.08 400.0 0.0064 1.60

3 30 0.12 900.0 0.0144 3.60

4 40 0.18 1,600.0 0.0324 7.20

5 50 0.21 2,500.0 0.0441 10.50

6 60 0.29 3,600.0 0.0841 17.40

7 70 0.31 4,900.0 0.0961 21.70

8 80 0.36 6,400.0 0.1296 28.80

9 90 0.4 8,100.0 0.1600 36.00

10 100 0.45 10,000.0 0.2025 45.00

Total 550.000 2.45 38,500.0 0.772 172.30

The correlation considered can be approximated by a di-
rect regression line, which is easy to obtain using a least-
square method [17, 23]. Its equation takes the following form:

y x= −0 0046 0 0053. . .

A graphic representation of the correlation relationship 
between the length l (m) of the supported section of the haul-
age drift of seam l5 when the pillar is compressed by Dh (m)  
is shown in Fig. 5, a. 

By similar reasoning, we shall establish a link between 
the length of the supported section l (m) of the haulage drift 
of seam l6 and the compression of the pillar by value Dh (m). 
In this case, the correlation factor is:

r = 0.96.

The direct regression line takes the following form:

y x= −0 0048 0 006. . .

A graphic representation of the correlation relationship 
between the length l (m) and the amount of pillar compres-
sion Dh (m) is shown in Fig. 5, b.

The regression analysis has established a pattern in the 
convergence of lateral rocks in a working lengthwise the 
working area. This link indicates the possibility of using  
a linear-elastic body model to study the deformation proper-
ties of the above-drift coal pillars.

5. 2. Results of studying a mechanical model of the 
above-drift coal pillars

The study results are given in the form of analytical cal-
culations of the model of coal pillars. This model is based on 
the experimental data from field observations, during which, 
as the working area advanced, we measured the movements 
of lateral rocks on the contour of the haulage drifts. The 
above-drift coal pillars were investigated as an example of 
the linear-elastic body whose equilibrium state is described 
by certain ratios between stresses and deformations. In this 
context, the effect of the end effects on the destruction of the 
pillar was taken into consideration.

Consider a coal pillar exposed to the compressing  
force F (N). According to Clapeyron’s theorem [11, 18],  
work A (J) of the generalized external force F (N), applied 
statically to the above-drift coal pillar, is equal to:

A F h= ⋅
1
2

D ,  (4)

where Dh is the generalized displacement (the amount of 
compression of a coal pillar), m. 

As regards the problem to be solved, Dh (m) is the value 
that quantifies the convergence of the roof and soil on the 
workings’ contour, that is:

Dh u= −1 3.  (5)

We accept that work of the 
external forces is fully spent to 
transfer the kinetic energy of 
body movement T (J) and the ac-
cumulation of the fully reversible 
potential energy U (J), that is:

A T U= + .  (6)

Given that as a result of un-
loading a coal-bearing massif the 
external force is applied to the coal  
pillars slowly enough, the kinetic 
energy T (J) in expression (6) 
can be neglected [11, 18, 19].  
It means:

     
a b

Fig.	5.	Diagrams	of	changes	in	the	amount	of	compression	Dh	(m)	of	the	above-drift	coal	
pillars	along	the	length	of	the	working	area	l	(m):	a –	seam	l5;	b –	seam	l6
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A U
E S

h
h

= =
⋅

⋅
D 2

2
.  (7)

where E·S/h is the rigidity of the deformed body, N/m; E is 
the elasticity module, N/m2; S is the area of the cross-section 
of a coal pillar, m2; h is the thickness of a pillar, m;

D
D D

h
h hp s= +
2 2

– a change in the thickness of a pillar as a result of the con-
vergence of lateral rocks, m.

Knowing the geometric dimensions of coal pillars as  
a deformable body, by multiplying and dividing expression (7)  
into E and h2, we obtain a formula to determine work A (J) of 
the external forces:

A
EV V

E
= ⋅ =

2 2
2

2

e
σ

,  (8)

where V is the volume of a coal pillar, m3; σ = Dh/h·E is the to-
tal stress experienced by a pillar, N/m2; e = Dh/h is the relative 
deformation of a pillar. 

Fig. 6 shows the diagrams of changes in the work of the 
external forces A (J) depending on the relative deformation e 
of the above-drift coal pillars at compression. 

It follows from the derived dependences that with an 
increase in the relative deformation of coal pillars e the work 
of the external forces A (J) increases (Fig. 6, a, b).

       
a b

Fig.	6.	Diagrams	of	changes	in	the	work	of	the	external	
forces	A	(J)	depending	on	the	relative	deformations	e		

of	the	above-drift	coal	pillars	at	compression:		
a –	seam	l5;	b – seam	l6

The experiments on testing rocks for uniaxial compres-
sion demonstrated that the nature of the destruction of 
samples depends on the conditions of contacts between the 
compressed article and the plates of a testing machine [10]. 
When the end surfaces of compressed samples are in a state 
of full grip with the plates, the destruction occurs at the 
surface of the cone whose axis coincides with the axis of the 
compressed sample [10, 21].

In this study, we assume the shape of safety structures to 
be a parallelepiped (Fig. 7). The modeled sample is in a state 
of full grip with the roof and soil of the coal seam developed. 
We believe that the above-drift coal pillars are destroyed in 
line with a conical scheme (Fig. 7).

     
a b

Fig.	7.	Schematic	of	determining	the	geometric	
probability	P (C )	of	the	occurrence	of	the	main	cracks	of	

destruction	in	a	coal	pillar:	a –	in	a	three-dimensional	region;	
b –	in	the	plane:	Ω	is	the	region	corresponding	to	the	

volume	of	the	pillar;	C	is	the	region	of	destruction;	Vk1,	Vk2	is	
the	volume	of	conical	regions	in	the	total	volume	of	the	coal	

pillar,	m3;	h	is	the	thickness	of	the	pillar,	m;	S = b ∙l	 is	the	area	
of	the	cross-section	of	the	pillar,	m2;	Dh = Dhr/2+Dhs/2	is	

the	convergence	of	lateral	rocks	in	a	working,	m

To quantify the process of damaging the above-drift 
pillars, we shall use the concept of a geometric probability, 
which makes it possible to determine the probability of the 
occurrence of the main cracks of destruction [10, 16, 20, 22]. 
Consider the above-drift protective coal pillar in the form 
of a parallelepiped with thickness h (m) and a cross-section  
S (m2). Highlight in volume V (m3) of this pillar the conical 
regions Vk1 (m3) and Vk2 (m3) (Fig. 7, a). Using the described 
geometric scheme (Fig. 7, a, b), we shall determine the geo-
metric probability P(C) of the occurrence of main cracks and, 
therefore, the destruction of the safety structure. In this case, 
we assume that it is equally possible that a random point can 
enter any place within the region Ω. The probability of enter-
ing the assigned set C will be equal to the ratio of volumes:

P C
V C

V
( ) =

( )
( )Ω

.  (9)

The volume of the near-end conical zones Vk (m3) in  
a total pillar volume can be determined from the following 
expression:

V V S
h

k k1 2

1
3 2

= =
D

,

where Dh is the convergence of roof and soil in a working, m; 
S is the area of the cross-section of a coal pillar, m2. 

Fig. 7, b shows that V V Vk k
r

k
s= +  (where Vk

r , Vk
s  is the vo-

lume of the conical surface, respectively, from the side of the 
roof and soil). The volume of the assigned set C is determined 
as follows:

V C V Vk( ) = ( ) −Ω .  (10)

Then the probability of the occurrence of main cracks and 
the destruction of a coal pillar is equal to:

P C
h

h
( ) = − ⋅ = −1

1
3

1
1
3

D
e,  (11)

where e = Dh h  is the relative deformation of a pillar at 
compression.

Table 2 gives values of the geometric probability P(C) 
of the occurrence of the main cracks of destruction in a coal 
pillar along the length of the working area.
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Table	2

Values	of	the	geometric	probability	P(C )	of	the	occurrence		
of	main	cracks	of	destruction	in	a	coal	pillar	at	compression

l5

l, (m) 10 20 30 40 50 60 70 80 90 100

e 0.08 0.15 0.2 0.32 0.35 0.48 0.52 0.58 0.66 0.73

Р(C) 0.98 0.95 0.93 0.9 0.88 0.83 0.82 0.8 0.77 0.75

l6

l, (m) 10 20 30 40 50 60 70 80 90 100

e 0.13 0.14 0.17 0.24 0.35 0.45 0.61 0.63 0.66 0.79

Р(C) 0.96 0.95 0.94 0.92 0.88 0.85 0.8 0.79 0.78 0.72

Fig. 8 shows the diagram of changes in the value of rela-
tive deformation e of the above-drift coal pillars at compres-
sion along the length of the working area l m.

                
a b

Fig.	8.	Diagrams	of	changes	in	the	value	of	relative	
deformation	e	of	the	above-drift	coal	pillars	at	compression	

along	the	length	of	the	working	area	l	(m):		
a –	seam	l5;	b –	seam	l6

Fig. 8 shows that the value of relative deformation e length-
wise the drift l m changes in line with linear dependence. The 
maximum values of this value are registered at the distance 
l = 100 m behind the breakage face and are equal, respectively, 
to e = 0.73 for seam l5 and e = 0.79 for seam l6 (Fig. 8, a, b). 

Based on the above, the potential energy stored in the 
coal pillars as a result of the external force can be determined 
from an expression given in [11, 13]:

U
Est =

σ2

2
.  (12)

It is believed [10] that elastic energy is directly propor-
tional to the volume of the above-drift coal pillars. Because 
P(C) shows how much of the energy is spent to destroy the 
pillars [10], the expression to determine the potential of de-
formations takes the following form:

U
E

P Cd =
⋅

⋅ ( )e2

2
.  (13)

Fig. 9 shows the diagrams of changes in the potential of 
stresses Ust (J/m3) and deformations Ud (J/m3) of coal pillars 
along the length of a haulage drift l (m). The magnitude of the 
deformation potential was determined from expression (13), 
taking into consideration the experimental data from Table 2.

The dependences received demonstrate that as the length 
of the working area l (m) increases, the values of Ust (J/m3) 
and Ud (J/m3) not only increase but also differ (Fig. 9). The 

maximum values of Ust (J/m3) and Ud (J/m3) were registered 
at l = 100 m behind the breakage face, when, for the coal pillar 
of seam l5, Ust = 887·106 J/m3 (Fig. 9, a, dependence 1), and, 
for the coal pillar of seam l6, Ust  = 926·106 J/m3 (Fig. 9, b, 
dependence 1).

A change in the deformation potential Ud (J/m3) of the 
coal pillar follows the same dependence. However, for a coal 
pillar of seam l5, the maximum values of Ud (J/m3) at l = 100 m 
correspond to Ud  = 667·106 J/m3 (Fig. 9, a, dependence 2), 
and, for a coal pillar of seam l6, Ud  = 670·106 J/m3 (Fig. 9, b, de-
pendence 2). The difference between the values of Ust (J/m3)  
and Ud (J/m3) indicates energy dissipation (Fig. 9).

Fig. 10 shows the diagram of changes in the specific 
potential energies of the above-drift coal pillar of seam l5,  
when the volume Upv (J/m3) and the shape of a safety struc-
ture Ups (J/m3) change along the length of a haulage drift l, m.

            
a b

Fig.	9.	Diagrams	of	changes	in	the	stress	potential	Ust	(J/m3)	
and	the	deformation	potential	Ud	(J/m3)	of	the	above-drift	

coal	pillars	along	the	length	of	a	haulage	drift	l	(m):		
a –	seam	l5;	b –	seam l6;	1	–	Ust	(J/m3);	2	–	Ud	(J/m3);	

shaded	area	is	the	zone	of	energy	dissipation;	point	D	is	the	
point	at	which	the	boundary	equilibrium	state	of	a	protective	

coal	pillar	is	considered	to	have	been	achieved

 

Fig.	10.	Diagram	of	changes	in	the	specific	potential		
energies	of	the	above-drift	coal	pillar	of	seam	l5		

when	the	volume	Upv	(J/m3)	and	the	shape	of	the	safety	
structure	Ups	(J/m3)	change	along	the	length	of	a	haulage	

drift	l	(m):	1	–	Upv	(J/m3);	2	–	Ups	(J/m3)

The specified dependences, established from expres-
sions (2) and (3), indicate that the specific potential energy 
of coal pillars increases as the length of the supported section 
of a haulage drift is increased. In addition, the amount of the 
specific potential energy spent to change the volume of the pil-
lars (Fig. 10, dependence 1) is much less than that to change 
their shape (Fig. 10, dependence 2). It has been established 
that of the total amount of the specific potential energy of  
a coal pillar, the result of its compression is that 16 % of the 
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energy is spent on a change in volume (Fig. 10, dependence 1).  
At the same time, 84 % of energy is spent on changing the 
shape of a safety structure (Fig. 10, dependence 2).

It should be noted that the coal pillars used to protect the 
sections’ preparatory workings, adjacent to the working area, 
represent specific technological structures. The physical charac-
teristics of such structures depend on a large number of factors. 
However, the values of side rock displacements, established 
from the experimental study, characterize the deformation 
properties of coal pillars, and yield an actual assessment of the 
stability of haulage drifts with a margin of error of up to 15 %.

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

The operational experience of mines that develop steep 
coal seams shows that the practical mining operations most-
ly employ the technique to protect haulage drifts by coal 
pillars. The height of the pillars, preventing the influence of 
the worked-out space, is 8 m (Fig. 1). Under real conditions 
of the development of steep coal seams, coal pillars of this 
size are not capable of preventing the negative effects of rock 
pressure in haulage drifts.

The result of our experimental study has justified the 
conditions for the stability of haulage drifts protected by 
coal pillars. When conducting experiments to examine the 
manifestations of rock pressure in haulage drifts (Fig. 2), it 
was noted that the most difficult conditions for maintain-
ing mining workings are formed in the zone of influence of 
breakage operations. In this zone, the largest displacements 
of side rocks on the contour of haulage drifts occur from the 
side of the roof of a coal seam (benchmarks 1–3, Fig. 3, 4). It 
has been registered that at the distance l ≥ (20–30) m behind 
the breakage face along the length of the working area, the 
stability of the haulage drifts is compromised. The lining in 
the haulage drifts deforms and demonstrates characteristic 
deflections on the side of the rocks of the hanging side. At 
the distance l = 100 m, the displacements reach maximum 
values (u1–3 = 440–490 mm, Fig. 3, 4).

The special feature of maintaining the sections’ prepara-
tory workings in the development of steep coal seams in the 
zone of influence of breakage operations is predetermined 
by the increased disruption of roof rocks (Fig. 3, 4). After 
processing experimental data, based on the displacement 
of rocks on the contour of the haulage drifts (Fig. 3, 4), we 
have established the linear dependence of the amount of the 
displacements of roof rocks with an increase in the length of 
the supported working area.

When unloading a coal-bearing massif that hosts the work-
ings, the above-drift coal pillars are compressed and their linear 
sizes change. The change in the volume and shape of a coal 
pillar is the cause of the increase in the convergence of lateral 
rocks in the haulage drifts behind the working area (Fig. 3, 4). 

Our study of the deformative properties of the above-drift 
safety structures employed a model of the linear-elastic body, 
in which the limit state of equilibrium of coal pillars is ensured 
at the equality of specific potentials of stresses Ust (J/m3)  
and deformations Ud (J/m3) (expressions 12, 13).

It was experimentally determined that at the site 0 £ l ≥ 10 m 
the above-drift coal pillars demonstrate the main cracks of 
destruction. At the distance l > 10 m, ratio (1) holds no more. 
At point D, when the relative deformation of safety structures 
e > 0.1 (Fig. 9, a, b; Table 2; Fig. 11, a, b), the limit equilibrium 

of coal pillars is considered to have been achieved. Expres-
sion (11) makes it possible to establish the probability of the 
occurrence of the main cracks of destruction in coal pillars 
during the operation of haulage drifts (Fig. 9, Table 2).

When a coal pillar is exposed to external forces, work 
A (J) is performed, which is a measure of the body’s energy 
change (8) (Fig. 6). This work is spent on the deformation of 
safety structures and leads to the accumulation of potential 
energy in them U (J) (Fig. 10).

The potential energy of coal pillars is a function of their 
condition, which takes into consideration a change in the 
volume and shape when external forces act on safety struc-
tures – (2), (3). As a result of unloading a coal-bearing massif, 
when the action of external forces leads to the destruction of 
coal pillars (11), changes in their volume and shape (2), (3), 
we registered the growth of the displacement of lateral rocks 
on the contour of the haulage drifts (Fig. 3, 4). Moreover,  
with the increase in the length of the working area, the 
displacements increase and exceed the structural margin of 
the lining; the cross-section of preparatory workings decrea-
ses (Fig. 3, 4). The complete elimination of these shifts is pos-
sible by the installation, above the drift, of a safety structure, 
which has an initial rigidity equal to the rigidity of the removed 
part of the steep coal seam. This can be achieved only theore-
tically. Therefore, when resolving the issue of the stability of 
mining workings, it is necessary to predetermine the issues of 
the rigidity of safety structures. This could limit the movement 
of lateral rocks above a haulage drift to some acceptable value 
and ensure the unloading of a coal-bearing massif from stresses.

This study has considered the stability of haulage drifts 
and the performance of coal pillars used to protect the 
workings in a combination. This approach has allowed us to 
assess the stability of workings taking into consideration the 
deformation properties of safety structures. The results of our 
research could form a basis for building a mathematical model 
for predicting the stability of mining workings. The scope of 
this model’s application is determined by the drop angles of  
a coal seam from α = 45° to α = 65°, with the lateral rocks of 
any stability. The practical implementation of such a model 
would make it possible, at the working design stage, to de-
termine the optimal parameters for safety structures, which 
could ensure the safe and accident-free maintenance of haul-
age drifts during their operation. However, additional theo-
retical and experimental studies are needed to fulfill this task.

Thus, based on our study, it can be concluded that in 
the development of steep coal seams, under conditions of 
great depths, the protection of haulage drifts by coal pillars 
of limited size is impractical. It is possible to ensure the op-
erational condition of the sections’ preparatory workings in 
the case where the above-drift safety facilities are stable and 
malleable when unloading a coal-bearing massif. Then the 
deformations of the roof, preceding the movement of lateral 
rocks, occur without violating the integrity of the overhang-
ing rock mass. In order to ensure the stability of haulage 
drifts, non-pillar techniques should be used to protect the 
sections’ preparatory workings. This area of research should 
be investigated in order to maintain the stability of mining 
workings. The presence, for example, of rubble strips from the 
crushed rock above a haulage drift limits the displacement of 
lateral rocks and makes it impossible for them to break down 
into a working. The use of non-pillar techniques to protect 
the sections’ preparatory workings decreases the loss of coal 
in the working area, reduces the risk of endogenous fires, and 
sudden emissions of coal and gas.
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7. Conclusions

1. The manifestation of rock pressure in the haulage drifts 
of steep coal seams protected by coal pillars follows the linear 
dependence of the displacements of roof rocks on the contour 
of supported workings along the length of the working area. 
This dependence is observed after the above-drift coal pillars 
used to protect the workings lose their stability and are de-
stroyed. Under such conditions, the displacement of lateral 
rocks on the contour of the haulage drifts exceed the struc-
tural malleability of the lining. The workings’ cross-section is 
reduced. In the absence of restriction of the displacement of 
roof and soil rocks in the worked-out space, it is impossible 
to maintain the operational condition of drifts.

2. The deformation properties of coal pillars indicate that 
the deterioration in the stability of haulage drifts protected 
by coal pillars is caused by the compression of the safety 
structures and the occurrence of the main cracks of destruc-
tion. At the distance l > 10 m behind the breakage face, when 

the above-drift coal pillars enter an unstable state as a result of 
the action of external forces, there is a change in their volume  
and shape. This action causes a fracture of the pillars and con-
tributes to the intensification of the process of shifting the la-
teral rocks on the contour of the haulage drifts along the length 
of the working area. In order to avoid accidents related to pos-
sible blockages of haulage drifts in the working areas of a coal 
mine, it is recommended to use the pillar-free protection tech-
niques. These techniques include malleable structures erected 
above the sections’ preparatory workings towards a seam  
rise, wide rubble strips, or blocking the worked-out space.
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Operating conditions of thermal units for processing 
raw materials predetermine defects in refractory elements 
resulting in their gradual accumulation, which leads to  
a change in technical condition. A large number of defects, 
their development, and the achievement of critical values 
lead to difficulties in modeling the physical processes of 
changing the technical condition of refractory elements.

This study has investigated the mechanism of the 
occurrence, development, and accumulation of defects 
in refractory elements, as well as the processes of cumu
lative accumulation of damages; a probability model of 
their degradation has been constructed. The model was 
built using Markov chains; it describes the sequences of 
change in the states of refractory element damage and the 
probability of transitions between these states. Based on 
the statistical data about a change in the state of damage,  
the model makes it possible to assess the probability of  
a defect reaching the critical condition following the pre
defined number of load cycles. A special feature of the 
model is the possibility of its application to individual 
defects, as well as to refractory elements on which defects 
occur and develop, as well as to assemblies where such 
refractory elements are installed.

The main patterns of change in the technical con
dition of refractory elements of coke ovens have been 
established: the distribution of cracks of a certain length 
according to the number of coke oven output cycles; the 
probability of the occurrence of a crack of a critical length 
at a certain point during operation; the dependence of 
the probability of a refractory element failure on the pre
defined number of coke oven output cycles.

Based on the modeling results, it has been proposed, in 
order to prevent the degradation of refractory elements, to 
strengthen the structure of the surface layer of the refrac
tory element by cold gasdynamic spraying, to arrange 
laying elements that would stop the evolution of defects, 
and to make up schedules of hot repairs based on the time 
when the defects may reach critical values, determined 
during modeling
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1. Introduction

The service life of existing industrial thermal units spans 
quite a large period and may reach 25 years or longer. Over 
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this time, they have significantly changed their technical 
condition and their resource is almost exhausted [1–5]. 

One of the main elements of such units, which most 
intensively change their technical condition, are refractory  


