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ABSTRACT

Purpose. Investigation of the seam openings competence in different methods of protection in complex mining and
geological conditions of pitch and steep coal seams development of Donbas.

Methods. To achieve this purpose, the research uses a complex approach, including analysis and generalization of
the openings protection experience, studying the static field of stress distribution in a coal-rock mass on cloudy crys-
tal ball model, a mine experiment to study the haulage gate hardness and the experimental data.

Findings. When studying the wall-rock displacements on the haulage gate contour, it was recorded that in the case of
yieldable protective facilities usage for seam openings, the roof and foot convergence of the coal bed mining as the
productive workings advance is observed until the complete protective facilities compression, and in the zone of
steady rock pressure is damped. In the case of coal pillars usage for roadway protection, after the destruction their
hardness varies in a linear fashion, which contributes to a significant deterioration in the haulage gate stability behind
the face. The use of a goaf stowing for the seam opening protection, from the point of view of stresses distribution in
the coal-rock mass, ensures a gentle deflection of the wall-rocks behind the face by increasing the area of the subside
strata actual contact with the filling mass, when compared with the roadway protection with the coal pillars.

Originality. The effectiveness of the applied method for the seam openings protection is proposed to be evaluated
according to the change in the stability of the haulage gate, but taking into account the hardness of the protective
facilities. The hardness of protective facilities reflects their ability to resist deformation when the delaminated rock
strata is displaced and depends on the value of the external force, the time factor, and the geological conditions of the
developed coal seam.

Practical implications. The use of a goaf stowing, as a method for controlling the roof or for wide yielding seats
located above the roadway, will allow the haulage gates operational condition to be operational and increase the
safety of work while maintaining the workings.

Keywords: haulage gate, displacement, pillar, protective facilities, goaf stowing, delaminated rock strata

1. INTRODUCTION

The efficiency of coal seams mining with increasing
depth of development and reliability of mining work to a
large extent depends on the state of mine opening. Their
unsatisfactory condition, especially when maintaining
seam roadways in difficult mining and geological condi-
tions, increases the level of miners injuries. In the deve-
lopment of pitch and steep coal seams, due to the specific
features of the development associated with the angles of
incidence, there is a danger of sudden caving of the roof
rocks and the displacement of the bedrock. In some cases,
cavings of wall-rocks extend to the long face space, often
along its entire length and are accompanied by a partial or

complete cave-in of the productive workings and ope-
nings. In other cases, these phenomena occur behind long
face and lead only to the caving of openings. In this case,
there is a loss of the roadway section regulated by the PR
(Preventive Regulations), which in turn contributes to an
increase in the level of injuries during the mine workings.

As it seems, as a result of the delaminated rock strata
shifting, in the vicinity of the shored up mine workings,
not only changes in the stress-deformed state of the wall-
rocks occur, as a result of which their competence may
deteriorate, but also the loss of the cross-sectional area of
the openings, specific measures aimed at maintaining the
haulage gates in the operational state, will meet the
requirements of safe mining.

© 2018. Ya. Liashok, I. Iordanov, D. Chepiga, S. Podkopaiev. Published by the Dnipro University of Technology on behalf of Mining of Mineral Deposits.
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which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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The study of the rock pressure manifestation features
in the excavations at great depth made it possible to estab-
lish that the nature of its dangerous manifestations is de-
termined not only by the stress condition of the sedimen-
tary rock massif and their physico-mechanical properties,
but also by the specific formation of the latter, which causes
inelastic deformation under volume compression, as well
as the ability to deform and collapse during unloading
(Nikolin, Podkopaev, Agafonov, & Maleev, 2005).

In the coal-rock mass, containing workings, delamina-
tion is always preceded collapses and landslides associated
with the detachment of a certain volume of rocks from the
rest of the massif. In relation to this, the cleavage foliation
of a coal-rock mass should be considered as a factor that
weakens the rock, on which the roof competence of the
coal bed mining and seam openings state depends.

In this connection, in real conditions of coal seams
development, in various ways of protecting mine
workings, in practice one has to meet with a special kind
of wall-rocks loading depending on mining and geologi-
cal conditions.

In most cases, as a parametric support for geome-
chanical calculations of wall-rocks and mine workings
competence, the situations determined by the static
method of applying the load are used. However, a num-
ber of events, to which sudden roof caving or delamina-
ted rock strata collapse should be attributed, are charac-
terized by the application of dynamic loads. The latter
should be considered as impact phenomena, which
adversely affect wall-rocks.

It is known (Shakirzyanov & Shakirzyanov, 2005;
Lawson, Tesarik, Larson, & Abraham, 2017; Iordanov et
al., 2018; Wang, Zhang, Zhao, Liao, & Zhang, 2018) that
in the dynamic structures behavior a huge role is played
the presence of a yielding base, the damping ability of
which leads to smoothing of stresses upon impact. The
use of a yielding base is one of the ways to protect struc-
tures based on the prevention or localization of a dyna-
mic effect, or lowering the intensity of a static load
(Zhang et al., 2006; Kumpyak & Mescheulov, 2017).

In the case of the horizon coal seams mining, as a re-
sult of productive workings advance, layers are gradually
separated from the overlying strata and they are bent along
the normal to bedding, like a plate with a bi-directional
backfill (Shashenko, Pustovoytenko, & Sdvizhkova,
2016). With the increase in the angle of incidence of the
layer, the delaminated and destroyed layers of the under-
filled layer, under the influence of their own weight, tend
to descend downward, promoting the manifestation of
various kinds of loads on the wall-rocks (Zhukov, 2001).

In the conditions of pitch occurrence of coal seams
and on dip at high angles, it is possible to take pressure
on the barring of the haulage gate as an action of the
socle beam, which underwent a fracture in the coal mas-
sif (Shashenko, Pustovoytenko, & Sdvizhkova, 2016). In
addition, the condition of the openings is determined by
wall-rock shifts in the long face, resulting in the for-
mation of barring load (Zhukov, 2001; Hoek, 2002; Taj-
dus, Cata, & Tajdus, 2012).

As the study of wall-rocks shifting and deformation
process (Viktorov, lofis, & Goncharov, 2005) shows,
when coal is extracted in the faulty strata, formation of
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characteristic shift zones takes place, the parameters of
which are significantly influenced by the way of roof
control in long face and roadways protection. It is known
(Zhukov, 2001; Viktorov, Iofis, & Goncharov, 2005) that
the most favorable for the wall-rocks condition, and,
consequently, for the mine workings, is provided by the
method of controlling the roof by goaf stowing.

The study of the process of wall-rock displacements
on the opening contour, the determination of the dis-
placements magnitude, as well as the correct understan-
ding of the geomechanical processes, will allow us to
justify the choice of a rational method for protecting
mine workings in specific mining and geological condi-
tions. However, it is practically impossible to take into
account the variety of factors affecting the state of road-
ways, therefore it is proposed to maintain the mainte-
nance conditions according to the size of contours rocks
convergence, changing the cross-sectional area, but
taking into account the hardness of the protective facili-
ties and the stress-deformed state of the wall-rocks.

The purpose of the research is to study the features of
the rock pressure manifestation in seam openings and
changes of the stress-deformed state of the wall-rocks
under various methods of haulage gates protection in
complex mining and geological conditions.

In this regard, the study of rock pressure manifestations
in seam opening was accepted as the main object of research,
and for quantitative evaluation — the use of the amount of
rock displacement on the roadway contour and the change
in the hardness of protection structures, depending on the
method of protection and the distance from the face.

2. METHODOLOGY

At the first stage of the research, in order to study the
periodic character of the rock pressure manifestations in
seam openings and determining the magnitude of the
wall-rocks displacement on their contour, with various
methods of protection, experimental investigations of the
haulage gates competence were carried out in the condi-
tions of the state enterprise “Torez-Vuhol” at the “To-
retska” and “Centralna” mines').

When carrying out experimental observations in the
haulage gate, at specially equipped gauge stations, the
value of the control points shift was established, for the
time interval between the measurements. The scheme of
the experimental section is shown in Figure 1. At a special-
ly equipped gauge station, using the VNIMI tape measure,
the amount of the wall rocks displacement on the haulage
gate contour was determined when the bench marks con-
vergence to each other was determined, according to the
most characteristic directions for pitch and steep-coal
seams. The measurement error did not exceed +2 mm. The
scheme of the gauge stations is shown in Figure 2.

The investigations were carried out in the haulage
gate driven on layer /3 “Mazurka” horizon of 810 m level
of “Toretska” mine, on a section length /=70 m, when
the roadway was protected with hardwood chock, and on
a section length /= 100 m, while protecting this roadway
with the pillars of coal.

! PhD Student A.V. Polozhyi (DonNTU) and engineer A.V. Korol (DTEK)
were involved in the research
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Figure 1. Scheme of experimental stretches for determination
of wall-rocks displacements on the haulage gate
contour, driven on the seam I3 “Mazurka”, with
protection (a) by hardwood chocks or cribs, (b) coal
pillars: 3S — location of the gauge station; hp, I, —
respectively, the height and width of the pillar, (m)

The cross-sectional area of the roadway, at the mo-
ment of the pursuance of the research, was §= 8.2 m?,
the distance between arch timbering frames AP-3 with a
wooden lagging of 0.8 m. The roadway was carried out
with the help of drilling and blasting operations (DBO).
The roadway advance is v,= 10 m/month, productive
workings advance is v,, = 7 m/month. Longwall face was
with a flat back stope. The way to control the roof in
longwall face was to hold on the chocks. The protection
of the roadway was carried out with hardwood chocks,
and after a while, due to the deterioration of the mining
and geological conditions, with the coal pillars, whose
size was h =8 m, [, = 5 m, where s was the height of the
pillar, m; /, was the width of the pillar, m.

The thickness of a coal seam / in the “Toretska” mine
conditions was m = 1.32 m, the angle of incidence of the
seam was a = 29°. In the adjacent strata there was irregular
metal, of medium competence, up to m =4 m thickness, the
main roof was represented with metal stone, up to m = 10 m
thickness. In the adjacent strata of the coal seam there was
irregular metal, of medium competence, up to m=1.5m,
in the main one — irregular metal, up to m =4.1 m thick-
ness. The advance of the roadway, at the moment of car-
ring out full-scale investigations, was L = 100 m.

Experiments in the “Centralna” mine were carried out
in the haulage gate of seam /3 of 1146 m level in a sec-
tion length /=55 m while protecting the roadway with
cribs and in a section that length was /=78 m when the
roadway was protected with coal pillars.

11

Figure 2. Schemes of gauge stations for wall-rock displace-
ments determination on the contour of the haulage
gate, driven on seam I3: (a) at 810 m level of the
“Toretska” mine; (b) at the 1146 m level of the
“Centralna” mine; 1,2,3,4— bench marks; 1-3,
1-4,1-2,2-3,2—4—convergence of 1, 2 bench
marks in the direction to 3, 4 bench marks

The cross-sectional area of the roadway was
S=8.5m? the distance between the AP-3 timbering
frames with the wooden lagging is 0.8 m. The roadway
was carried out with the help of the DBO. The roadway
advance was v, = 18 m/month, productive workings ad-
vance V= 12 m/month. The roadway was protected
with cribs for some time, and then by coal pillars, the
size of which corresponded to 4 =8 m, /, = 5 m.

The thickness of coal seam / in the “Centralna” mine
conditions was m = 1.17 m, angle of incidence was o= 59°. In
the adjacent strata of the coal seam there was irregular metal,
up to m =4 m thickness, in the main room was metal stone,
up to m=7 m thickness. In the ground there was irregular
metal, up to m = 15 m thickness. The advance of the roadway,
at the moment of carring out investigations, was L = 100 m.

When conducting full-scale investigations on experi-
mental stretches, the main attention was paid to the rocks
displacement on the contour of openings under various
protective methods, depending on the distance to the
productive workings, the depth of mining operations and
taking into account the geological conditions.
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3. RESULTS AND DISCUSSION

Based on the results of the experimental data pro-
cessing, the graphs of the rocks displacement on haulage
gate contour of the /3 Mazurka of 810 m level of the
“Toretska” mine were plotted, while it was protected for
/=70 m with hardwood chocks (Fig. 3a) and /=100 m
with the coal pillars (Fig. 3b).
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Figure 3. Rocks displacement U, (mm) on the haulage gate
contour of I3 seam along the length I, (m) at the
810 m level of the “Toretska” mine: (a) when pro-
tecting with hardwood chock; (b) when protecting
with the coal pillars

As a result of the full-scale investigations and
mea-surements in the haulage gate of the /3 mine of the
“Toretska” mine, it was established that the maximum
displacement values on the opening contour, when pro-
tecting with hardwood chocks, were marked at a distance
/=70 m behind the face, in directions 1 -4 and 1 - 2.
At this point, the bench marks convergence value in
these directions was, respectively, U;_4=340 mm,
Ui->=250 mm (Fig. 3a).

When protecting the roadway with coal pillars, the
maximum displacements were recorded at a distance
/=100m behind the longwall face, in directions
1 —4 and 1 - 2. In quantitative terms, the displacement in
the direction of the bench marks 1-4 was
U: _4 =440 mm, in the direction of the bench marks 1 — 2
was U;_» =300 mm (Fig. 3b).

Simultaneously, with the recording of bench marks
convergence on the contour of the opening, as the
longwall face advanced, a change in the cross-sectional
area of the roadway S (m?) was recorded. For this pur-
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pose, measurements of the seam opening width b, (m)
and height /#, (m) behind longwall face were made.
Hence, in Figure 4, graphs of the roadway cross-sectional
area change S, (m?) along its length, are given for various
ways of protection, taking into account the face advance.
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Figure 4. Change in the cross-sectional area S, (m?) of the
haulage gate of I3 seam along the length I, (m) on
810 m level of the “Toretska” mine during protec-
tion with: 1 — hardwood chocks; 2 — coal pillars

It can be seen from the presented dependences that
when the roadway was protected with hardwood chocks,
its section S, (m?) changed from S = 8.2 m? to S= 6.0 m?
at a distance /=65 m behind the longwall face, i.e. the
reduction was up to 25%. Subsequently, beyond this
mark, the wall-rocks convergence was not observed
(Fig. 4, 1 dependence).

With the use of coal pillars for protecting the road-
way, the cross-section of the roadway S (m?) over the
distance /=100m has changed from S=8.5m? to
S'=3.6 m? (Fig. 4, 2 dependence). In this case, the reduc-
tion was up to 60%.

Data from experimental data processing obtained
under the “Centralna” mine conditions, when the haulage
gate, driven on seam /5 of 1146 m level, was protected
with cribs in a section with length /=55m and coal
pillars at /=75 m, are presented in the form of the de-
pendencies depicted in Figure 5.

According to the experimental studies results of bench
marks convergence measurements in the opening, it was
established that the maximum displacements during the
protection of the roadway with cribs were marked at a dis-
tance /=55 m behind the longwall face, in directions 1 —4
and 1 —3, when U, _4 =350 mm, U3 =290 mm (Fig. 5a).

When changing the protection method to coal pillars,
bench marks convergence in these directions was, re-
spectively, U -4 =440 mm, U;.3 =320 mm, at a distance
/=775 m behind the face (Fig. 5b).

Analyzing the roadway cross-sectional area change S,
(m?) along the entire length, as the productive workings
advance, it was found that when the seam opening was
protected with cribs, its cross-section decreased from
S=8.5m?to S=6.8 m? at the distance /=55 m behind
the face (Fig. 6, 1 dependence).
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Figure 5. Rocks displacement U, (mm) on the haulage gate
contour of I3 seam along the length I, (m) at 1146 m
level of the “Centralna” mine: (a) when protecting
with cribs; (b) when protecting with coal pillars
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Figure 6. Change in the cross-sectional area S, (m?) of the
haulage gate of I3 seam along the length I, (m) at
1146 m level of the “Centralna” mine during pro-
tection with: 1 — cribs; 2 — coal pillars

When using coal pillars, the section of the roadway S,
(m?) has changed from S=8.6m? to §=5.5m? over
/=75 m (Fig. 6, 2 dependence). It should be noted that
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the reduction in the cross-sectional area S, (m?) in the
first case was 20%, in the second case was about 35%.

As a result of the carried out studies, it was estab-
lished that the largest displacements, taking into account
the protection methods of the haulage gates used in the
mines, were fixed by the bench marks, from the side of
the roof rocks. It is characteristic that the displacements
on the hanging side, in all cases, were represented by
ground lit-by-lit flexure. Irregular metal, lying in the
rocks of adjacent strata, under the influence of the bea-
ring pressure, was broken by a series of fractures, as a
result of which, in some cases, there was rocks rush in
the roadway. It was noted that the roof-lowering can stop
at a different distance from the face in the direction of the
mined-out space. This is due to the type of protective
facilities, when protecting the openings with timber con-
structions, behind the mark /=50 m behind the face, the
wall-rock displacements practically fade and stabilize. In
the case of protection openings with coal pillars, such a
pattern can not be in evidence. Nevertheless, the nature of
wall-rocks displacement on the opening contour, with the
removal from the face in the mined-out space direction,
has the same qualitative picture, but differs in intensity.

Depending on the face position, the cross section of
the roadway was reduced due to the delaminated rock
strata pressure on the barring. The most intensive rocks
pressure on the roadway barring occurs from the adjacent
strata in a direction close to the normal toward the for-
mation. The opening barring was deformed specifically
from the hanging side, it is inherent in the roadway hau-
lage level. From the foot wall side, i.e. ground of the de-
veloped coal seam, deformations are insignificant. How-
ever, in case of protection with coal pillars, the ground
displacement increased by 25 —30%, in comparison with
the use of timber constructions as a protective facility.

Apparently, without rejecting the principal possibility
of improving the roadway condition by increasing the
load-bearing strength of the barring, still the main direc-
tion ensuring the safety of the workings in an operational
condition that meets the preventive regulations in diffi-
cult mining and geological conditions should be consi-
dered the search for more reliable and constructively
simple ways to protect the haulage gates.

Because of the complexity of mining and geological
conditions for the coal seams development, in a coal-rock
mass containing openings, mining operations, geome-
chanical situations having negative impact on the rocks
state occur. To ensure their continuity, as well as the
safety of mine workings, in practice, various methods of
protection are used, the effectiveness of which depends
on the competence of the physical and mechanical sys-
tem “coal seam — side rocks — protective facilities”. To
minimize the negative rock pressure manifestations in the
vicinity of the supported haulage gate, it is recommended
the use of yieldable protective facilities (Iordanov et al.,
2018). In this case, in the presence of yieldable links in
the physical-mechanical system, protective facilities
designed to support wall-rocks behind the face must have
a hardness rate — the modulus of elasticity, as well as the
springs (Yakobi, 1987; Das et al., 2017).

Therefore, in the second stage of the research, we use
the displacement method and the method of forces (Ikrin,
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2004) to determine the hardness influence of the applied
protective facilities on the openings state and the analysis
of the geomechanical situation in the vicinity of the sup-
ported roadways. Applied to the problem being solved,
we consider the roof rocks displacement of the developed
coal seam to be the largest displacement, when the
movement of the 1 bench mark in the direction to the
4 bench mark was fixed on the haulage gate contour,
when it was protected with timber constructions
(hardwood chock, cribs) or coal pillars. Then the cou-
pling equation in the system under consideration, taking
into account the fact that the applied unit force in the
direction of the largest displacements has the form:

C= L , (1)
U4
where:

U, -4 — convergence of the 1 bench mark in the direc-
tion to the 4 one, m.

According to (1), we can conclude that the hardness
C, (N/m) reflects the ability of protective facilities to
resist deformation under external influence and depends
on the static displacement, in the case under considera-
tion, the displacement of the adjacent strata rocks along a
line perpendicular to the strata. Meanwhile, in calculating
the wall-rocks and mine workings competence, we can
introduce the assumption that the movement of the body
point at any time of the static loading is the same as un-
der the action of a dynamic loading (Rusakov, 2003).

Deformation of protective facilities consists of elastic
and residual parts. Depending on the possible magnitude
of the latter, we can talk about the plasticity or brittlity of
the protective facility (Sokolovskiy, 1969).

Figure 7a, b shows the dependences reflecting the
change in the hardness C, (N/m) of hardwood chocks (a)
and coal pillars (b), as the productive workings advance
under the conditions of the “Toretska” mine.

Analogous dependencies were obtained for the condi-
tions of the “Centralna” mine, when cribs and coal pillars
were used for the haulage gate protection. The results of
the studies are shown in Figure 8a, b.

For yielding protective facilities, plastic deformation
is typical, with a smooth increase in their reaction to the
maximum value. In these cases, the angled graph arm,
depicted in Figures 7a and 8a, characterizes the conver-
gence of the wall-rocks, when compression of protective
facilities occurs for a certain period of time. Having de-
pleted its yielding and reached a certain amount of hard-
ness, equal to C=2.75N/m (Fig.7a) and C=2.9 N/m
(Fig. 7b) at a distance /=50 m behind the longwall face,
conditions are created when in the zone of steady-state
rock pressure, the convergence of the wall-rocks is not
observed, and the roof-lowering has reached a maximum
value (Fig. 7a, 8a).

It is known (Das et al., 2017) that the strength and de-
formation properties of the coal pillar are determined by
the presence of defects in it and their characteristics.

As a result of the experimental studies, it was established
that the magnitude of the coal pillar hardness under the con-
ditions of the pitch coal seams occurrence (“Toretska”
mine) varies from C = 5.8 N/m at a distance /= 10 m behind
the face, to C = 3.0 N/m at a distance /= 70 m (Fig. 7b).
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Figure 7. Changes in hardness C, (N/m) of protective facili-
ties along the haulage gate length I, (m) behind
the longwall face in the “Toretska” mine under
protection: (a) hardwood chocks; (b) coal pillars;
1 — experimental data; 2 — dependencies after treat-
ment 1 (R>=10.92)

In the conditions of dip at high angles of the strata
(“Centralna” mine), the change in the pillar hardness is
C=10N/m at /=10m, and C=2.1 N/m at a distance
/=70 m (Fig. 8b). In the first case, the reduction in hard-
ness is about 50%, in the second one is about 75%. With
the further advance of the face, under the conditions of
the “Toretska” mine, the pillar hardness was reduced to
C=2.15N/m, at a distance /=100 m (Fig. 7b), which
led to a decrease in the investigated value by 65%.

Taking this into account, Figure 9 shows the linear de-
pendencies presenting the change in P, (%) of the coal
pillar hardness along the length /, (m) of the haulage gate.

Correlation of the experimental data presented in the
form of the dependencies depicted in Figure 9 allows
determining the change in the hardness of the brittle
protective facilities along the length of the haulage gate,
taking into account the external force. In the cases under
consideration, between the convergence of the wall-rocks
and the change in the pillars hardness, there is a linear
dependency; the nature of the change depends on the
mining and geological conditions of the coal seam deve-
lopment (Fig. 9).

In a rock-fracture zone, the pillar is in the limit stress-
deformed state and its load-bearing strength is insuffi-
cient to support the underworked seams (Protosenya &
Verbilo, 2017). In such conditions, the protective coal
pillars are prone to destruction and eruption.
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Figure 8. Changes in hardness C, (N/m) of protective facili-
ties along the haulage gate length I, (m) behind the
longwall face in the conditions of the “Centralna”
mine during protection: (a) cribs; (b) coal pillars;

1 — experimental data; 2 — dependencies after
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Figure 9. Changes in the coal pillar hardness P (%) along the
length of haulage gate | (m): 1 — “Toretska” mine;
2 — “Centralna” mine; v, *— experimental values
(R°=0.91)

This leads to the formation of openings above the
roadway, a significant decrease in the pillar hardness
and, consequently, the loss of the cross-sectional area of
the formation haulage gate when it is maintained in the
mined-out space, i.e. behind the face.

This fact is confirmed by studies of the formation
haulage gate condition, protected by the coal pillars un-
der the conditions of the “Centralna” mine, when a sharp
destruction of the pillar and the adjacent strata of the
developed coal seam was recorded behind the mark
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[=50—-60 m behind the longwall face, as well as a de-
crease in the cross-sectional area of the opening.

The experience of mines on layers with complex mi-
ning and geological conditions showed that in some
cases, where timber constructions (hardwood chock,
cribs) were laid to protect the haulage gate, still there
were roof collapses. Analysis of such situations made it
possible to establish that this was due not only to mining
and geological, but also to technical factors. The latter
should be attributed to the inconsistency of the methods
used to protect mine workings and roof management, the
particular exploitation conditions.

DonUGI and DonNTU studies previously found that
the filling mass prevents the development of intensive
fracturing in the vicinity of the mine workings and
creates zones of hard ground, in the worked out space,
behind the face. At the same time, for various reasons,
the method of complete goaf stowing is not currently
applied, although its implementation eliminated the col-
lapse of the adjacent and caving of the main roof, as well
as the displacement of the bedrock.

In view of the foregoing, in order to study the nega-
tive manifestations of rock pressure in a coal-rock mass
containing workings, studies were conducted on cloudy
crystal ball models. The purpose of such studies was to
determine the initial qualitative picture of tangential
stresses distribution, at which comparatively smaller
negative manifestations of the rock pressure in the hau-
lage gate should be expected when it is protected with
rock walls of different hardness or with the coal pillars.

Investigation of the stress-deformed state of the rock
massif in the vicinity of the haulage gate was carried out
using cloudy crystal ball model of igdantine using the
photoelastic method (Stepanova & Dolgih, 2017) in the
DonNTU rock pressure laboratory. The simulated depth
corresponded to H =1200 m, the seam inclination was
o = 60°, the thickness of the coal seam was m = 1 m. The
thickness of the adjacent and main roof rocks corre-
sponded to 5 m, where m is the thickness of the coal
seam, (m). The rocks of the adjacent roof and ground in
their properties corresponded to rocks such as irregular
metal of medium competence, rocks of the main roof and
ground corresponded to metal stone of medium compe-
tence. Three models were tested. The thickness of the
models was 40 mm. The scale of the simulation corre-
sponded to M1:100. Simulation is performed in accord-
ance with recommendations (Surendra & Simha, 2015;
Alsiya, Lekshmi, Priya, & Mehta, 2016). The physical
and mechanical properties of the coal pillar and the rock
wall in the model corresponded to the actual samples.

In models, the filling material of the rock wall was
modeled with foam rubber. To impart hardness to such a
material, the foam for a while was placed in a paraffin
solution and held in it for #=1 s and =3 s. The magnitude
of the rock wall yielding property was determined accord-
ing to recommendations (Shakirzyanov & Shakirzyanov,
2005), using the method of photographic fixation (Obi-
ralov, Limonov, & Gavrilova, 2004). The results of the
studies are presented in Table 1. The photoelastic method
makes it possible to establish an initial picture of stress
distribution in a place that is formed in the wall-rocks in
the first period of time after the coal is extracted.
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Table 1. Data of laboratory studies of the rock wall hardness

determination
Time, Simulation Yielding Hardness, A\\/,aelrl?eg ¢
t, (s) variant carz?rf)lty, C,(N/m)  of hardness
C, (N/m)
1 0,028 35
2 0,03 33
1s 3 0,029 34 34
4 0,03 33
5 0,029 34
1 0,011 84
2 0,011 85
3s 3 0,011 85 85
4 0,012 83
5 0,011 84

The method is based on the transmission by a parallel
light beam of the model, when the lines of the greatest
tangential stress action are identified on the screen
(Surendra & Simha, 2015; Alsiya, Lekshmi, Priya, &
Mehta, 2016).

When using the photoelastic method in the problem
being solved, it is considered (Baklashov, 2004) that the
stress concentration leads to creepages, and in the course
of time, in the places of compressive and tensile stresses
concentration the destruction of the subside massif takes
place. This is confirmed by an earlier analysis of the
mechanical processes taking place in a coal-rock mass
with mining workings, when the stress state of the rocks,
as far as the distance from the development contour,
changes from a state close to the general extension and
displacement to a compression state in the depth of the
massif (Norel, 1983).

The simulation results are shown in Figure 10 and
11a, b. Analysis of the static field of tangential stresses
indicates that when protecting the roadway with the coal
pillars, we have the maximum concentration of stresses
in the roof rocks and ground, and also in the vicinity of
the haulage gate (Fig. 10).

Figure 10. Static field of tangential stresses in the vicinity of the
haulage gate during protection of the coal pillars
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Figure. 11. Static field of tangential stresses in the vicinity of
the haulage gate in the method of the mining pres-
sure controlling in face with goaf stowing: (a) with
the filling mass hardness C =35 N/m; (b) the same,
C=84 N/m

Coal pillar is a brittle body and is a classic object of
linear fracture mechanics. In the linear fracture mecha-
nics, brittle failure is viewed from the standpoint of the
accumulation mechanism of damages and fractures
growth (Karkashadze, 2004).

While pillar loading is applied to the moment of dis-
placement, the accumulation of loads in it occurs accor-
ding to linear fashion, with relatively small deformations
(Khani, Baghbanan, Norouzi, & Hashemolhosseini, 2013;
Fekmistov & Golovin, 2015). Apparently, the greater the
load-bearing strength and hardness of the protective fa-
cilities, all other things being equal, the more destructive
efforts are exerted on the rocks of the adjacent strata at the
places of overstress that are formed due to the contact of
the nonyielding facility with the wall-rocks (Fig. 10).

The foregoing negative geomechanical features of
rocks performance are reduced to the minimum in the
method of roof control with goaf stowing. The modeling
data show that the use of a filling mass for roof rocks
maintenance, reduces the concentration of stresses in the
coal-rock mass. However, the hardness of the filling mass
has a significant influence on the stress level (Fig. 11a, b).
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The hardness of the filling mass determines the level
of stress concentration in the wall-rocks. Reduction of
this value by 2.5 times leads to minimum values of
stresses in the coal-rock mass, when we have a gentle
deflection of the wall-rocks along the entire length of the
longwall face. At the same time, the area of actual con-
tact of subside rocks with a rock walls does not change,
and only stresses redistribution at the boundary of con-
tact between wall-rocks and the filling mass occurs. In all
cases, in the protection of seam opening with rock walls,
the barring in the haulage gate is uniformly deformed
(Fig. 11a, b). It follows that the most favorable for the
mining workings state located in a sedimentary rocks
massif, in terms of stress distribution, is influenced by
the method of roof control with goaf stowing.

In a coal-rock mass with mining workings, the under-
worked and delaminated seam roof rocks, which are a
block mass consisting of beams of different length, uncon-
trollably subside behind the productive workings, creating
an unfavorable geomechanical situation in the vicinity of
the shored up openings. Unexpected appearance of such
situations contributes to the negative dynamic loads mani-
festation and it is one of the seams development features
with yielding wall-rocks. In order to minimize rock pres-
sure negative manifestations, it is necessary to ensure the
effective of the coal roof rocks maintenance.

Experimental studies of the flexural modes of the
simulated beam were conducted to study the competence
of the coal roof, which was represented in the form of a
socle beam, which was supported behind a filling mass
of various hardness, under the influence of instantaneous
loads in such conditions, in the form of sudden wall-
rocks collapses, in the DonNTU rock pressure laboratory
on models of equivalent materials (Iordanov et al., 2018).

As a result of the studies carried out, it was found that
the filling mass, whose cavitation is M <6% at the
maximum loose density, is a hard base for the delamina-
ted roof rocks, and the latter, with the action of external
force, are more yieldable to destruction. It is evident, that
to ensure the operational status of seam openings, using a
filling mass of the mined-out space, certain requirements
must be imposed on the filling mass. In particular, for the
normal functioning of the system under consideration, it
is necessary that the filling mass consisted of a nonho-
mogeneous particles of the loosened rock or had a cavita-
tion M =7-20% with a decrease in the loose density.
When these conditions were fulfilled, the integrity of the
modeled strata beam was ensured when an external force
was applied to it.

Thus, in accordance with the results of the studies
performed, it can be stated that in order to ensure the
operational state of seam openings in difficult mining
and geological conditions, when the requirement to ef-
fective wall-rocks maintaining of the developed coal
seam behind the longwall face along the haulage gate
was be regarded, application of wide yielding seat or
goaf stowings as protective facilities would be reasona-
ble. Protective facilities of this type provide sufficient
overpressure to the subside rocks of the hanging wall and
their gentle deflection behind the longwall face, in the
mined-out space.
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When comparing the original qualitative picture of the
tangential stresses distribution in a coal-rock mass con-
taining workings, while protecting the haulage gate with
goaf stowing, we have less negative manifestations of
rock pressure than when it is protected with coal pillars.

Coal pillars are brittle protective facilities, the change
in hardness of which occurs according to a linear law,
taking into account the mining and geological conditions
of the developed coal seam. As a result of the effect on
these seats of external force, after the destruction their
hardness decreases, which contributes to a sharp deterio-
ration in the competence of the haulage gate behind the
longwall face.

4. CONCLUSIONS

As a result of carried out experimental studies on the
wall-rocks displacement nature on the contour of seam
openings under various methods of protection, the effec-
tiveness of the latter was assessed by changing the condi-
tion of the roadway, taking into account the hardness of
the protective facilities. In order to ensure the operational
status of haulage gates, in difficult mining and geological
conditions, it is necessary to focus on the use of a goaf
stowing as a method of rock pressure or wide yielding
protective facilities control, which will make it possible
to maintain effectively and gentle deflection of the wall-
rocks behind the face, along the length of the openings.
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EKCIEPUMEHTAJIBHI JIOCJAI)KEHHS CTIMKOCTI
HNIAroTOBYNX BUPOBOK ITPU PI3BHUX CITOCOBAX OXOPOHHU
B YMOBAX NOXWJIUX I KPYTHUX BYI'VIbHUX IIJIACTIB

A. JIsok, 1. lopnanos, J1. Yemnira, C. [logkomnaes

Merta. J{ocnipkeHHsT CTIHKOCTI TUIACTOBHUX MIATOTOBYMX BUPOOOK MPH PI3HUX Croco0ax OXOPOHH y CKIAJHUX Tip-
HHYO-T'€0JIOTTYHIX YMOBaX PO3pOoOKY MOXMIHMX 1 KPYTHX BYTIbHUX I1acTiB [loHOacy.

Metoauka. /[ qOCSTHEHHS! MOCTABJICHOI METH B JIOCHI/DKEHHSX BHKOPUCTOBYETHCS KOMIUIEKCHHE MigXif, IO
BKJIFOYA€E aHANI3 1 y3arajbHEHHS JIOCBiJy OXOPOHH MiArOTOBYMX BHPOOOK, BUBYEHHS CTATUYHOIO IOJISI PO3MOALTY Ha-
NPYXKEHb y BYIJIETIOPOJHOMY MAacHBi Ha ONTHYHUX MOJEJISX, IIAXTHUH €KCIIEPUMEHT 13 BUBYEHHS CTIHKOCTI BiIKaTO4-
HUX IITPEKiB Ta 00pOOKY eKCepHUMEHTAIBHHUX JTaHUX.

PesyabraTu. [Ipy BUBUYeHH] 3CcyBiB OIYHUX MOPiJ Ha KOHTYPI BiIKATOYHOTO IITPEKY 3a(ikCOBaHO, 110 B pa3i BUKO-
pHUCTaHHS JUIsi OXOPOHHM IIACTOBHUX IMIATOTOBYMX BHPOOOK IMiAJATIMBUX OXOPOHHHX CIIOPY, KOHBEPTEHIis ITOKPIBII 1
MIJOMIBYH BYTUIBHOTO IUIACTA, SIKUH PO3POOIIIETHCS, B Mipy ITOCYBAaHHS OYMCHOTO 320010 CIIOCTEPIraeThes A0 TOBHOTO
CTUCHEHHSI OXOPOHHOI CHOPYZH, a B 30HI CTAJIOr0 TipCHKOTO TUCKY IPAKTHYHO 3racae. Y pa3i BUKOPUCTAHHS Ul 0XO-
POHHU IITPEKiB MITIMKIB BYTULIA Mics pPYHHYBaHHA 1X KOPCTKICTh 3MIHIOETHCS 32 JIHIHAM 3aKOHOM, IIO CIIPHSE 3HAY-
HOMY TOTIPIIEHHIO CTIIKOCTI BIIKaTOYHOTO INTPEKY 034y OYHCHOTO BHOOI0. 3aCTOCYBAaHHS 3aKiIaJaHHs BUPOOJICHOTO
MPOCTOPY ISl OXOPOHHM IUIACTOBHX IIATOTOBYMX BUPOOOK, 3 TOUKH 30py PO3NOAULY HANPyXXEHb Y BYIJIEHOPOAHOMY MAacH-
Bi, 3a0e3Meuye UIaBHUI MPOTUH OIYHMX TOPIJ 10331y OYMCHOTO BHOOIO 33 paxyHOK 30UIbLICHHS IUION[ (haKTUYHOTO
NPUTUCKAHHS TOBIII], 110 OMYCKAETHCS, IO 3aKJIaJIHOI0 MacHBY, IIPH TOPIBHSAHHI 3 OXOPOHOIO ITPEKIB LIUTMKAMH BYT1ILIAL.

HayxoBa HoBu3HA. EQEKTHBHICTh 3aCTOCOBYBaHOTO CIIOCOOY OXOPOHHM IUIACTOBHX MiJArOTOBYMX BHPOOOK IPOIIO-
HY€EThCSI OIIIHIOBATH 33 3MIHOIO CTIMKOCTI BiJKATOYHOT'O IITPEKY, ajic¢ 3 YpaxXyBaHHAM JKOPCTKOCTI OXOPOHHHUX CIIOPY/I.
JKopeTKicTh OXOpOHHHMX CHOpYJ BioOpakae iX 3MaTHICTh YMHWTH omip aedopmanii npu 3pyLIeHHI po3IapoBaHHOT
MTOPOAHOT TOBIII ¥ 3aJIeKUTH Bijl 3HAYEHHS 30BHIIIHBOT CHIIH, (haKTOPY 4Yacy Ta ipHHYO-TeOJIOTIYHIX YMOB PO3pOOIIIO-
BaHOT'O BYTLIBHOTO IIJIACTA.

IpakTH4yHa 3HAYMMIiCTB. 3aCTOCYBaHHS 3aKJaJaHHSI BUPOOICHOTO MIPOCTOPY, SK CIIOCOOY YIPABITiHHS MTOKPiBICIO
a00 IMUPOKUX MITATINBHUX OMOP, PO3TAIIOBAHMWX HAJ IITPEKOM, TO3BOJHTH 3a0€3IEUNTH eKCIUTyaTalliiHAN CTaH Bil-
KaTOYHUX IITPEKIB 1 MiABUIIUTH Oe31eKy poOiT MpH MiATPUMAaHHI ITiITOTOBYIX BHPOOOK.

Kntouosi cnosa: siokamounuii wmpex, 3smiljeHHs, YUK, OXOPOHHI CROPYOU, 3AKIAOAHHA 8UPOOIEHO20 NPOCMOpY,
po3uapyeants 6iyHUX nopio
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3KCHEPUMEHTAJIBHBIE UCCJEIOBAHUS YCTOMYUBOCTHU
IHOATI'OTOBUTEJIBHBIX BBIPABOTOK ITPU PA3JIMYHBIX CITOCOBAX
OXPAHBI B YCJIOBUSIX HAKJIOHHBIX U KPYTBIX YI'OJIBHBIX IIJIACTOB

S, JIamoxk, U. Mopaanos, . Yenura, C. [lonkomnaes

Heas. MccnenoBanue yCTOWYMBOCTH TUIACTOBBIX MOJATOTOBUTEIBHBIX BHIPAOOTOK MPU PA3JIUYHBIX CIIOCOOAaX OXpa-
HBI B CJIOKHBIX TOPHO-TEOJIOTMYCCKHUX YCIOBHUSIX pa3pab0OTKK HAKIOHHBIX U KPYTHIX YIOJbHBIX T1acToB JJoHbacca.

Metoauka. /[ 1OCTUKEHUS OCTABJIEHHOW LIEJIM B UCCIIENOBAHUAX UCIOJIB3YETC KOMIUIEKCHBIM MOJIXO0/I, BKIIIO-
YarOIIUI aHAU3 W 0000IICHUE OIBITa OXPAHBI MTOATOTOBUTEIBHBIX BRIPA0OTOK, H3YYCHHUE CTATHYCCKOTO IOJIS pacipe-
JIeJIeHHs] HanpsOKEHUM B YIJIEMOPOJHOM MAacCHBE HA ONTHUYECKUX MOJENSX, HIAXTHBIA KCHEPUMEHT M0 H3YUYEHHIO
YCTOMYMBOCTH OTKATOYHBIX IITPEKOB M 00pabOTKY IKCTIEPIMEHTABHBIX JAHHBIX.

PesyasTatsl. [Ipn m3ydeHnn cMemeHni OOKOBBIX TOPOA Ha KOHTYypEe OTKATOYHOTO IITpeKa 3a(UKCHPOBAHO, YTO B
CIydae MCTOIh30BaHUS IJIS1 OXPAHBI IIACTOBBIX MOATOTOBUTEIBHBIX BEIPAOOTOK MMONATIMBBIX OXPAHHBIX COOPYKEHHMH,
KOHBEPIeHIIUsI KPOBJIM M MTOYBBI Pa3pabaThiBa€MOr0 YroJIbHOI'O IIacTa 10 Mepe MOJBUTaHUsI OYMCTHOrO 32005 HaOJII0-
JIA€TCsl 10 TOJIHOTO C)KaTUsl OXPAHHOI'O COOPY’KEHUS, a B 30HE YCTAaHOBUBILEIOCS TOPHOI'O JaBJIEHUS MPAKTUYECKH 3a-
TyxaeTr. B cioyuae ucrosnb30BaHus U1 OXPaHbl IUTPEKOB LEIUKOB YIS MOCIE PAa3pyLICHUs UX )KECTKOCTh U3MEHSETCS
10 JIMHEHHOMY 3aKOHY, YTO CIOCOOCTBYET 3HAYUTEIBHOMY YXYIIICHHUIO YCTOWYMBOCTH OTKATOYHOTO IITPEKa 03311
OYUCTHOTO 3a00s1. [IprMeHeHre 3aKIaIKi BBIPA0OOTAHHOTO MPOCTPAHCTBA JIJISi OXPAHBI IUIACTOBBIX MOATOTOBHTEIBHBIX
BBIPAOOTOK, C TOYKH 3PCHUS PACIIPEACICHUS HANPSHKCHUN B YIIICIOPOTHOM MacCHBE, 00eCIeYrBaeT IUIABHBIN MPOrud
OOKOBBIX MOPOJI MO3aIM OYUCTHOTO 32005 3a CYET YBEIWICHUS IUIOMIATHN (PAKTHIECKOTO KACAHHS OITyCKAFOIICHCS TOJ-
1Y C 3aKJ1aI0YHBIM MacCHUBOM, IIPU CPABHEHHUHU C OXPAHOH IITPEKOB LIETMKAMHU YTJIsl.

Hayunasi HoBH3HA. DPPEKTHBHOCTH MPUMECHIEMOT0 CIIOC00a OXPaHbI IUIACTOBBIX TOATOTOBUTEIBHBIX BHIPAOOTOK
MpeAaraeTcs OLEHUBAaTh 0 W3MEHEHUIO YCTOMYMBOCTU OTKATOYHOI'O LUTPEKA, HO C YUYETOM JKECTKOCTH OXPaHHBIX
coopykeHHH. JKeCTKOCTh OXpaHHBIX COOPY)KEHHI OTpa)kaeT WX CIIOCOOHOCTH CONPOTUBIATHECA AePOopMaIuul IpU
CHBIDKCHHH PACCIOWBIICHCS MOPOTHON TOJIIM W 3aBHCHUT OT 3HAYCHHS BHEUTHEW CHIIBI, (aKTOpa BPEMEHH W TOPHO-
TeOJIOTMYECKHX YCIOBHH pa3padaThiBaéMOro yroJsHOTO IJIacTa.

IIpakTnyeckasi 3HaYUMMOCTh. [[pruMeHeHne 3akIagkyd BBIPAOOTaHHOTO MPOCTPAHCTBA, KaK crocoda yIpaBieHHS
KpOBJIEH WM IMUPOKUX MOAATINBEIX OMOP, PACHOIOKEHHBIX HAJ IITPEKOM, MO3BOJHUT 00ECIIEUHUTh SKCIUTYaTallMOHHOE
COCTOSIHUE OTKATOYHBIX IITPEKOB M MOBBICUTH O€30MACHOCTH PAbOT IMPH MOAICPKAHUH TOATOTOBUTEIBHBIX BIPAOOTOK.

Knrouesvie cnoea: omxamounvlii Wmpex, CMeweHus:, Yelux, OXPAHHble COOPYICEHUS, 3aKIA0KA GblpabOmMAaHHO20
NpOCMPancmeda, paccioerue OOKO8six HOpoo

ARTICLE INFO

Received: 3 May 2018
Accepted: 2 October 2018
Available online: 12 October 2018

ABOUT AUTHORS

Yaroslav Liashok, Doctor of Economic Sciences, Rector of the Donetsk National Technical University, 2 Shybankova Ave.,
85300, Pokrovsk, Ukraine. E-mail: iaroslav.liashok(@donntu.edu.ua

Thor Iordanov, Candidate of Technical Sciences, Associate Professor of the Department of Mineral Deposits, Donetsk
National Technical University, 2 Shybankova Ave., 85300, Pokrovsk, Ukraine. E-mail: gendir@eme.kiev.ua

Daria Chepiga, PhD Student of the Department of Mineral Deposits, Donetsk National Technical University,
2 Shybankova Ave., 85300, Pokrovsk, Ukraine. E-mail: daria.chepiha@donntu.edu.ua

Serhii Podkopaiev, Doctor of Technical Sciences, Professor of the Department of Mineral Deposits, Donetsk National
Technical University, 2 Shybankova Ave., 85300, Pokrovsk, Ukraine. E-mail: serhii.podkopaiev(@donntu.edu.ua

19



