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Abstract. Geological and technical conditions in the most of Ukrainian mines are
significantly more complicated than in the mines of other leading countries, which
produced coal. A simple transition of the accumulated foreign experience of anchor-
ing did not give any effective positive results. The goal of this investigation is to
study more deeply mechanism of the roof-bolt operation and to specify the space-
time laws of geomechanical processes occurred in the system “edge rock — roof
bolts”. The research tasks are: to design a mathematic elastoplastic model for calcu-
lating stress state of the rocks around the roadway supported with the bolts; to ex-
plore support formation around the bolt in the mine roof; to establish a concept of the
rock-bolt support interaction, according to which supports unite into a single con-
struction that can resist rock pressure; to develop the bearing-bolt supporting tech-
nology and expand range of its application.

These tasks have been completely resolved. The technology of the reinforced and
powerful bearing-bolt supporting designed by our Institute of Geotechnical Mechan-
ics was successfully realized in practice in 52 Ukrainian mines for driving more than
700 preparatory roadways and permanent workings. This approach helped to achieve
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stable state of the roadways under the complicated mining and geological conditions
and obtain good economic effect thanks to the cut expenses spent to the roadway
supporting and repair.

Key words: anchoring, complicated mining and geological conditions, geome-
chanical processes, mine workings, numerical simulation, supporting technology.

1 Introduction

Maintaining of the mine roadways in stable operational state dur-
ing the whole period of their exploitation is the most critical problems
of the mining industry. Safety of miners, provision of working places
with air and materials, productivity of the heading and mining ma-
chines, load on the longwalls, and, in whole, on the mine operation —
all of these issues depend on the safety roadway supporting. With
increased depth of the coal seam development, rock stresses reach
their maximum values; besides, rheological effects occur, which all
together lead to great loads on support causing its deformation and
rock displacement towards the roadway [1].

The commonly used arch supports do not provide resistance suffi-
cient for essential reduce of deformation processes in the rocks
around the roadways. During the last 25 years, bearing capacity of the
yielding arch support has been improved by 2-2.5 times mainly due to
higher steel intensity. Despite of this fact, a significant number of
mine roadways equipped with the arch supports are in emergency
state and require repair (fig. 1) because even the arch supports with
high steel intensity are characterized by low bearing capacity, which
does not exceed 1.5 MPa.

Expenditures to the support setting in the roadways are not limited
by the factor of the steel intensity. They are added by the costs of the
support transportation and installation. Significant weight of the arch
support elements and low level of mechanization of process of their
installation contribute to the increased injury risk during these works.
Besides, due to the arch deformation, cross section of the roadways
decreases: consequently, the situation is complicated by the dust-and-
gas mode, which worsens working conditions in the roadways [2]. In
general, it can be stated that enormous financial inputs spent for se-
curing the roadways by the arch supports do not ensure their keeping
in a reliable operational condition and that traditional yielding arch
supports are not able to fully compensate for the increasing displace-
ments of the rocks into the roadways.
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Fig. 1. Roadways with the frame supports

Instead, rock deformation can be controlled with the help of the
roof bolts, which help to improve hardness and bearing capacity of
the rocks. Roof bolting is widely used by many countries in their coal
industries and other underground construction projects [3]. Until the
1970s, bolts with mechanical (locking) fasteners were mainly used.
Development of polymer fasteners with fast setting and high strength
allowed fastening the roof bolts along the entire length. Use of such
roof bolts improved state of the roadways including those with weak
and layered roofs. Under these conditions, mechanical roof bolts usu-
ally ruined, especially over time. In comparison with mechanical fas-
teners, roof bolts with polymer fasteners along the pole length (fig. 2)
feature greater resistance to the lateral rock displacement. Besides,
they are also less susceptible to corrosion, that significantly increases
their effectiveness.

From the late ninetieth, Ukrainian miners began to use bolts with
polymer fasteners. Scientific and technical aspects of these jobs were
supervised by researchers of the Institute of Geotechnical Mechanics
of National Academy of Science of Ukraine [4]. At that time, tech-
nology of the roof bolting was based on the then world practice.
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Fig. 2. Bolt with poler fixing in the bore hole

Different normative documents specified conditions for using the
roof bolts and technical requirements for the bolts and their elements,
equipment and work technique. Basically, the roof support was used
in the roadways with rectangular cross-section (fig. 3), and anchors
were installed perpendicularly to the bedding, fig. 4.

Fig. 3. The roadways with rectangular cross-section

However, in the process of accumulation of practical experience
on usage of the roof bolting in the Ukrainian mines, where new
equipment was implemented and, therefore, loads on the longwall
increased and geological conditions were worsen, it became clear the
following. Bearing capacity of the most of the known schemes and
designs of the roof bolting did not give a possibility to build road-
ways with the working life more than 4 years. As well, the existing
techniques of the roof bolting made impossible to reuse the gate roads
though it was very important in view of improving the coal produce
costs.
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Fig. 4. Ty-pical scheme 6f the roof bolting for roadways
with rectangular cross-section

The reason was that geological and technical conditions in the
most of Ukrainian mines were significantly more complicated than in
the mines of other leading countries, which produced coal. Therefore,
a simple transition of the accumulated foreign experience did not give
any effective positive results. The situation demanded to study more
deeply mechanism of the roof-bolt operation and to specify the space-
time laws of geomechanical processes occurred in the system “edge
rock — roof bolt”.

2 Methods

In order to study mechanism of the roof bolt operation, we de-
signed a mathematic elastoplastic model for calculating stress state of
the rocks around the roadway supported with the bolts. The process
of the rocks deformation is described by equations

ou,
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where ¢, - the damping coefficient, kg/(m’-s); u; - the displace-
ments, m; ¢ - time, S; G;;; - the derivatives of the stress tensor compo-
nents along x, y, Pa/m; X(f) - the projections of the external forces
acting on the volume unit of a solid body, N/m’.

The problem is solved in an elastic-plastic formulation. For the
mathematical description of the process of rocks changeover into a
disturbed state, the Mohr-Coulomb failure theory is applied. The ini-
tial and boundary conditions
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where y - the averaged weight of the overlying mine rocks, N/m’;
H - the mining depth, m; A - the side thrust coefficient; Q; - the verti-
cal boundaries of the outer contour; , - the horizontal boundaries of
the outer contour.

This model took into account parameters of the roof bolts and
roadway, strength and deformation properties of the rocks, as well as
time and site when and where the roof bolt start working. In order to
solve this problem, we applied a finite element method [5-7].

The roof bolt was simulated by the rod finite elements, washer and
grab simulated by the triangle (prismatic) contact elements, and pol-
ymer fastener simulated by special contact elements. Each of the ele-
ments of the roof bolting featured certain physical and mechanical
properties.

Level and character of the rock stress state change nearby with the
roadway was estimated by the following parameters:

- reduced difference between the maximum and minimum compo-
nents of the key stresses (Q=(c,-03)/YH), this parameter characterizes
difference between the stress-filed components and possible occur-
rence of the rock breaking;

- reduced minimal component of the principal stresses (P=c3/yH),
this parameter specifies a possible type of the breaking.

3 Results and discussion

3.1 Simulation of the roof-bolt operation

In view of studying interaction between the roof bolts and rocks,
we made a series of calculations.

The first step was simulation of the stress state in rocks around an
unsupported roadway (fig. 5a). Result of the simulation is the basis
for the further analysis.

In undisturbed massif, outside zone of mining operation influence,
rocks are in the state of triaxial compression.

Vertical component of the stress field is determined by the weight
of the overlying rock mass, and two horizontal components are de-
termined by the lateral arching of the rocks.
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Fig. 5. Formation of the rock-bolt support and canopy in the
roadway roof. Distribution of parameter Q values: a - the road-
way with no support; b - with 1 roof bolt; c- with 5 roof bolts

0=1.6
12<0<1.6
0.8<0<1.2
0.4=0<0.8
0<0.4 Since coefficients of lateral arching are close to 1,
state of the rocks in their natural occurrence is close to uniform com-
pression. Difference between principal stress components in undis-
turbed massif is usually close to zero. That is why, regardless of the
depth of the rock bedding, process of the rock breaking does not oc-
cur. This state of rocks is also observed in the massif with the road-
way, but at some distance from it. At driving the roadway within zone
of its influence, stress field in the rocks changes. Minimum compo-
nent converges to zero, and maximum component increases and be-
comes greater than the maximum component in the undisturbed mas-
sif. In the edge zone, the unsupported rocks are deformed and their
breaking is developed, fig. S5a.

When one bolt is installed, a certain volume of the roof rocks con-
nected with the bolt is kept from displacing. With the course of time,
rocks in zone around the bolt do not unloaded and are still in the
compressed state. At a certain distance from the bolt, deformation
processes are developed in the rock mass by the same pattern as in the
roadway with no bolts. It is possible to specify this zone around the
bolt as a support due to its function, fig. 5b.

A system consisting of 5 bolts (fig. 5¢) prevents the edge rocks of
the roof from shifting into the roadway and keeps the edge massif in a
compressed state. As you can see, size of area with triaxially com-
pressed rocks in the roadway roof is increased significantly (in com-
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parison with the roadway with one bolt installed). Now it covers most
part of the reinforced space.

3.2 New design of the roof bolting

Roof bolting is a space system of the roof bolts fastened in the
bore holes. The key target of the installed bolt system is to arrange
such layout of the bolts, which can ensure maximally effective inter-
action between supports created by the bolts. How to improve effi-
ciency of interaction between the rock-bolt supports? To increase
density of the bolt installation? But when parallel bolts are installed
very close to each other it can trigger crack formation between them.
Under certain geological conditions, when the bolts are installed ver-
tically, a rock mass can be divided into blocks. And we know cases
when such blocks have fell down into the roadways, fig. 6.

Fig. 6. Close setting of parallel roof bolts

The most promising method for improving interaction between the
bolts is such their layout in the space, which would keep the rocks of
the edge massif in a triaxially compressed state. As tests of the sam-
ples show, even a slightly increased lateral backup increases ultimate
strength by 1.5-2.5 times.

We have analyzed results of our long-term observations and la-
boratory, computational and mine experiments conducted in more
than 30 coal mines of Ukraine and established on their basis a con-
cept of the rock-bolt support interaction, according to which supports
unite into a single construction that can resist rock pressure (fig. 7).
We also have solved a problem of how to improve efficiency of inter-
action between the rock-bolt supports [8, 9].
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Fig. 7. Formation of the rock-bolt blocks in the structure of the rock-bolt canopy:

1 — is a load-bearing part of the canopy; 2 — is a backing-up part of the canopy; 3 —
are supports of the canopy; 4 — is a base of the structure; 5 — is an element of the
rock-bolt structure which we call a “bridge”’; 6 — cable bolts

Functions of elements in the roof-bolting construction [10].

The load-bearing part of the canopy (fig. 7) counteracts defor-
mations of the roof rocks and their displacement into the roadway.
This element is the main and mandatory one. It is located in the cen-
tral part of the roof along the entire roadway and is formed by the
bolts in amount from 2 to 5 depending on the size of the roadway
cross section and required capacity of the construction. This structural
element can be reinforced by the deep rope bolts.

The backup part (fig. 7) takes the load from the load-bearing ele-
ment of the canopy and transmit it to the support. This part is also
needed for controlling life period of the construction depending on
the roadway operation. This backup part consists of two elements
located on both sides of the load-bearing part in the construction, not
necessarily symmetrically about the axis of the roadway. Differences
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in the pattern of the backup part formation on each side of the road-
way can be caused by:

- inclination of the coal seam and rock layers;

- cleavage and direction of natural fracturing;

- technological requirements for the winning operations (roadway
to be closed or stored for reuse);

- coal-cutting with the goaf.

The backup part is a mandatory element of the roof-bolting con-
struction and should consist of 1 to 4 steel-polymer bolts.

Supports of the canopy (fig. 7) transmit load from the canopy to
the base. Load-bearing part of the construction is located in central
part of the roadway walls, in the coal seam, in the rock above or be-
low it. If the roadway walls are represented by the hard rocks, then in
areas with partial supporting, this element is not mandatory. The
load-bearing part is represented by two elements that are not always
symmetrical about the axis of the roadway.

Quantity of bolts in the structural supports depends on the:

- roadway height;

- coal seam thickness;

- hardness of the coal seam and enclosing rocks;

- roadway function;

- roadway life.

Usually, number of bolts per one support does not exceed 4.

The base of the construction (fig. 7) facilitates increasing of stabil-
ity of the roadway wall and decreasing of the floor heaving. It is lo-
cated in the bottom of the roadway walls provided that hard rocks in
the roadway walls are not obligatory element for the roof-bolting
construction. The base consists of 1 or 2 steel-polymer bolts (for the
cases when coal seam is located in the bottom of the roadway section,
plastic or wooden bolts can be used).The floor bolts are inclined
downward at an angle of 10-25° and can cross the floor line.

The element of the rock-bolt construction, which we call a
“bridge” (fig. 7). On the scheme, it is marked by yellow. This element
is a sector of the roadway with the higher stiffness thanks to the addi-
tionally set bolts. The “bridges” prevent the edge rock mass from
breaking due to the released strain energy, which is accumulated with
each elongation of the roadway. Staggering of such sectors makes
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possible to control the roadway stability, restore the needed safety
factor and reduce expenses for the roadway exploitation.

The element “protective bridge” consists of several consecutive
rows of the roof bolts with more powerful structure than the basic
support.

Length of each of the protective jumpers and distance between
them are determined by mining and geological conditions, function of
the roadway and its service life. Usually, length of the bridge is 4-5
rows, and distance between them is 20 m. With the scheme with full
roof bolting canopy, sectors are supported by the bolts in the follow-
ing areas:

- at the beginning and at the end of roadway with roof bolting
(transitional sections);

- with changed geometry of the roadway cross section;

- with geological disturbances;

- in conjugate areas with other roadways;

- with other roadway underworking or overworking.

Angle of the bolt inclination in the elements is determined by the
type of the construction: simple, reinforced, powerful. For the simple
construction, bolts are installed in the plane of the cross section per-
pendicular to the axis of the roadway.

For the reinforced one some bolts are installed with inclination
towards the face at an angle of 70-75°. For the powerful construction,
one part of the bolts is installed with inclination towards the face at an an-
gle of 70-75° and another part is installed with inclination backwards, to-
wards the roadway mouth, at an angle of 70-75°. Such bolt inclination sig-
nificantly increase interaction between the bolts in comparison with tradi-
tional schemes of unidirectional reinforcement of the edge rock massif.

In order to test the roof-bolting constructions in the mine conditions,
we developed “The Program and Methodology for Industrial Testing of
the Roof-Bolt Constructions in the Main Workings at the Pav-
logradugol Mine”.

As a result of the tests, operability of the roof bolt and its elements
was validated, and indicators for efficiency and safety of its use were
determined (fig. 8).
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Fig. 8. Testing of the roof-bolt constructions in coal mains

3.3 The technology of the bearing-bolt supporting

Thus, the technology of the roof bolting was further developed
[11], fig. 9, and range of its application was essentially expanded
thanks to the following principles of the support setting:

- firstly, implementation of the system of bolts, which are set in-
clined along the roadway axis, and which improve interaction be-
tween the rows of the bolts and give a possibility to form the rock-
bolt constructions;

- secondly, structural division of the of rock-bolt canopy into
blocks (the bolts are installed in groups). It makes possible to main-
tain stability of the roadway as a whole system thanks to the safety
displacement of the blocks relatively to each other;

- thirdly, arrangement, from time to time, of the areas with en-
hanced structural stiffness along the whole length of the roadway.

The technology of the bearing-bolt supporting is used for retaining
the enclosing rocks in undisturbed and monolithic state, close to the
state of a uniform compressed undisturbed rock massif. To this end,

- time period between extraction of coal-rock mass from the face
and setting of the roof bolts and

- distance between the face and the first row of roof bolts should
be reduced to a minimum.
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In this case, edge rocks in the unsupported part of the roadway
roof and walls have no time for getting unloaded from the rock pres-
sure and their solidity will be fully preserved.
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Fig. 9. Elements of the technoogy of the bearing-bolt supporting

Technological cycle of installation of the roof bolt construction
consists of preparatory works and support setting for the roadway
roof and walls. In order to reduce duration of this cycle, the following
aspects were optimized:

- sequence of technological operations performed by the miners;

- the required amount of materials and equipment;

- layout of materials, equipment and tools at the workplace in or-
der to minimize the length of route covered by the miner during the
shift;

- devices for quick and accurate execution of technological opera-
tions (a template for observing the row spacing and inclination angles
when drilling holes; a template for marking on the ground and saving
the lower point of the drilling rig installation).

The support and scheme of the bolt setting are calculated basing
on the requirement to exclude rock falling around the roadway. Bear-
ing capability of the rock-bolt supports is determined depending on
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geological conditions of the mining operations, characteristics of the
bolt strength and the bolt fastening in the bore hole. An optimal quan-
tity of the bolts and scheme of the bolt setting are calculated in terms
of the support resistance required for blocking displacement of the
roadway contour.

One of the key requirements of the technology is to set the roof
bolts into the enclosing rock mass, which is not unloaded from the
rock pressure. In this case, the support, just after having been set,
immediately starts working on resisting the forces of the rock pres-
sure. The edge rock mass maximally saves its natural monolithic
state. If not, the bolts will just “sew together” the stratificated roof
rocks.

3.4 Duration of the roof bolt setting taken into account while
determining technological parameters

As well, we developed a new method for calculating parameters of
the stress-strain state of the rocks and construction of the rock-bolt
bridge for technological cycles of setting the rows of the roof bolts.
This method takes into account the rock unloading during the cycle
and a moment of time when the row of the roof bolts start to operate
[12, 13]. In order to study influence of the speed of the roadway driv-
ing and distance between the site of the bolt setting and working face
on the roadway stability, we calculated several technological schemes
(fig. 10, 11).
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Fig. 10. The stress field (Q) changing during technological cycle of the roof bolt
setting, distance between the site of the bolt setting and working face — 0.3 m: a -
before the face driving; b - on the next iteration after the face driving; c - in 30 itera-
tions

136



Speed of the roadway driving was changed in the range of from 5
to 40 m per day. Distance between the site of the bolt setting and

working face was changed within the range of 0.3-5 m.
b c

20 2\ gl

Fig. 11. The stress field (Q) changing during technological cycle of the roof bolt
setting, distance between the site of the bolt setting and working face — 1.9 m:
a - before the face driving; b - on the next iteration after the face driving;
¢ - in 30 iterations

Figure 12 shows diagrams of the roof displacement when the bolts
were set at distance 0.3, 1, 2 and 5 m from the face at speed of the
roadway driving 10 meters per day. In the first variant, the roof bolt is
set at distance of 0.3 m from the face. As the face is further driven the
bolts are loaded and prevent the rock from displacing into the inside
of the roadway. When the bolts are set at a longer distance from the
face with the lag, the edge rock mass can easily displace during cer-
tain period of time and become unloaded.
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Fig. 12. Roof displacement with the bolts set at different distances from the face

137



Thereby, the bolts will be set into the disturbed rocks or, in case of
the soft rocks with low tensile strength, into the broken rocks.

3.5 Reuse of the preparatory roadways

Special difficulties present maintenance of the roadways for their
further reuse while mining an adjacent longwall [14, 15]. Application
of bearing-bolt supports showed good results for these complicated
conditions as well [16]. For example, the reinforced construction of
the roof bolting with the powerful protective bridges was used in the
mother entry 585 of the Yubileynaya Mine (fig. 13).
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Fig. 13. Combined frame-bolt support with reinforced roof bolting in the road-
way 585 of the Yubileynaya Mine: a - Simple sector; b - sector “bridge”
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The roadway had an arch cross section. It was kept in operation
after the first and the second longwalls had been mined out and later.
Results of monitoring showed satisfactory stability of the roadway at
all of the stages, fig. 14. The roof was not broken, it just sagged as a
single block with turning, first, towards one side and then — towards
another. Periodical reinforcement of the bridges helped to restore sta-
bility of the roadway and not to accumulate negative affect of the
rock pressure with each elongation of the roadway.

a b

Fig. 14. Condition of the roadway 585 of the Yubileynaya Mine: a - 10 m to face
end; b - 60 m after the face

3.6 Influence of the roof bolting on the rock permeability

One more advantage of the bearing-bolt supporting must be men-
tioned, which is also best for driving roadways through the gas-
bearing coal seams and rocks and undermining of the water-flooded
rocks. Results of solving the problems of elastoplastic deformations
and fluid filtration were confirmed by data from the mines and have
showed the following [17, 18].

In the roadway where roof is supported by the technology of the
bearing-bolt supporting, an impermeable rock-bolt canopy is formed.
This canopy prevents escaping of methane from the gas sources in the
roof into atmosphere of the roadway. When density of the bolt setting
is increased up to 1.1 bolt per meter, average speed of methane filtra-
tion and discharge decreases by 75 percent (fig. 15).

Application of roof bolting for the blocks in the roadway driven
through the gas-bearing coal seam keeps the seam and enclosing
rocks in stable state, and blocks processes of crack formation and coal
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pressing-out. Each of the bolts, set into the wall of the roadway, de-
creases filtration permeability by 20-30 percent. Such effect essential-
ly decreases volume of methane escaping from the coal seam during
mining and exploitation of the roadway. The bolts which are set in the
bottom of the roadway walls prevent the walls from breaking and de-
crease zone with inelastic deformation in the roadway floor and, con-
sequently, diminish floor heaving and filtration permeability.

06
5 —&-Average speed of methane filtration, m/min

=o=Methane flow rate *100, m3/min

' 0.0 02 04 0.5 0sg 1.0 12

Quantity of bolts per meter
Fig. 15. Change of speed of methane filtration and consumption depending on densi-
ty of the bolt setting in the roadway roof

Therefore, the roof bolting can be considered as a technological
method for decreasing methane content in the roadways and water
inflow during undermining of the water-flooded rocks [17-20].

4 Conclusions

Basing on the research findings, we have developed and approved
a normative document, which regulates parameters for the technology
of the bearing-bolt supporting. We also have developed an album
with typical constructions, which regulates choice of the schemes for
the roof bolt setting in typical mining, geological and technological
conditions of the roadway drivage.

The technology of the reinforced and powerful bearing-bolt sup-
porting designed by our Institute of Geotechnical Mechanics was suc-
cessfully realized in practice in 52 Ukrainian mines for driving more
than 700 preparatory roadways and permanent workings. This ap-
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proach helped to achieve stable state of the roadways under the com-
plicated mining and geological conditions and obtain good economic
effect thanks to the cut expenses spent to the roadway supporting and
repair.

However, the most weighty contribution of the roof bolting tech-
nology into cutting costs of coal production is, to our mind, higher
rates and essentially better safety of the winning operations.

Thanks to the stable, almost unstressed state of the face end, ne-
cessity in setting additional supports falls down, and time period
needed for the end operations during the face mining becomes essen-
tially shorter. Besides, our technology makes it possible to use effec-
tively any powerful mining machines and significantly speed up rate
of the face mining.
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