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Purpose. To substantiate principles of rock pressure usage during underground mining of deposits.

Methodology. Zonal structuring indices of massif around mine workings were established with help of industrial,
laboratory and theoretical research of stress-strain state of rock massif. Research on entropy influence on energy ex-
change and deformations developments in undisturbed rock massif is conducted by means of the entropy method.
Research on preventive capsule formation processes around mine workings and forms of energy transition into work
of rock deformation is executed with help of the energy method. Development of geo-energy approaches for the
choice of development workings pathways and calculation of their bolting parameters as well as substantiation of pa-
rameters of conducting stoping operations in energy zones of preventive capsules is executed according to the estima-
tion of geo-energy technology effectiveness and realization of industrial implementation during underground mining
of deposits.

Findings. Physical essence of zonal capsulation phenomenon of mine workings is revealed. Geo-energy principles
of rock pressure energy usage are substantaited. Resource-saving technologies of mining of mineral depositis are cre-
ated and implemented into production.

Originality. The paper deals with systematization of the picture of phenomena, capsulation processes and regu-
larities by massif of mine workings with determination of shape, sizes, quantity of energy zones, sinusoidal-damping
stresses and ring modules of deformation by means of complex account of geo-energy factors that allow using energy
of rock pressure in underground mining technologies systematically.

Practical value. The energy prediction theory of zonal capsulation parameters research of mine workings is devel-
oped which allows studying shapes, sizes, quantity and conditions of formation of energy zones and borders of pos-
sible destruction of the massif. Power dependences are established as to changing the sizes of adjacent power zones
whose ratio is a constant from the sizes and shape, depth of laying and physical properties of massif containing mine
working. The thermodynamic theory of massif that is not disturbed by workings is improved by means of considering
the processes of geo-energy streams redistribution and entropy exchanging with allocation into undisturbed massif in
a separate entropy method of research. Further development of the sinusoidal-fading dependence of auto-wave fluc-
tuations of stresses in massif that broken by mine workings from gradients of density, temperature, gas-and water
saturations of rocks is given.

Keywords: rock pressure energy, stress-strain state of rocks, synergetic research methods, preventive capsule of mine
working, geo-energy technologies of mining

Introduction. For the last decades, mining depth of
deposits has exceeded a mark of 1500 m worldwide that
is followed by considerable deterioration in geodynamic
conditions of mining. Elastic potential energy appears
not only in the form of peelings and cleavages, but also
in the form of rock bursts and earthquakes of various
amplitude that began to occur within the Ukrainian
crystalline shield. The analysis of production informa-
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tion on ore deposits of Ukraine has shown that in elastic
strong rocks (granites, amfibolita, quartzites) at depths
over 1200 m (the Kryvorizskyi basin) zones of inhomo-
geneously stressed rocks which are followed by forma-
tion of ring-shaped areas of the excessive crack content
are intensively formed. In elastic-plastic rocks (marti-
tovy, getitovy ores) at depths over 900 m (the Kryvorizskyi
basin) ring-shaped zones of lowered stresses are divided
by intensively contorted ores. In plastic rocks (manga-
nese ores, clays, clay-bearing soils) at depths up to
350 m (Nikopol-Marganetskyi basin) processes of zonal
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convergence and divergence are actively developed.
These processes lead to destruction of mine workings
and loss of mineral reserves, damage of objects on the
surface and in the subsoil, and unfortunately, to trauma-
tizing and death of people [1].

Outstanding issue. Both Ukrainian scientists and
their colleagues worldwide have been actively involved
in development of theories of rock pressure around un-
derground mine workings, among them were M. M. Pro-
todyakonov (1908), A. N. Dinnyk (1925), O. V. Savostya-
nov (1974), V. F. Lavrinenko (1975); in Russia — F. Le-
vinson-Lesing and A. Zaitsev (1915), J. Spelding (1937),
R.Fenner (1938) and V.D.Slesarev (1948), R.Kvapil
(1958); in Germany — P. Schulz (1867), V. Ritter (1879),
F.Engesser (1882), V.Trompeter (1899), G.Mantsel
(1894); in Austria — O.Kommerel (1912), A.Leon
(1908), in France — J.Talobr (1878), N. Feyol (1885),
Switzerland — A. Game (1878); in England — N. Hast
(1967). Overwhelming majority of researchers consid-
ered changes of stresses of the massif according to the
extent of influence on parameters of mine working bolt-
ing and development systems. The analysis of scientific
results has shown that the zonal condition of the massif
was revealed by V.Trompeter (1899) and further re-
searchers described only separate processes of this phe-
nomenon. It has resulted in the fact that many theories
are not consistent with each other, and some of them
contradict laws of physics. Results of the conducted re-
search have not allowed defining quantity, shape and
sizes of zones of unloading concentration of stresses and
areas of deformation of the massif. None of the theories,
except thermodynamic one (V.F. Lavrinenko, 1975),
managed to describe a condition of undisturbed and
broken massif by mine workings, nor did they develop a
certain approach to its description. It gives evidence of
necessity to develop modern theoretical ideas of rock
pressure for the purpose of disclosure of physical es-
sence of the phenomenon which is describing a zonal
condition of the massif that would allow solving the
problem of rock pressure energy usage while bolting and
supporting mine workings [2].

Analysis of the recent research. The analysis of Ukrai-
nian developments regarding the ways of mine workings
supporting shows that modern scientific and, respec-
tively, production representations, on which the major-
ity of the Ukrainian technologies of mine workings bolt-
ing and supporting is based, are founded on two basic
principles. 1. Support counteraction to destruction of
bearing massif due to change of their types, parameters
of installation and service conditions for achievement of
the maximum repulse of bolting system. It involves sci-
entific developments of authors who make the most part
of the total number of researchers: A.N. Zorin (2001),
A.F. Bulat [3], V.V.Vinogradov (2002), T.A. Palamar-
chuk [4], A.l. Zilberman (1978), V.1. Bondarenko [5],
P.I. Ponomarenko (1991), G.A.Symanovych [5],
L. N. Shirin (1994), V.I1. Buzylo [6], Yu. M. Khalymen-
dyk [7], I.A.Kovalevska [8], V.Ya.Kirichenko [9],
A.H.Katkov (1984), 1.S. Zitser (1986), A.P.Grigoriev
(1992), V. 1. Nikonets (2003) and many others. 2. Equil-
ibration of stability of the massif with parameters of

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2017, N2 2

mine workings by changing their sizes and shape for
achievement of the maximum stability of contours of
exposures. These research studies make a smaller part of
authors from the total number: E.I. Logachev (2006),
V. 0. Kalinichenko [10], V.P.Voloshchenko (2000),
V. V. Carikovskii [11], Yu.I.Koshik (1992), V.I. Golik
(1998), V.I. Liashenko [12]. If the principle of counter-
action is generally used for development mine working
supporting, then the principle of an equilibration is for
increasing stability of stoping chambers. Both principles
do not allow using rock pressure energy, they only pro-
vide decreasing costs of bolting and supporting of mine
workings due to optimization of technological parame-
ters.

Unsolved aspects of the problem. The majority of sci-
entific developments have applied format being based
on the principle of counteraction to the increasing rock
pressure energy and setting a goal only to minimize costs
of production. Such approach did not allow establishing
physical essence of the phenomenon of zonal disinte-
gration of rocks, which is shown around one and all un-
derground mine workings, that has suspended develop-
ment of fundamental theories about rock pressure a lit-
tle. The applied approach became a certain obstruction
in a way of developing new hypotheses, theories or
methods which would describe or model zonal structur-
ing of the massif around mine workings. The conducted
analysis has allowed revealing two new principles apply-
ing which it is possible to use rock pressure energy.
These are the principle of assistance that was underlain
by Yu.P.Kaplenko (2004) and B.N.Andreev [13] in
technology of layers of ore breaking which are situated
in areas of intensive deformation or zones of stresses un-
loading, and also the principle of elimination used by
V.S. Nigmatullin (1979) as finding of rational places of
laying of development mine workings towards stoping
chambers.

Objective of the article. The analysis of the processes
and principles of management of natural and techno-
logical factors has opened a possibility of rock pressure
energy usage in technologies of mining of deposits.
Thus, it is possible to set the objective of the research to
prove the principles of rock pressure energy usage dur-
ing underground mining of deposits.

To achieve the stated purpose, improvement of clas-
sification of research methods for stress-strain state
condition of rocks by means of development was made,
and introduction of synergetic group of the methods in-
cluding entropy, thermodynamic and energy approach-
es allowed investigating processes of energy exchanging
in rock massif and natural transformations of some types
of energy into others. The existing possibilities of an en-
tropy method as part of the thermodynamic theory,
consisted in opportunities of the description of thermo-
dynamic balance in rocks and reversible deformations in
undisturbed massif of rocks (V. F. Lavrinenko), and also
exchange of entropy and redistributions of energy flows
in rock massif (O. Ye. Khomenko). The thermodynamic
method has allowed defining a shape and sizes of un-
loading zones of stresses around mine workings, the po-
tential and actual stresses, areas of massif destruction in
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unloading zones (V. F. Lavrinenko). The power method
has allowed defining the form and the sizes of zones of
thermodynamic balance of energy, a condition of tran-
sition of zones to a condition of energy disbalance,
quantity of energy zones in the safety capsule and inten-
sity of minor factors of massif actual stress around mine
workings (Fig. 1).

Geo-energy factors, parameters of stress-strain state
of the massif of rocks which include pressure, stress,
density, temperature, gas-and water content had impact
on formation of safety capsule around underground
mine working. Research methods of transitional condi-
tions of rocks at simultaneous changing of gradients of
several geo-energyr factors were used for their stydying
(stress and temperature, pressure and density, gas-and
water content).

Energy flows (flows of energy) are the directions of
changing specific energy consumptions in the rock mas-
sif containing underground mine working. Zonal capsu-
lation of mine working is a process of formation of inter-
connected energy zones in the surrounding massif with
changing gradients of geo-energy factors. The safety
capsule of underground mine working is an ellipsoidal
part of the massif consisting of several energy zones
characterized by existence of extrema of changing gradi-
ents of geo-energy factors. Energy zones represent ring-
shaped ellipsoidal subareas of the safety capsule which
are limited to the surface of the massif with natural val-
ues of gradients of geo-energy factors (yH). Depending
on a condition of rocks in the energy zone and on its
situation in the capsule, zones of thermodynamic bal-
ance and disbalance of energy are allocated. The zone of
thermodynamic balance of energy is an energy zone in
which the operating total stress does not exceed strength

Fig. 1. The scheme of safety capsule that was created
around underground mine working:

1 — contour of development mine working; 2 — zone of ther-
modynamic energy disbalance No. 1 (unloading, near-the-
contour zone); 3 — zone of thermodynamic energy disbal-
ance No. 2; 4 — zone of thermodynamic energy balance;
5 — areas of massif deformation on mine working contour;
6 — ring area of massif deformation
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of rocks on compression or stretching. The zone of a
thermodynamic disbalance of energy is an energy zone
in which the operating mechanical stress exceeds resis-
tence of rocks to compression or stretching, forming ar-
eas of massif deformation.

Presentation of the main research. It is established
that distribution of entropy in the undisturbed massif of
rocks of the Ukrainian crystalline shield occurs in mu-
tually perpendicular directions which coincide with the
vertical and horizontal directions of redistribution of
geo-energy factors by means of an entropy method. So,
with a vertical pressure of 50 MPa at a depth of 1500 m
in the massif only a part of potential energy whose vol-
ume for horizontal stresses is equal to 50 %, and for ver-
tical up to 45 % is redistributed. The increase in vertical
pressure up to 91 MPa at depths up to 3000 m leads to
redistribution of potential energy in the massif of rocks
of the Kryvorizskyi basin whose volume for horizontal
stresses is equal to as little as 95 %, and for vertical up to
57 %. Definition of a shape and sizes of energy zones in
the safety capsule was made regarding the relation of
vertical Ac,,, and horizontal Ac,,, of potential stresses
which define a coefficient of a zones shapes A which de-
creases from 1 to 0 during decrease in rock strength from
200 to 40 MPa and increase in depth of mine working up
to 3000 m according to the system of exponential depen-
dences, at that

The massif of rocks which forms the safety capsule
around development mine working represents an elliptic
cylinder, and for stoping chamber it is a rotation ellip-
soid. The sizes of vertical a and horizontal b, ¢ semi-axis
of energy zones which are formed in the massif contain-
ing mine working are defined with the usage of coeffi-
cient A. Accuracy of the executed calculations is con-
firmed by comparison of the obtained data method of
unloading and calculated values of elastic deformations
of rocks at depths up to 1200 m in mine fields of “Zhovt-
neva” and “Ternivska” mines of “Kryvorozskyi Iron
Ore plant” PJSC — 3—5 %. The calculated and experi-
mentally established density of rocks under pressure to
1.5 x 10°> MPa differ among themselves on average for
1.32 %, and density of minerals — for 2.15 %. Values of
relative volume deformation of minerals with a pressure
to 4 x 10° MPa have been compared with experimental
data for conditions of high pressure, and the divergence
has not exceeded 7.9—10.6 %, and the measured and
calculated velocities of distribution of longitudinal elas-
tic waves in rock massif which is not broken by mining
operations differed for 6—8 %.

Theoretical research. Parameters of capsules forma-
tion were investigated using an energy method by means
of “convergence” and “divergence” categories which
are phases of centripetal self-organization of open sys-
tems according to the basic principles of synergetrics
and thermodynamics relating to the elastoplastic envi-
ronment. In the course of convergence, the massif con-
taining underground mine working is divided into the
integration subbands (allocated with a background —
Fig. 2, a), but during divergence — disintegration sub-
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Fig. 2. The scheme to calculation of parameters of safety capsule created around development mine working (a) fields of ra-
dial o, and tangential c,,of total stresses in the massif of zones of thermodynamic energy balance, MPa (b) [ 14], forma-
tion of areas of massif deformation in zones of a thermodynamic energy disbalance (c, highlighted background) [ 14]

bands. Underground mine working is an epicenter of
energy balance violation in the massif of rocks and by
means of convergence and divergence the massif coun-
teracts formation of any emptiness in it and tend to re-
covery of its integrity by its capsulation of development
mine workings by system of ring energy zones [6].

Sizes of vertical and horizontal semi-axis of energy
zones are, m

a,=0.5((n— DA™ + (n - Da);
bn—l:(n_l)ak; Cn:bn—l’ (2)

where a, b and ¢, d are widths and /4 is height of develop-
ment mine working, m.

The initial potential stresses of compression from
borders of near-the-contour and the subsequent energy
zones to a massif exposure surface act with mine work-
ing along the settlement platforms which making with
stresses of Ac,,, angles 0 < a. < 360°.

Radial o, and tangential 1, stresses of the undisturbed
massif on all settlement platforms with directions of
stresses Ac,,, angles of o, MPa as a result of release of
internal energy of the massif are

GCon = A(jx(y) COS (X,z + AGZ( Y) sin 0(2;
Ton = OS(AGX()/) — AGZ(y)) sin2a.. (3)

Values of the residual potential stresses in the massif
surrounding mine working which remained after trans-
formation of a part of potential energy, MPa are

Oupn = (0,8In* B + 1, c08*B) exp (—vx,);
Topn = (0,€OS> B + 1, 5in*B) exp (—vx,), 4

where x is a current coordinate of reference point posi-
tion on the platform at angle o (0 < x < A4,) which in-
creases from the border near-the-contour zone to the
massif exposure surface of mine working, and in other
energy zones — from the borders to their centers. The
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increment x is accepted random, but identical to all set-
tlement platforms in each zone; v — coefficient of ab-
sorption of elastic fluctuations, for rocks v =0.1-0.26.

Further by computer graphics the cross section of
mine working, contours of energy zones with semi-axis
of a, and b,, according to the settlement scheme submit-
ted in Fig. 2 [14], a is under construction. From the cen-
ter of mine working, beams of the planes which corre-
spond to angles a < a < 2t with the direction of stress
Ac,, after 15° are conducted. Along each of them from
the border of the last energy zone to the contour of mine
working and the subsequent zone measure distances A4,
and define values of angles § which are laid off in points
of intersection of tangent lines and the contour of mine
working or the border of an energy zone. Fields of re-
sidual potential radial o, and tangential 1, of stresses
which remained after transformation of a part of poten-
tial energy within energy zones (Fig. 2, b) are built ac-
cording to results of calculations.

Transition of the massif to a condition of energy dis-
balance is implemented in the zones which are brought
closer to mine working. If in near-the-contour zone de-
struction causes expansion of the massif towards mine
working, then in the subsequent zones — the radial-di-
rected counter processes of divergence and convergence
are developed which form ring areas of the deformed
rocks in the center of zones of thermodynamic energy
disbalance. In near-the-contour zone achievement of
ring durability is impossible because of its unilaterality
due to existence of mine working. It leads to a thermo-
dynamic energy disbalance whose manifestations in-
volve inrush of rocks from a roof, sides and bottom
heaving, change of rock temperature, gases emission,
water, etc. [15].

As a result of modelling it is established that the sizes
of all subsequent energy zones regarding previous ones,
including near-the-contour, have the fixed value which
is constant for any mine working irrespective of its
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shape, depth of laying and physical properties of the
massif. Calculation of conditions of laying of develop-
ment and stoping mine workings at depths from 0 to
3000 m is executed at change of the modelled durability
of ores and breeds from 40 to 200 MPa for checking the
revealed function. Results of modelling have confirmed
power law dependence of an exponential view, m

a;=0.5e""". 5)

Mutual development of processes of convergence
and divergence leads to an equilibration of elastic energy
in all zones and to achievement of thermodynamic en-
ergy balance. Values of real radial o, and tangential t, of
stresses acting in the massif around mine workings as a
result of transformation of potential energy, are defined
as a difference between the potential stresses character-
istic of the undisturbed massif, and residual potential
tension in points on x; coordinate along each settlement
platform respectively, MPa

GOpn = Oun — Ga[}n; TPn = Tan ~ Tapn: (6)

According to ¢, and 7, values, sizes of elastic radial
and tangential ¢, deformations of rock within zones of
thermodynamic balance are established, m

Eon= pn/E; En = pn/E’ (7)

where ¢ is stretching deformation; ¢, is compression de-
formation.

Total values of mechanical (o, and t,), temperature
(o, and t,) stresses, and also at necessity of other factors
of energy intensity of the massif — density, gas-and wa-
ter saturations (o; and t1;,) are defined on all settlement
platforms and the set x; points, respectively, MPa

Gpm = Gpn + Om + Gin; Tpm = T/m + G + Gin- (8)

According to the results of calculations of the de-
scribed above method, stresses fields o, and t,, within
zones of thermodynamic eneegy balance are built up
(Fig. 1, b). Results of modelling have shown that for
conditions of the Kryvorizskyi basin, distribution of fac-
tors of various intensity on a contour of the modelled
development mine working in relation to total stresses
6,=3.36 MPa (100 %) which by 23.7 % exceed breaking
point of ore to compression (2.6 MPa) are ranged in the
following order: mechanical stresses ¢, = 2.68 MPa and
is equal to 80 % from general ones; temperature stresses
o, = 0.45 MPa (about 15 %), hydro-gas stresses o, =
= 0.22 MPa (less than 5 %) for investigated interval of
rock strength and depth of mining operations.

Zone of thermodynamic balance stops to perceive
full loading from compression of rocks and passes into a
condition of a thermodynamic disbalance of energy
when achieving breaking point of rocks to compression
or stretching in the massif. Elastic deformation of the
massif occurs where the actual stresses operating in the
massif of a zone of a thermodynamic energy disbalance
exceeds maximum permissible values for stretching or
compression. The difference between the operating and
extreme stresses is reflected by the coefficient of margin
of safety of n. To define areas of elastic deformations, it
is necessary to establish location of points in which co-
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efficients of margin of safety on stretching of n,, and dis-
placement n_, will be equal to 1 on all settlement plat-
forms. The received points divide areas of the massif in
which plastic and elastic deformations in all zones of a
thermodynamic energy disbalance work (Fig. 1, ¢). De-
velopment of elastic deformations in the next zone of a
thermodynamic disbalance leads to formation and
transferring of load of a new zone of thermodynamic
balance. Thus, monitoring of all points on settlement
platforms of zones of thermodynamic balance and dis-
balance on a condition of stretching and massif dis-
placement is necessary for determination of quantity of
power zones which, while performing conditions of #,,
< 1, ny, < 1, promotes formation of new zones

Moy = Ton/ Ty < 1, &)

where strength of rocks on stretching o, and displace-
mentrt,, which are determined by dependence, are, MPa

Tt = OJSI(SWGwmpa (10)

Npn = Gpgn/cptn < 19

Opgn = 0.1 31(sw6camp;

where K, = 0.2—0.33, coefficient of structural weaken-
ing of the massif depending on degree of a rocks cracks
content.

Redistribution of stresses around mine workings
stops when achieving thermodynamic balance at which
durability of the zone closing the capsule will be suffi-
cient for isolation of all zones of energy disbalance,
mine working and protection from destruction of con-
siderable volumes of the massif. Process of redistribu-
tion of energy stops, and the steady, isolated system
which is called safety (isolating, protective) is formed by
the capsule consisting of zones of a thermodynamic dis-
balance and energy balance. While modelling decrease
in rock strength of c,,,, = 200—40 MPa and increasing
mining depth of H =0—-5000 m on polynomial depen-
dence of the fourth order, increase in quantity of energy
zones in the safety capsule N = 1—5 pieces occurs.

N =ac,,,,H* ~bo! H> +cold H? —dol)$ H, (11)

comp comp comp comp

where a, b, ¢ and d are values of coefficients which con-
sider changing of rock strength for conditions of the
Ukrainian crystalline shield: a = 0.0018, 5 = 0.0116, ¢ =
=0.0246, d =0.0107 [8].

Laboratory research. Research on parameters of en-
ergy zones was conducted using physical models with
the purpose of confirmation and visualization of the
phenomenon of zone capsulation of underground mine
workings. Laboratory research was carried out by means
of a method of equivalent materials which has allowed
visualizing primary zones, with some violation of the
sizes and shapes down though. Selection of equivalent
material was made by definition of strength on compres-
sion (0.60—0.70 MPa), the elasticity module (0.421 x
x 10> MPa), the volume weight (0.16—0.20 MPa) and
Poisson ratio (0.33) on cylindrical samples by means of
a digital press of KC-200/EUR of the Tecnotest com-
pany (Modena, Italy). The composition of equivalent
material was selected according to the main physical
properties for the purpose of reproduction of properties
of rocks of ore deposits of Ukraine. So, for example,
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properties of equivalent material regulated a ratio of
quartz sand (50 %), ground granite (15 %), cast-iron
shear (10 %), crushed mica (5 %) and paraffin (20 %).
Optical-and-polarization materials (epoxide resin) have
shown already secondary zones, but with some violation
of the sizes, shapes and centerings with mine workings
across and verticals. Electrowire materials (electrowire
paper) have simulated primary zones, but with violation
of stresses, sizes and shapes across. Definition of the po-
sition of separate zones was carried out according to the
analysis of change of massif stresses. Water-parting of
zones is the value of massif stresses corresponding to
size yH (Table 1) as the analysis of the phenomenon of
zone disintegration of rocks has shown.

Results of physical modelling have shown reliability
of the relative sizes of energy zones received by means of
equivalent and optical-polarization materials which
made 77.5 %, optical-polarization and electrowire ma-
terials — 86.0 %, electrowire and equivalent — 96.0 %.
The variability of data, received in the laboratory, varied
ranging from 82.0 to 100 %, with an average reliability of
91.0 %.

Industrial research. The research of processes of zone
capsulation of the massif'is conducted by means of natu-
ral experiments which were made on the horizons of
665, 690 and 715 m of “Ekspluatatsiina” mine of “Za-
porizskyi Iron Ore Plant” PJSC (Dneprorudny city),
the horizons of 1008 and 1050 m of “Ternivska” mine,
“Kryvorizskyi Iron Ore Plant” PJSC (Kryvyi Rih), the
horizons of 507 and 522 m of “Smolinska” mine of
“Skhidnyi Mining and Beneficiation Plant” SE (Zhovti

Vody city) with usage of methods of observations and
estimates, mine surveying, unloadings of the massif,
boreholes deformation and deep bench marks (Table 2).

The analysis of results has shown that change of
depth of contours destruction of stoping chambers
changes generally on power-law dependences, and as for
development mine workings adjoining to chambers —
on exponential ones. Reliability of values in the received
equations of depth of deformation of mine workings
contours fluctuated from 88.0 t0 99.0 %, with an average
of 95.83 % that proves rather high precision of the ob-
tained industrial data. Data show high reliability of
change of boundary values of relative depth of massif
destruction which is at the level of 81.22—86.7 %. Reli-
ability of results within the whole range of the received
sizes of depth of massif destruction is at the level of
96.0 %. Data according to thirty six development mine
workings and twenty five stoping chambers located in
the range of depths of 507—1008 m have allowed estab-
lishing an ellipsoidal shape of borders of contours defor-
mation of mine workings (Table 3).

Other forms of manifestation of factors of zonal cap-
sulation of the massif by underground mine workings
were not investigated. Limits of parameter changes for
calculation of values in Table 3 included conditions of
laying of development and stoping workings at depths of
0—5000 m with changing of durability of ores and rocks
from 40 to 200 MPa.

Technologies of underground mining with rock pressure
energy usage. For assessment of relative amount of en-
ergy which can be used in technology solutions, the

Table 1

Results of measurements of energy zones during physical modelling of a massif’s condition around mine workings

Semi-axis of energy zone, (a,/0.5h) and (b,/0.5b)
Method of minTey\Piv i)rking vert. hor. vert. | hor. vert. | hor.
zone Ne 1 zone Ne 2 zone Ne 3
Equivalent materials Development 1.71 1.88 vH vH vyH vH
Stoping 1.71 1.51 vyH vH vyH vH
Optical-and-polarization materials Development 1.43 1.56 3.28 4.71 vyH vyH
Stoping 1.33 1.71 3.12 4.57 vyH vyH
Conductive materials Development 1.69 3.25 vH vH vyH vH
Stoping 1.66 13.00 vH vH vyH vH
Table 2
Results of industrial research of massif destruction depth
Interval Size of investigated Range of massif Relative destruction
Research method of investigated workings, destruction depth, depth,
depths, m hxdandh;x[l,, m U, m (U+0.5h)/0.5h
Observations and estimations 522-1050 3.0x3.5 0.4-1.7 1.26—2.13
Mine surveying 640—840 35.0 x 120.0 1.0—26.0 1.06—2.48
Massif unloading 740—840 35.0 x 130.0 0.3-20.0 1.02-2.14
Boreholes deformation 975—1050 70.0 x 60.0 1.0-4.0 1.03—1.11
Deep bench marks 300—640 35.0 x 120.0 0.3-1.0 0.10—1.06
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Table 3
Authenticity and precision of the obtained data
Type . Rela}tive depth Quant.ity of energy Relative size Authenticity
of research esearch method of massif destruction, | zones in the massif of energy of parameter, %
(U,+0.5h)/0.5h N, pcs. zones, a,/0.5h
Theoretical | Finite elements - 1 1.75 85.71
2 5.20 76.92
3 23.00 84.21
Thermodynamical 1.49 1 2.05 92.68
Energetic 1.69 1 2.65 99.00
1.49 2 5.30
— 3 10.60
— 4 21.20
— 5 42.40
Average on theoretical research 87.70
Laboratory | Equivalent materials 1.14—1.50 1 1.71 94.00
Optical-and-polarization — 1 1.43 92.00
materials — 2 471
Conductive materials - 1 1.69 82.00
Average on laboratory research 89.33
Industrial | Observations and estimations 1.26—2.13 — — 92.94
Mine surveying 1.06—2.48 - - 92.06
Massif unloading 1.02—-2.14 — - 82.47
Boreholes deformation 1.03—1.11 — - 68.27
Deep bench marks 1.06 — - -
Average on indistrial research 83.93

value of coefficient of a form of power zones A and pres-
sure of rocks on a contour of development of Rm was
used; the design of bolting system in development mine
workings and conditions of ore breaking in stoping
chambers was also considered. The five teoretical-and-
methodological principles suggested below allow using
purposefully energy of rock massif in capsules of mine
workings during underground mining of deposits with
economy of resources up to 37 %. 1. The principle of
counteraction to destruction of the massif means the di-
rected usage of pressing in near-the-contour zone of
safety capsule for counteraction to processes of destruc-
tion of mine working through facilities of bolting system.
2. The principle of equilibration of stability of the massif
means achievement of the maximum stability of con-
tours at certain sizes and a shape of mine workings.
3. The principle of assistance means usage of energy of
the safety capsule for destruction of unstable contours of
mine workings for economy of energy resources while
conducting drilling-and-blasting operations. 4. The
principle of elimination means elimination of mining
operations from zones of a thermodynamic disbalance,
allows reducing the price of mine working bolting and to
increase their overall dimensions. 5. The principle of
transferring means transfer of energy of destruction
from near-the-contour zone of the safety capsule to the
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first zone of a thermodynamic disbalance. It is possible
to reach total geopower effect in the form of decrease in
expenses of energy and resources during mining due to
sharing of several geopower principles. Energy of the
safety capsule created around mine working is used on
the basis of parabolic-hyperbolic dependence (Fig. 2)
whose value corresponds to the principles of counterac-
tion, equilibration, assistance, elimination and transfer
of concentrated energy of the massif.

From Fig. 3 it is visible that mine working bolting by
the principle of counteraction which is underlain in a
support design is implemented with the energy expenses
equivalent to the maximum energy generated in the
massif, and while using the principle of equilibration,
there is hardly any energy consumption for mine work-
ings supporting. Beginning with the principle of assis-
tance, it is technically feasible to use up to 10 % of en-
ergy of the massif, and for the principle of elimination
up to 35 % and for the principle of transfer up to 86 %. It
is possible to reach the maximum effect at purposeful
usage of capsules energy of mine workings by a combi-
nation of several principles in one technology solution.
So, for example, it is effective to use simultaneously a
steady form and self-regulating bolting both in the face
plane, and in the section of development mine workings
or application of a steady form and anchor bolting for
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Fig. 3. Graphic interpretation of the principles of safety capsule energy management:

1—5 — key points of interaction of safety capsule energy with energy of mine working support pressing

massif exposures in stoping chambers and many other
things.

The effective choice and usage of developed geo-
power bolting and management of the broken massif is
provided with their systematization by the principles of
management of safety capsule energy (counteraction,
equilibration, assistance, elimination and transfer),
quantity of massif energy is used in technologies (from
—100 to +86 %), a type of mining operations (develop-
ment, clearing), depth of mining operations (100 —
3000 m) at the mining enterprises (“Kryvorizskyi [OP”
PJSC, “Zaporizskyi IOP” PJSC, “Vostochnyi MPP”
SE, “Marganetskyi MPP” PJSC), which is presented in
Table 4.

Conclusions and recommendations for further re-
search.

1. Quality standard of components of natural power
balance which by means of entropy realizes up to 50 %
of the external stresses operating in the massif of the
Ukrainian crystalline shield at a depth of 1600 m is giv-
en. The research on changes of vertical and horizontal
potential elastic stresses in rocks of the Kryvorizskyi
Iron-ore Basin has allowed establishing the power-law

dependences showing increase in a part of influence of
entropy up to 95 % of the overall power balance of the
external stresses operating at depths up to 3000 m.

2. Modelling of various conditions of mine workings
drivage has allowed establishing the fact that the sizes
and a shape of energy zones are described by system of
power-law dependences. Due to change of gradients of
stresses, density, temperature, gas-and-water satura-
tions, the broken massif forms the safety capsule around
mine working, whose near-the-contour zone is epicen-
ter of development of autowave sinusoidal damped os-
cillations of geopower factors gradients. These processes
lead to formation of ring zones of thermodynamic bal-
ance and disbalance of energy whose ratio of the sizes is
described by power-law dependencies, and their quan-
tity in the capsule as a system of polynomial dependen-
ces.

3. Examination of authenticity of the received pa-
rameters of capsulation of mine workings by the massif
were conductedt using laboratory models which have
shown zonal stresses of the massif, an ellipsoidal shape
of zones, their centering and symmetry to mine work-
ings with reliability of results of 89 %. The analysis of

Table 4
Parameters of safety capsule management of mine working
s~ | = £ &
. - G b=
The 3D version The used Principle £ 2 8 A g EES
of capsule L s o 3 A [SERTIES Management
of the safety capsule created zone of S < 52 S o & .
. . energy = =) S5 s impact on capsule
around mine working capsule o 2 8 2.5 < 2 3
management S § RS m &
O X A~ s S
2
Near-the- Counteraction | 0.5-0.1 | > 1.75 >-100.0 Arch support of mine
contour workings
Equilibration | 1.0—0.9 0 0 Steady sizes and shape
of mine workings
Contribution | 0.9-0.8 | 0-0.5 0—+10.0 Destruction of unsta-
B ble areas of the
massif
Boundary Elimination 0.8—0.6 | 0.5—1.75 | +10.0—+35.0 | New pathways of
of zones mine workings laying
Neat-the- Transfer 0.6-0.5| >175 | +35.0—+86.0 | Self-regulating
contour, first anchor support of
mine workings
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zone deformation areas of the massif revealed by natural
research has shown that their form for development and
stoping chambers aspires to ellipsoidal. Changing of
depth of destruction of stoping chambers contours are
described by power-law dependences, and in adjoining
them to development workings — exponential depen-
dences with reliability of results not less than 84 %.

4. Geo-energy approaches to pathways design of pa-
rameters of development and stoping mine workings in
the conditions of capsulation are formulated. On their
basis the principles of management of the safety capsule
energy are offered: counteraction, equilibration, assis-
tance, elimination and transfer. The share of energy of
rock pressure directed to supporting of mine workings or
production of minerals is described by parabolic-hyper-
bolic dependence that allows achieving economy of re-
sources up to 37 % due to usage of rock pressure energy
up to 86 % in technological solutions.

5. The prospect of development of the direction is
development and implementation in production of
technological schemes of mining of accompanying min-
eral deposits in low-energy areas of the safety capsules,
created in mine fields with the broken distribution of
massif’s energy. Resource-saving technologies of ore,
nonmetallic and gemstone mining will be substantiated
by means of systematization of ways of management of
worked-out area on mines of the Kryvorizskyi and other
mining basins of Ukraine.
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Meta. OOrpyHTYBaTU MPUHLUNU BUKOPUCTAHHSIM
€Hepril TipcbKOro TUCKY MpH MiA3eMHill po3po0ili po-
JTOBHIII.

Metoauka. BcTaHOBIEHHS TTOKAa3HUKIB 30HAJIBLHO-
IO CTPYKTYpPYBaHHSI MacHBY HaBKOJIO BUPOOOK BHKO-
HaHO 3a JO0IIOMOIOI0 IIPOMUCIIOBHUX, JaOOpaTOPHUX i
TEOPETUIHUX TOCTIIKEHb HAIIPY>KEHO-1e(hOPMOBAHO-
ro cTaHy MacuBy Topin. JocimkeHHs BIIUBY €HTPO-
IT1ii Ha OOMiH eHepri€lo Ta PO3BUTOK AcopMalliii y He-
MOPYILIEHOMY MacCHBi MOPill BUKOHAHO 3a JOMOMOTIOIO
eHTporniiiHoro metonay. JlocaimkeHHs mpoleciB ¢Gop-
MyBaHHS 3amoOiXXHUX Karcyl HaBKOJO BUPOOOK i
(opm mepeTBOpeHHSs eHeprii B poOoTy nechopMyBaHHS
MOpPiJi BAKOHAHO 32 IOMTOMOT0I0 €HePreTUYHOTO METO-
ny. Po3poOka reoeHepreTMYHMX MiIXoIiB 10 BUOOPY
Tpac MiATOTOBYMX BUPOOOK i pO3paxXyHKY IMapaMeTpiB
iX KpIinJieHHsI, a TaKoX OOIPYHTYBaHHSI IapaMeTpiB
MPOBEAEHHS OYUCHUX POOIT B EHEPreTUYHMUX 30HaX 3a-
MOOIXKHMX KaIlCyJl BUKOHAHI 3a JaHUMU OLIiHKM e(eK-
TUBHOCTI TE€OEHEPreTUYHUX TEXHOJIOTi i1 peanizalii
IMPOMUCJIOBOTO BIIPOBAMIKEHHS TIPU TiA3EMHIill po3-
poOLIi pogoBUILI.

Pe3ynbTaTu. Po3kputa ¢iznyHa cyTHicTh heHoOMe-
HY 30HAJbHOTO KAarCy/JIOBaHHS TipHUYMX BUPOOOK.
OOrpyHTOBaHI reOeHEePreTUYHi MPUHUMUINA BUKOPUC-
TaHHS eHeprii ripcbkoro Tucky. CTBOpeHi Ta BIpoBa-
JKEHi y BUPOOHUITBO pecypco30epirarodi TeXHOJOTIT
pO3pOOKM POIOBUILL.
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HaykoBa HoBm3Ha. CucreMaTu3oBaHa KapTUHA
SIBUIIL, MPOILIECiB i 3aKOHOMipHOCTE KarcCyTOBaHHS
MAacCUBOM TipCbKMX BUPOOOK 3 BU3HAUYEHHSIM (hopmu,
PO3MipiB, KiJIbKOCTi €eHepreTUYHUX 30H, CUHYCOiIalb-
HO-3racaluux HaIpyxXeHb i KiJbleBUX O0JacTeil ae-
(opmatirii 3a paxyHOK KOMITJIEKCHOTO BpaxyBaHHS Te0-
eHepreTMYHUX (PaKTopiB, 110 JO3BOJIMIIO LiAECIPSIMO-
BaHO BUKOPHCTOBYBAaTH CHEPTil0 TipCHKOTO THUCKY B
TEXHOJIOTISIX pO3POOKHU POJOBUILI.

IIpakTuna 3HaummMicTh. Po3pobiieHa eHepreTnyHa
TEOpisl MPOTHO3YBaHHSI 30HAJIBHOIO KarlCyIIOBaHHS
TipHUYMX BUPOOOK, 1110 TO3BOJISIE TOCiIKYBATH Mapa-
METPU €HEPreTUYHUX 30H: POPMU, PO3MipHU, KiJIbKICTh,
YMOBU YTBOPEHHSI ¥ MeXi MOXJIMBOTO PYyWMHYBaHHS
macuBy. BcTaHOBJIEHi cTemneHeBi 3ajeKHOCTi 3MiHU
PO3MipiB CYMiXKHUX €HEpPreTMYHUX 30H, CIHiBBiAHO-
IIEHHS SIKUX € KOHCTaHTOMO Bif po3MipiB i (opmu,
IIMOWHM 3aKJIafdeHHS i (Di3MIHNX BIACTUBOCTEU Ma-
CHMBY, 1110 BMillla€ BUpoOKa. YIOCKOHaJeHA TePMOIU-
HaMiYyHa Teopisl CTaHy HEIOPYILIEHOTO BUpoOKaMU Ma-
CMBY MOPIiJ 32 paXyHOK YpaxyBaHHSI IIPOLIECiB Iepepo3-
MOy MOTOKIB reoeHeprii Ta 0OMiHY €HTPOIIIEI0 B He-
MOPYLIEHOMY MacCHBi 3 BUAIIEHHSM B OKPEMUI METO/,
JOCTiIKEeHHS — eHTpomiliHuii. OTpuMaa mnojgaiblie
YTOUHEHHSI CMHYCOiIalbHO-3racaioya 3ajeXHicTb aB-
TOXBWIbOBUX KOJMBaHb HAMPYXEHb y MOPYIIEHOMY
BUPOOKaMU MAacCHUBIi Bill TPAi€HTIB IIJIBHOCTI, TEMIIE-
patypu, ra3o- Ta BOAOHACUYEHOCTI FipChbKUX MOPiI.

KmiouoBi cioBa: enepeis eipcokoeco mucky, Hanpyice-
HO-O0eghopmosanuil cman macusy, cuHepeemu4Hi memoou
docaioncenHs, 3ano00idicHa Kancyia eupooKu, 2eoeHepee-
muuri mexnonoeii po3podku

Ieab. OOGoOcHOBaTh NPUHIUIMBL HMCIOJb30BAHUS
SHEPrMU TOPHOTO NaBJICHUs MpM MOI3EMHOI pa3pa-
0OTKE MECTOPOXKICHMUIA.

Mertoauka. YcTaHOBIIEHHE TTOKa3aTe/Ieil 30HaJIbHO-
TO CTPYKTYPHUPOBAHUS MAaCcCHBa BOKPYT BEIPAOOTOK BEI-
MOJTHEHO C TIOMOIIBIO MPOMBIIIIEHHBIX, JlabopaTop-
HBIX U TCOPETUYCCKUX MCCIICHOBAHUI HAIIPSLKEHHO-
ne(opMIPOBAaHHOTO COCTOSTHMSI MaccHBa Ttopomn. Mc-
cJemOBaHUE BIUSTHUS SHTPOIIMU Ha OOMEH SHEepruei u
pasButue gedopMaluii B HETPOHYTOM MAaCCUBE ITOPOL
BBIIIOJIHEHO C IMOMOILIbIO SHTPOIMiIiHOro Merona. Mc-
cJemoBaHUe TIPOIECCOB (DOPMUPOBAHUS TIPEIOXPaHU-
TEJIbHBIX KaICyJ BOKPYT BBIPAaOOTOK 1 (popM Mpeodpa-
30BaHUsI SHEPTUM B paboTy AehOpMUPOBAHMS TOPOT
BBIITOJIHEHO C IIOMOILbIO 3HEPreTUYecKOro MeToja.
Pa3paboTka reosHepreTMUecKux IMOaX0I0B K BBHIOOPY
Tpacc MTOATOTOBUTENIBHBIX BEIPAOOTOK M pacyeTy Iapa-
METPOB MX KPEIUICHMsI, a TaKXKe 000CHOBaHME TTapame-
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TPOB MPOBEICHUST OUNCTHBIX PadOT B SHEPTeTUUECKUX
30HAX TIPEIOXPAHUTEIBHBIX KAallCyJ BBIIOJHEHBI II0
JTAHHBIM OLIEHKU 3((PEKTUBHOCTU T€OHEPTETUYECKIX
TEXHOJIOTUI M peau3alliy MPOMBIIIICHHOTO BHEIpe-
HUS TIPU TTOJA3EMHOM pa3paboTKe MECTOPOKIAECHUMA.

Pe3ynbTaTl. PackpbiTa usnyeckasi CynHocTh ¢e-
HOMEHa 30HAJbHOTO KarcCyJIMpOBaHUsI TOPHBIX BbIpa-
00TOK. OOOCHOBaHbBI T'€0PHEPTeTUYECKUE MPUHIIUIIBI
WCIIOJIb30BaHUSI 9HEPTUM TopHOTO napieHus. Co3ma-
HBl M BHEAPEHBI B TIPOM3BOJICTBO pecypcocbeperaro-
1IA€ TEXHOJOTUU pa3padOTKU MECTOPOXKICHUA.

Hayunas noBusHa. CucreMaTM3npoBaHa KapTHUHA
SIBJICHUIA, TIPOIIECCOB M 3aKOHOMEPHOCTEH KaIlCyIUpO-
BaHUSI MACCHBOM TOPHBIX BEIPAOOTOK C OTIpee/ieHuEM
(opmbI, pa3sMepoB, KOJIMYECTBA SHEPTETUISCKUX 30H,
CHHYCOMIATbHO-3aTyXaIoINX HATIPSDKEHUM 1 KOJIbLIe-
BBIX objacTeil aedopMaliiy 3a CUeT KOMILIEKCHOIO
yyeTa reodHepreTuuyeckux (hakTopoB, MO3BOJISIOLINX
lieJIeHANIPaBJEHHO MCIIOJIb30BaTh YHEPIUI0 TOPHOIO
JABJICHUSI B TEXHOJIOTMSIX Pa3pabOTKM MECTOPOXKIE-
HUM.

IIpakTuyeckas 3HauumocTh. PazpaboTaHa sHepre-
TUYECKasi TeOPUST TPOTHO3MPOBAHUST 30HAJILHOTO Karl-
CYJTUPOBAaHUS TOPHBIX BHIPAOOTOK, MTO3BOJISIONIAS UC-
CJICIOBaTh MapaMeTPhl SHEPTeTUICCKUX 30H: (POPMEI,
pa3Mephl, KOJIMYECTBO, YCIOBUSI 00pa30BaHUsS U rpa-
HHUIIBI BO3MOXHOTIO Pa3pylIeHUs MaccuBa. YCTaHOB-
JICHBI CTETIEHHBIC 3aBUCUMOCTH U3MEHEHUS pa3MepoB
CMEXHBIX dHEPTeTUYECKUX 30H, COOTHOIIEHUE KOTO-
DBIX SIBJISIETCSI KOHCTAHTOM OT pa3MepoB U (OPMBI,
[JTyOUHBI 3aJI0KEHUS U (DU3MYECKUX CBOMCTB MaccuBa,
BMEILIAIOIIEro BbIpaOOTKY. YCOBEpIIEHCTBOBaHA Tep-
MOAMHAMUYECKast TEOPUs COCTOSTHUSI HEHapYIIEHHOTO
BBIPA0OTKAaMM MacCHBa TOPHBIX TIOPOJI 3a CYET ydyeTa
TIPOIIECCOB Tepepacrpeae/ieH!s] TOTOKOB T€0HEPTUN
1 0OMeHa SHTPOIME B HECHApYIIEHHOM MaCCHBE C BbI-
IeJICHNEM B OTIEJIBbHBIN METOI MCCIICIOBaHUS — H-
TponuiiHbii. [loyuynna panbHelillee yTOUHEHUE CH-
HyCOMIAIBbHO-3aTyXaoIasl 3aBUCUMOCTh aBTOBOJIHO-
BBIX KOJIe0aHUI HampsKeHWIA B HApPYLIEHHOM BbIpa-
0OTKaMU MacCHBE OT TPAJIUEHTOB IJIOTHOCTHU, TEMIIE-
paTyphbl, Ta30- U BOJIOHACKIIIIEHHOCTH TOPHBIX OPOI.

KimoueBbie clioBa: snepeus 20pHoeo 0aérenus, Hanps-
JIceHHO-0eghopmMuUposanHoe cocmosiHue Maccuea, cuHepee-
muueckue Memoobl UCCAe008AHUS, NPEOOXPAHUMENbHAS
Kancyaa 8vipabomku, eeodHepeemu4ecKue mexHoaoUU
paspabomku

Pekomendosano 0o nybaikauii dokm. mexH. HAyK
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