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GEO-ENERGETICS OF UKRAINIAN CRYSTALLINE SHIELD

Purpose. To develop an analytical method which allows investigating the energy condition of rocks within the
Ukrainian Crystalline shield.

Methodology. Analytical research on the energy condition of rocks has been conducted by means of a new method
of research — the entropy one. The research on processes of redistribution of potential energy in the massif of rocks
was conducted by analogy with an open thermodynamic system. The accepted methodological approach allowed
investigating processes of energy exchange in rocks and natural transformations of some types of energy to others.

Findings. The analysis is conducted and systematization of geodynamic conditions by underground mining of ore
fields of Ukraine is executed. The ways of development of new hypotheses, theories and methods of research of the
energy condition of rocks are given. The description perspective in world practice of a natural condition of rocks is
enclosed. Components of redistribution of energy in the massif of rocks are defined: entropy, potential stresses and
angles of their action. An inspection of the results obtained on convergence is conducted and corresponding conclu-
sions on their application are drawn.

Originality. The thermodynamic balance in rocks of the Ukrainian Crystalline shield is formed due to equilibra-
tion of vertical and horizontal power streams which, with increasing mining depth, enhance components of a tensor
of stress on sedate dependence, rejecting them from hydrostatic ones during increasing in mining depth.

Practical value. The entropy method of research which allows investigating natural state of rocks with increasing
depth is developed. Classification of methods of research on the stress-strain state of rocks due to introduction of a
synergetic group which includes entropy, thermodynamic and energy methods is improved. It is established that dis-
tribution of entropy in rocks of the Ukrainian Crystalline shield proceeds in mutually perpendicular directions, which
correspond to vertical and horizontal energy streams.

Keywords: rock massif, rock pressure, underground mining, geodynamic phenomena, energy state, synergetic methods,

potential stress, reversible deformations

Introduction. The long-term observations of rocks
behavior in the process of deepening in subsoil have
confirmed that the amount of elastic potential energy
grows in massifs with increasing in depth. Strong elastic
rocks accumulate much more potential energy than
weak ones in which with a growth in pressure, plastic
deformations are actively shown. The bigger released
energy is, the more dynamically processes of rock defor-
mation proceed and, it is heavier than their consequenc-
es. During rock bumps, the release of rocks from stress is
followed by instant transition of potential energy to work
with seismic effect and airburst [1]. Therefore, for in-
stance, during 135 years of active development of ore
deposits in Ukraine, depths of mining operations have
reached a point of 1500 m that has led to considerable
deterioration in geodynamic conditions [2, 3]. Elastic
potential energy of the Ukrainian crystal board has be-
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gun to be shown not only in the form of peelings and
roof-rock slip formations, and in the form of bursting,
rock bumps and regular earthquakes of various ampli-
tude. It has led to loss of mine workings and reserves of
minerals, damage of objects on a surface and in subsoil
and, unfortunately, to traumatizing and death of people.
Therefore, essential increase in efficiency and volumes
of extraction of ore raw materials in our country is im-
possible without disclosure and the description of pro-
cesses and regularities of management of natural factors
and their application in geo-energetic technologies of
mining of deposits in Ukraine [4].

The assessment of rock-bump hazard in mine depos-
its of Kryvorizskyi Iron-ore Basin at depths up to 2000 m
was determined by value of coefficient of dynamism of
the deformation process of the massif with transforma-
tion of potential energy to work. It represents the relation
of dynamic loading from the volume density of energy in
the undisturbed massif of rocks Wo to stress and is caused
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by static action of the same loading Gy, as a result of
destruction of a unit of rock volume, Kw = W6 /G omp,
where, kJ /cu.m for mines of Kryvbas. Such event is more
often shown not in the form of peeling of rocks (up to
900 m), but the massif’s roof-rock slip (1000—2000 m),
and in the form of rock burst (1600 m and more) and rock
bumps (more than 2100 m) (Table 1) [4, 5].

There is still an open question about the cause of
more intensive development of rock pressure manifesta-
tions in granites in the form of peeling and roof-rock slip
formation at depths of 900—1100 m. While in amfibo-
lithe with the same strength and elastic characteristics of
the similar phenomena, it is not noted even at depths of
1400—1600 m [6]. Therefore, geodynamic manifesta-
tions of rock pressure, rock bursting sand microblows in
ore mines of Ukraine will take place at depths of over
1600—1700 m, which today mines of Kryvbas are ap-
proaching with capital mining operations, and effective
technologies of account and application of this energy
have been offered by authors only in recent years.

Scientific problem. Stress-strain state (SSS) of the
untouched massif of rocks is examined in various re-

gions of the world by unloading, hydraulic fracturing
and seismic-acoustic methods. Over 130 thousand mea-
surements in 150 types of rocks have shown that stresses
which are connected with deformations do not match
the developed idea that vertical stress component 6z =
=vH, where v is the volume mass of rock; H is depth, has
to be more than horizontal component cx = 6y = Koz
where K < 1 is the coefficient of a side thrust [7]. Hori-
zontal stresses according to measurements have ap-
peared much more vertical, which should not have been.
The generalized results of measurement of stresses in
rock massifs of Scandinavia, South Africa, Ireland, Ice-
land, Spitsbergen island, Zambia, Canada, the USA,
and Australia have shown that vertical stresses increase
in proportion to depth, differ a little bit among them-
selves in various parts of the Earth. Also they are charac-
terized by the straightforward diagrams that appear al-
most from zero point. Horizontal stresses depending on
depth in various parts of the earth’s sphere are not iden-
tical and also on an absolute value more than vertical
ones. In the territory of the Canadian Shield, the preva-
lence of horizontal stresses over vertical is observed.

Table 1
Geodynamic conditions of ore mines of Ukraine
Mining Coef. of Type of r.ock '
Enterprise Mine depth, impact, pressure manifestation
H, m Ky Granites Amphibolite
Preparatory, stoping and backfilling operations
PJSC “MIOP” #3-5,7,8,9—-10, 14—15 100 0.025 Convergence
SE “ShidlOP” “Novokostiantynivska” 200 0.05 Peeling
LLC C‘Shid_ Rudal7 «“ Smollnska” 300 0.06 (0.4_63.0 J)
“Inhulska”
400 0.09
500 0.11
“Nova” 600 0.15
PJSC “ZZhRK” “Ekspluatatsiina” 700 0.19
“Prohidnycha” 800 023
PJSC “AM Kryvyi Rih” “n.a. Artem” 900 0.27
PJSC “Sukha Balka” “n.a. Frunze” 1000 0.31 Roof-rock slip
« Al 3 2
Yuvileina 1100 0.35 (64.0-2-10°7J)
PJSC “KZhRK” “Zhovtneva” 1200 0.42
Hvarfjllska 1300 0.49
“Ternivska”
“Batkivshhina” 1400 0.57
1500 0.68
Capital mining operations
PJSC “AM Kryvyi Rih” | “n.a. Artem” 1600 0.83 Bursting Roof-rock slip
PJSC “KZhRK” “Batkivshhina” 1700 0.98 (2-10°=2-10°J) (64.0-2-102J)
PJSC “Sukha Balka” “Zhovtneva” :
“Yuvileina” 1800 1.15
“Hvardiiska”
“Ternivska” 1900 1.32
2000 1.49
2100 1.66 Rock bumps Bursting
(6.3-107J) (2-10°=2-10°J)
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Contradictory results on the territory of North America
during measurement of stresses in wells up to 5 km in
depth were obtained by methods of seismic-acoustic
and hydraulic fracturing. Even more contradictory val-
ues of vertical stresses were received in the well at depths
up to 5325 m in the State of Michigan, the USA by the
hydraulic fracturing method, which showed that the ac-
tual value of vertical stresses is up to 40 % less than the
corresponding value yH [8]. Measurements of vertical
stress by the seismic-acoustic method on the deep well
of the Kola Peninsula, Russia also confirmed that oz <
<yH by 40—50 % [9]. Then, the hypothesis of recession
of a vertical component of gravitational pressure with
increase in depth was suggested. Therefore, until the
present time not only approved methods of research on
natural energy state of rock massifs have not been devel-
oped, but adequate methodological approaches to its
definition have not even been offered [10].

Research methods. Despite variety of the applied
methods and diagnostic aids, and control of stress-strain
state of the massif, they can be united in three classes
based on functional purpose: natural (industrial), physi-
cal (laboratory) and analytical (theoretical), whereas
classes are subdivided into groups (visual, sur-veying,
mechanical, geophysical, etc.) and further into types.
Application of the sign “a way of representation of the
massif” classification in the form of Table 2 [11] has
been composed.

Perfect level of research on physical properties of
rocks has to be characterized by synergetic methods (ap-
proaches, hypotheses, theories). Synergetic methods can
investigate processes of energy exchange in the mineral
environment and natural transformations of one type of
energy to others, examination of properties of the inter-
acting open systems by the analysis of the conditions and
quantitative ratios arising with transformation of energy
[12]. The main advantages of synergetic methods are: the
high degree of universality that allows describing mecha-
nisms of emergence of energy fields in crust, essence of
processes of heat exchange, transformation of potential

energy of elastic deformation to work, processes of redis-
tribution and arising of stresses surrounding mine work-
ing in the massif, accumulation of violations and the na-
ture of destruction of the massif [13].

For creation of the energy theory which adequately
describes the phenomenon of zonal capsulation of mine
workings, it is possible during application of synergetic
methods of research: entropy, thermodynamic, ener-
getic. The thermodynamic method was created by
V.F. Lavrinenko, approved and is widely applied in
modeling. V. F. Lavrinenko also laid the foundation for
the entropy method within the thermodynamic theory
[14]. For creation of the entropy method, a part of the
thermodynamic theory was finished and expanded for
its application as an isolated research method. Further,
on the basis of the entropy method, which determines
parameters of the undisturbed massif of rocks, and the
thermodynamic method, which models a condition of
the massif in near-the-contour zone (unloading zone)
of mine workings, one more method has also been de-
veloped, a synergetic method, which is the energetic
method. It allows modeling a condition of the massif in
energy zones which form the safety capsule around mine
working and describing interaction of mechanical, ther-
modynamic and other types of energies [15].

Entropy Method. Model of energy redistribution in the
undisturbed massif. According to the second law, un-
equal values of any of intensity factors (stress, tempera-
ture, density, magnetization, etc.) in various parts of the
system cause origination of the irreversible spontaneous
thermodynamic process leading to their alignment and
establishment of corresponding mechanical thermal,
density and other types of balance. Driving force of the
process is the difference of energy components: stresses,
temperatures, the volume density or other factors of in-
tensity that do not depend on the mass of the system
[16—18]. The directions of course of these processes are
caused by the directions of action of external entropy d,S
on the open system presented by mineral substance of
crust which acts in the vertical plane (Fig. 1, ) [19]. In-

Table 2
Classification of research methods on rocks condition
Class Group Type
1. Natural Visual Observations and estimations
(industrial) Surveying Mine surveying
Mechanical Unloadings of the massif, compensation loading, difference ofpressure, elastic
inclusions, deformations of wells, deep reference points
Geophysical Acoustic, ultrasonic, radiometric, electrometric, geomagnetic

I1. Physical

Research on rock properties | Density, mechanical

(laboratory) Equivalent materials

Modeling on pressure machines, centrifugal testing of models

Optical polarization
photoelasticity

Modeling on pressure machines, centrifugal testing of models, three-dimensional

Electrodynamic analogy

Electric grids, conductive materials

I11. Analytical | Rock mechanics

Continuous environment, elasticity, plasticity, creep, boundary differences,

(theoretical) boundary elements, finite elements
Synergetic Entropy, thermodynamic, energy
14 ISSN 2071-2227, Naukovyi Visnyk NHU, 2019, N2 3




MINING

Fig. 1. Exchange of entropy between the system and the external environment (a), establishment of spontaneous thermo-
dynamic balance (b) and course of process of potential energy redistribution in thermodynamic system (c)

equality of volume density of potential energy in ther-
modynamic system is the cause of the spontaneous pro-
cess providing its redistribution and establishment of
thermodynamic balance in the massif. A distinctive fea-
ture of any irreversible process is increase in entropy, the
function of a state characterizing the direction of course
of spontaneous processes in the thermodynamic system
that is not exchanging weight with the external environ-
ment. According to the law of increase in entropy at
achievement of equilibrium state, the entropy of the sys-
tem becomes maximum [20].

Changing of entropy from action of external forces
will meet a condition for a circle of external stresses

deS= Se(x) - Se(z) > O

At the same time, the entropy in the vertical and
horizontal planes is of the form of (Fig. 1, ¢)

j— 8 O . S — 8 [}
e(z) — ’ e(x) — ’
o, c,

where 8 W is an infinite small quantity of energy.

The flow of potential energy can pass only from
stresses scope o, where the volume density of energy is
higher, into action of stress o,, where the volume den-
sity of energy is lower. In the opposite direction, the
course of spontaneous process is impossible to occur as
it contradicts the second law of thermodynamics (d,S
can’t be < 0). The main external energy source is force of
gravitation that is directed on a normal to the center of
the Earth and is described by the law of universal gravi-
tation. A distinctive feature of gravitational field is that
the material system placed in it is affected by the gravity
directly proportional to the mass of this system [21]. Ac-
cording to the first law of thermodynamics, the law of
energy conservation, the area of an ellipse with an un-
even volume density of potential energy is S,; = nab,
(where a = 5, and b = c,), the equal area of a circle is
S, = nR, within which the energy is distributed evenly.
The radius of a circle is equal to stresses size correspond-
ing to balance condition in the system

R,=c 05, (1)

The increments of vertical and horizontal stresses are
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Ac,=c,- R,=c(1-21%);
Ac,=R,—c,=c,(A" - 1). )

Ac
Correlation A—z >1, at 0 <A <1 (Table 3).

X

The number of increments of external stresses has a
view
Ac,+AG, =0, + C,. (3)

It means that in the system only the part of potential
energy created by means of the difference of external
stresses is redistributed.

AW, =0.5E7 (2 ~02). (4)

Distribution of entropy in the open system exchang-
ing with the external environment energy and substance
can proceed in any directions. Exchange of entropy in
the system presented by the mineral environment in the
form of rocks proceeds in mutually perpendicular direc-
tions corresponding to the vertical and horizontal ener-
gy flows operating in rocks of Prydniprovsky geoblock
with the durability up to 140 MPa and at depths up to
1500 m (Table 3) [22].

Establishment of spontaneous energy balance leads
to redistribution of entropy in the elementary thermo-
dynamic system presented by the massif of rocks. So,
with a vertical pressure of 50 MPa at a depth of 1500 m
in the massif only a part of the potential energy is creat-
ed by means of the difference of external stresses whose
volume is equal to 50 for the horizontal stresses, and
45 % for vertical is redistributed [23].

Redistribution of energy in thermodynamic system.
Thermodynamic potentials maintain from the outside
of value temperatures and the volume of any open sys-
tem. The system evolves in such conditions to the condi-
tion of balance characterized by presence of thermody-
namic potential. The condition of balance is the trans-
formation purpose for nonequilibrium conditions of
systems that truly was noticed still by M. Planck. For
expansion of the field of applicability of thermodynam-
ics so that it could also be used in the analysis of non-
equilibrium processes, we need the exact formula which
allows calculating production of entropy. Progress in
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Table 3

Components of redistribution of energy in the mineral environment corresponding to physical properties
of the Prydniprovsky geoblock

Vertical pressure, Coefficient of ellipse Rgdius of a circle of External stresses, MPa
form of stresses, internal stresses,
G, MPa _ - -
a/b=>»\ R, m horizontal Ac, = Ac, vertical Ac,
0 1.00 0 0 0
10.0 0.97 5.07 5.07 493
20.0 0.94 10.28 10.28 9.72
30.0 0.91 15.64 15.64 14.36
40.0 0.88 21.20 21.20 18.20
50.0 0.85 24.04 24.04 20.96

this direction has been made during assumption accord-
ing to which and out of balance of system § depends
only on the same variables on which it depends when
the system is in a condition of balance — assumption
about existence of the integrated balance [24] was ac-
cepted. Having accepted this assumption, we re-ceive
expression for P — productions of entropy system in unit
of time

d.sS
P=—==%"J X, >0, (5)
5

where J, is speeds proceeding in the considered system
of various irreversible processes (entropy, thermal
streams, chemical reactions); X, is the corresponding
generalized forces (gradients of stresses temperature,
chemical and geostatic potentials). The equation (5) is
the main expression of thermodynamics of irreversible
processes of macroscopic systems. When the system is in
a condition of thermodynamic balance, for all reversible
processes of proceeding in it J, = 0 and X, = 0. Therefore,
it is quite natural to assume that near a condition of bal-
ance linear uniform ratios between flows of energy and
forces (stresses) causing them take place. Interaction
with the external environment causes changes in the sys-
tem (Fig. 2, b). External stresses interact with internal,
holding adjacent particles in knots of a crystal lattice at

the corresponding equilibrium distances. Internal
stresses for the solid body that is in a free state are also
equal to an elasticity limit o, [25, 26].

At external power impact on the elementary volume
of rock, there is a positive difference of internal residual
stresses in the horizontal and vertical planes [27]

(Ge/ - Gx) > (Gel - Gz);
(6)

The volume density of potential energy from action
of residual internal stresses in two parts of system is not

(Gel - Gx) - (Gel - Gz) > O

entica _G 1
'd t' 1 <

Gx

W, =05(c4—c ) E

2
W, =0.5(c, —o,) E7. (7)
Changes in entropy in the system during the sponta-
neous irreversible process leading to alignment of stress-
es and uniform distribution of potential energy are de-
scribed by a formula

88,=8W,l(c,—0) "' —(cy—0)7'1>0.  (8)

Inside the system, energy flows from areas with high-
er density in the field of lower, i.e. from the horizontal

@y i 'y
4 Q| z & z
& S ]
& Q @
¥/ 6 X O 6 o o W x| 6
0 0 g N 8 <
2lw
6f
Gyn Ox(y) |
34 34
a b c

Fig. 2. Redistribution of potential energy in the thermodynamic system (a), formation in its elastic potential stresses (b)
and the angles of action of the main normal stresses in the elementary volume of rock (c)
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plane to the vertical one arise [28]. If to designate coef-
ficient of residual elasticity as

7\‘61.0 = (Gel - Gz) (Gel - Gx)_l ) (9)

so, the coeflicient characterizing extent of plastic prop-
erties of system changing will be equal to A, = —A,,.

The radius of a circle of internal stresses correspond-
ing to mechanical balance of the system also has a view
of (Fig. 2, b), m

R =(c,—0, A%, (10)

During internal stress of R; formation of entropy re-
duces to 0, and the entropy of the system reaches the
maximum value [29].

Increments of stresses inside the system correspond
to (Table 3), MPa

Acyy)=Ri—(6u—0));

chx(y) = (Gel_ Gx) - Ri~ (1 1)
The number of increments will have a view of, MPa

Acz(y)"rAGx(y):Gz—Gx, (12)

and the relation of vertical stresses to horizontal ones
will be less than 1

Ac
z2(y) < 1, (13)
AG)C(y)

at0<A,,< 1.
The actual external stresses actting on the thermody-
namic system are equal on absolute value, MPa

Oy=0,— ACy;

Oy = Oy + AGy( ). (14)

The elastic stresses connected with deformations are
potential because their work depends on the size of the
reversible deformation arising at partial or full removal
of external loading [30]. Because of increments of po-
tential energy in rocks of the Ukrainian Crystalline
Shield, only its part participates in deformation process-
es. Increase in vertical pressure up to 91 MPa at a depth
up to 3000 m leads to redistribution of potential energy
in the massif, which is equal to 57 % for vertical elastic
potential stresses and 95 % for horizontal ones (Table 4).

Equilibration of reversible deformations in thermody-
namic system. The origination of a positive difference of
residual stresses in two mutually perpendicular parts of
the system leads to an entropy increment in the system
and promotes uniform distribution of potential energy
in the system. In such conditions, the conservation law
of mass m = p,V, = p;V; = const is satisfied: the mass of
the isolated system does not change during any process-
es happening in it; where p, and p; are the initial and
changed density, V, and V; are the initial and changed
body volumes. In relation to the mineral environment of
rocks, it is possible to determine the value of the isother-
mal coefficient of consolidation of substance at a re-
quired depth of K, =V, V"' =p,p,'. The basis for defini-
tion of the intense deformed condition of the massif and
volume density of potential energy in it is Hooke’s law:
o =¢ - Eoroc=AV- K, which describes interrelation
between stress o and deformation (¢ — linear, AV — volu-
me).

According to Duhamel-Neumann’s theory, in the
undisturbed massif of rocks during existence of the tem-
perature field, elastic-plastic deformation of rocks oc-
curs [31]. The general linear deformation ¢, edges of a
cube in which the thermodynamic system is concluded,
consists of elastic ¢, and inelastic (plastic) &, compo-
nents, i.e g, = g, + €,. At the same time, elastic deforma-
tions are defined as

€ =1—K;0'33;

_ —1.
€y =AC ) ET

Ex(y) = Eyy) = MOy E ™. (15)

Plastic deformations g, ,) = £y — £,(;); €x(p) = Ey(p) = €0 —
— &y are caused by increasing temperature of rock in
the process of thermodynamic system deformation that
happens with increase in depth and without active influ-
ence of tectonic stresses. The vertical component of
elastic deformations is calculated by the thermodynamic
method on an absolute value and is less than horizontal
one. It is confirmed experimentally by more than 30
thousand direct measurements with an unloading meth-
od in various parts of the globe [32—34].

An angle 6 between the main normal stress and hori-
zontal plane and an angle y are the same, but with the
vertical plane show the direction of action of the maxi-
mum normal and minimum tangent stresses for the un-

Table 4

Components of potential stresses in the undisturbed rock massif of the Ukrainian Crystalline Shield

Actual internal stresses, MPa Circle radius of Elastic potential stresses, MPa
DHepth, Presli/llllr)e, . . internal stresses, horizontal, vertical,

, m G, a vertical, o, horizontal, R,m AGyy) = Acy) Aoy,
500 15.0 7.72 15.0 7.72 7.72 7.35
1000 30.0 15.64 30.0 15.64 15.64 14.33
1500 45.0 24.08 45.0 24.08 24.08 20.92
2000 60.0 32.80 60.0 32.80 32.80 27.02
2500 76.0 42.24 76.0 42.24 42.24 32.64
3000 91.0 52.25 91.0 52.25 52.25 37.53
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disturbed massif of rocks. With the submit of vertical
and horizontal loadings to the elementary volume of
rock, the main normal stresses divide its area into mutu-
ally perpendicular subareas whose angles in the place of
contact of tops are defined by values 26 (Fig. 3, ¢).

The angle 6 formed between the normal stress and
the horizontal plane will be equal to, degree

TC
0=—=—vy, 1
STV (16)

where v is an angle between the main normal stress and
the vertical plane, degree
y = arctg,; ,. (17)

The angle v is formed between the main normal
stress acting in the massif of rocks and the vertical plane.
The tgy value is the relation of vertical loadings Ao, to
horizontal ones Ac,,, and allows determining the main
stresses acting in the undisturbed massif of rocks. Let us
designate

tgy =Ac, , Acy, =1, (18)

2(y)

then, the main potential stresses will have a view of,
MPa

G](y) = AGx(y)(l + OSF),
GZ(y) = AGX(y)(}\‘k - OSF),
Tmax=0~5(01(y)—02(y))§ (19)

sin 2y
sin2[0.5arctg(sin 2\;1)]_l

F=(1-2 (20)

Elastic stresses Ac,,,, Ac,, and Ac,,,, connected
with deformations are potential because work which
they can do depends only on the size of the reversible
deformation arising at partial or full removal of external
loading [35—37].

The obtained square dependences of the main stress-
es operating in the undisturbed massif of rocks of
Kryvorizskyi basin are represented in Fig. 3.

The relation of vertical potential stresses to horizon-
tal is described by the coefficient of power zones shapes
that decreases from 1 to 0 during reduction in rock
strength from 200 to 40 MPa and increasing in mining
depth up to 5000 m on multiple exponential dependenc-

60

éﬂ 50 1
s 40 ///
=
2 30 // —
Q
2% 2 /./
CI i "
0 A -
05 1.0 15 2.0 25 3.0
Depth, H, km

Stress: ¢ —normal, G,(,); ® — normal, G,,); A4 — tangential, T,

Fig. 3. Dependences of changing of the main potential
stresses acting in the undisturbed massif of rocks of
Kryvorizskyi basin
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es. The mine working is epicenter of violation of energy
balance in the massif that leads to formation of the safe-
ty capsule consisting of the system of ring energy zones
in which on the sinusoidal fading autowave dependence
an energy equilibration occurs. The amplitude of stress-
es decreases from mine working’s contour to the capsule
border, and the period of their action increases, which
leads to destruction of rocks in near-the-contour zones
(energy imbalance zones). Both and to increase in
stresses in the zones (zones of balance of energy) closing
the capsule in comparison with the undisturbed massif.
In addition, values of elastic potential stresses in the un-
disturbed massif oy4,), 0y, and T, which perform
work on deformation of rocks at violation of an initial
equilibrium state, are used for modeling of stress fields
around mine workings, stoping chambers and devel-
oped spaces, as well as during parameters calculations of
structural elements of mining methods [38].

Testing the results. Results of modeling of the undis-
turbed massif for the settlement vertical profile located
on the 92" surveying axis at a point of its crossing with
the line of average strike +1214 m at a depth of 1200 m of
“Ternivska” mine, PJSC “Kryvorizskyi ZhRK” have
shown that the volume mass of ore has increased by
0.79 MN/m?’, and that of the containing rocks — by
0.22 MN/m’. In the conditions of volume compression,
durability of ore has increased from 70 to 120.8 MPa,
and that of rocks — from 180 to 350 MPa. Respectively,
also absolute values of the module of Young for rocks
have increased from 0.843 - 10° to 1.63 - 10°, whereas for
ores the increase is from 0.324 - 10° up t0 0.593 - 10° M Pa.
The accuracy of the entropy method is confirmed by
comparison of the calculated values with the values of
temperature of rocks of Kryvorizskyi basin measured in
prospecting wells at depths of 1400—2700 m which di-
vergence that does not exceed 7—9 %. Distinction of the
values of elastic deformations of rocks measured by the
method of unloading and calculated at depths up to
1200 m in fields of “Zhovtneva” and “Ternivska” mines
of PJSC “Kryvorizskyi ZhRK” makes 3—5 %. Calcu-
lated and experimentally established density values of
rocks under the pressure up to 1.5 - 103 M Pa differamong
themselves on average by 1.32 %, and density of miner-
als — by 2.15 %. Values of relative volume deformation of
minerals with a pressure up to 4 - 10° MPa were com-
pared with experimental data for conditions of high
pressure, and the divergence has not exceeded 7.9—
10.6 %, while the measured and calculated speeds of
distribution of longitudinal elastic waves in the rock
massif, undisturbed by mining operations differed by
6—8 % [39—42].

Conclusions.

1. The analysis of methods for determination of rock
strength has allowed expanding classification of meth-
ods of a research due to introduction of the synergetic
group. This group includes entropy, thermodynamic
and energy methods that allow investigating processes of
power exchange in rocks and natural transformations of
one type of energy to others. Improvement of the exist-
ing entropy method as a part of the thermodynamic
theory and creation of new, energetic, one have allowed
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investigating the phenomenon of zonal structuring of
the massif around mine workings and establishing exact
quantity, the sizes and shape of energy zones as well as
revealing sinusoidal-and-fading stresses and ring areas
of deformation.

2. Distribution of entropy in the undisturbed massif
rocks of the Ukrainian Crystalline Shield proceeds in
mutually perpendicular directions corresponding to ver-
tical and horizontal power flows. On sedate dependenc-
es in the massif only a part of potential energy, whose
volume is 50 for the horizontal stresses, and 45 % for for
vertical ones from the difference of external loadings, is
redistributed. The increase in potential energy in the
massif of rocks of Kryvorizskyi basin at depths up to
3000 m leads to redistribution on sedate dependences
for horizontal stresses already 95 %, and for vertical ones
is 57 % from the difference of external pressure.
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Merta. Po3poOuTty aHaJiTUMHUI METOI, 110 103BO-
JISIE MOCTIKYBaTU €HEPTeTUYHUIA CTaH TipChbKUX MOPif
y MexXax YKpaiHCbKOTO KPUCTAJIIYHOTO LIUTA.

Metoauka. AHATITUYHI TOCTIIKEHHS €HepreThy-
HOTO CTaHY TipChbKUX MOPil BUKOHYBAJUCS 32 1OTIOMO-
rOI0 HOBOTO METOMY MOCTIIKEHHS — EHTPOIIIHOrO.
JlocaimkeHHsI TIPOLEeCiB Mepepo3Ioaily ITOTeHIIIHOI
eHeprii B MacUBi ripCbKUX TMOPia MPOBOAMIIOCS 3a aHa-
JIOTI€I0 3 BIIKPUTOIO TEPMOAMHAMIYHOIO CHUCTEMOIO.
3anporoHOBaHUI METONOJOTIYHUI MiIXia H03BOJMB
JIOCITIIUTY MMPOLECU EHEPTETUYHOTO OOMiHY B TipChKUX
MopoJax i 3aKOHOMipHi TMEPeTBOPEHHSI OMHUX BUIIB
eHeprii B iHIIi.

Pe3ynbTaTu. [1poBeneHo aHaii3 i BAKOHaHa CUCTe-
MaTu3allisi reoqMHAMiYHUX YMOB MpPU MiA3eMHiil po3-
pobui pyaHux pomoBulll YKpaiHu. [TokazaHi muisixu
PO3BUTKY HOBUX TillOTe3, TEOPiil i METOMIB JOCiAXKEH-
HS €HepPreTUYHOro CTaHy ripchbkux nopina. Poskputa
npobieMaThKa OIMCY Y CBITOBill MpakKTUIli MPUPOLI-
HBOTO CTaHY TipChKMX Topia. BusHaueHi KOMIOHEHTU
Mepepo3NnoAily eHeprii B MacUBi TipChbKUX TOPiJl; €H-
TPOIIii, MOTeHLiaJIbHUX HAIPyXeHb i KyTiB ix aii. [1po-
BelleHa TepeBipKa OTpUMaHMX pe3yJbTaTiB Ha 30iXK-
HiCTb i 3p00JIeH] BiANOBiIHI BUCHOBKM LIOJO iX 3aCTO-
CYBaHHSI.

HaykoBa HoBu3Ha. TepmoauHaMiyHUil OajlaHC Yy
ripchbKUX nopoaax YKpaiHChbKOTro KpUCTATIYHOTO IIUTa
dopmyeTbes 3a paxyHOK YPiBHOBaXKEHHSI BEPTUKAJIb-
HUX i TOPU3OHTAJIBHUX EHEPreTUYHUX TMOTOKIB, IO
Nnpy 30UTbLIEHHI TJTMOMHU PO3POOKHU MiABUIIYIOTH 32
CTCIICHEBOIO 3aJICXKHICTIO KOMIIOHEHTH TEH30pa Ha-
MNpYyXeHb, BIIXWJISIFOYY 1X BiJ TiIpOCTaTUYHUX.

IIpakTiyna 3HaumMicTb. Po3po6iieHo eHTponiiHui
METOM AOCIIKEHHSI, 1110 JO3BOJISIE JOCTIAUTU TPUPO/I -
Hili cTaH TipChbKUX TOPiA 3i 30iIbIIEHHAM TITMOUHU.
VnockoHaneHa kiacudikalliss METOMIB JOCTiIKEHHS
HarpyxXeHo-a1e(OopMOBaHOro CTaHy TipChbKUX MOPia 3a
PaxyHOK YBEIEHHSI CUHEPreTUYHOI I'pyMu, 110 BKIIIO-
Ya€ EHTPOININHUMI, TepMOAUHAMIUYHUIA Ta €eHepreTruy-
HUil MeToau. BcraHoBeHO, 110 MOIIMPEHHST €HTPOITil
B TipChKMX MOpOAaX YKPaiHChKOTO KPUCTAJTIYHOIO
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IIWTa TIPOTIKAE yV B3aEMHO MEPICHIVKYIIPHUX Ha-
npsiIMKax, sIKi BiATIOBigal0Th BEpTUKAJIbHUM i TOPU30H-
TaJbHUM CHEPIeTUIHNM ITOTOKAM.

Kmouosi cnoBa: macue nopio, eipcokuii muck, nio-
3eMHA po3pobKa, 2e00UHAMIMHI A6UWA, eHepeemUYHULL
CMaH, cuHepeemu4Hi Memoou, NOMeHUilIHi HanpyJiceHHs,
360pomHi deghopmauii
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Lenb. PazpaboTaTh aHAIUTUUYECKUIA METOM, KOTO-
Pblit TO3BOJISIET UCCIEIOBATh IHEPIreTUUECKOE COCTOSI -
HUE TOPHBIX TMOpPOJ B MpeAenax YKpamHCKOTO KpHu-
CTaJIJINYECKOrO LI1Ta.

Metoauka. AHaIUTUYECKHE UCCIEIOBAHUSI DHEP-
TETUUYECKOTO COCTOSIHUSI TOPHBIX TTOPOJ BBIMOJIHSIIOCH
C MOMOIIBIO HOBOI'O METOJIa UCCIEAOBAHUS — SHTPO-
nuitHoro. McciaenoBaHue TpOLECCOB Tepepacnpene-
JICHUSI TIOTeHLMAJbHON 3HEPIMM B MaCcCUBE TOPHBIX
MOPOJI MPOBOAUIOCH IO aHAJIOTUU C OTKPBITOI TEPMO-
IUHaAMU4YecKoil cucteMoii. [IpuHSATEIN MeTogOI0TYe-
CKUI TIOIXO/1 TTO3BOJIMJI UCCIIEIOBATh IIPOLIECCHI SHEP-
reTM4eCcKoro ooMeHa B TOPHBIX IOPOoIaxX U 3aKOHOMEP-
HbI€ MpeoO0pa3zoBaHUsI OOHUX BUJIOB SHEPTUU B APYTHeE.

Pesynbratel. [IpoBeneH aHaqu3 U BBITIOJHEHA CHU-
creMaTu3alusl reoAMHaAMUYeCKUX YCJIOBUI MpPU MOJ-
3eMHOM pa3pabOTKe pyIHBIX MECTOPOXKACHUI YKpau-
Hbl. [Toka3zaHbl TTyTU pa3BUTHUSI HOBBIX TUIOTE3, T€O-
puii U METOIOB MCCAEAOBAHUSI SHEPIEeTUYECKOTO CO-
CTOSIHUSI TOpHBIX mopon. Packpeita npobiemaTrka
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OIMUCAaHMSI B MUPOBOU MPaKTUKE TPUPOTHOTO COCTOS -
HUS TOPHBIX ITopon. OmpeneieHbl KOMITOHESHTHI TIepe-
pacrnpenesieHusl SHEPIMU B MAcCHMBE TOPHBIX IOPO.:
SHTPOIUU, TTOTEHLIMATbHBIX HANIPSDKEHUIA U YTJIOB UX
neiictBus. [1poBeaeHa MpoBepKa MOTyYeHHBIX Pe3yJib-
TaTOB HAa CXOAMMOCTb U ClI€JIaHbl COOTBETCTBYIOLIME
BBIBOJIbI 10 UX TIPUMEHEHMUIO.

Hayunasa noBusna. TepMonrHaMuuyeckuii 6agaHc B
TOPHBIX TOpOoJaX YKPauHCKOIO KpUCTALINYECKOTrO
muTta GopMHUpyeTcs 3a CUET YPaBHOBEIIMBAHUS BEPTU-
KaJIbHBIX U TOPU30HTAJIBHBIX 9HEPTETUUECKUX TTOTOKOB,
KOTOpbI€ MIPY YBEJINYEHUU TJIYOUHBI pa3paboTKU MOBbI-
1IAI0OT MO CTeNEHHON 3aBUCMMOCTU KOMITOHEHTHI TeH-
30pa HAMPSKEHU M, OTKJIOHSISI MX OT TMAPOCTaTUYECKUX.

IIpakTuyeckasi 3HauumMocTh. PazpaboTaH 3HTpO-
TMAWUHBIA METON MCCIENOBAHUS, KOTOPBIM MO3BOJISIET
KUCCJIEN0BATh ECTECTBEHHOE COCTOSIHUE TOPHBIX MTOPOJ,
C YBeJIMYEHUEM TIIyOMHBI. YCOBepIlIeHCTBOBaHA KJjac-
cudUKalKs METOIOB UCCIeN0BaHUS HAIIPSIKEHHO-/1e-
(opMUPOBAHHOIO COCTOSIHMSI TOPHBIX MOPOJ 3a CUEeT
BBEIEHUS] CUHEPTreTUYECKOU TPYIINbI, KOTOpask BKIIIO-
YaeT SHTPONUNAHBINA, TEPMOJIMHAMUYECKUI U 3HEpre-
TUYECKUI METOAbl. YCTAHOBJIEHO, YTO PACTIPOCTPAHE-
HU€ BHTPOIMU B FOPHBIX MOPOAAX YKPAMHCKOTO Kpu-
CTAJJINYECKOTO IIUTA MPOTEeKAET BO B3AMMHO MEPIeH-
JNUKYJSIPHBIX HAMPABAEHHUIX, KOTOPbIE COOTBETCTBYIOT
BEPTUKAJIbHBIM U TOPU3OHTAJIbHBIM YHEPIreTUYECKUM
MOTOKaM.

KimoueBble cioBa: maccue nopod, eopHoe dasaeHue,
nodsemuas pazpabomka, eeoOuUHamuvecKue s61eHusl,
JHepeemu1ecKoe cCOCMosHue, CUHepeemuieckue memoasl,
NOMeHYUAaNbHble HanpsdiceHus, oopamumble deghopmayuu
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