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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
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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

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 Wσ to stress and is caused 
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by static action of the same loading σcomp as a result of 
destruction of a unit of rock volume, Kw =  Wσ/σcomp, 
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 σz = 
= γН, where γ is the volume mass of rock; Н is depth, has 
to be more than horizontal component σх = σу = Kσz 
where К < 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

Enterprise Mine
Mining 
depth,
Н, m

Coef. of 
impact,

КW

Type of rock 
pressure manifestation

Granites Amphibolite
Preparatory, stoping and backfilling operations

PJSC “МIOP” # 3‒5, 7, 8, 9‒10, 14‒15 100 0.025 Convergence
SE “ShidIOP” “Novokostiantynivska”

“Smolinska”
“Inhulska”

200 0.05 Peeling
(0.4–63.0 J)LLC “Shid-Ruda” 300 0.06

400 0.09
500 0.11

“Nova” 600 0.15
PJSC “ZZhRK” “Ekspluatatsiina”

“Prohidnycha”
700 0.19
800 0.23

PJSC “AM Kryvyi Rih” “n.a. Artem” 900 0.27
PJSC “Sukha Balka” “n.a. Frunze”

“Yuvileina”
1000 0.31 Roof-rock slip

(64.0–2 ⋅ 102 J)1100 0.35
PJSC “KZhRK” “Zhovtneva”

“Hvardiiska”
“Ternivska”
“Batkіvshhina”

1200 0.42
1300 0.49
1400 0.57
1500 0.68

Capital mining operations
PJSC “AM Kryvyi Rih”
PJSC “KZhRK”
PJSC “Sukha Balka”

“n.a. Artem”
“Batkіvshhina”
“Zhovtneva”
“Yuvileina”
“Hvardiiska”
“Ternivska”

1600 0.83 Bursting
(2 ⋅ 103–2 ⋅ 106 J)

Roof-rock slip 
(64.0–2 ⋅ 102 J)1700 0.98

1800 1.15

1900 1.32
2000 1.49
2100 1.66 Rock bumps

(6.3 ⋅ 107 J)
Bursting 

(2 ⋅ 103–2 ⋅ 106 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 γН [8]. Measurements of vertical 
stress by the seismic-acoustic method on the deep well 
of the Kola Peninsula, Russia also confirmed that σz < 
< γН 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 dеS 
on the open system presented by mineral substance of 
crust which acts in the vertical plane (Fig. 1, b) [19]. In­

Table 2
Classification of research methods on rocks condition

Class Group Type
I. Natural

(industrial)
Visual Observations and estimations
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

II. Physical
(laboratory)

Research on rock properties Density, mechanical
Equivalent materials Modeling on pressure machines, centrifugal testing of models
Optical polarization Modeling on pressure machines, centrifugal testing of models, three-dimensional 

photoelasticity
Electrodynamic analogy Electric grids, conductive materials

III. Analytical
(theoretical)

Rock mechanics Continuous environment, elasticity, plasticity, creep, boundary differences, 
boundary elements, finite elements

Synergetic Entropy, thermodynamic, energy
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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) > 0.
At the same time, the entropy in the vertical and 

horizontal planes is of the form of (Fig. 1, c)

( ) ( ); ,e z e x
z x

W W
S Sσ σδ δ

= =
σ σ

where δWσ is an infinite small quantity of energy.
The flow of potential energy can pass only from 

stresses scope σz where the volume density of energy is 
higher, into action of stress σх, 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 (dеS 
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 Sel = πab, 
(where a = σz and b = σх), the equal area of a circle is 
Sc = pRe 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

	 Re = szl0.5.	 (1)
The increments of vertical and horizontal stresses are

Dsz = sz - Re = sz(1 - l0.5);
	 Dsx = Re - sx = sz(l0.5 - 1).	 (2)

Correlation 1,z

x

Dσ
>

Dσ
 at 0 ≤ λ ≤ 1 (Table 3).

The number of increments of external stresses has a 
view
	 Δσz + Δσх = σz + σх.	  (3)

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

	 ( )1 2 20.5 .z xW E -
σD = σ -σ 	 (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 

a b c

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)
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this direction has been made during assumption accord­
ing to which and out of balance of system S 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

	 0,i
p p

p

d S
P J X

dt
= = ≥∑ 	 (5)

where Jp is speeds proceeding in the considered system 
of various irreversible processes (entropy, thermal 
streams, chemical reactions); Хр 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 Jp = 0 and Хр = 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 σel [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]

(sel - sx) > (sel - sz);
	 (sel - sx) - (sel - sz) > 0.	 (6)

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

identical 1z

x

W

W
σ

σ

<

( )2 10.5 ;
z elózW E -

σ = σ -σ

	 ( )2 10.5 .
x el xW E -

σ = σ -σ 	 (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
	 dSi = dWs[(sel - sz)-1 - (sel - sx)-1] > 0.	 (8)

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

Table 3
Components of redistribution of energy in the mineral environment corresponding to physical properties 

of the Prydniprovsky geoblock

Vertical pressure,
σz, MPa

Coefficient of ellipse 
form of stresses,

а/b = λ

Radius of a circle of 
internal stresses,

Re, m

External stresses, MPa

horizontal ∆σх = ∆σу vertical ∆σz

0 1.00 0 0 0
10.0 0.97 5.07 5.07 4.93
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

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
	 lel.o = (sel - sz)(sel - sx)-1,	 (9)
so, the coefficient characterizing extent of plastic prop­
erties of system changing will be equal to lp = -lel.o.

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

	 ( ) 0.5
. .i el x el oR = σ -σ l 	 (10)

During internal stress of Ri 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

Dsz( y) = Ri - (sel - sx);
	 Dsx( y) = (sel - sx) - Ri.	 (11)

The number of increments will have a view of, MPa
	 Dsz( y) + Dsx( y) = sz - sx,	 (12)
and the relation of vertical stresses to horizontal ones 
will be less than 1

	 ( )

( )
1,z y

x y

Dσ
<

Dσ
	 (13)

at 0 < λel.о < 1.
The actual external stresses actting on the thermody­

namic system are equal on absolute value, MPa
szf = sz - Dsz( y);

	 sxf = sx + Dsx( y).	 (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 = ρoVo = ρiVi = const is satisfied: the mass of 
the isolated system does not change during any process­
es happening in it; where ρo and ρi are the initial and 
changed density, Vo and Vi 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 1 1.y o i i oK V V - -= = ρ ρ  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: 
σ = ε ⋅ Е or σ = ∆V ⋅ K, which describes interrelation 
between stress σ and deformation (ε – linear, ∆V – 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 εо edges of a 
cube in which the thermodynamic system is concluded, 
consists of elastic εel and inelastic (plastic) εp compo­
nents, i. e εo = εel + εn. At the same time, elastic deforma­
tions are defined as

0.33 1
( ) ( )1 ; ;î s z y z yK E- -ε = - ε = Dσ

	 ex( y) = ey( y) = Dsx( y)E -.	 (15)

Plastic deformations ez( p) = e0 - ez( y); ex( p) = ey(p) = e0 - 
- ex( 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 θ between the main normal stress and hori­
zontal plane and an angle ψ 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

Depth,
Н, m

Pressure,
σz, MPa

Actual internal stresses, MPa Circle radius of
internal stresses, 

Rі, m

Elastic potential stresses, MPa

vertical, σzф horizontal, σxф
horizontal,
∆σх(у) = ∆σу(у)

vertical,
∆σz(у)

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 2θ (Fig. 3, c).

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

	 ,
2
π

θ = -ψ 	 (16)

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

The angle ψ is formed between the main normal 
stress acting in the massif of rocks and the vertical plane. 
The tg ψ value is the relation of vertical loadings Δσz( y) to 
horizontal ones Δσх( y) and allows determining the main 
stresses acting in the undisturbed massif of rocks. Let us 
designate

	 1
( ) ( )tg ,z y x y

-ψ = Dσ Dσ = l 	 (18)

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

s1( y) = Dsx( y)(1 + 0.5F );
s2( y) = Dsx( y)(lk - 0.5F );

	 tmax = 0.5(s1( y) - s2( y));	 (19)

	 ( ) 1
sin21 .

sin2 0.5 (sin2 )
F

arctg
-

 ψ = -l    ψ  
	 (20)

Elastic stresses ∆σz( у), ∆σх( у) and ∆σу( у), 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

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 σ1(у), σ2(у) and τmах, 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 92nd 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/m3, and that of the containing rocks – by 
0.22 MN/m3. 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 ⋅ 105 to 1.63 ⋅ 105, whereas for 
ores the increase is from 0.324 ⋅ 105 up to 0.593 ⋅ 105 MPa. 
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 MPa differ among 
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 ⋅ 103 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 

Fig. 3. Dependences of changing of the main potential 
stresses acting in the undisturbed massif of rocks of 
Kryvorizskyi basin

Stress: ♦ – normal, σ1( y); ■ – normal, σ2( y); ▲ – tangential, tмах
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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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Мета. Розробити аналітичний метод, що дозво­
ляє досліджувати енергетичний стан гірських порід 
у межах Українського кристалічного щита.

Методика. Аналітичні дослідження енергетич­
ного стану гірських порід виконувалися за допомо­
гою нового методу дослідження – ентропійного. 
Дослідження процесів перерозподілу потенційної 
енергії в масиві гірських порід проводилося за ана­
логією з відкритою термодинамічною системою. 
Запропонований методологічний підхід дозволив 
дослідити процеси енергетичного обміну в гірських 
породах і закономірні перетворення одних видів 
енергії в інші.

Результати. Проведено аналіз і виконана систе­
матизація геодинамічних умов при підземній роз­
робці рудних родовищ України. Показані шляхи 
розвитку нових гіпотез, теорій і методів досліджен­
ня енергетичного стану гірських порід. Розкрита 
проблематика опису у світовій практиці природ­
нього стану гірських порід. Визначені компоненти 
перерозподілу енергії в масиві гірських порід: ен­
тропії, потенціальних напружень і кутів їх дії. Про­
ведена перевірка отриманих результатів на збіж­
ність і зроблені відповідні висновки щодо їх засто­
сування.

Наукова новизна. Термодинамічний баланс у 
гірських породах Українського кристалічного щита 
формується за рахунок урівноваження вертикаль­
них і горизонтальних енергетичних потоків, що 
при збільшенні глибини розробки підвищують за 
степеневою залежністю компоненти тензора на­
пружень, відхиляючи їх від гідростатичних.

Практична значимість. Розроблено ентропійний 
метод дослідження, що дозволяє дослідити природ­
ній стан гірських порід зі збільшенням глибини. 
Удосконалена класифікація методів дослідження 
напружено-деформованого стану гірських порід за 
рахунок уведення синергетичної групи, що вклю­
чає ентропійний, термодинамічний та енергетич­
ний методи. Встановлено, що поширення ентропії 
в гірських породах Українського кристалічного 
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щита протікає у взаємно перпендикулярних на­
прямках, які відповідають вертикальним і горизон­
тальним енергетичним потокам.

Ключові слова: масив порід, гірський тиск, під-
земна розробка, геодинамічні явища, енергетичний 
стан, синергетичні методи, потенційні напруження, 
зворотні деформації
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Цель. Разработать аналитический метод, кото­
рый позволяет исследовать энергетическое состоя­
ние горных пород в пределах Украинского кри­
сталлического щита.

Методика. Аналитические исследования энер­
гетического состояния горных пород выполнялось 
с помощью нового метода исследования – энтро­
пийного. Исследование процессов перераспреде­
ления потенциальной энергии в массиве горных 
пород проводилось по аналогии с открытой термо­
динамической системой. Принятый методологиче­
ский подход позволил исследовать процессы энер­
гетического обмена в горных породах и закономер­
ные преобразования одних видов энергии в другие.

Результаты. Проведен анализ и выполнена си­
стематизация геодинамических условий при под­
земной разработке рудных месторождений Украи­
ны. Показаны пути развития новых гипотез, тео­
рий и методов исследования энергетического со­
стояния горных пород. Раскрыта проблематика 

описания в мировой практике природного состоя­
ния горных пород. Определены компоненты пере­
распределения энергии в массиве горных пород: 
энтропии, потенциальных напряжений и углов их 
действия. Проведена проверка полученных резуль­
татов на сходимость и сделаны соответствующие 
выводы по их применению.

Научная новизна. Термодинамический баланс в 
горных породах Украинского кристаллического 
щита формируется за счет уравновешивания верти­
кальных и горизонтальных энергетических потоков, 
которые при увеличении глубины разработки повы­
шают по степенной зависимости компоненты тен­
зора напряжений, отклоняя их от гидростатических.

Практическая значимость. Разработан энтро­
пийный метод исследования, который позволяет 
исследовать естественное состояние горных пород 
с увеличением глубины. Усовершенствована клас­
сификация методов исследования напряженно-де­
формированного состояния горных пород за счет 
введения синергетической группы, которая вклю­
чает энтропийный, термодинамический и энерге­
тический методы. Установлено, что распростране­
ние энтропии в горных породах украинского кри­
сталлического щита протекает во взаимно перпен­
дикулярных направлениях, которые соответствуют 
вертикальным и горизонтальным энергетическим 
потокам.

Ключевые слова: массив пород, горное давление, 
подземная разработка, геодинамические явления, 
энергетическое состояние, синергетические методы, 
потенциальные напряжения, обратимые деформации
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