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TECTONOPHYSICAL ASPECTS OF THE DEVELOPMENT
OF GEOLOGICAL STRUCTURE OF THE WESTERN CLOSURE
OF THE HORLIVKA ANTICLINE OF THE DONBAS
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TEKTOHO®I3NYHI ACIIEKTU PO3BUTKY TI'EOJIOI'TYHOI
CTPYKTYPU 3AXIJ/IHOTO 3MUKAHHS I'OPJIIBCBKOI
AHTHUKJITHAJIT JOHBACY

Purpose. The present study focuses on the analysis of the geological structure, stress and strain fields of the
western closure of the Horlivka anticline to present a general development mechanism with regard to tectono-
physical features, and to determine whether the structural complexity of the study area is consistent with a single
regional stress field or not.

Methodology. The kinematic and structural data available for the study zone have been studied. Further, fault
data, including both the fault plane and slickenline orientations, and the sense of movement have been studied by
the kinematic analysis method of O. Gushchenko to estimate characteristics of the mesoregional stress field and
the total strain field. Local stress data have been processed by the method for determination of general stress fields
to provide for reconstruction of principal normal stresses which are arbitrarily considered as regional stresses.
Relative age chronology and staging of tectonic stresses have been processed by the stress monitoring method.

Findings. NW-trending dextral and NE and N—S-trending sinistral strike-slip faults prevail among other
faults. Mesoregional stress field characterized by subhorizontal NW—SE maximum (o;) and NE—SW minimum
(o)) principal axes, and apparently originated in Laramide time of Alpine orogeny is strike-slip faulting type and
the youngest for the Donets Basin. Extension axis (g;) of the strain ellipsoid is NW and N—S oriented, and short-
ening axis (g;) is NE oriented nearly orthogonal to the anticline axis. Strike-slip faulting type of total strain field
was determined for the most part of the western closure of the Horlivka anticline area, and according to the Lode—
Nadai coefficient (u, = +1), deformations on the study area had been going mainly under shear conditions. The
pattern of a single structural paragenesis of deformation elements of the study area, including a conjugate strike-
slip fault system, dome-shaped fold and longitudinal thrusts in its limbs, was developed due to the right-lateral
displacements along the longitudinal strike-slip fault system within the Main anticline paraxial part.

© Volkova T. P., Nikitenko O.V., Chernysh O.G., 2016

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6 5




rreonoriAa

Originality. Strike-slip faults and large shear zone are revealed in the geological structure of the study area,
and their morphology, development, and interaction of structural elements are characterized. The primary char-
acteristics of the stress fields of local and mesoregional level, including its relative age chronology and staging, and

of the total strain field are reconstructed.

Practical value. Taking importance of the results obtained by the kinematic method into account, applying of
new forecasting methods based on reconstruction of primary tectonophysical characteristics and reconstruction

of deformation mechanisms appears to be needed.

Keywords: kinematic method, stress and strain fields, Lode— Nadai coefficient, slickenlines, strike-slip

Jault, shear zone, structural paragenesis

Introduction. Understanding the regularities, de-
velopment mechanisms, and spatial distribution of
tectonic dislocations plays an important role in both
academia and industry, where it may be used for both
elaborating the physical theory of the development of
deformation processes in the Earth’s crust, and in
forecasting, prospecting, and exploration of mineral
deposits, mining at deeper levels in more difficult geo-
logical conditions.

Any kinds of geological forecast on various stages
of mining sequence should be based on explanation of
deformation mechanisms and history of the crust part
development. Key issues concerning its reconstruction
are: 1) what were the main directions of active tectonic
forces under which the geological structure at different
stages over geological time was formed; 2) which stress
fields were active while the geological structure was
forming; 3) what deformation and dislocation distri-
butions within the structure are?

Tectonophysical study is one of the effective ways
to objectively estimate it by determination of regulari-
ties of the stress distribution and development of tec-
tonic deformation, appearing within the crust. In spite
of having various kinds of modeling to solve tectono-
physical problems now, field tectonophysics data may
make an essential addition to the final results. Further-
more, the surface and underground mining used in
layered sedimentary deposits creates very favorable
conditions for that. For instance, application of the
longwall mining method in thick coal seams, along
with geological mapping and documentation of un-
derground workings in detail, allows studying geologi-
cal structures on a true scale, and to record morphol-
ogy changes both all over the planar surface and cross
section.

Analysis of the recent research. The Main anti-
cline of the Donets Basin is of great interest as a sub-
ject of tectonophysical study not only because of its
structural complexity and development mechanism,
but also due to their effect on the safe high-efficient
exploitation of coal.

As one of the major segments of the Main anti-
cline, the Horlivka anticline is known, first and fore-
most, for Nikitovka ore field occurred in the crest part
of the fold. Structures of Nikitovka ore field have been
investigated and mapped in detail for a long time. Var-
ious massif deformation elements were geometrized
there, its morphology and kinematics were deter-
mined, and stress fields for many localities, mine
fields, deposits and the region as a whole were recon-
structed.

The stress field reconstructed for Nikitovka ore
field is characterized by a subhorizontal NW-plunging
(330°) maximum principal stress axis o3 (maximum
compression) and a subhorizontal SW-plunging (245°)
minimum principal stress axis o; (maximum tension)
[1—3]. The stress field axes are oriented in directions
diagonal to the Horlivka anticline, a major ore-con-
trolling structure, and symmetric to second-order
dome-shaped folds complicating the crest of the Hor-
livka anticline. Moreover, a o3 axis is invariably per-
pendicular to the dome-shaped fold axes. The ore field
structure was developed under conditions of a special
pulsating type of the massif stress state, changing from
uniaxial compression to uniaxial tension and vice ver-
sa. This stress field that apparently originated in
Laramide time of Alpine orogeny is the youngest for
the Donets Basin.

According to the reconstructed stress field charac-
teristics, fault kinematics and orientation of structural
deformation elements, Korchemagin interprets the
Main anticline as over-fault fold, developed in the
Carboniferous ductile sedimentary series due to the
right-lateral displacements along the zone of the Cen-
tral Donets deep-seated fault, that also resulted in the
development of the structure of the crest of the Hor-
livka anticline and Nikitovka ore field [1]. Reflection
of the Central Donets fault in present geological struc-
ture of the study area is the Osevoy thrust, traced along
the whole length of the Main anticline axis. Those
studies have shown that all known deformation ele-
ments of the ore field, such as morphology and kine-
matics of the faults, position and orientation of the
dome-shaped folds, systems of transverse fissured
veins, straightness of segments of the longitudinal
Sekuschaya fault, are parts of the structural paragene-
sis for right-lateral faulting, and are consistent with a
single regional stress field.

Objectives of the article. Although the problems
of deformation element structural paragenesis, stress
fields of local and regional level, and also the mecha-
nism of the development of the Main anticline western
part were well studied, it should be pointed out that
area of the western periclinal closure of the Horlivka
anticline is not studied as well as Nikitovka ore field.
Now it seems to be possible to do because of new facts
of the regional geological structure, fault kinematics
and stress field characteristics, obtained through the
structural and tectonophysical works within Novodz-
erzhynska coal mine field.

The present study focuses on the analysis of geo-
logical structure and stress and strain fields of the
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western closure of the Horlivka anticline to present a
general development mechanism, and to determine
whether the structural complexity of the study area is
consistent with a single regional stress field or not.

The tasks necessary to reach these objectives are:
1) to study kinematics, morphology, and age relations
of the faults; 2) to define structural pattern of the mas-
sif deformation elements, and determine a mechanism
of its development; 3) to reconstruct main characteris-
tics of stress and strain fields of local and mesoregional
level; 4) to analyse an interaction between geological
factors and various tectonic structures, and basic char-
acteristics of stress-and-strain fields.

Methodology. Tectonic stresses have been studied
by the kinematic method [4]. The method used prin-
ciples of plasticity mechanics, in particular, the Bat-
dorf—Budiansky’s plasticity theory, and postulated the
coincidence of the fault side slip direction with the
shear stress direction on the fracture plane. Graphic
algorithm for calculating the principal stresses and
evaluating the Lode—Nadai coefficient (or ratio coef-
ficient), determining the shape of the stress ellipsoid
and the ratio of deviatoric components of principal
stresses were developed on this assumption. The input
for the study was field-measured orientation data for
faults and slickenlines from mine workings within the
Novodzerzhynska mine field (more over than
900 measurements), consisting of the orientations of
the fault planes and slickenlines, including the sense of
movement. Mesoregional level stress field characteris-
tics have been reconstructed by statistical processing of
local stereographical solutions. Local stress data pro-
cessed by the method for determination of general
stress fields provide for reconstruction of main normal
stresses which are arbitrarily considered as regional
stresses [5]. Relative age chronology and staging of
tectonic stresses have been studied by the stress moni-
toring method devised by O. Gushchenko and A. Mo-
strukov on the base of the kinematic method. It in-
sures a possibility of space-time monitoring of tectonic
fields of stresses and strains on the base of geological
data, which allows us to solve the problem of age chro-
nology of paleostresses [4]. Characteristics of the prin-
cipal axes of the total strain field have been processed
by means of specialized software GEOS developed by
O. Gushchenko and upgraded by V. Korchemagin.

Presentation of the main research. Geological
structure. The Main anticline, a major WNW—ESE-
trending (290—305°) symmetrical fold, extends 300 km
throughout the Donets Basin. Towards the west of the
Nagolny Ridge, it divides into three right-stepping en
echelon fold segments: Olkhovatka—Volyntsevo and
Horlivka anticlines, Druzhkivka—Konstantinovka
brachyanticline. Both limbs of the fold dip generally
steeply (60—65°), and the crest of the fold, wide in the
west and narrow in the east, is faulted by reverse and
strike-slip faults, trend parallel to the fold axis. The
Horlivka anticline is the most studied segment of the
Main anticline where lots of coal mines and Nikitovka
ore field are situated. Nikitovka ore field is related to
five similar dome-shaped folds, 1 km length and
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0.4 km width, exposed in roughly equal intervals
(1.4 km) within the crest of the anticline. The fold axes
appear rotated at an acute angle, typically 15—30° anti-
clockwise towards the Horlivka anticline axis. Longi-
tudinal faults of the Osevoy thrust system separate
these folds to the north and south of the anticline crest
part. Four larger dome-shaped folds expose in roughly
equal intervals (3—3.5 km) to the east and to the west
of fold set of Nikitovka ore field.

As the object of the field tectonophysical studies,
the Novodzerzhynska coal mine is the westernmost
one in the area of the western periclinal closure of the
Horlivka anticline. The Middle Carboniferous (suites
Kto M) seams over the mine field have been basically
mined. In the study area, the beds dip away from the
crest of the anticline at an angle of 30—35° on the pe-
riphery, which decreases to 10—15° near the crest. In
strike, they vary from a little west through a little north
to south of east. The whole region is traversed by an
immense number of small-scale faults. Their strikes
have such varying directions, but the great number ap-
pears to follow the three trends of sublatitudinal, sub-
meridional, and northwest. Two major faults divide
mine field from the anticline limbs: Almazny fault,
NW-trending high-angle fault with dip to the north, in
the north, and Glavny thrust, latitudinal fault with
moderate southward dip, in the south. Both of the
faults show displacements with a strong component of
right-lateral strike-slip.

In view of the observed structural complexity, the
study area was divided into two domains along the
Osevoy thrust: the first (D;), to the north, and the
second (D,), to the southwest (Fig. 1). The geological
structure of D, domain is relatively simple. Beds dip
to the southwest, and the amount of the displacement
or deformation is comparatively insignificant. In
strike, the beds are bounded by the Osevoy and Hlav-
ny thrust planes in the west—northwest and south,
respectively.

On the contrary, the structural pattern of D, do-
main is more complex, characterized by the plicative
dislocation structure severely complicated by the
faults. In their orientation, faults follow the three
trends of the northwest, west—northwest, and longitu-
dinal (N—S). NW— and N-—S-trending high-angle
(75—80°) faults with dip to the northeast and west, re-
spectively, while the dip of WNW-trending faults is
about 40° to the south—southwest (Fig. 2, a).

To form a better view of the structural pattern of
D, domain it was also subdivided into two subdomains:
the eastern (D, ), and western (D;y;,). The most im-
portant fault system in the D,z subdomain is the large
shear zone 300 m width, a NW-trending set of faults
consisting of several parallel high-angle (70—80°) fault
planes with dip to the northeast that can be followed
for 500—800 m over the domain area (Fig. 3). It is
traced to the east into the crest of the Horlivka anti-
cline where it merges into the Osevoy thrust. The en
echelon NW faults are composed of right-stepping
segments that imply a right sense of movement. The
segment set has regular spacing of 100—150 m. The
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Fig. 1. Simplified geological and structural map of
Novodzerzhynska mine field (plan of lev-
el —502m):

1 — major coal seams; 2 — faults with attitude of dip;

3 — prospecting drills; 4 — structural domain bound-
aries

CI>1,2,3,4%

c

Fig. 2. A structural pattern of D, domain (all ste-

reographic plots in this paper are upper-hemi-
sphere projections):
a — contouring of poles to faults. Osevoy thrust zone:
b — contouring of poles to faults; ¢ — contouring of
poles to slickenlines and grooves. Arcs of great and
small circles are shown by dashed lines. Poles to
those circles are shown by solid circles. DN, data
number; C,, contouring interval

slickenlines plunge gently to the southeast, giving pre-
dominantly dextral-normal oblique-slip faults.

The area between the NW-trending faults is tra-
versed by the NNE-trending set of sinistral-normal
oblique-slip faults consisting of several parallel high-
angle fault planes with 5—7 m of stratigraphic throw.
In strike, they can be followed for 400 m, and are com-
monly bounded by the former fault planes.

From kinematic and structural standpoints, these
two fault sets, NW (dextral normal-oblique) and NE
(sinistral-normal oblique), may be inferred as a conju-
gate strike-slip fault system.

Dome-shaped fold is an important point in the
context of geological structure of the D,; domain
which is not observed on the present topography and
becomes readily apparent at more than 450 m depth
below the surface. Periclinal closure and the north
limb of the fold are best exposed on the current mining
level and its south limb is cut by set of low-angle faults
of the Osevoy thrust system (Fig. 4). The fold has gen-
tly plunging (20°) hinge-line which plunges to the west
and south-dipping nearly upright (82°) axial plane.
The south limb of the fold dips 18° to the west, and the

Fig. 3. A structural pattern of the D, domain shear
zone (copy from a plan of level — 502 m):
1 — argillites and aleurolites; 2 — sandstones;
3 — limestones; 4 — coal seams; 5 — faults with sense
of slip, dip direction and dip angle of the fault;
6 — attitude of bedding; 7 — inrushes

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6



rEonoriA

Cross section A-A*
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Fig. 4. Geological structure and stress fields of the Osevoy thrust zone (a copy of I3 coal seam mining plan):

1 — attitude of bedding; 2 — faults with dip direction and dip angle of the fault plane (for low-angle faults — layer
crop lines in the hanging and footwalls); 3 — cross section lines; 4 — mining workings: (a) horizontal (drift), (b)
vertical (rise); 5 — inrushes; 6 — points of stress fields reconstruction: (a) c; upper-hemisphere projection, (b) o,
upper-hemisphere projection; 7 — fault attitude: dip direction (numerator), dip angle (denominator), and strati-

graphic throw

north limb dips steeper (35°) than the south one to the
north—northwest. According to dimensions, geometry
and spatial orientation, the observed fold is similar to
those of Nikitovka ore field.

In contrast to the shear zone, the faulting style of
D, domain is mainly defined by WNW-trending
faults of the Osevoy thrust system, parallel to the
dome-shaped fold axis. Two sets of WNW-trending,
N- and SSW-dipping, low-angle (20—30°) thrust faults
with the stratigraphic throw of up to 20 m on some of
them have been observed there. Slickenlines are elon-
gated parallel to the dip direction. In addition to the
low-angle thrusts, network of numerous secondary
high-angle faults is developed on both the hanging and
footwalls of the thrusts. Relatively large and extensive
ones of those are: NW-trending high-angle (75°) faults
with 3—4 m of stratigraphic throw. Two sets of small
high-angle (55—70°) faults with the stratigraphic
throws of a few decimeters to a couple of meters are
mainly developed within the footwalls of the main
NW-trending faults. In strike, they appear to follow
the two trends of N—S and NE. These faults of com-
paratively small extent in strike, developing as fractures
a few decimeters to a couple of meters away from the
plane of the main fault, reach maximum stratigraphic
throw in some meters, and then attenuate completely
in 20—30 m in strike. Although these thrust-related
faults have different kinematics, one with normal
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movement and the other with a strike—slip movement,
along NW- and NE-trending faults, lateral displace-
ment prevails, and right-lateral slip along the former
faults and left-lateral slip along the latter is the rule.

On equal-area plot, as shown in Fig. 2, b, poles to
the fault planes, clustering around several distinct
maxima, distribute along a great circle which corre-
sponds to the Osevoy thrust plane. A slickenline analy-
sis also shows the symmetry of the linear elements
relatively to the Osevoy thrust plane (Fig. 2, ¢). There
are three circles on equal-area plot, where one, a great
circle, corresponds to the trace of the main fault plane,
and two other, small circles, have a common axis, ly-
ing in the thrust plane.

According to the foregoing data, movements on all
of these faults at the D,z domain most likely have ap-
peared due to general displacement of the massif along
the main fault plane.

Stress fields. Tectonic stresses in the massif lo-
calities have been studied by the kinematic method
[4]. The input for the study was field-measured orien-
tation data for faults and slickenlines from mine work-
ings within Novodzerzhynska mine field consisting of
the orientations of the fault planes and slickenlines,
including the sense of movement. Mesoregional level
stress field characteristics have been reconstructed by
statistical processing of local stereographical solutions.
Local stress data processed by the method for determi-
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nation of general stress fields provide for reconstruc-
tion of principal normal stresses which are arbitrarily
considered as regional stresses [5].

It has been determined that maximum stress axes
are concentrated in the upper left (NW) and in the di-
agonally opposite (SE) sector of the stereogram, while
minimum stress axes, on the contrary, are concentrat-
ed in the upper right (NE) and lower left (SW) sectors
(Fig. 5). At mesoregional level, the reconstructed
stress field is strike-slip faulting type and characterized
by a NW—-SE, 320—330° and 140—150°, subhorizontal
principal compression axis and subhorizontal NE—
SW, 50—60 and 230°—240°, principal extension axis.

However, despite the persistent general orientation
of the principal stress axes, some differences in its ori-
entation within the domains have been revealed. For
example, in the D, domain, as shown in Fig. 5, ¢, ¢,
plunges at a low angle southwestward (232°/30°) and
o3 is southeast and horizontal (140°/5°), lying at aver-
age bedding plane of this domain. In the D,y subdo-
main, o; and o3 plunge moderately to the northeast
(65°/24°) and northwest (330°/20°), respectively, also
lying at nearly average bedding plane of this subdo-
main (Fig. 5, a). In the D, subdomain, o, and o,
plunge moderately to the southwest (230°/28° SW) and
northwest (330°/18° NW), respectively, but the o5 axis
is located near to bedding plane and o, is lying at the
plane of the Osevoy thrust fault (Fig. 5, b).

Fig. 5. Stress fields of Novodzerzhynska mine (a to
c) and Nikitovka ore field (d):
1 — minimum principal stress axis of local (a) and
mesoregional (b) level; 2 — maximum principal
stress axis of local (a) and mesoregional (b) level;
3 — planes of principal stress axes; 4 — boundaries of
compression and extension cones; 5 — planes of bed-
ding (a) and Osevoy thrust (b)
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There is such a feature of the structure of the re-
constructed stress field in distribution of local stress
fields as regular bending of trajectories of the principal
stress axes near the large faults, where the axes tend to
be oriented either perpendicularly or parallel to the
fault plane. These parts interchange each other along
the fault plane (Fig. 4).

The close agreement of the stress field reconstruct-
ed for the study area and Nikitovka ore field strongly
suggests one origin and one stress field that resulted in
present-day structural pattern, as can be seen in
Fig. 5, d. This stress field that apparently originated in
Laramide time of Alpine orogeny is the youngest for
the Donets Basin.

Series of six stress fields (£ to A) resulting in the
development of the geological structure of the western
closure of the Horlivka anticline has been defined and
reconstructed [6]. Directed and inherited character of
changing of the tectonic loading conditions of the geo-
logical structure of the study area is characterized by
consecutive change of the stress field type from the
oldest (F'), normal faulting type, to the youngest (A),
strike-slip faulting one. The main characteristics of the
stress fields are given in Table 1. There is no possibility
to define absolute time lags of the action of the stress
fields exactly, nevertheless the youngest stress field A is
synchronized with the youngest one reconstructed for
the Donbas and Priazovie.

Strain fields. Strain ficld is heterogeneous for the
western closure of the Horlivka anticline area. Orien-
tation of axes of total strain field and type of strain field
are changing both all over the study area and within
the large geological structures.

Maximum extension axis g; is the most invariable
and characterized by mainly gently plunging to the
southwest nearly all study area. However, as it is ap-
parent from Fig. 6, a, some divergence of g, axis orien-
tation is observed within the large faults, for instance,

Table 1
Characteristics of the principal axes of the stress fields
S )] G3
Phase | Type T
Dir./Pl. | Dir./Pl. | Dir./Pl
A S 257/3 | 154777 | 348/13 | 0.9
B R | 219/67 | 79/18 | 344/14 | 0.95
C R 187/75 347/14 78/5 0.95
D S 336/13 | 178/76 68/5 | —0.95
E N 350/15 260/1 166/75 | —0.95
F N 2592 | 350/15 | 162/75 | -0.9

Notes: Types of the stress field: N — normal; R — reverse; S —
strike-slip; Dir. and Pl. — trends and plunges of principal stress
axes in degrees; c,, ©,, o3 — minimum, intermediate, and
maximum principal axes of the stress field; 1, — Lode—Nadai
coefficient: uniaxial tension (1), uniaxial compression (+1)
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Fig. 6. Projections to a horizontal plane of the principal strain axes and distribution of the Lode— Nadai
coefficient values for the western closure of the Horlivka anticline:

a — extension axis g,; b

— shortening axis €;: 1 — horizontal projections of the strain axes (plunging is out from the

circle; the length of the projection corresponds to the angle of plunge of the axis: shorter axis — steeply plunging,
longer axis — gently plunging, centered point axis — (sub)horizontal); 2 — faults (shown sketched): 1 — Severny
thrust, 2 — Osevoy thrust, 3 — Toretzky thrust, 4 — Glavny thrust; 3 — type of strain field (corresponding to the val-
ues of the Lode— Nadai coefficient): (a) normal, (b) reverse, (c) strike-slip, (d—e) transitional (oblique—slip), (f)
octahedral; 4 — Lode— Nadai coefficient: (a) uniaxial extension (W=—1); (b) pure shear (u= 0); (c) uniaxial short-

ening (W=+1)

within the Osevoy thrust and transition zone between
Toretzky and Hlavny thrusts, where g, axis tends to be
oriented sublatitudinally (Table 2).

Maximum shortening axis ¢; is less invariable both
in strike — from meridional to sublatitudinal — and in
an angle of plunging — from subhorizontal to subverti-
cal (Fig. 6, b). Intermediate strain axis &, is the least
invariable, often in irregularly standing position from
gently to steeply (or vertical) plunging, especially with-
in the large faults.

Strike-slip faulting type of total strain field was de-
termined for most part of the western closure of the
Horlivka anticline area (Fig. 6). According to the
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Lode—Nadai coefficient (u,) which is nearly equal to
+1 or varied in range from +0.5 to —0.5, deformations
on the study area had been going under shear condi-
tions. Axial part of the anticline within Osevoy thrust
and paraxial part of the anticline southern limb within
Toretzky thrust are characterized by normal faulting
type of the total strain field, where deformations had
been going under uniaxial extension conditions
(l"’s =-1).

In the whole, it can be asserted that strike-slip
faulting strain field type is characterized by NW and
N-—S-plunging maximum shortening axis and strain
conditions which are similar to pure shear prevailing in

11
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Table 2

Variability of orientation of the principal strain axes
within the large faults of the study area

€
Dir. PL.
227-238 27-60
Severny 221-248; 335—346 11-55
thrust 234-265;51-79 | 11-29; 17—42
Osevoy 255-257; 56—79 9-30; 11—-19
thrust 33-63; 207217 0-20
Toretzky 207-217; 95125 16-30
thrust 97—135; 198—215 22-43
€3
334—342 11-18
Severny 73—104; 138—189 11-55; 13-31
thrust 136173 34-46
Osevoy 157—174 1231
thrust 115—144; 333—350 | 21—33; 57—74
Toretzky 324—-342 48—53
thrust 338-359 33-47

Notes: ¢; and g, — extension and shortening axes of local strain
fields; Dir. and PIl. — trends and plunges of principal strain axes in
degrees

the western closure of the Horlivka anticline area of
the Donets Basin. Extension axis g, of the strain ellip-
soid is oriented NW and N—S within the western clo-
sure of the Horlivka anticline, and shortening axis €5 is
oriented NE nearly orthogonal to the anticline axis.
Summing up the results, it can be concluded that the
strain tensor forms an ellipsoid similar to the stress el-
lipsoid.

Thus, the western closure of the Horlivka anticline
can be considered as the area of the extension in back
part of right-lateral strike-slip fault.

The data above allow us to suggest the shear zone
revealed in the D,y subdomain is the direct extension
of the regional right-lateral displacement within the
Main anticline paraxial part. Conjugated strike-slip
fault system was formed due to the right-lateral dis-
placements that originated in final stages of Alpine
orogeny. Horizontal displacements of the sediment
masses to the west at the south limb of the anticline
were accompanied by a compression in near-horizon-
tal plane. It resulted in the longitudinal bending of the
sediment masses accompanied by formation of the
dome-shaped fold and sublatitudinal thrust faults de-
veloped at the limbs of the fold. Horizontal displace-
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ments at the walls of thrust faults resulted in formation
of normal oblique-slip faults which might have devel-
oped as normal faults subsequently.

The findings of our research are quite convincing,
and thus the following conclusion can be drawn: a
structural pattern of the deformation elements of the
Main anticline western closure may be interpreted as a
single pattern of structural paragenesis developed due
to the right-lateral displacements along the longitudi-
nal strike-slip fault system within the Main anticline
paraxial part.

Conclusions. NW-trending dextral and NE and
N-—S-trending sinistral strike-slip faults prevail among
the other faults within the study area. Mesoregional
stress field, characterized by subhorizontal position of
NW-SE-oriented maximum principal stress axis (c3)
and NE—SW-oriented minimum principal axis (o) is
shear type. This one that apparently originated in
Laramide time of Alpine orogeny is the youngest for the
Donets Basin. Extension axis (g;) of the strain ellipsoid
is NW and N—S oriented within the western closure of
the Horlivka anticline, and shortening axis (e;) is NE
oriented nearly orthogonal to the anticline axis. Strike-
slip faulting type of total strain field was determined for
most part of the western closure of the Horlivka anti-
cline area, and according to the Lode—Nadai coeffi-
cient (u, ==*1), deformations on the study area had been
going mainly under shear conditions. The pattern of a
single structural paragenesis of deformation elements of
the study area, including a conjugate strike-slip fault
system, dome-shaped fold and longitudinal thrusts in
its limbs, was developed due to the right-lateral dis-
placements along the longitudinal strike-slip fault sys-
tem within the Main anticline paraxial part.

The present results which have just been explained
briefly, may allow forecasting to be made of structural
patterns of deformation structures that forms in right-
lateral shear zones at deeper mine levels.
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Meta. BusHaueHHSI yMOB Ta MeXaHi3My pO3BHU-
TKY T€OJIOTIYHOI CTPYKTYpU 3aXiTHOTO 3MMKaHHS
T'opniBchbKOT aHTUKITiHATTI.

Metoauka. /letajqbHe KapTyBaHHS 3 eJIeMEHTaMU
CTPYKTYPHO-MOPQOJIOTIYHOIO aHali3y BCiX BiZOMUX
TEeKTOHIYHUX €JIEMEHTIB paliloHy Ta TeKTOHOMi3UYHi
METOIN aHaJIi3y TPIIMHHO-PO3PUBHUX CTPYKTYP.

PesynsraTii. BecTaHOBNIEHO, 110 cepen poO3puUBiB
Pi3HOTO CTPYKTYPHOTO PiBHS JOMiHYIOTh 3CYBU: ITiB-
HiIYHO-3axiAHi — Mpagi, MiBHIYHO-CXiAHi Ta CyOMepu-
JNioHaJbHI — JiBi. BuaiieHo mpaBo3CyBOBUM CTPYyK-
TYypHUI mapareHe3nc aedopMalliilHUX eJIeMCHTIB
CTPYKTYpHU 3axigHOro 3MuKaHHSI ['OpJliBChbKOI aHTHU-
KJIiHaJIi, 110 MICTUTh y COOiI KOMILIEKC CIIPSIKEHUX
MiBHIYHO-3aXiIHUX Ta MEPUAIOHAJILHUX PO3PUBIB,
OpaxiaHTUKJIiHAJAbHY CKJIQAKy JOPYroro TIOPSIIKY,
KpuJja sIKO1 yCKJIaaHeHi HacyBaMM, 11O Opi€eHTOBaHi
MOB3I0BXK OCi FOJJOBHOI CKJIaIYacTOl CTPYKTYPHU Iep-
1Ioro nopsifiky. BeranoBieHo, 1110 3a TPOCTOPOBOIO
OpIEHTAIII€I0 OCi TOJJIOBHUX HOPMaJILHUX HAIIPYKEHb,
BiITHOBJIEHE T10JIe HAIIPY>XeHb € 3CYBOBUM Ta HaliMO-
sommmM 11 JlIoHeIIbKoro GaceifHy, JaTOBaHUM Jia-
paMilicbKOIO (ha3010 aTbIiICHKOTO TEKTOTeHE3Y. 3Cy-
BOBHU THII TTOJISI CyMapHUX AedopMalliil € TOMiHYIO-
YUM Ha OUIbLIIM YaCTUHI 30HM 3aXilIHOTO 3MUKAHHS
T'opiiBcbKOi aHTUKITIHAI.

HaykoBa HoBuM3HA. BusBieHi 3cyBM Ta 3CyBOBi
30HM, OXapakKTepu3oBaHa iX MopoJoris, CymyTHi
nedopmaiiii Ta MexaHisam opmyBaHHs. BimHoBieHi
TOJIOBHiI XapaKTEepUCTUKHU MOJIB HampyXeHb Ta ne-
dopmalliiit JTo0KaIbHOTO I ME30PETriOHATBHOTO PiBHSI.

IIpakTryna 3HaYMMicTh. BripoBakeHHs y mpak-
THUKY T€0JIOTOPO3BilyBaJIbHUX Ta T€OJIOrO-eKCIlTyaTa-
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LIIHUX pOOIT HOBUX HAYKOBUX METO/IB MTPOTHO3Y Tip-
HIYO-TCOJIOTIYHUX YMOB, IIIO0 3aCHOBaHI Ha PEKOH-
CTPYKLii TOJOBHUX TEKTOHOMI3MYHUX IMapaMeTpiB i
BiITBOpEeHHI MexaHi3MiB 1e(DopMalliifTHOTO IPOILIECy.

KuouoBi cioBa: xinemamuuuuii memoo, noas
Hanpyxcenb ma Odegopmauiil, Koegiyiecnm Jlode—
Haoai, wmpuxu koezanHs, 3cyeHa 30Ha, 3CY8,
CMPYKMYpHUU napazeHe3uc

enb. OnpeneneHue ycJoBUil U MeXxaHU3Ma pa3-
BUTHSI T€OJIOTUYECKON CTPYKTYpPhI 3allalHOTO 3aMbl-
KaHus ['opa0BCKOI aHTUKIWHAIU.

Metoauka. JleraibHoe KapTUpOBaHUE C 2Jie-
MEHTaMM CTPYKTYPHO-MOP(OJIOTMYECKOro aHain3a
BCEX M3BECTHBIX TEKTOHMYECKUX DJIEMEHTOB paiioHa
U TEKTOHO(PU3NUYECKUE METOAbI aHAJIM3a TPELIMHHO-
pa3pbIBHBIX CTPYKTYD.

Pe3yabraThl. YCTAHOBJIEHO, UTO CPEAX PA3PbIBOB
Pa3JIUYHOTO CTPYKTYPHOTO YPOBHS 3/1€Ch JOMUHUPY-
IOT CABUTU: CEBEPO-3anajHble — MPaBble CIABUIU, CE-
BEPO-BOCTOUYHbIE U CyOMEpUIMOHAIbHBIE — JIEBbIC.
BoineneH npaBoCcaBUTOBBIN CTPYKTYPHBIN MapareHe-
3uc aeGOopMalMOHHBIX 3JIEMEHTOB CTPYKTYpbI 3a-
MagHOro NMEPUKINHAIBHOTO 3aMblKaHUs [opoBCKOM
AHTUKJIWHAIU, BKIIOYAIOIIUIA B Ce0S KOMILJIEKC CO-
MNPSKEHHBIX CEBEPO-3aIlaJHbIX U MEePUAMOHATbHbBIX
pa3pbIBOB, OpaxMaHTUKIMHAJILHYIO CTPYKTYpPY BTO-
pOro 1nopsijika, Kpblibsi KOTOPOU OCJIOXKHEHbI HAIBU -
TOBbIMU CTPYKTypamMu, OPUEHTUPOBAHHBIMU MPO-
JIOJIbHO OCH INIABHOM CKJIaA4aTOM CTPYKTYPHhI IIEPBO-
ro TopsiaKa. YCTaHOBJIEHO, UTO MO IPOCTPAaHCTBEH-
HOM OPUEHTUPOBKE OCEM INIABHBIX HOPMaJlbHbIX Ha-
MPSIKEHUM, BOCCTAHOBJIEHHOE T10JIE HaNpPSIKEHUI
SIBJISIETCSI CABUTOBBIM U CaMbIM MojoabiM mist Jlo-
HelKoro OacceiiHa, AATUPYIOLIMUMCS JIapaMUICKOMN
dazoil anbnuiickoro TekroreHeza. CIBUIOBbIN TUIT
MoJisi CyMMapHBbIX nedopMaluii sIBASIETCS JOMUHU-
pyIOIIMM Ha 00JIblIel YacTH IIOLIAAY 3aaaHOro 3a-
MbIKaHUs [OpI0BCKOW aHTUKIUHATIU.

Hayuynas noBu3Ha. BbizejieHbI B re010rnueckom
CTPYKTYp€ U3y4aeMOro paiioHa CIBUIU W CIBUTOBbIE
30HBI, OMHcaHa WX MOPMOJIOTHS, COITYTCTBYIOIIME
nedopman M MexaHuU3M obOpaszoBaHus. Boccra-
HOBJIEHBI OCHOBHbIE XapaKTEPUCTUKU MOJIEH HATpsI-
XKEeHUil 1 aedopMaluii JIOKaJbHOTO U ME30pPEruo-
HaJIbHOTO YPOBHSI.

IIpakTHyeckasa 3HAYMMOCTb. BHeapeHue B
MPaKTUKY Te0JIOrOpa3BeqOYHbIX U TOPHO-2KCILTyaTa-
LIMOHHBIX pabOT HOBBIX HayYHbIX METOAOB MPOrHO3a
TOPHO-TE€OJOTMUYECKUX YCIOBUM, OCHOBAHHBIX HA pe-
KOHCTPYKILIMHA OCHOBHBIX TEKTOHO(U3UYECKUX TTapa-
METPOB U BOCCTAHOBJIEHMM MEXaHU3MOB nedopma-
LIMOHHOTO Mpoliecca.

KiroueBble CIOBA: KUHEMAMUUECKUI Memoo,
noas HanpsaxceHuil u degpopmayuil, Ko3pduyuenm
Jode—Haoau, 3epkana ckoavdcenus, coeuzoeas
30HA, cdeUe, CMPYKMYPHbBLI NaApazeHe3uc

Pexomendosarno do nybaikauii dokm. eeon. Hayk

B. I. Aavoxinum. Jlama HaOxo0xucenHs pyKonucy
05.01.16.
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THE INTERRELATION BETWEEN THE NOVOKRYVORIZKA
AND SKELIUVATSKA SUITES OF THE KRYVYI RIH SERIES
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A0 IIUTAHHA ITPO BBAEMOBIJTHOIIEHHSA
HOBOKPUBOPI3bLKOI TA CKEJIOBATCBKOI CBIT
KPUBOPI3LKOI CEPIi

Purpose. Explore features of the structure and the relationship between the nature of occurrence of No-
vokryvorizka and Skeliuvatska Suites.

Methodology. The authors used analysis of suite sections and field research. The results of geochemical anal-
yses were used to determine the ratio of the contents of indicator elements and facial conditions of sedimentation
of rocks, quantitative assessments of weathering intensity and the extent of sedimentary differentiation of metased-
imentary deposits of various paleotectonic modes for the purpose of paleotectonic reconstruction.

Findings. The results of geological investigations of conglomerate bearing strata of Kryvbas indicate that the
lower part of the section of Kryvyi Rih series there are two different of formation types of metaconglomerate —
schistic and oligomictic ones — according to composition and conditions. The former are part of the metaconglom-
erate- schist formation, which corresponds to the volume of Novokryvorizka suite in its modern interpretation, and
the latter are part of the metaconglomerate-sandstone-schist, which combines metaterrigene part of Skeliuvatska
suite section. The section of the upper part of Novokryvorizka suite is represented by the association of different
chlorite schists and quartz metasandstone with subordinate spread of slate metaconglomerates according to the
composition. The number of layers of metasandstones and their capacity increase upsection. The lower part of the
Skeliuvatska suite section is presented by rhythms, composed by paragenesis metasandstone + metagritstone.
Moreover, metasandstones are deposited at the base of rhythms and are similar to the metasandstones of the upper
part of the section of Novokryvorizka suite according to the mineral composition and structural-textural features.
This indicates a gradual transition between these suites and refutes the assumption regarding the basal character of
quartz metaconglomerates of Skeliuvatska suite, as they are inherent to its central section, where they are involved
in forming rhythms made of metasandstone + metagritstone + metaconglomerate association. That is, the section
of Skeliuvatska suite bottom has regressive character rather than transgressive character, as it is believed to be.

Originality. The nature of the contact between Novokryvorizka and Skeliuvatska suites was studied, the pecu-
liarities of their material composition that paleotectonic features of their formation were compared.

Practical value. The research results can be used for stratigraphic subdivision of the sections; techniques used

Kryvyi Rih State Pedagogical University, Kryvyi Rih,
Ukraine, e-mail: matischuk@gmail.com

KpuBopizbkuii nepkaBHMUI TeIarorivyHUil yHiBEpCHUTET,
M. Kpusnii Pir, Ykpaina, e-mail: matischuk@gmail.com

in the article can be used for paleotectonic reconstructions.
Keywords: suite Novokryvorizka, Skeliuvatska, Kryvyi Rih series

Introduction. It is considered that Skeliuvatska
suite with its angular unconformity and stratigraphic
break is deposited on Novokryvorizka suite rocks [1].
The reason for such understanding of interrelation be-
tween these stratigraphic units of Kryvyi Rih series is
based on an assumption that the metamorphosed
weathering zones are developed in the metabasites of
the Novokryvorizka suite [2], transgressive character
of the Skeliuvatska suite profile and occurrence of
quartz metaconglomerates, which are the main diag-
nostic features for the Skeliuvatska suite. However, the
results of the geological formation analysis of the con-
glomerate-bearing beds of the Kryvbass reveals that in
the lower part of the section of Kryvyi Rih series there
are two types of metaconglomerates which differ in
compositions and the formation conditions: schistic
and oligomictic. The former belong to the metacon-
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glomerate-schist formation, which corresponds to the
volume of the Novokryvorizka suite according to a
new interpretation [3], and the latter — to metacon-
glomerate-sandstone-schist formation, which is the
metaterrigeneous part of the Skeliuvatska suite [4, 5].
Objectives of the article. Based on the analysis of
suite sections and application of methods for paleotec-
tonic reconstructions, the work aims at researching
structural features and the relationship of the bedding
character of Novokryvorizka and Skeliuvatska suites.
Presentation of the main research and results.
Novokryvorizka suite is well exposed in the eastern part
of the Kryvyi Rih structure, to the south of the Dev-
ladivska fault zone, as well as in the region of the Main
Synclinorium closure, in the Tarapakovskyi-Lykhma-
nivskyi section and in the area of the Tarapakovskyi-
Lykhmanivskyi structure closure (Fig. 1). This Suite is
generally composed of chlorite-bearing (quartz-chlo-
rite, quartz-sericite-chlorite, chlorite-biotite, amphi-
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bole-chlorite), biotite-amphibole and biotite-quartz
schists. Quartz-amphibole-biotite, garnet-amphibole-
biotite schists, metasandstones cemented with chloritic
matrix and schist metaconglomerates are subordinate.
The characteristic feature of the Novokryvorizka suite
is lateral compositional variability and a constant pres-
ence of chlorite-bearing schists in its section.
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In the western part of the Main structure closure the
section of the suite is composed of alternating biotite-
amphibole, quartz-biotite and chlorite-biotite schists
with minor quartz-sericite and quartz-sericite-chlorite
varities (Fig. 2). Amphibole-bearing schists constitute
up to 40—50 % of the suite volume, forming the beds of
thickness between 4 and 7 m with a gradual decrease

- complex aplite-pegmatite granites

‘ J Hleyuvatska suite

- dyke formation

Hdantsivka suite

I: Upper subsuite

average subsuite
lower subsuite

Saksagansky suite

n

Skelyuvatska suite

Krivorozhskaya series

Upper subsuite
lower and middle subsuite

Novokryvorizka suite

- Saksagansky granite complex

Konskaya series

Gneiss-granite-plagiogranite formation

Areas of the metaconglomerates distribution

Fig. 1. Dissemination of metaconglomerate on the territory of Kryvyi Rih structure
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towards the upper part of the section. These are fine-
grained rocks composed of 70 % of bluish-green horn-
blende with many inclusions of quartz, plagioclase and
biotite. The rock texture is banded, whereas the struc-
ture is poikiloblastic. Quartz-biotite varities forming
beds of thickness between 2 and 5 m are strictly associ-
ated with these rocks. They are represented by fine-
grained dark grey and black rocks of lepidogranoblastic
structure. In general, biotite undergoes chloritization
and occupies 40—50 % of the rock volume. Quartz and
plagioclase occur in the same quantities: 25—30 %. Pla-
gioclase is sericitised and contains small quartz inclu-

sions which are of spherical or sometimes needle-like
shapes. Quartz is anhedral and sometimes shows
rounded grain edges. There also occur single crystals of
hornblende, which are petrographically similar to the
hornblende form of the above mentioned schists.
Biotite-chlorite schists are distributed in all levels of
the suite section in form of 1—4 m beds; however, they
are more characteristic of the upper part, where they oc-
cur in association with quartz-sericite schists and quartz
metasandstones. Their main rock-forming minerals are
quartz and biotite, which occupy up to 75—80 % of the
rock volume; however, chlorite prevails quantitatively.
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Fig. 2. Correlation of the sections of the western part of the Main closure of the Kryvyi Rih structure:

1 — metaconglomerates: a — oligomictic, b — schistic; 2 — metagravelites: a — quartz, b — feldspar-quartz; 3 —
metasandstones: a — feldspar-quartz, b — quartz ¢ — polymictic cemented with chlorite; 4 — schists: a — quartz-
sericite, b — quartz-biotite-chlorite, c — garnet-chlorite-biotite, d — quartz-hornblende-biotite; Geological formations:
I — metaconglomerate-schist (Novokryvorizka suite); Il — metaconglomerate-sandstone-schist (Skeliuvatska suite):
11, — metaconglomerate-gravelite-sandstone subformation, 11, — metagravelite-sandstone-schist subformation
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Quartz-sericite schists, which occupy up to 5—7 % of
the section volume, occur in minority within the Suite.

In the upper part of the Suite section, 10—20 cm
thick beds of fine-grained metasandstones are found
in the association with schists. Their quantity and
thickness increase towards the top of the Suite section.

Depending on the spatial distribution of the above
mentioned rock varieties, the Suite section in the west-
ern limb of the Main Synclinorium, where its thickness
does not exceed 50 m, is divided into three parts: lower,
middle and upper. The lower part is characterized by
amphibole-bearing, quartz-biotite and chlorite biotite
schists association. The middle part is composed of
paragenesis: chlorite-biotite and quartz-biotie schists.
The latter, upper part comprises alternating quartz-
sericite-biotite, chlorite-biotite sometimes with garnet,
schists and oligomictic metasandstones.

The section in the central region of the Main Struc-
ture closure is composed mostly of biotite-amphibole
schists, which unlike the schists of the western region,
contain actinolite. However, regarding other mineral-
ogical and petrographical features, they are similar to
the schists from the western region. These schists in
the suite section form beds of thickness ranging be-
tween 5 and 10 m and are separated by layers of quartz-
biotite and biotite-chlorite varieties. Their thickness
increases towards the top of the section from 0.5 up to
1.5—2.0 m. This association is overlain by a 30 m bed
composed of biotite-quartz schists with intercalations
of chlorite-biotite and chlorite-biotite-quartz varieties
0.1—1.5 m thick. The association of chlorite-biotite,
chlorite-biotite-quartz schists and oligomictic meta-
sandstones terminates the suite section. These men-
tioned rocks are similar to those mentioned above in
terms of mineralogical and petrographical features.
The thickness of the Suite in the given part of the Main
Structure closure reaches 130—150 m.

Similar compositional features are typical of the
Suite section in the Saksahanskyi interval (eastern limb
of the Kryvyi Rih Structure) and Tarapakovskyi-
Likhmanovskiy interval, and also in the region of Ingu-
letskiy iron quartzite deposit (Lykhmanivskiy Syn-
clinorium). The exception is the section of the eastern
part of the Main Structure closure, due to presence of
schistic metaconglomerates, which form 130—140 m
thick bed in the lower part of the Suite section. The
clastic material of the metaconglomerates comprises,
in 80—90 %, poorly or medium sorted fragments of
chlorite-quartz, chlorite-amphibole, chlorite-sericite-
quartz, sericite-quartz schists, which are similar to
those from the above described profiles in terms of
mineralogical and petrographical features. In the com-
position of the metaconglomerates there also occur
single clasts of vein quartz, quartzites, mafic effusive
rocks and amphibole schists. The matrix cementing
these clasts is sandstone of variably-sized grains, which
are composed of quartz, feldspar, garnet and carbon-
ates. These clasts are cemented with chlorite-sericite
material. Regular change in the proportion of chlorite
to sericite content is typical for the section. In the low-
er part of the bed, chlorite prevails within the matrix,
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whereas in the upper part sericite dominates. This trend
is also reflected in the composition in the metacon-
glomerates. The metaconglomerate beds from the low-
er part of the section are medium and coarse-grained
with clasts of diameters from 2—3 to 5 cm. Towards the
top of the section the diameter of the clasts decreases,
simultaneously the quantity of the vein quartz and
quartzite clasts increases and the amount of clastic ma-
terial in the rock volume decreases from 80—85 % in
the lower part of the bed to 60—70 % in the upper part.

The metaconglomerates are underlain by fine-
grained, weakly banded chlorite-quartz, chlorite-am-
phibole and amphibole-chlorite schists. Similar schists
with scarce inclusions of coarse clastic material are also
found in the middle of the lower part of the metacon-
glomerate series, in which they form layers of thickness
varying between 0.5 to 1.0 m. This indicates rhythmic
internal composition of the profile. According to miner-
alogical and petrographical features, the schists are sim-
ilar to those which contain clastic material and, as men-
tioned before, to the schists which were described above.

The suite section at Lenin mine (Saksahanskyi in-
terval) features a similar composition; it also contains
schist conglomerates. The only difference is that here
the suite thickness reaches a few dozens of meters,
whereas in the eastern part of the closure it ranges be-
tween 300 and 350 m.

Rocks of the suite have been metamorphosed in
greenschists facies (Saksahanskyi region of the Kryvyi
Rih structure) and epidote-amphibolite facies (South-
ern region) [4, 6].

Skeliuvatska suite outcrops in the eastern part of
the Kryvyi Rih structure, to the south of the Devladivs-
ka fault zone. It includes oligomictic metaconglomer-
ates, quartz and felspar-quartz metasandstones, quartz-
biotite, quartz-sericite-biotite, sericite-biotite schists,
which are conventionally known as phyllites [6].

Depending on the relative proportions of the major
and minor rock types, the profile of the metaterrigene-
ous suite is divided into two subsuites: the lower and
the upper.

The lower subsuite is represented by rocks showing
the regressive transition within the profile. They are
quartz metasandstones, metagravelites and metaconglo-
merates, which reflect two- or three-component rhythms
of higher orders. The former include metasandstones
and metagravelites typical of the lower part of the sub-
suite, whereas the rhythms composed dominantly of
metasandstones, metagravelites and metaconglomerates
are typical of its middle and upper parts. The most com-
plete section of the subsuite has been opened up in many
boreholes in the Main Structure closure in the Kryvbass,
and also in many outcrops along the banks of the Inhu-
lets River in the region of workers’ settlement of the Piv-
dennyi Ore-Dressing Integrated Plant.

In the region of the Main Structure closure, two
types of subsuite profiles are observed. They differ in
the quantitative, relative proportions of the rock types.
The sections of the western and central parts of the clo-
sure include metagravelites, which form 1—40 m thick
bed and are separated by layers of metasandstones and
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metaconglomerates. The metagravelit + metasandstone
association is more characteristic of the lower part of
the subsuite section, in which metasandstones are
present in form of layers of thickness increasing to-
wards the top from 1 to 3 m. In the same direction the
thickness of the metagravelite layers increases; they are
quantitatively enriched in gravel-sized clastic material
from its base (50 % of the rock volume) to the top (70—
80 %). At the same time, inclusions of pebbles are ob-
served in metagravelites and their amount also in-
creases towards the top of the section. The metagrav-
elites are gradually replaced by metaconglomerates.

The metaconglomerates form beds and lenses of
thickness ranging from 1 to 7 m in the upper part of the
subsuite section. The contacts between them and the
metagravelites, as already mentioned, are gradual. In
most cases the metaconglomerates are interbedded
with thin layers (from 0.1—0.2 to 1 m) of fine- to medi-
um-grained metasandstones. Contacts between them
are sharp and clear.

The gradual transition from the base to the top of
the section of the metagravelite-metasandstone asso-
ciation reflected in metaconglomerat+metagraelit=m
etasandstone paragenesis is indicative of the regressive
character of the deposition.

The subsuite thickness in the western and central
parts of the Main Structure closure is alternating from
25 up to 50 m.

The characteristic feature of the eastern part of the
closure is increase in the thickness up to 120—140 m and
the quantity of metaconglomerates, which here com-
prise around 50—70 % of the section volume, compared
to 10—15 % in the central and western parts of the struc-
ture. The subsuite includes association of metagravelites
and metaconglomerates, which form a bed of thickness
from 2—10 (metaconglomerates) up to 20 m (metagrav-
elites). Metasandstones occur as minority and form thin
(tens of cm) layers and lenses. In the lower part of the
section, the metagravelites prevail quantitatively over
the metaconglomerates, whereas in the upper part con-
versely the metaconglomerates prevail. This fact em-
phasizes the regressive character of the deposition.

The similar compositional features are typical of
the subsuite sections in other regions. However, the
metaconglomerates are present only in the sections of
the Lykhmanivska Structure closure (Inhuletske iron
quartzite deposit) and in the region of the deposits
mined by Lenin and R. Liuksemburg mines. Within
the Tarapakivsko-Lykhmanivskyi region and in the
Saksahanskyi region (between the Ilich and Libknekh-
ta mines and to the south of Lenin mine) the subsuite
is composed of metagravelite-sandstone association
and this suggests local distribution of metaconglomer-
ates and their facial replacement along the strike by
metagravelites and metasandstones.

The upper subsuite differs from the lower subsuite
and is characterized by the transgressive type of the sec-
tion. Its base consists of paragenesis of metagravelites +
metasandstones + metaconglomerates, whereas its top
includes metasandstone + phyllite schist + metagravelite
association. The lower part of its profile is composed of
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alternating beds of metagravelites and metasandstones
with minor fine-grained metaconglomerates, which
form thin (from tens of cm to 2 m) layers and lenses.

Upwards the section, the quantity of metasand-
stones increases, the thickness of metagravelites de-
creases and they are gradually replaced by phyllitic
schists, whereas the metasandstone + metagravelite as-
sociation is replaced by metasandstone + phyllite schist
paragenesis. Moreover, the quantity of metasandtones
gradually decreases upwards the section and its upper
part is represented by a bed of phyllitic schists.

The subsuites differ not only regarding their profile
types (regressive or transgressive) but also in respect of
the mineralogical and petrographical features of the
rocks.

The upper subsuite is composed of fine-grained
feldspar-quartz metasandstones. They contain 80 %
quartz clasts, 10—15 % microcline and albite clasts and
around 5—10 % clasts are microquartzites and mica
quartzites. The clasts are cemented with quartz-seric-
ite matrix.

The major part of the profile of the upper subsuite
consists of dark grey phyllitic schists. The major rock-
forming minerals are sericite, quartz and biotite. De-
pending on proportions of the constituents, their compo-
sitional varieties are divided into: quartz-sericite, quartz-
biotite, quartz-sericite-biotite, biotite, and biotite-
quartzite. These rocks also contain chlorite, tourmaline,
opaque minerals (pyrite and pyrrhotite). According to
the petrochemical analyses, the schists correspond to
metamorphosed aleurite-argillite and clay rocks [6].

One of the diagnostic features of the suite is meta-
conglomerates. They are classified as fine-, medium-,
coarse-grained depending on the size of the clasts.
Fine- and medium-grained metaconglomerates are
characteristic of the lower part of the sections of the
lower and upper subsuites. The clast size varies between
0.5 and 2.0 cm. Their shapes are isometric, elongated
and they are medium or well rounded. The content of
the clastic material does not exceed 40—60 % of the
rock volume. Generally, the fine-grained varieties are
gradually replaced by medium-grained of sizes 2.0—
3.5 cm. In these varieties clasts are very well rounded and
of elongated and spindle-shaped forms. In the coarse-
grained metaconglomerates medium size of the clasts
along the elongated axis varies between 5 and 7 cm, but
also boulders of 10—20 cm are encountered. Shape of
these clasts is exclusively fusiform. Within medium- and
coarse-grained varieties quantity of the clastic material
reaches 70—80 % of the rock volume. The elongated axes
of these clasts are oriented in the dipping direction of the
rocks with sharp ending oriented towards one direction,
which looks like a tile in a planar view.

The metaconglomerates are very similar in compo-
sition and contain quartz, quartzites, metasandstone,
metagravelite and schist clasts. Clasts of quartz and
quartzite dominate and occupy up to 70—80 % of the
clast volume. It is worth mentioning that the quantita-
tive ratios in fine- and medium-grained metaconglom-
erates are roughly the same with minor (10 %) devia-
tions in one direction or another, whereas in the
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coarse-grained metaconglomerates the quartzite clasts
prevail and occupy up to 50—80 % of the clasts volume.

Quartz from the clasts comes mostly from veins.
Light grey, grey, white and dark grey quartz clasts oc-
cur. All these color quartz clast varieties are rather ran-
domly scattered; however, poor regularity is observed
in the distribution of the dark grey quartz clasts. Lower
parts of medium- and fine-grained metaconglomerate
beds are enriched in the dark grey quartz clasts.

Clasts of quartz-sericite and sericite-quartz schists
occupy around 10—25 % of the clastic material volume.

The metaconglomerates contain rounded clasts of
metagravelites in minor quantities (2—3 % of the clasts
volume). The grit within them consists of monomin-
eral quartz cemented with a quartz-sericite matrix.

The least abundant in the metaconglomerates are
clasts of metamorphosed mafic effusive rocks, which
were observed only in a few cases.

The matrix of the metaconglomerates is metasand-
stone, which is similar to metasandstones forming beds
and lenses within the Suite according to mineralogical,
petrographical and petrochemical features. The major
rock-forming minerals of the matrix are quartz and ser-
icite with subordinate biotite and chlorite. The excep-
tions are these areas where the metaconglomerates
overlie directly the schist conglomerates of No-
vokryvorizka suite (eastern part of the Main Structure
closure and region of the deposit mined by Lenin mine).

Conventionally, the chlorite-bearing schists are
known as the weathering products of the metaba-
sites [1]. However, the above analysis of Novokryvoriz-
ka suite profile shows an alteration of the several chlo-
rite-bearing schist varieties and metasadstones to be an
integral unit, in which the chlorite is dominating in the
matrix. This fact is not in an agreement with the hy-
pothesis that these rocks are the weathering products
but it favors the marine deposition environment. Anal-
ysis of the elements, which are indicative for the depo-
sitional environments [6, 7], shows that the sedimenta-
tion took place in a marine basin (Table 1). The source
of the psammite-pelitic material for the formation of
schists and metasandstone suite were weathered me-
tabasites of Kryvyi Rih region. The process of re-depo-
sition of the metabasite weathering products was trig-
gered by the initiation of tectonic activity of the Kryvyi
Rih stage, which took place after the formation of the
metavolcanic-sedimentary greenstone Middle Dni-
prean Complex [4] and it was manifested within Kryvyi
Rih region by sharp and short subsidence of the paleo-
basins seafloor. This point of view is supported by low
thicknesses of the sections of Novokryvorizka suite and
a very low maturity of the primary sedimentary mate-
rial comprising the chlorite-bearing schists. The latter
is favored by the ratios Al,O;: Na,O and K,O : Na,O,
which are, respectively, 22.04 and 2.96, and are related
to areas with relatively active tectonic regimes [6].

Schist metaconglomerates, which are strictly asso-
ciated with the chlorite-bearing schists and metasand-
stones cemented with the chloritic matrix, were formed
in similar graben-like structures due to disintegration
of the schsits by density currents and gravitational pro-

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6

Table 1

Ratios of element-indicators and facial conditions
for deposition environments of rocks
of Novokryvorizka suite

Rock Th.e value Conditions

and the element | of the ratio of contents ..
indicators of elements of deposition

Quartz-biotite-chlorite, quartz-sericite-chlorite schists
Al :Ti 12.8 marine
Zr:Cu 2.76 marine
V:Cu 4.00 marine
V:Zr 1.81 marine

Chlorite-amphibole, amphibole-chlorite schists

Zr:Cu 1.65 marine
V:Cu 4.29 marine
V:Zr 2.60 marine

cesses, which are indicated by angular and poorly
rounded shapes of the schist clasts.

The dominance of high maturity quartzite meta-
sandstones in the upper part of the suite and gradual
increase in their thickness upwards the profile with si-
multaneous decrease of the chlorite content within
their matrix, suggest relative tectonic stabilization of
the region at the end of the suite deposition. Mineral-
ogical and petrographical investigation of the men-
tioned metasandstones showed that they are similar in
composition and structure to the metasandstones of
the lower part of Skeliuvatska suite profile. This fact is
evidence of continuous deposition of metaterrigene-
ous sediments of two stratigraphical units. In areas
where schist metaconglomerates are developed the
content of the schist clasts gradually decreases upwards
the section, whereas the content of the quartz vein
clasts increases. Simultaneously, the content of chlo-
rite within the matrix decreases in the same direction.
The chlorite is displaced by quartz, which together
with sericite is the major rock-forming component of
the matrix of the metaconglomerates from the lower
part of the subsuite, which belongs to Skeliuvatska
suite [8]; this fact also infers a gradual replacement of
rock associations of Novokryvorizka Suite by paragen-
eses of Skeliuvatska suite.

The stage of regional tectonic stabilization, which
began during the finalization of deposition of Novokry-
vorizka suite continued during sedimentation of the
lower subsuite of Skeliuvatska suite. It is proved by the
oligomictic composition of terrigenic material of the lat-
ter and supported by the coefficients of weathering in-
tensity (W) and sedimentary differentiation (d) of differ-
ent types of zones of tectonic regimes (Table 2) devel-
oped by O.A. Predovskyi. The analysis of these factors
shows that the stabilization regime was moderately
changeably activated during the deposition of the rock
parageneses of the upper subsuite of Skeliuvatska suite,
i.e. at the transition between the regression of the Skel-
evatskyi paleobasin, which took place during the forma-
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Table 2

Comparison of the approximate quantitative
estimates of weathering intensity and degree
of sedimentary differentiation of metasedimentary
deposits of various paleotectonic regimes within
the Skeliuvatska suite

Standard Indicator
Types of zones indicators of’Skehuvatgka
of tectonic regimes suite formation
W d W d
Stabilized subsidence 80 17 96* —
Moderately active 58 2.4 79 2.55
subsidence
Average and strongly 40 1.6 - —
active subsidence
Moderately active 48 1.6 - -
uplifting

Footnote: W — weathering intensity; d — degree of sedimentary
differentiation; * the lower subsuite; ** the upper subsuite

tion of rock associations of Novokryvorizka suite and
the lower subsuite of Skeliuvatska suite, and transgres-
sive conditions, during which there was accumulation of
rocks of the upper subsuite. Increased significance of
the tectonic activity at the time of deposition of the rock
parageneses of the latter is also proved by a low degree of
maturity of pelitic material of the phyllite-like schists
(AL,O; : Na,O = 23.3; K,0 : Na,O = 6.85) and by an
increase in the Al-Si module from 0.07 (metasandstones
of the lower subformation) up to 0.09 for psammites and
0.32 for pelites of the upper subsuite. This fact indicates
a relatively high degree of differentiation of psammites
from the lower subsuite. The degree of maturity of sedi-
mentary material gradually increased from No-
vokryvorizka suite towards the upper subsuite of Skeli-
uvatska Suite. This fact may also support the conform-
able boundary between these stratigraphic units.

The metaconglomerates of Skeliuvatska suite refer
to the inter-formational conditions rather than basal as
it is traditionally considered.

This assumption is not only indicated by their posi-
tion within the profile, confined to the border of two
micro-cycles of the transgressive-regressive macro-
cycle, but also by their paragenetic relation with other
rocks of the suite [6], which is also a confirmation of
the continuous accumulation of rock associations of
Novokryvorizka and Skeliuvatska suites.

Conclusions. The composition of the profiles of the
Novokryvorizka and Skeliuvatska suites combined with
paleotectonic and paleoenvironmental features of the
rock association deposition shows the conformable char-
acter of their contact and excludes the assumption that
the metaconglomerates refer to the basal formations.
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Merta. Jlocaigutu oco0JMBOCTI OyIOBU Ta B3ae-
MOBITHOIIICHHSI XapaKTepy 3asITAaHHS HOBOKPWBO-
Pi3bKOI1 Ta CKEIIOBATChKOI CBIT.

MeTtoauka. ABTopaMi BUKOPHUCTOBYBaBCS aHa-
JIi3 po3pi3iB CBIiT, MOJBLOBI HOCHiIXeHHs. Pe3ynbra-
TU reoxiMiYHUX aHaji3iB Oy BUKOPUCTAHI J1J1sl BU-
3HAYECHHS BEJIMYMHU BiTHOIIECHHS BMICTY €JIeMEH-
TiB-iHAMKATOPIB Ta (paliaIbHUX YMOB OCaJIKOHAKO-
MUYEHHS MOPiJ, KiIbKICHUX OLIIHOK iIHTEHCUBHOCTI
BUBITPIOBAHHS Ta CTYIEHsI 0cagoBOi audepeHiia-
il MeTaocagoBUX BiIKJIaAiB PiZHUX MHaJICOTEKTO-
HIYHUX PEeXHUMIiB 3 METOI MaJleOTEKTOHIUHOI pe-
KOHCTPYKIIil.

PesynsraTii. Pesynsratu reosnoro-gopmaniiHux
JOCJIIXXKEeHb KOHIJIOMepaToBMicHUX TOBILI Kpubacy
BKa3ylOTb Ha Te, 110 B HUXKHII YacTuHi po3pizy Kpu-
BOPI3bKOI cepil MPUCYTHI ABa Pi3HUX 3a CKJIAAOM Ta
YyMOBaMM YTBOPEHHSI TUIIM METaKOHIJIOMEpPATiB —
cjaHIlIeBi Ta ojiiromikToBi. Ilepiii € ckianoBow Me-
TaKOHTIJIOMepaT-ClaaHIeBoi ¢opMallii, KoTpa Biamo-
Bigae 00CcIry HOBOKPUBOPiI3bKOI CBITU B Cy4aCHOMY ii
TpaKTyBaHHi, a APYTi — METaKOHIJIOMEpPaT-MiCKOBU-
KOBO-CJIaHLIEBO1, 1110 00’€AHYE MeTaTepUIreHHYy Jac-
TUHY PO3pi3y CKeIOBATChKOi CBITU. P0o3pi3 BepXHbOi
YaCTMHU HOBOKPUBOPI3bKOI CBITU peNpe3eHTOBaAHUI
acoliali€ro pi3HOMaHITHUX 3a CKJIaJOM XJIOPUTOBUX
CJIAHLIIB i KBAPLIOBUX METaIiCKOBUKIB 3 ITiAMOPSIAKO-
BaHUM TIOIIMPEHHSIM CJIAHIIEBUX METaKOHIIOMepa-
TiB. IlpMn IbOMY KiJIBKICTb IpOLIAPKIB METaliCKOBU-
KiB 1 1X MOTYKHOCTi 30iJbIIYIOTbCSI Bropy 3a po3pi-
30M. HukHS yacTuHaA po3pidy CKemoBaTChKOI CBITU
MpeacTaBjieHa pUTMaMu, CKJIaAeHUMU MapareHes3u-
COM METariCKOBUK + MmeTarpaBediT. [Tpu ubomy Me-
TaIliCKOBUKU 3a/sITal0OTh B OCHOBiI pUTMIB i 3a MiHe-
pAIbHUM CKJQJIOM Ta CTPYKTYPHO-TEKCTYPHUMU
OCOOJIMBOCTSIMU aHAJIOTiYHI METaIliCKOBUKAM BepX-
HbOI YaCTUHM PO3pi3y HOBOKPUBOPI3bKOi cBiTU. Lle
BKa3ye Ha IIOCTYIOBHWU TIepeXim MiX 3a3HaueHUMU
CBiTaMM Ta CIIPOCTOBYE MPUIYIIEHHS 11010 6a3aib-
HOTO XapaKTepy KBapIIOBUX METAaKOHIJIOMEPATiB CKe-
JIIOBATCHKOI CBiTU, TaK SIK BOHU BJIACTUBI IS i1 LIEH-
TpaJIbHOI YaCTUHU PO3pi3y, e OepyTh yuyacThb y Oyd0Bi
PUTMIB, CKJIaJeHUX acollialli€elo METaIiCKOBUK + Me-
TarpiBesliT + MeTakoHIIoMepat. ToO6To, po3pi3 HU3IB
CKEJIIOBATChKOI1 CBITM Ma€ He TPaHCTPECUBHMIA, SIK
BBaXKA€ThCs, a PErPECUBHUN XapakKTep.

HaykoBa HoBu3Ha. byB nociimkeHuil xapakTep
KOHTaKTy HOBOKPMBOPI3bKO1 Ta CKEJIIOBATCHKOI CBIT,
MOPiBHAHI OCOOJIMBOCTI iX PEYOBMHHOTO CKJany Ta
NaJe0TEeKTOHIYHI 0COOIUBOCTI X (pOpMyBaHHS

IlpakTtnyna 3HaumMmicTh. Pesynsratu poci-
IDKeHHSI MOXXKHA BUKOPHUCTOBYBATH IUISI CTpaTUIpa-
(higHOTO pO3UJIeHyBaHHS PO3Pi3iB; METOIUKM, BUKO-
pUCTaHHI y CTaTTi, MOXXHA BUKOPUCTOBYBATHU JIJISI T1a-
JICOTEKTOHIUHUX PEKOHCTPYKIIii

KirouoBi cioBa: ceima nHosokpueopizvka, cke-
areamcevka, Kpueopizvka cepis

ean. HMccnengoBaTb 0COOEHHOCTU CTPOCHUSI U

B3aMMOOTHOILEHUST XapaKTepa 3ajeraHnusl HOBOKPHU-
BOPOXKCKOM M CKeJIeBaTCKOM CBUT.
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MeToauka. ABTOpamMU HCHOJb30BAJICS aHAIU3
pa3pe3oB CBUT, MOJIEBBIC UCCIIeNOBaHMs. Pe3ynbraThl
TCOXUMHUIECCKNX aHAJIM30B ObUTM MCIIOIb30BaHBI IS
OIpeNesIeHUsT BEIMYMHBI OTHOIICHUS COMEpPKAHUS
3JIEMEHTOB-UHANKATOPOB 1 (hallMaJbHBIX YCIOBUIA
OCAIKOHAKOIUICHHUSI TTOPOMd, KOJIWYSCTBEHHBIX OIIe-
HOK MHTEHCUBHOCTU BBIBETPUBAHUS U CTEIIEHU OCa-
JIouHOI nuddepeHInaluu METa0Cag0UHbIX OTJIOXKE-
HUI pa3IuyHbIX MaJCOTEKTOHUUYECKUX PEXUMOB C
LIEIbIO TTaIeOTEeKTOHUYECKON PEKOHCTPYKILIUU.

PesynbraThl. Pe3ynbraThl reojioro-chopmMaioH-
HBIX UCCIeA0BaHUI KOHIJIOMEpaTCoAepKalluX TOJIIII
KpuBbacca yka3sBaloT Ha TO, YTO B HIDKHE 4acTu
paspe3za KpuBOpOXKCKOM cepuM MPUCYTCTBYIOT IBa
pa3IMYHBIX TIO0 COCTaBY M YCIOBUSIM OOpa30BaHUS
THITAa METAKOHIJIOMEPAaTOB — CJIAHIIEBBIE U OJIUTO-
MUKTOBBIC. [IepBhIe SIBISIFOTCS COCTABIISIIOIICH MeTa-
KOHIJTIOMepaT-ClIaHIeBOi (hopMaiinm, KOTopasi CoOoT-
BETCTBYET 00BbEMY HOBOKPHUBOPOXKCKOI CBUTHI B CO-
BPEMEHHOM €€ TPAaKTOBKE, a BTOPble — METAKOHIJIO-
MepaTr-TieCYaHUK-CIaHIIeBOI, KOoTopas OObeaIuHSsIeT
MeTaTepUTeHHYIO YacTh pa3pe3a CKeJleBaTCKON CBU-
Thl. Pa3pes BepxHeii yaCTU HOBOKPHUBOPOXKCKOI CBU-
ThI IPEACTaBJIEH accolMalliel pa3InUHbIX IO COCTa-
BY XJIOPUTOBBIX CJIaHLIEB U KBAPLIEBbIX METAIlleCUYaHU -
KOB C MIOTYMHEHHBIM pacIpOCTpaHEHNEM CIaHIIEBBIX
METaKOHITIoMepaToB. IIpy 3TOM KOJHMYECTBO CIIOCB
METaleCYaHUKOB M MX MOIIHOCTb YBEIMUYMBAIOTCS
BBepX 10 pa3pe3y. HikHsig yacTh pa3pesa cKeneBaT-
CKOI CBUTHI IpEACTaBICHA PUTMAMU, CIOXCHHBIMU
rnapareHe3McoM MeTarnecyaHuK + MeTarpaBeauT. Me-
TarleCYaHUKMU 3ajieraloT B OCHOBE PUTMOB U IO MUHE-
PaJIbHOMY COCTaBY U CTPYKTYPHO-TEKCTYPHBIM OCO-
OEHHOCTSIM aHAJIOTUYHBI MeTarecyaHuKaM BepXHEM
JacTU pa3pe3a HOBOKPUBOPOXKCKOI CBUTHI. DTO yKa-
3bIBAET HA MOCTENEeHHBIN Mepexoa MeX1y YKa3aHHbI-
MU CBUTAMM UM OIPOBEpraeT MpearnojoxeHue o O6a-
3aJIbHOM XapaKTepe KBapleBBIX METAaKOHITIOMEpaTOB
CKEJICBAaTCKOM CBUTHI, TaK KaK OHM XapaKTePHBI IS
ee ICHTPaJIbHOM YacTU pas3pes3a, IIe yYacTBYIOT B
CTPOMUTEILCTBE PUTMOB, CJIOXKCHHBIX accollManueit
MeTarnecyaHUuK + MeTarpaBeIuT + METaKOHIJIOMepar.
To ecTb, pa3pe3 HU30B CKEJEBATCKOl CBUTHI UMEET
He TPaHCIPECCUBHBIN, KaK CUUTAETCSI, a PerpecCuB-
HBIN XapakTep.

Hayuynasa HoBusHa. VcciaenoBaH xapakTep KOH-
TakTa HOBOKPUBOPOXKCKO M CKeJIeBaTCKON CBWUT,
CpaBHEHbI 0COOEHHOCTHU UX BEIIIECTBEHHOTO COCTaBa
U Maje0TEKTOHUYECKHE OCOOEHHOCTU UX (POPMUPO-
BaHUSI.

IIpakTuyeckass 3HAYMMOCTb. Pe3ynbrarthl Mc-
CIIeMOBaHMIA MOXHO MCIOJIB30BaTh UISI CTpaTUTpa-
¢dHrIecKoro pacwieHeHUs pa3pe30B; METOMUKH, TaH-
HbIC B CTaThe, MOXHO HCIIOJb30BATh IJIST MaJeOTeK-
TOHUYECKUX PEKOHCTPYKIIUA.

KiroueBblie cJ10Ba: cguma HOBOKPUBOPOICCKASL,
ckeneeamckas, Kpusopoxcckas cepus

Pexomendosarno do nyoaikauii dokm. eeon. Hayk

A. A. Bepezoscvikum. ama Haoxo0xuceHHst pyKonu-
cy 01.12.15.
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PRECONDITIONS OF FORMATION AND CRITERIA
FOR PREDICTION OF DIAMONDIFERROUS STRUCTURES
ON THE UKRAINIAN SHIELD

ITens. BeIgBiIeHE HOBBIX 3aKOHOMEPHOCTEHM ITPOCTPAaHCTBEHHOTO Pa3MEIIeHNST Pa3HOPAHTOBEIX TAKCOHOB
MPOAYKTUBHOIO KUMOEPJIUT-JIaMIIPOUTOBOIO MarMaTu3Ma Ha TeppuTopun YkpanHckoro murta (Y1) u ux or-
paxkeHHe B reojoro-reodusmdeckux Marepuagax. O6G0CHOBaHIE HOBBIX KPUTEPUEB JIOKAJIM3AIIUN pa3HOMAac-
IITAaOHBIX AJIMAa30HOCHBIX CTPYKTYP Ha OCHOBE CMCTEMHOTO TTOIXO0/A.

Metoauka. BoimojiHeH KOMITJIEKCHBII aHAJIM3 00JIBIIOro 00beMa reo(pu3ndecKoii, TeoJIOTnYeCcKoii, MeTpo-
reoxuMmuyeckon nHdopmaruu 1o Y1 nis nzydeHuss usSMeHYMBOCTH ITapaMeTPOB ITYOMHHOM Cpelibl, KOTOphIe
OIpEenesIsSIIOT BO3MOXHOCTb BOSHUKHOBEHUS aJIMa30HOCHBIX KUMOEPJIUT-TalIPOUTOBBIX PACIIJIaBOB B IUTOC(hEe-
pe u noabeM JIIoHUI0-MarMaTUYeCKUX KOJJOHH Ha BEPXHUE CTPYKTYPHbIE TOPU3OHTHI 36MHOI KOPbI ¢ (hopMU-
pOBaHMUEM MPOAYKTUBHBIX aJIMA30HOCHBIX CTPYKTYD.

PesyabsraThl. YcTaHOBIEHBI HOBbIE 3aKOHOMEPHOCTU, OTpaXkalollure crneluduKy GopMrUpoBaHUs TTPOIYK-
TUBHOTO aJIMa30HOCHOTO KUMOEPJIUT-IaMIIPOUTOBOTO MarMaTu3Ma Ha OCHOBE MHOTOYPOBHEBOI 000011IeHHOI
MHOTo(akTOpHOU MoJeu MPUPOAHOTO aaMa3zoobpa3oBaHus. OnpeneaeHbl HOBble KPUTEPUU MTPOTHO3MpPOBa-
HUSI pa3HOPAHTOBBIX MMOTEHIINAIBLHO aJIMa30HOCHBIX KMMOEPINMTOBEIX, JIAMIIPOUTOBBIX TAKCOHOB TEPPUTOPUN
V1II B reosioro-reou3nIecKrux Marepuagax. DTo Jajao BO3MOXHOCTh OCYIIECTBUTh 0OOCHOBAaHHBIC TTIPOTHO3-
HBIC OIIEHKN MOTCHIINAIBHOM aIMa30IIpOAYKTUBHOCTH MPOSBICHUI KUMOEPIUT-IaMIIPOMTOBOTO MarMaTru3Ma
cerMeHTOB JInTocheps! Y1, 3HAYNTEIbHO MUHUMU3UPOBATh TUIOIIAIH TSI TATbHEAIIINX ITOMCKOBBIX PAa0OT.

Hayunas moBu3Ha. OnpenesieH HOBBI KOMILICKC KpUTEPHEB IPOTHO3MPOBAHMUS Pa3HOPAHTOBBIX TaKCO-
HOB TIPOSIBJICHUSI TIPOAYKTUBHOIO KHUMOEPIUT-IaMIIPOMTOBOTO MarMaTtui3Ma YKPauHCKOTO IIMTa, KOTOPbIi
YUYUTBHIBAET 0000IIEHHYI0 MHOTO(aKTOPHYIO MOJE/b IIPUPOIHOTO aiMa3000pa30oBaHus. YKa3aHHbIN KOMIIJIEKC
KPUTEPHUEB TMO3BOJISIET BBIMNOJHSTD MOCIEI0BATEIbHYIO CUCTEMHYIO JOKAIU3alMI0 pa3HOPAHTOBBIX MOTEHIIM -
aJIbHO aJIMa30HOCHBIX CTPYKTYP Ha MOBEPXHOCTHU (hbyHAAMEHTA.

IIpakTnyeckas 3HaYMMocTh. Ha ocHOBe UCMOJB30BaHUS T€0JIOTO-TeO(PU3NIECKUX U TIETPOreoXuMuye-
CKHMX MaTepuaaoB BbIMOJIHEH KOMIUJIEKCHbBI reojornyeckuii aHaaus tepputopuu Y11 u olieHeHbI ee repcnex-
TUBbI Ha KOPEHHYIO aIMa30HOCHOCTb, BbIJIEJIEHbI TLUIOIAAU HauboJjee BepOsSITHOM JIOKaIU3aluu NTPOAyKTUB-
HBIX IIPOSIBJICHUIT KMMOEPINT-JIAMIIPOUTOBOTO BYJIKaHM3Ma. DTO TTO3BOJISIET CYIIIECTBEHHO ITOBBICUTD 3D deK-
TUBHOCTh IPOTHO3HO-MIOMCKOBEIX PadOT U JOCTOBEPHOCTH IMOJIyIeHHBIX PE3yIbTaTOB.

KimoueBbie CIIOBA: a1MA30HOCHbIE CIMPYKMYPbL, Aumocgepa, npoeHO3HO-NOUCKO8ble Kpumepuu, Ykpa-
UHCKUIL WUum

© Kanamnuk A.A., ®enopumvn 0. U., Kysemun A.B., Kupbs-
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OO0mas NmOCTAaHOBKA MNPO0JIeMbI W CBSI3b C
NMPAKTHYECKUMH 33JaHUSAMH. 32 BCIO HCTOPHIO
AKCILTyaTalln KUMOEPJIMTOBBIX TPYOOK 1 MX POCCHI-
meit (6onee 125 neT) TpaIWIIMOHHBIMM OOBEKTAMU
JI00BIYM aJIMA30B SIBJISUIUCH, [NIABHBIM 00pa3oM, Me-
cropoxaeHust A¢puku, Munun, bpaswanu, mosmn-
Hee — Skytumn. OmHakKo, XPOHOJOTMYECKM BechMa
HEeNpPOIOKUTEIbHBIN Mepuo, BKIIIOYAIONIMii B ce0st
nocaenHue 25 et XX Beka, ObI O3HAMEHOBAH Bbl-
TalOMIMMUCI OTKPBITUSIMA HOBBIX aJIMa30HOCHBIX
MPOBUHIIMI MUpa: B KOHIEe 70-X rOIOB — JIAMIIPOU-
TOBOI aJIMa30HOCHOW TIPOBMHIIMU CEeBEpO-3araja
ABcTpanuu; B Havyasie 80-X ronoB — ApXaHTeIbCKOU
aJIMa30HOCHOI TIpOBUHINM; B Hayaje 90-X romoB —
KPYITHOI aJIMa30HOCHOM MPOBUHIINY CeBEpO-3anana
Kananpr. Baaromapst 5ToMy akTHBU3MPOBAINCH U MH-
TEHCUBHO Pa3BUBAJIMCh ITOMCKOBBIC paOOTHI Ha aj-
Masbl Ha Ypane, Tumane, B Kapenuu, Ha KojibckoM
nosiyoctpoBe, B @uningHaouu, B benopyccun, B Ykpa-
nHe. PesynbraTthl pa®OT 3HAYUTEIBHO PACLIMPUINA
KCCeNOBaHUS TPOUCXOXKICHMS aIMa30B U UX UCTOU-
HukoB. [loka ogHO3HAYHBIM (DAaKTOM SIBUIOCH TO,
YTO TOJILKO KUMOEPIIMTOBBIE U JTAMIIPOUTOBBIE TTIOPO-
JIBI cozlepkaT ajMa3bl B 3HAUUTEIIBHO OOJIBIITNX KOH-
LIEHTPALMIX, YeM IPyThe UX UCTOUHUKU. TeM He Me-
Hee, Jaxe B TpaAUIIMOHHBIX aIMAa30HOCHBIX pailoHax
TCOJIOTH YaCTO CTAIKMBAIOTCS C TEM, YTO MCTOYHUKA-
MU aJIMa30B SIBJISTFOTCS HE KJIACCUIECKNE KUMOEePIIH-
TOBbIe TPyOKHU B3pbiBa. Hampumep, B 3aupe pa3pabda-
TBIBAIOTCS AJUTIOBUAIBHBIC POCCHINIM, HE MMEIOIINE
KUMOEPJIUTOBBIX KOPEHHbIX MCTOYHUKOB. Ilpomor-
XKaeT MUCKYTUPOBAThCs IpobjieMa MCTOYHUKOB ajl-
Ma3o0B B MecTopoxaeHUs1X KpacHoBuiiepckoro pari-
oHa IlepMckoii obsiacTu, KOTOpble pa3padaTbiBalOTCs
OoJiee MSATUIECSITH JIET U HE UMEIOT CBSI3U C KUMOep-
JIMTONPOSIBIECHUSMU. 3aCITy>KMBAIOT YITOMUHAHUS ajl-
Ma3bl B POCCHITISIX OCcTpoBa TacMaHMsI, KOTOpBIE 3a-
JIETalOT B OOJIMHAX PEK, OPEHHPYIOIINX MOIIHBIA
MacCuB CepIIeHTHHOB. IIpomoiskaercsl IIUTEIIbHAS
TIOITyTHAsT JOOBIYA aJIMa30B M3 TJIATHHOHOCHBIX POC-
ChITeil Ha AJISICKe, KOTOpble 00pa3oBalrCh 3a CYET
MacCHuBa YJIBTPAOCHOBHBIX ITOPOI, JOCTATOUYHO XOPO-
110 U3YYEHHOTO KaK MCTOYHUK TUIaTUHOMETaIbHOM
MUHEpaJIU3aliu.

Hapacrariiee KoJIMYEeCTBO MPOTUBOPEUMBBIX
¢$akTOB B MCTOJIKOBAaHUUM HMCTOYHUKOB ajiMa3oB B
POCCHITISIX TaKXKe TIPUBENIO K pACHTUPEHUIO UCCIIeN0-
BaHM 110 3TO# nmpobiieMe. KpyrnmHoMmaciuTaOHbIe pa-
OOTHI, TIPOBONMBINMECST B Pa3HBIX CTpaHaX, YBEHUYA-
JINCh OTKPBITMEM HOBBIX T€HETUYECKUX TUIIOB KO-
PEHHBIX MECTOPOXICHMI 3TOro MUHepaa. B HacTo-
sIIIee BpeMsI B OOIIUIA CITMCOK MOTYT OBITh BKITFOUCHBI
cleayronIe KOPeHHbIE MCTOYHUKHU aJMa30B. KUM-
Oep/IMTOBBIC TPYOKU B3PHIBA, JAMITPOUTHI, KUMOEP-
JIMTOBBIC MAaiiKU, YABTPaOa3UThl, METAMOPMUTHI, M-
MaKTUTBI, aIMA30HOCHbIE KOHIJIOMepaThbl, (IIOMIN-
3UThI, YIBTPAOCHOBHBIC KOMATUUTHI.

JAMCKYCCHUOHHBIM TaKXe SIBJISIETCSI W BOIPOC O
NpUYMHAX, O KOTOPHIM HEe BCe KMMOEpPJIMTOBBIC
MOJIsI Y TPYOKM SIBJISIIOTCSI aJIMa30HOCHBIMU. B AKyT-
CKOI aIMa30HOCHOU MPOBUHIIAU TOJBKO 13 TpyOOK
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13 BbIsIBJIEHHBIX 800 SIBJISIOTCS aIMa30HOCHBIMU [1].
B Kanaackoit npoBuHumu CneitB u3 150 kumbepau-
TOBBIX TPYOOK TOJBKO 50 comepxkut anmassl [1]. U3
22 KUMOEpIMTOBBIX nosieil KaHamcKoro mmra ToJIbKO
6 xapaKTepu3yIOTCs BBICOKMUMU M CPEIHUMU COmEp-
JKaHUSIMU aJIMa30B B TPyOKax U 5 — HU3BKUMMU COep-
KaHUSMU ajiMa3oB [1].

BoienpuBeaeHHBIN (hparMeHTapHbIN 0030p OC-
HOBHBIX KOPEHHBIX MCTOYHUKOB aJIMa30HOCHOCTH,
UX pa3HoOOpa3ue AaeT OCHOBaHWE Pa3sHOCTOPOHHE
MOAXOAUTH K OLIEHKE MEPCHEKTUB KOHKPETHBIX Peru-
OHOB, UTO CcaMO MO cebe 3aTpyAHsSeT BbIOOP OMNTHU-
MaJIbHBIX TEXHOJOTUII MOUCKOB U pa30paKoOBKU Tep-
putopuii. 1o CUX TTOp OTCYTCTBYET B MPAKTUKE YHU-
BepCcayibHAsI TEXHOJIOTUS OKOHTYPUBAHUSI PYIHBIX
(KUMOEpIUTOBBIX) MOJICH IUIST BCEX PETMOHOB, XOTSI B
9TOM IUIAaHE UMEIOTCS TOCTATOYHO 3HAYNUTEIFHBIC Ha-
paboTku. B aTOM KpoeTcss mpakTuyeckKu TI1aBHas
MpUYMHA JIATEbHBIX Heyaa4 MPOBENCHUST MOMCKO-
BBIX pa0OT Ha KOPEHHYIO aJIMa30HOCHOCTD B IIpele-
JlaX YKpPanHCKOTO IIMTa U €ro CKJIOHOB.

AHaIM3 NOCJIETHUX UCCJIEIOBAHMIT U ITyOJIMKAa-
1M1, BbIIEJIEHUE HEPENIEHHbIX YACTE MpooIeMbl.
YKpauHCKUIi IIIUT paccMaTpUBaeTCs KaK MOTeHLIUATb-
HO aJiMa3oHOCHas cyomnpoBuHius. Ha Tepputopuu
YKpamHCKOTO IIMTA W €r0 CKJIOHOB BBISIBIICHBI KIM-
Oep/UTOBbIE TPYOKM, JaMIIPOUTOBbIE TPYOKM, KHUM-
OEpPIUTOIIPOSBICHUST TAMKOBOM (palm, TPOSIBICHMUS
aMa30B KMUMOEPIMTOBOTO, MeTaMOp(OTeHHOIO U
JIAMITPOUTOBOTO TUIIOB, POCCHINY MEJIKMX aJIMa30B B
oTnoxeHusx uyexnaa [2] (puc. 1). OnHaKoO MeCTOpOXKIe-
HUIT aJIMa30B TToKa B YKpauHe HeT. JIist pemeHust an-
MaszHoI nMpobieMbl YKpauHbl B 70-€ roabl HaYaaIu uc-
M0JIb30BaTh MUHEPATOTMYECKUI CITOCOO MOMCKOB MH-
JMUKATOPHBIX MUHepaioB kumbepautoB (MMK), ripo-
BEPEHHBI MPaKTUKOW W TPamULUMOHHBIN st AKyT-
CKOIf aIMa30HOCHOI MPOBUHIIMU ITyTh MOUCKOB aj-
Ma3HBIX MECTOPOXICHUIN KMMOepanToBoro tuma. Om-
HaKoO, B YCJIOBMSIX YKPAWHEBI, TAKOI CITOCOO Te0I0TH-
YeCKMX IIOMCKOB OKa3aJicsl He MH(MOPMATUBHBIM.

Wcnonb3oBanue Ha Tepputopun Y1l B kauecTBe
IJIAaBHOTO apTyMeHTa IePCIIeKTUBHOCTUA TEPPUTOPUU
TaKOTO MUHEPaJIOTUYECKOTO MPU3HAKA KaK HaJIM4yue
,»B Pa3HOBO3PACTHBIX MOPOAAX aJIMa30B Pa3IUYHBIX
(Bcex M3BECTHBIX) T'eHEeTUYeCKUX TUIOB“ [3], KOTO-
phlii paboTaeT B JKyTCKOI alMa30HOCHOI MPOBUH-
1IMM, Ha HaIll B3MJISIA, SBUJIOCHh HEMMpaBOMepHbIM. Pe-
3yJIbTaThl BBIMOJHEHHBIX Ha TEPPUTOPUU YKpaUHbI
paboT Mo U3yYEeHUIO MEPCHEKTUB KOPEHHOU aniMa3o-
HOCHOCTH [4] moKa3ayiu, 4To 3TO, CKOpPee BCEro, CBU-
JIETEeJIbCTBO TTOBCEMECTHOM 3apakeHHOCTH HEOTCHO-
BBIX M YETBEPTUYHBIX OTIIOXKECHUN 0CaTOYHOTO YeXiia
POCCHIITHBIMU TIEPEOTIIOKEHHBIMH aiMa3aMu. BEIsIB-
JICHHOE MPY 3TOM HaXOXICHHE B Pa3HOBO3PACTHBIX
KJIACTUYECKUX 00pa30BaHUSIX IIMPOKO PacIpoCcTpa-
HEHHBIX B HUX aJiMa3a U MUPOIia MO3BOJISIOT caeaaTh
3aKJIIOYEHUE O MHOXECTBEHHOCTU HX IEePBOMCTOY-
HUKOB U CYLLIECTBOBAHUM HECKOJIbKUX 3ITOX KUMOEep-
JIMTOBOTO MarMaTu3Ma U poCChIlie00pa3oBaHMUsI.

AHanu3 COBpEMEHHBIX TMPEICTaBIEHU O TeKTO-
HUYECKUX YCIOBUSIX (POPMUPOBAHUS ATMA30HOCHBIX
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Puc. 1. Cxema pacnonoscenus nposgareHuil KUMOEPAUMOB020 U AAMIPOUIIOB020 MAMAMUIMA, MECHO-
POXUCOeHULL U PYOONPOsGAeHU YPAHA, Ppa3Meu,eHUss NOMEeHUUAIbHO MOPpUEeBOPYOHbIX PATIOHO08, 30H U Y3~
108, MUHEPAeHUYeCKUX 30H C YCMAHOBAEHHbIM NPOCMPAHCMBEHHbIM U 8PEMEHHbIM CONPSIICEHUEM
KUumMOepaumonposiéaeHutl U ypano8opyoHvlX 006eKmos Ha meppumopuu YKpauHckoeo wuma:

1 — meeabnoku VII: I — Boavinckuii, Il — /lnecmpoecko-byeckuit, 111 — Pocuncko-Tuxuuckuii, 1V — Hueyno-
ckuti, V — Cpeodnenpuonenpoeckuii, VI — I[lpuazoeckuii; 2 — npomoniamaeopmeHHblil MAccu8 Me30apxeiickoeo
3an03cenus; 3 — npomonaam@opmenHvie Maccusvl NA1e0nPoOmepo30iicKo20 3aroxcernusn: A — Boavincxuit, b —
Tloooavckuii, B — Kupoeoepaockuii, I' — Ilpuazoeéckuii; 4 — woenwie 30uvt: I — lTonoeanesckas, I — 3anaono-
Hneyneykas, 111 — Opexoeo-Ilaeroepadckas; 5 — mezonpomeposolickasn ¢haza pazeumusi MAHMUUHBIX JUanU-
pos: A-2 — Kopocmenckuil 8yarkano-naymonuueckuil komnaexc, b-2 — laiicunckas kpunmounmpysus, B-2 —
Kopcyno-Hosomupeopoockuit naymon, I'-2 — Bocmouno-Ilpuazoeckuii naymon; 6 — ocesvle MUHUU AYOUHHBIX
paznomos I nopaoka; 7 — oceswvie aunuu paznromos 11 nopsaoka; 8 — oceevie AuHUU MUHEPALEHUHECKUX DA3AOMHBIX
30H C Pe2UOHANbHBIM KOHMPOAeM YPaH08020 opyOeHeHUst pazauunoeo eenesuca: 1 — Cybbomcko-Mouwopunckasi,
2 — Kpusopooccko-Kpemenuyeckas, 3 — FOxucnodonbacckas, 4 — I[loaecckasn (Ilpunsmcekas), 5 — 3anaono-Hn-
eyneykas; 6 — Jlleeradoeckasn; 7 — Bbpamckas; 8 — Coguescko-Kpunuueeamckas, 9 — epanuya Ykpaunckoeo
wuma; 10 — epanuyvt meeabnokos; 11 — nomenyuaroHo mopuegopyonsie pationsl, 30Hbl U y3avl, 12— 17 — sndo-
2eHHble YPAHOBOPYOHbBIE 00BEKMbL PA3AUUHBIX eHEMUUECKUX MUN08: 12 — mecmopoxicoeHus: cuopomepmanbHo-
MemacomamuuecKko2o muna 6 cpeoHememMnepamypHsix KapooHamHo-Hampuessix memacomamumax, 13 — oca-
00UHO-MemamopgoceHHble 8 KOH2A0Mepamax U NeCHaHuKax Kpucmaiiu4eckoeo QyHoameHma: a — mMmecmopodic-
Odenusi, 6 — pyodonposiésenus; 14 — eudpomepmanrbHO-MemacomamuuecKue 8 Kaiuesblx Memacomamumax u nee-
MAMOUOHBIX SPAHUMAX: A — Mecmopodcoerusi, 6 — pydonposienenus; 15 — Hukxonaesckoe mecmopodcoernue eu-
OpoOmepManbHO20 MUNA 8 MUHEPANU308AHHBIX 30HaX, 16 — pydonposieaenus: a — muna ,,Hecoanracus’, 6 — euopo-
mepmManbHoO20 MUNa 8 MUHEPANU308AHHbIX 30HAX OpobAeHUs NOPpoO Kpucmaiiuveckoeo pyndamenma, 17 — pydo-
NPOsABACHUSA: a4 — UOPOMEPMANbHBIE YPAHOUMYMHbBIE 8 30HAX OpobAeHUs NOPOO KPUCMANAUYECK020 DyHOameHma
u ckaaduamolx obnacmeil, 6 — mazmamu4ecKue 6 UHMpPY3UBHbIX MACCUBAX U|eN0UHBIX CUEHUMOEG, NelIKOKPAMOBbIX
epanumos u kapoonamumog; 18 — unguirsmpayuontvie mecmopoxcoenus (,,necuanuxogoeo “ muna), 19 — kum-
bepaumossle mpyoxu, 20 — 3KCNA03UBHbIE NAMNPOUMONPOsiéaeHUs (mpyoku); 21 — yuacmku ¢ Haxookamu 00-
NOMKO8 KUMOEpAUMO8bIX NOpod; 22 — KUMOepAuUmonposiéaeHus 0aiikosol auuu; 23 — 1amnpoumonposiénenus
eude dxcun u daex; 24 — aamazonepcneKmusHble IKCHA03UBHbIe CMPYKMYPbL; 25 — HAX00KU KOPEHHbIX aAmMa308

nopox [5, 6] mo3BoaMII BHIAEIUTHL HanboJiee IMOITy-
JISIpHbIE TUIOTE3bl: 1) Haau4Me apXeicKoro JUTOC-
(epHoOro KOpHs (KWJsl) MOA IPEBHUMHU KpaTOHAMU,
MpoHUKaroliero Briayos ManTtuu 1o 400 km; 2) Koppe-
JISILIMST MEXITY TUTIOM MaHTUU, (pparMeHTHl OPOI KO-
TOPOU BBIHOCATCS KUMOEpJIWTaMU, W BpeMEHEM
dopmupoBanus npesHeli Kopsl; 3) PT-ycnoBus, He-
00XOmMMBIC IS TeHEepallu KUMOEPIUTOBBIX ITOPOT
¥ anMa3oB (mryouHa 6omnee 150 kM, maBiieHHe OoJjiee
40 x6ap, remmeparypa 900—1200 °C).

ITo manueiM C. U. Xarreptu [7], KUMOEpPJIUTOBBII
pacIuiaB, KOTOPBIf 00pa3yeTcst BCJASACTBUE TOATIIAB-
JIEHUsT Hanbosee IIyOOoKO MOrpy>KeHHO alIMa30HOC-
HOI 4yacTu JuTocdepbl Moa ASUCTBUEM Tra3oHacChl-

24

LIEeHHOro (hJIoKaa, IPOHUKAET B XPYIKYIO Cpeay Uc-
TOIEHHOM (IeTJIeTUPOBAHHOI) TUTOC(HEPHI, JOCTU-
rasi, TakuM 00pa3oM, MOBEPXHOCTU 3eMJIU. ToTuykoM
K Pa3BUTHIO 3TOTO TIpolecca SIBJISTIOTCSI MaHTUIHBIE
ILUTFOMBI, KOTOPEIE 3apOXIAaIOTCS B 30HE Iepexoaa OT
BepxHeil K HikHeit MmanTun (400—650 kM) 1u TIy6-
xe [7].

TakuM oOpa3oM, Ha TIepBHI TUIAH TIPU U3YICHUN
MEePCIEKTUB (POPMUPOBAHUSI AIMA30OHOCHBIX CTPYK-
TYp, Ha Halll B3IVISIA, BBICTYIIAET aHAINU3 [IyOMHHOIO
ctpoeHus nutocdepbl. OCHOBHOIM OTIIpaBHO TOY-
KOI IpU ONpenejeHUU MNePCIeKTUB aIMa30HOCHO-
CTU pa3UYHBIX TEPPUTOPUIL HE MOTYT CIYXUTh BCE
yale BCTpeyvaroliydecss BapvaHThl mpaBuia Kiaug-
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dopna, KoTopoe mIacuT, 4To ,,0071aCTU APEBHEN cTa-
owiu3anuu, Mo KpaiiHeit mepe, ot 1500 MiH JeT u
IpeBHEe, SBISIOTCS MCTOYHUKAMM OOJbIICH JacTu
a(pMKaHCKOIO 30JI0Ta, XpOMa, IJIaTWHBI, acOecTa,
anMaszoB® [8]. B mociaegHee BpeMsl OTKpPBITHE paito-
HOB C aJIMa30HOCHBIMM TPyOKaMH B3pBIBA 3aKOHO-
MEPHO BO3pacTaeT B Ipeaesax IIpoTepO30CKUX MO~
BIYDKHBIX TIOSICOB, CITAaMBAIOIIMX apXxeicKue OJIOKU.
Kitaccuueckumu npuMepaMu Takux pailOHOB SIBJISI-
0TCA moJjsl DJleHAeia U Apraiiia, rae BHeApeHue
JIAMIIPOMTOB TMPUYPOUYEHO K TIOOBVDKHBIM 30HAM
Kunr-Jleononba n Xonc-Kpuk Ha rpaHuiie ¢ 6JJ0KOM
Kumbepnu (ceBepo-3ananHast ABctpanus) [9]. 3nech
KOJIn4YecTBO TpyOok mpesbiaeT S0 (Bo3pact ot 20 no
1200 MutH J1ET).

AHajiornyHasi o0CTaHOBKa HabJIlofAaeTcsl B Mpo-
uHumu llenTpanphbiit CackaueBan (Kawnama), rme
KpatoHbl Cproreprop M XepH CIassHbI ITOIBIDKHOMN
30HOI IpoTepo3oriickoro Bo3pacTa [ 10]. Paiton [neHsl
(konmmuecTBO TPYOOK 70, BO3pacT TpyOOK — MEJIOBOI1).
Paiion CeBepHoe Kosnopamo, BKIIIoYalolIuii TPyOKy
Cnoan (Kananma) [10] 1 agp., pacrnojiokeH Ha Kpaio
npoTtepo3oiickoro KpaTtoHa LleHTpanbHbIX PaBHUH Ha
rpaHule apxeckoro 6yioka BaiiloMUHT, rae HaaBUTO-
BbIii osic YelieHH oOpa3yeT OpOreHHbI 1I0B.

Pesynbratel paHee IIpOBEACHHBIX MCCICAOBAHUNA
aJIMAa30HOCHOCTY TEPPUTOPUU YKpanHkI [4] u coBpe-
MEHHBIX IIpEICTaBICHUI 00 YCIOBHUSIX (hOpMUPOBA-
HUSI aJIMa30HOCHBIX ITOPOJ TTO3BOJISTIOT CAEIATh BbI-
BOII, YTO BaXKHECUIIMMM THUIIAMU OOBEKTOB, KOTOPHIC
MOTYT UMETh MpaKkTuueckuii narepec, Ha Y1 saBis-
IOTCSI MECTOPOXIECHMS aMa30B B KOPEHHBIX KUM-
OepIUTOBBIX U JJAMIIPOUTOBBIX MOPOAAX.

ITosToMy, Ha Halll B3MISIA, OYEHb BaXKHBIM SIBJISI-
eTCS aHaJIN3 CBI3U BBISIBJICHHBIX TPOSIBICHUN KO-

) \
0 100 200km Y/

30H2 KUNr Neonon .,:/

Puc. 2. Jlamnpoumonposiéirenus, Kumoepiumo-

npoA6AeHUA U AAMA30NPOAGAEHUS pAllOHA
kpamona Kumbepau 3anadnoii Aécmpanuu
(no A.ceiixy u dp. [9]):
1 — Kumbepaumonposenenus; 2 — 1amnpoumonpo-
aenenus; 3 — aamazonposenenusi; 4 — paiionvi: I —
Cesepnuvtii Kumbepau, 11 — Bocmounwiii Kumbepau,
111l — 3anadnsrit Kumbepau
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PEHHOI1 AJIMa30HOCHOCTH, a TaKXe KUMOEPIMTOBOTO
W JIAMIIPOUTOBOTO MarMaTu3Ma B TCCHOU CBSI3U C
OCOOEHHOCTSIMU TIIYyOMHHOTO CTPOSHUS JTUTOCHEphI
YKpanHCKOTrO IIMTa HE3aBUCUMO OT BO3pacTa CTabu-
JIM3aum ero MerabjokoB. OnpeneleHHBI MHTEpeC
UMEIOT M HETPaIMIIMOHHBIE MCTOYHWKM aJMa30B,
npexue Bcero, hIIouIU3UThI, Ha YeM HEOTHOKPATHO
akneHTupoBas BHuMaHue I. M. fuenko [2].

TenaeHuMHU pa3MelieHUA NPOSIBJICHUI KUMOep-
JIATOBOIO M JIAMIIPOMTOBOr0 MarMaTu3sMa, npe-
NOCBUIKM (hOPMHUPOBAHUSA AJIMA30HOCHBIX TPY-
00K. Bricokast cTereHb 3pesiocTu TUTocdepbl, MOIII-
HoCTbIO O6osiee 150 kM, sIBAIeTCS IaBHBIM (haKTOPOM
BO3MOXXHOCTHU CO3IaHUS TIETPOJIOTUUESCKUX YCIOBHIA
TSI 0OecTieYeHUsT B MOMOIIBE CEeTMEHTA JIMTOC(hEPHI
YCIIOBUI 71 CTaOMIBHOTO CYIIIECTBOBAHUS TpaduTa
u anmasa [7].

Kananckas kumbepnuroBas mpoBuHins Crieiis, B
npeneaax KOTOPOU BBISIBJIEHO MaKCUMaJbHOE KOJIH-
yecTBO TpyOok Ha Kananckom mute (150), mo maH-
HBIM ceiicMoToMorpaduu, xapakTepu3yeTcsl MOIIl-
HOCTBIO coBpeMeHHoi1 qutocdepnl 250 km [10]. Ha-
psily ¢ 3TUM, AaHHBIE TEPMOOAPOMETPHUU YIBTPAOC-
HOBHBIX KCEHOJIMUTOB U3 CPEIHEIOPCKUX aIMa30HOC-
HBIX TPYOOK YKa3bIBAIOT HA NIyOMHY UX 00pa30BaHUS
B 3TOM perroHe, coctapistonryo 190 km [10]. ITpen-
CTaBUTENIbHBIE celicMuueckre uccienoBanus [10]
CBUIETEIBCTBYIOT O HEPABHOMEPHO CIIONCTOM CTPYK-
Type mTochepsl Kanamckoro mmra 1 06 OTCYyTCTBUU
ITyOOKO TIOTPY:KEHHOTO JIUTOCHEPHOTO KOPHS TIOI
MPOAYKTUBHBIM KOHTYPOM, BKJIIOUAIOIIMM ajIMa30-
HOCHBbIEe TpyOKU KpaToHa CrieiiB.

CoBpeMeHHas1 MOLIHOCTb JIMTOC(ephbl LIEHTPaIb-
Hoit Cubupckoii miaatdopMbl, BKIIOUYAIOIIEi paiio-
Hbl JlanablHCKOTO, ATaKMTCKOTO U Mano06oTyoOuH-
CKOT0 KMMOEPJIMTOBBIX TIOJIeH, YKa3bIBAalIOT Ha COBpe-
MEHHYIO MOIIIHOCTb JIMTOC(ephl, KOTOpasi Kojaeoner-
cst ot 200 no 230 kM. B KceHonUTax KUMOEPIUTOBBIX
Tpyook Cubupckoit miIaTGopMbl, B YaCTHOCTHU
LynauyHag, ,Mwup®, ,,O0HaxeHHas“, COBMEIIAIOTCS
TIOPOIBI ,,Pa3HOITYOMHHBIX MMapareHe3nucoB (ot 40
110 225 km 110 onieHKe PT-ycimoBuii imToctaTnyecKoi
Harpy3ku) [11]. I1Ipu 3TOM rpaHaTOBBIE TIEPUIOTUTHI
U DKJIOTUTHI 3TUX TPYOOK, MO JaHHBIM TepMoOapoMe-
TpuMu, oOpaszoBaluch B HUHTepBaje myouH 200—
225 km [11].

M3ydyeHne mpoCcTpaHCTBEHHOTO pa3MeIIeHUST KM -
OEpPIUTOBBIX TPYOOK B Pa3IMYHBIX aJIMAa30HOCHBIX
MMPOBUHIINSIX YKa3bIBaeT Ha MX NPUYPOUYEHHOCTh K
OTpee/IecHHBIM JIMHCIHBIM 30HaM B 36MHOU KOpe —
DIyOMHHBIM pa3joMaM TPaHCIUTOCHEPHOTO IIpO-
HUKHOBEHUSI, CIIOCOOHBIM MOCTUTATh TUIICOMETPHU-
YEeCKOTO YPOBHS acTeHOC(EpHBIX obyacTeil mac-
IITAOHOU reHepaluuu KMMOEpaUuToBbIX MarM. U ato
SIBJISIETCST OIPEIEISIIONIMM CTPYKTYPHBIM (DaKTOPOM
Ul peayM3aliu mpoliecca (GpopMUpPOBaHUS TIPO-
MBIIIJIEHHBIX MECTOPOXICHUI aliMa30B B aHOMAaJlb-
HBIX CerMEeHTax JUTOoC(epbl BbICOKON CTEMEHU 3pe-
soctu. [IpsgMast cBsI3b KUMOEPINTOB C TITyOMHHBIMUA
pasioMaMu TIOATBEPXKIACTCS JTMHEMHO OPUEHTUPO-
BaHHBIM PACITOJIOKEHUEM KIUMOEPIUTOBEIX TPYOOK B
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BUIE HEMOYeK U LEIbIX Cepril JaeK, CeKYIINX KpH-
cTaJImIeckoe ocHoBaHMe. HeoOXomnMBIM yCIIOBUEM
ABsIeTCST (B COUETAaHUM C TEKTOHWYCCKUMU (DaKTO-
paMM) pa3BUTHE B OCOOBIX 30HAX CBEPXBHICOKUX JAB-
JICHWI, KOTOpPBIC CIIOCOOCTBYIOT OOpa3OBaHUIO B
KUMOepauTax ajmMaza M ero cnyTHuUkoB. I[lpucyr-
CTBHME TaKUX JABJICHUI B KUMOEPIUTE SIBISICTCS TJIaB-
HBIM YCJIOBHEM 00pa30BaHUSI MIPOMBIIIJIEHHBIX KOH-
HeHTpauuii anmasa [5]. [1pu 3ToM cKOpocTh MoabeMa
MarMaTu4eckKou KOJIOHHBI MPSIMO MPOIOPILIMOHAIbHA
TITaBJICHUSIM, CYIIIECTBYIOIINM B KUMOEPIIMTOBOM OYa-
re. [Ip11 OTHOCHTETLHO MEHBIINX JABJICHUSIX IBVKE-
HUe pacrjiaBa K 3eMHOI MOBEPXHOCTHU 3aMeIsIeT s,
TIpY 3TOM M3HAYaIbHO KMMOEPJIMTOBEIN pacIliaB MO-
XKeT OBITh CaMOIIPOM3BOJIBHO PACKMCIICH, ajMa3bl
rpadUTU3NPYIOTCS ellle Ha TIIyOUHE B IIPOMEXYTOU-
HBIX oJarax.

Bo3HukaeT He0OXOIMMOCTbh HAyYHO OOOCHOBAH-
HOI'O aHaJIM3a peajbHbIX MEPCIEKTUB MPOMBIIIIICH-
HOM aJMa30HOCHOCTU OTIEJbHBIX pernoHoB YIII,
KOTOPBII Obl YyUUTBHIBAJ IETPOJIOTUUYECKHE TPEaIo-
CBUIKM (hOPMUPOBAHUS ajiMa3a U OCOOEHHOCTHU Iy~
OUHHOTO CTPOECHMUS JIUTOCHEPhl U 3eMHOI KOPHI.

3aKOHOMEPHOCTH pa3MelIeHUs] KOPEHHBIX
KUMOEpPJIMTO- M JIaMnpouTonposisjieHuii na YIIT

2
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1
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B CBSI3U C IIyOMHHBIM cTpoeHueM. Ha ceromnsiii-
HUit neHb, Ha YIII yJacTKm pa3BUTHUS KOPEHHBIX
KMMOEPJIMTOBBIX W JIAMIIPOUTOBEIX ITOPO BBISIBIICHBI
TOJIBKO B Tipedenax MHTyabckoro m IlpmasoBckoro
MerabJiokoB (puc. 1).

Borpoc o momHoctn nutocdepnl Y1 asnsercsa
JIMCKYCCUOHHBIM. B OCHOBY aHanM3a M3y4eHUs TIy-
OuHHOTO cTpoeHus nutocdepsl YL HamMu ObLIM MO~
JIOKEHBI MaTepuajibl MHTEpIpeTallui JaHHBIX TIy-
OuHHOTrO ceificMuuyeckoro 3oHaupoBaHus (I'C3) [12]
u cericMoromorpaduu [13]. a1 00bEKTUBHOIO aHa-
JIM3a  aJIMa30TPOMYKTUBHOCTH JIMTOCEPHBIX Cer-
MeHTOB YIII ObLIM MCHOAb30BaHbI JaHHBIE MOIIHO-
ctu nmutocdepsl 1o I'C3 (puc. 3), CKOppeKTUPOBaH-
HOI MO pe3yJpraTaM IIeTPOJIOTUYECKUX HMCCIIenoBa-
HU TyOMHHBIX KCEHOJINUTOB U MUHEPaJIOB-CITyTHU -
KOB ajiMa3a palOHOB MPOSIBACHUS MAaHTUMHBIX I10-
porn (puc. 4).

Jns Uurynbckoro Merabjioka xapakTepHa MaKCH-
MajibHasg B mnpeaenax Y1 MoimHocTh auTocdepsl,
nocturatonias mo faHHeiM ['C3 250 u 6osee Kujiome-
TpoB. MOIITHOCTb KOpPHI B IIpeaeaax Meradjaoka u3me-
HsieTcst OT 35 10 45 KM € Ba1o0Opa3HbIM MOAHSATUEM B
Wuryno-Uurynenkoit 1moBHoW 30He. [ToBepXHOCTh
Moxo (M), 1o cpaBHEHUIO C COCEAHUMU MeTabI0Ka-

[+ = [® s

Lo ] [» |
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Puc. 3. Cxema nosepxnocmu acmernocgepst 6 npedenax Yipaunckoeo wiuma (no Coanocyoy B. b. [12]) ¢
OAHHBIMU NO KUMOEPAUMO- U AAMAPOUMONDOSIBACHUIM, NPOMbIULAEHHOMY YPAHOGOMY OPYOCHEHUI)!

1 — mpancpecuonansvHble MAHMUIHbIE NUHEAMEHMbL Ce8ePO-80CMOUHO20 npocmupanus; 2 — kowmyp VI, 3 —
xoumyp Hueynvckoeo meeabnoka; 4 — kumbepaumosvie mpyOku; 5 — 3KCHAO3UGHbIE AAMNPOUMONPOSIEACHUS
(mpyoru); 6 — KumbepaumonposieaeHus 0aiuKosoil ayuu; 7 — 1amMnpouUmonposieaAeHus 8 euoe Jcul u oaex; § —
AAIMA30NePCNneKmUBHbLE SIKCNAO3UBHbIE CIMPYKMYpbl;, 9 — KUMOepaumonooobHble nopoodbl; MEeCHOPOINCOCHUSL YPa-
na: 10 — 6 cpeOnememnepamypHsvix KapoOOHamMHoO-Hampuesvlx memacomamumax, 11 — karuii-yparnoeoii ¢hopma-

yuu; 12 — aunus paspesa I-1’
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MU, 00pa3yeT NOAHSTHE, CBOEOOPA3HbIN MTPUMOIHSI-
TBII OJIOK, B Mpeesax KOTOPOTo B keJ106000pa3Hoi
BIIaZMHE B MOBepXHOCTU M, coBmamatomieii ¢ Cy0-
00TCKO-MOIIOPUHCKON pa3JIOMHOM 30HOM IO JaH-
HbIM ['C3, 3apukcrupoBaHbl KOHTPACTHO BBIpaXKeH-
HbIE BEPTUKAIbHBIE PACCIOCHMUST KOPbI (TIpOGWIb
XXI1V), KoTopbie TaKxKe OTMeUeHbI U B 30He KupoBo-
rpanackoro pasiomMma (reotpasepc IV) (puc. 4).

B npenenax MHrynbckoro merabjaoka BBIAEISIOT
MaHTUIHBIA auanup (puc.l), KOTOPbIii HAXOOUTCS B
ocHoBaHUU HoBOyKpanHCKOTo rpaHUTHOTO MaccuBa
u KopcyHb-HoBomuproponckoro ryToHa rabopo-
AHOPTO3UT-panakuBu. KupoBorpaackmii MaHTHIA-
HBII guarmp Koppenupyer ¢ Kopcyab-HoBoMupro-
PONCKOM TPAaHCKOPOBOW aKyCTUUECKOM aHOMaJIue 1
KwupoBorpancko-HoBoykpauHCKMM T'paBUTAIIAOH-
HbIM MuHuUMYyMoM [13]. Ha mryoune 200—400 kM B
9TOM palioHEe BBIIEJISICTCS OOJIbIIasi 30HA TTOHMXKEH-
HBIX CKOPOCTEU CEMCMMYECKMX BOJIH, CBSI3aHHAS C
pe3epByapoM YacTUYHO pacCIUIaBJICHHBIX TOPOI
(puc. 5). B BocTouHoii yactu KopcyHb-HoBoykpa-
MHCKOTO NByx¢a3HOro riyToHa BblsiBieHa KupoBo-
rpajckasi aHoMasusl TEIUIOBOTO IMOTOKa U 3JIEKTPO-
MPOBOAHOCTU, KOTOpasi UMEET TEerJIOBYIO TPUPOLY
[14]. Koppensius aHoOMaauu TEMJIOBOTO MOTOKA,
30HBI JIEKTPOITPOBOINMOCTH, MOHIKEHHBIX CKOPO-
CTEN CEMCMUNYECKMX BOJIH U HAJIMYUE TUJIOTHOCTHOM
aHOMAJIMM B €MMHOM ceTMeHTe MHTYIBCKOTO JIMTOC-
¢depHOro MerabioKa Io3BOJISIET pacCMaTPUBATh 3TOT
paiioH Kak 00JIaCcThb JUIMTEIbHOM aKTUBU3allMM MaH-
tun. KupoBorpaackuii MaHTUMHBIN AUANUp WMeEN
IJIUTEIbHOE MPEPBIBUCTO-ITYILCAIIMOHHOE Pa3BU-
TUE, YTO CBUIETEIbCTBYET O CTAOMJIbHOCTU IJTyOMH-
HOIO 2HEePreTUYeCcKOro TerioBOro MCTOYHUKA, 00y-
CJIOBUBIIETO ero oopa3oBaHue.

IIpoHUKHOBEHNE MAaHTHIMHOTO IHWAMNpa COIPO-
BOXIAJIOCh MOIIHBIM TPAHUTOOOPA30BaHUEM YaPHO-
KHUT-TPAHUTOBOU cTamny ¢ hopmupoBanrueM HoBo-
YKpanHCKOro MaccuBa B mepuon ot 2025 + 48 no
2039 + 6 muH JeT [15]. Co BTOpBIM 3TalioM pa3BUTHUSI
MaHTHUITHOTO AUAITpa CBSI3aHO MOSIBJICHIE HanboJee
IPEBHUX NaWKOBBIX IIOSICOB, KOTOpPbIE BMEIIAIOT
KUMOEPJIUTHI ¢ U30TOMHBIM Bo3pacTtom 1800 u 1770 +
+ 9 MmutH Jet [16] (puc. 6), o6pazoBaHue aHOPTO3UT-
parakuBU-TPaHUTHOUW ¢dopMaluu ¢ MoAaJbHbIM
M30TOMHBIM Bo3pacToM oT 1725 + 11 go 1754 +
+ 4 muH Jtet (U—Pb meton) [15], nposiBIeHHOCTh UH-
TEHCUBHOI (QIIOUAN3ATHO-3KCILUIO3UBHOM JIesITeNb-
HOCTH B Pa3]IOMHBIX CTPYKTypax ¢ ()OpMUpOBAHUEM
TEeKTOHO-METaCOMAaTUYECKUX 30H, BMEIIAIOIINX Mac-
ITabHOE YpaHOBOE OPYICHEHNE B HATPUEBBIX MeTa-
coMaTUTaxX ¢ U30TOIMHBLIM Bo3pacToM 1800—1750 maH
ner [17].

3HaMEHCKO-YCTUHOBCKOE MaiiKOBOE IT0JIe BKITIO-
YaeT CepUIo JaeK JJaMIpodUpPOB U KUMOEPIUTOIO-
IOOHBIX MOPOI C M30TOITHBIM Bo3pacTomM 1600—
1200 maH net [2] . BokoBsiHcKoe nose (3anagHo-MH-
ryjelkas MUHepareHuJeckasi 30Ha) BKJIIOUaeT dKC-
TUTO3WBHBIC CTPYKTYPHI M TallKW KUMOEPIUTOIION00-
HbIX nopona. PoaqroHoOBcKoe Tojie BKIOYAET TPYOKU
B3pbIBa, Aailku. JlanbHEWIInii aTan akTUBU3alUU B
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WHTYI5CKOM MeTadJIoKe MPOSBWICS Pa3BUTUEM Ia-
€K, B TOM YHCJIe JJaMITPOUTOBEIX, HA CEBEpHOM (DIIaH-
re KopcyHp-HoBoMupropomckoro ImIiyToHa ¢ HM30-
TonmHBIM Bo3pactoMm 1370—1330 muta et [16]. Tep-
OUHCKAsI 3110Xa TuacTopodr3Ma B IIpeneiax peruoHa
BbhIpa3ujiach oopa3zoBaHueM PoBeHCKOiT spynITUBHOM
CTPYKTYpPHI ¢ M3O0TOMHBIM Bo3pacTtoM 350—275 muH
et [2], a B y3ne nepeceyeHus1 KpuBoposkcko-Kpe-
MEHYYrcKoro 1 JleBaagoBCcKOro pa3jioMoB 0Opa3oBa-
Jlach TpymIa BYJIKAHO-TEKTOHUYECKUX CTPYKTYD,
CpeIr KOTOPBIX CaMOI KPYITHOU siBlisieTcsl TepHOB-
cKasi ¢ U30TOMHBIM Bo3pactoM 250 MaH jet [2].
B srtor mepmon aktuBu3aumu B KwupoBorpaickoit
30HEC Pa3jIoOMOB 00pPa30BaJIOCh XKIWIBHOE YpaHOBOE
opyaeHeHue Bo3pacta 380—350 muH net. K anprmii-
CKOMY IIEpHOIY TCKTOHUYECKUX ABMKCHU OTHOCUT-
cs1 oOpa3zoBaHMue PaTropoACKON U CMEISTHCKOM TOJIIII,
psima 3KCIUIO3UBHBIX CTPYKTYP B CEBEPHOI U CeBEPO-
BOCTOYHOI yacTsax MHryabckoro meradioka (puc. 6).
OCHOBHBIMU MarmMo- M QQIIOUAONPOBOAAIINMU Ka-
HajamMu B MIHryabCcKOM MeraGioke ObLIM 30HbI ITy-
OMHHBIX Pa3JIOMOB, aKTUBMU3allMsl KOTOPbIX, B pa3-
JIMYHOM Mepe, BO30OHOBJISIACH BO BCE OCHOBHBIC
3I0XU AUaCTpodu3Ma.

KumbepiuToBble Jailku MpoOTEpO30MCKOTO ATara
TeKTOHUYecKoit aktuBuzauum (1800 u 1770 =+
+ 9 mutH siet) [16] B MHTYynbCcKOM MerabjioKe BIEpBbIE
OBLTU BBISIBIICHBI IIPU TIpoBeneHUU pa3Benku Illop-
COBCKOTO U JIeJIeKOBCKOTO MECTOPOXICHUN ypaHa.
OHM yCTaHOBJICHBI Ha yJacTke JIeJIeKOBCKOro pa3iio-
Ma B TEKTOHUUYECKHUX y3JIaX, 00pa30BaHHBIX Hapyllle-
HUSIMHA CEBEepO-3allaiHOro, IIMPOTHOIO U CEBEPO-
BOCTOYHOTO npoctupanust (puc. 6). Jaitku kumoep-
JIMTOB PACIOJIOKEHbI MO TIepudepun JOKaJIbHOMI
TPaBUTAIIMOHHOW aHOMAaJNM TPYOOUHOTO THITA WH-
TeHcuBHOCTBIO 0,5 mIast pasmepom 600 x 500—400 M.

i m3ydeHus ImapaMeTpoOB KUMOEpPIUTOIIPOSB-
JICHWST ¥ OTOOpa TEXHOJIOTHMYECKOM ITPOOBI C ICITBIO
ompenesieHnsT NX aIMa30HOCHOCTH Ha JleJleKOBCKOM
y4yacTKe ObLI NpoOypeH KYCT OypOBBIX CKBAXXUH U3
31 ckBaxxuHHOTO nepecedeHust (ckB. 4095-31). Beero
OblT0 TonydeHo 41 TiepeceyeHUEe KMMOEPIUTOB.
CpenHsisi CTBOJIOBAsI MOIIIHOCTh IO BCEM Ilepeceyde-
HUAM cocTtasiseT 3,1 M u konebaercs ot 0,1 1o 7,8 m.
BeprukanbHbiii pazmax Tel KumMGepauToB 91,6 M.
Jaiiku BCTpedyeHbl B Ipeaenax abCOTIOTHBIX OTMETOK
—159,5—-251,1 M (abcoJitoTHasl OTMETKa YCThsI CKBa-
KuHbI 4095 cocTtaBnset +147,4 m). I1To mpocTupaHuio
KUMOEPIUTOIPOSIBICHUE TIPOCIEXKEHO Ha 29 M U He
okoHTypeHo. IIpocTmpanune KHMMOEpPIUTOBBIX HacK
315u 45°. TTagenue Ten cyoBepTHUKaabHOe. BMmemniaro-
UMK TIOPOJAMU SIBJISIIOTCSI JICJICKOBCKUE MEITKO-
CPEIHE3CPHUCTBIE OMOTUTOBBIC TPAHUTHI KHPOBO-
rpaackoro komruiekca. Ilopoma maexk mpencraBieHa
OpeKYMPOBAHHBIMU CIIOAUCTHIMU M UHTEHCUBHO U3-
MEHEHHBIMU KMMOepJIUuTaMu ¢ mMopGhUpPOBOil CTPYK-
Typoli, KoTopasi o0OycyioBieHa (EHOKPUCTAMU OJIM-
BUHAa U ¢ioronura. 3epHa OJIMBMHA MOJHOCTBIO Cep-
TMIEHTUHU3NPOBAaHBI, (DJIOTOITNTA TAKKE YACTO ITOJTHO-
CTBIO 3aMeEIIEeHbI XJIOPUT-PYIHBIM arperaToM ¢ TOH-
KOl OTOPOYKOU KapOOHATHBIX BBIIEICHUN MO MepU-
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Puc. 4. Pa3zpes aumocgpepst ¢ npedenax Yxkpaurckoeo ujuma no npogpuaro I1-1:

1 — epanuya Moxo; 2 — epanuya cmabusbnocmu epagpum-aimas; 3 — epanuya aumocghepa-acmernocgepa; 4 —
acmeHnocepa; 5 — xcenezucmote yrompadazumol (dcene3ucmoie OYHUMbL, UNbMEHUM -PA0CONUM -2PAHAM -0NUGU -
HoGble Nopoobl; 6 — am@ub0108bie U NUPOKCEHOBbIe AUMMEPUMbL, WNUHENb-2DAHAMOBbIE, 2DAHAMO8bIE NePUONU-
mol; 7 — XpomMuinuHnenesvle 2apuOypeum-iepyoiumosas U OyHuUm-nepudomumosas cepuu ¢ peaukmamu oegop-
MUPOBAHHBIX CIMPYKIYD, ePAHAMOBbIE NEPUOAUMBL C PEAUKMAMU 0eOPMUPOBAHHbIX CMPYKMYP; 30Hbl OUCA0KA -
Yuil ¢ pazauuHoil cmenenvio npoHuyaemocmu: 8§ — Huskoi, 9 — cpedueii, 10 — svicoxoii; 11 — yposerv hopmupo-
B8AHUSL 04A208HIX NOMOKO8 YPAHOHOCHbIX MPAHCMAMAMUYECKUX Patoudos; 12 — npoexuyus noaodiceHus: Aumoc-
peprvix auneamenmos (no B. b. Coanoeyoy [12]); 13 — mecmoposcoenus ypana 6 arvoumumax, 14 — mecmopoorc-
OeHus ypana Kaiuil-ypanosou gopmavyuu,; 15 — nokasvruvie acmernocghepuvie 108yuWKU HA epanuye aumocgepa-
acmenocgpepa; 16 — mepmoobapozspaduenmuslit hpornm 2100a4bHOL ACMEHOCPHEPHOU N08YUIKU, CRHOPMUPOBAHHDBLIL
gcnedcmeue UMNYAbCHOI Decazayuu s0pa u maumuu,; 17 — acmernocgeprvie gharoudonomoxu

YKpauHCKumn wut ~ Axenposo-floHeukui
Byrcko- .. aBJlaKoreH
[HecTpoBCKuit TW3  Wnryneciuit MKLU3C%Z€:EEF’”AH9" Mpuasosckuit merabnok
merabnok merabnok P
0 3.8-2.8MnpA, pet | | l3.2.2.8 mnpg net | 3.6-2.1 mnpa net
i "7:—\“

100 5 :
250M M 20 Om m
Kpoens actéyocdepbl No reoTepmH4eckUM AaHHb)
(1300-1400 °C)
200, S \—\/\(/ Mogowea 1-ro ELICOKOCKOPOCTHOTO Cost
300 —
km YKpauHCKUMA Wwur

w3 J Y
w7 yer g G L Tleg AW
A s T 40

3-[ ckopocTHas MoAenk BepxXxHel MaHTUKU

| Igx)a:*.pe:« no nuuum 3-B 48°
| B - Byrcko-[lHecTpoBCKUil Merabnok,

| T3 - MonosaHescKan wosHaa 30Ha, VIHr- VIHrynbckun
merabnok, VIKW3 - VHryneyko-Kprsopoxckas wosHaa
30Ha, Clp - CpegHenpuaHenposcKkuil Merabnok, Mp -
Mpuazosckuit merabnok, AH6 - [JoHbacc

Puc. 5. Cmpykmypa eepxneil aumocghepvr Ykpaurnckoeo wuma u MaHmMuiiHvle He0OHOPOOHOCMU NO OaH-
HbIM celicMudecKkoll momoegpaguu 6004b wupomuoeo eeompaeepca 1V (no boedarnosoii u dp. [14])
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Puc. 6. CmpykmypHo-meKmoHUu4ecKkas cxema pacnonoicerus IKCNA03UeHbix cmpykmyp Kuposoepadcko-

eo yuacmka Hueynvckoeo meeabnoxka YIII:

1 — eabbpo, eabbpo-nHopumot; 2 — aHopmozumol; 3 — MOHUOHUMbL, 4 — cUeHUmbl; 5 — epaHumsl OUOMUMOBbLe,
nopgupobracmuueckue; 6 — epanumsl panaKugu,; 7 — epaHumol KOHMAMUHUPOBAHHbBIE NUPOKCEH-D020800OMAH -
Kosble; 8§ — epaHumvl pagHOMepHO3epHUCmble buomumosste; 9 — muemamumot; 10 — eneiicot 6uomumosvie; 11 —
epaHumsl neemamoudnsle; 12 — enemacuimabnsle daliku duabaszos; 13 — enemacumabHbvle 0ailKu NUKPUMOBbIX
nopgupumos; 14 — mexkmornuueckue nHapyuwienus; 15 — epanuybl pasHo803PACMHBIX 2€0102UYECKUX 0mMOenos;
16 — epanuybl 00HOBO3PACMHBIX AUMON02UHECKUX U PAUUANbHBIX 0MOen08; 17 — KOHMYPbl OmPUUAMENbHbIX epa-
BUAHOMANULL, KOHMPOAUPYIOUWUX IKCHAO3UGHbIE CMPYKMYpPbl;, 18 — nposierenus Kumbepaumoe 0ailkosoil gayuu
HUMICHeNnpomepo30icko2o eospacma, 19 — Haxo0Ku KUMOepAUMOBbIX AAMA308; HAXOOKU MUHEPAN0E-CHYMHUKOG
aama3za: 20 — xpomwnuneaudos; 21 — nupona; 22 — xpomouoncudoeg

depuu. BeliectBo, LieMeHTUpYIOlee NOP(PUPOBbIE
BBIICJIEHUSI OJUBUHA U (DJIOronuTa, MPeAcTaBICHO
CMEChIO CepIIcHTHUHA, XJIOPUTa, PYIHOTO MUHEepaia 1
KapOoHara.

B kuMOepiuTax BcTpedeHbl INTyOMHHbIE KCEHOJIM -
TBI pa3MepoM 2—8 MM OO0 HECKOJIBKUX CAHTUMETPOB,
CJIOXXEHHBIC, B OCHOBHOM, BTOPMYHBIMU ITPOMXYKTa-
MU — CMECHIO TJTACTUHYATO-BOJIOKHUCTOIO CEepPIICH-
TUHa, O0acTuTa, pyaiHoro MmuHepana. KceHoauTsl my-
OMHHBIX MOPOJ MO MeTporpauiecKuM OCOOEHHO-
CTSIM COOTBETCTBYIOT 'PaHATOBBIM AYHUTaM (puc. 7)
U TapiOypruTam.

M3 kepHa Kycta OypoBbIX cKBaxkuH 4095 ObLiu
chopMUpoOBaHbI TeXHOJIOrMyeckas npooda T-96-1 Be-
coM 280 KT U B 1abOpaTOpHbIE MUHEPATIOTMYeCKue
npo6bl BecoM 22 u 6,6 Kr, KOTOpble U3Y4alUCh B
Kpeimckom otnenenun YkpI TPU, JIbBoBckom Ha-
nmoHanbHOM YHUBepcutere (JIHY) u komnanum ,, /e
bupc*.

B npo6e T-96-1 B KpbiMckoMm oTaeiieHun YKp-
I'TPU 6b10 ycTaHOBJIEHO ABa KpUCTaJljia ajiMasa Iie-
PUIOTUTOBOTrO NapareHe3uca. Kpome kpucrauiios aj-
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Masa, B IIpo0e ObLUIM BBISIBIICHBI 36pHA XPOMIUOIICH-
noB (conepxxanue Cr,O; B Tpex U3 HUX KOJIeOIeTcs OT
0,98 mo 1,29 %) un xpomiunuuenuasl. [1o maHHBIM

Puc.7. Mukpogomoepaghus oopazya kumbepauma
Jenexosckoeo yuacmka (cke. 4095-2, en.
348.2 m). CepneHmuHu3UpOBaAHHbIIU KCEHOAUM
epanamoegozo dynuma. Peaukm 3epna oaueuna
OKPYIHCEH CEPNEeHMUH~-MANbKOGbIM A2Pe2amom.
B onusune exnrouenus keaugpumuszuposanno2o
Kkcenokpucmanna epanama. Huxoau +. Ya. 100
(mamepuanet K11 ,, Kuposeeonoeus )
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3JIEKTPOHHO-30HI0BOT0 aHAJIM3a IIeCTH 3€PEH XPOM-
nuonicunoB copepxanue Cr,O; B HUX KOJeOIeTcs B
npenenax 12,35—33,57 % u MgO 16,61—18,64 %. Tak-
K€ BBIICIICHBI TPaHAThI, COOTBETCTBYIOIINE T'POCCY-
JIsIp-TMpomn-ajibMaHaruHaM. B oopasue T-96-1/5 ycra-
HOBJICHO mpeo0iamaHue IMPOIIOBOTO MUHAJA Hal
TPOCCY/ISIPOBBIM U aJIbMaHIUHOBBIM KOMITOHEHTaMM.

bonee nmonHble nanHbie 0 KoHIeHTpauu Cr,O; u
MgO B XpOMIINUHENINIAX MOJyUYeHbl M0 Mpode Be-
coM 6,6 Kr, MCCIIeIOBaHHOM JabopaTopueil KoMIia-
Huu ,,Jle bupc®. BoimoaHeHo 377 2J1eKTpOHHO-30H-
IIOBBIX aHAJIN30B. 10 MOIyYeHHBIM JaHHBIM COIEp-
xkaHue Cr,O; B XpOMIUMUHETNUIAX U3 3TON MPOOBI
usMeHsiercst ot 10 1o 47 % (B 26 ciydasix OHO MPEBbI-
maet 40 %), a conepxxanue MgO BapbUpyeT B IIpese-
max 14—20 %.

Ilo TeKkCcTypHO-CTPYKTYpHBIM OCOOEHHOCTSIM U
BEIIIECTBEHHOMY COCTaBY IIIOPCOBCKME KIMOEPIUTHI
01M3KY K KUMOepanTam JleJIeKoBCKOro yyacTka.

Ha IIlopcoBckoM ydacTKe Iojy4yeHo 23 mepece-
yeHusi nmo kumbepautam. CTBoJOBas MOIIHOCTb
KUMOEPJIUTOBBIX AaeK uaMeHsercs ot 0,5 go 18,2 m.
IMageHue Tten BepTuKaldbHOE, MpocTtupaHue 305°.
Jaiiku BCTpeueHbl B mpeeiax abCoMOTHBIX OTMETOK
+28 ——218 M (abcostoTHas OTMETKA YCThSl CKBAXKHbI
4097 coctasinsiet +155,0 m). [1o mpocTupaHuio galiku
KMMOEPIIMTOB BCKPHITHI Ha mpoTskeHnn 80 M. Bme-
IIAIOIMIMMA WX IIOpOJaMU SBJISIOTCS JICTIEKOBCKUE
MEJIKO-CPEIHE3EPHUCTBIC OMOTUTOBBIC TPAHUTHI K1~
pPOBOIPaAICKOTro KOMILIEKCA.

N3 KuMOEpanTOB CIIOAUCTOrO TUIMA ObLJIa OTO-
OpaHa TexHoJiornueckas mpoda Becom 229 kr. Kpome
TOTO, OTOOpaHbl MUHEpAJOTMYECKHe MPOObl BECOM
21,3 u 4,5 xr. B npo6ax KpucTa/ibl ajiMa3a He ycTa-
HoBJIeHbI. Bo Bcex mpo6ax OblT 0OHapyXeH MOJTHBIN
kommieke WMMK: mnuponbl, NUKPOUIbMEHUTHI,
XPOMIIITUHEINIBI, XPOMINOIICUIEI, BBICOKOMArHe-
3UaTbHBIN OJIMBUH. OTHAKO IO XUMIUYIECKOMY COCTa-
BY MUHEPaJIOB-CITYTHUKOB 3TU KMMOEPJIUTHI HE MO-
TYT OBITH OTHECEHHBI K aJIMa30HOCHOM (pamum (comep-
xanue Cr,O; B XpOMINIIMHEIUIAX H3MEHSIETCS B
npenenax 31—-50 %, conepxanne MgO — B npenesiax
10—17 %).

B MHryabckoM MeraGioke ILIMPOKO TIPOSIBJICHbBI
9KCIUIO3MBHBIE TIpouecchl. Haumbosiee mpoayKTuB-
HbIM B MPOSIBIEHWM 3KCIUIO3UBHBIX IPOLECCOB B
WHrynbckoM Merabjoke SIBIASeTCsl HUKHerajeore-
HOBBII 3TaN TEKTOHUYECKOM aKTUBU3aIIN1, OH Upe3-
BBIUAITHO IUIOIOTBOPEH W BO BCEM MUPE. DKCITJIO3UB-
HBIC TIPOMYKTHI 3TOTO 3Talla MPUHAIIEKAT, OOJIbIIICH
YacThlo, K (hopMauy OPEeKIMEBBIX W KCIUIO3UBHO-
OCaIOYHBIX 00pa30BaHMIl, KOTOPBIE B CEBEPO-BOC-
ToyHOM yactu MHTrynbckoro merabnoka Y1 acconu-
UPYIOTCSI, B OCHOBHOM, C PaWroOpOACKON TOJILEH.
OcHOBHasl 4acTh OpeoJjia yKa3aHHOM TOJIIIU TSATOTeeT
K IMPpUKOHTAaKTOBBIM 4acTsM KopcyHb-HoBoMupro-
pOICKOrOo MaccuBa TabOpO-aHOPTO3UT-parakKuBU
(puc. 8).

Paiiroponckue ciou obpa3oBaHbl U3 OO0JIOMKOB
BMENIAIONINX TTOPOJ KpUCTAITMYECKOTo hyHIaMeHTa
Ha (hOHE MOIITHBIX aBTOHOMHBIX TEKTOHUYECKUX IO/~
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LLikana_packpacki MOWHOCTH pai i Tonuy
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Puc. 8 Cxema uzonaxum paiieopodckux omao-
o 1 o«
acenutl (Pg1). Kuposoepadckuii yuacmok, Hu-
eyavckuil meeabaok YIII:

1 — naowads omcymcemeus paiieopoocKux omao-
dCeHUll; 2 — u30naxumel patieopoocKux omaoice-
Huil; 3 — opeoavt pazeumusi A6MOAUMOBHIX KCEHO-
mygobperxuuii kumbepauma, 4 — ompuyamenvHovle
2PasUMAYUOHHbBIE AHOMAAUU, KOHMPOAUPYIOWUE
SKCNA03UGHbIE CIMPYKMYPbL, 5 — pa3puléHble HAPY-
weHus

10 20 30 40 50 60 70>70m

BIKEK ¢ addexkramu mMaapoBoro ByidkaHu3ma. Ha
MHOTHX YJacTKaX B IIpelesiax paiTopOICKOI TOIIIN
BBISIBJICHBI TIPSIMbIE TIPU3HAKA KHUMOEPIUTOBOTO
marmatuizMma. K HUM oTHeCeHBI IIPOSIBJICHUS aBTOJIN -
TOBBIX OpeKunii KuMbepiuta (ckB. 4074, 4076 (cTpyK-
typa I'py3ckasi-lOxHast), 4061,4067, 4052, 4053, 4055
(yuacrtok JlecHoit)), anmassl 1 UMK B noponax, 00-
pasylolrx KoJiblla BbIOpOCa 3KCIUIO3UBHBIX IMa-
TpeM. Pa3Mep 3KCIUIO3UBHBIX CTPYKTYp — I€pBble
cOoTHU MeTpoB (puc. 6, 8). O6LIMI Opeo pacmpo-
CTpaHeHMsI parropoackoil OpeKYMpoOBaAHHON TOJIIU
cocTaBiisieT 25 X 40 KM TOJIbKO B LIEHTPaIbHOM 4acTH,
IIe OHAa MMeeT CIUToNIHOe pa3Buthe. Opeos o0paso-
BaH BIOJIb CEPUM TEKTOHMYCCKMX Y3J10B, KOTOPHIC
SIBJISTFOTCS  CJIGACTBUEM TIepecedeHUsT 3axapOBCKOM
30HBI Pa3JIOMOB CEBEPO-BOCTOYHOIO IIPOCTHUPAHMUSI,
MIYIIEH 10 SK30KOHTAKTY IIyTOHA parlakKMBU B €O
JOro-3amnagHoil 4acTu, ¢ cyomapaaieIbHbIMU pa3jio-
MaMHM CeBepo-3alagHOro IPOCTUPaHUs, KOTOpbIe
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yrnuparoTcs B IyToH (puc. 6, 8). B marepuane na6o-
pPaTOPHO-TEXHOJIOTUYECKOW TpoObl BecoM 237 KT ¢
aBTOJIMTOBBIX OpeKumnii kumoepanuTa [py3ckoii- Ox-
HOU CTPYKTYpPHI OBUIM BBIABICHBI 10 3epeH XpOMIII-
nuHenuaoB pasmepoM oT 0,08 mo 0,15 MM B popme
OKTa3MIpOB 1 CPOCTKOB KPUCTAILJIOB.
MUKpO30HAOBBIMUA  MCCAEHOBAHUSIMU  3€pPEH
XpOMILITNIUHEICH OmpeneseHo coaepkaHue B HUX
Cr,05 0130 10 62,17 % u MgO ot 7,3 1o 12,5 %. B Mmu-
Hepayiornyeckoii nmpooe 4087/1 ObLIM yCTaHOBJICHBI
KNMOEpPJINTOBBIE ajiMa3bl — IIMTWHEICBBIA TBOWHUK
KpucTajia MepexoaHoil (popMbl OKTa3ap-poMO0a0-
nexasap 1,4 x 1,2 x 0,9 MM 1 6 OCKOJIKOB OTHOI'O KpH-
crayuia (OKTasap-poMOoIoaeKasap ¢ IoJI0caMHt TIIa-
ctmyeckoi medopmanmu) pasmepamu ot 0,1 1o
0,25 MM, MaHTHUITHBIE THPOITLI — 150 006J0MKOB
(Cr,05=6,1-7,1 %, MgO = 19,33-20,01 %, CaO =
= 4,14—4,38 %, c comepXaHWeM KHOPPUHIUTOBOIO
KOMITOHEHTa Y 00JIbINMHCTBA 3epeH >10 moit. %).
[leTponoruyeckue XapakTepUCTUKU KUMOEpJM-
ToB MHTYynbckoro Merabnoka Y1 (Hanuuue Homymeit
IrPaHATOBBIX TYHUTOB U TaplLOYpruTOB B KUMOEPIr-
Tax JlesekoBckoro u LIlopcoBCKOro y4yacTkoB, MpU-
CYTCTBHME B HUX aJIMa30B ITEPUIOTUTOBOTO MapareHe-
31ca, TOJIHOTO KOMITJIEKCa MHIMKATOPHBIX MUHEpa-

goB kumbepiutoB (MMK), xumuyeckuit coctaB
UMK, B yactHocTH Ipy3cKOro yyactka — MUpPOMNOB
(Cr,05=6,1-7,1 %, MgO = 19,33-20,01 %, CaO =
= 4,14—4,38 %, c comepxaHUEeM KHOPPUHIUTOBOIO
KOMIIOHEHTa y OOJIbIIMHCTBA 3epeH >10 mon. %),
xpomimHenunos (Cr,O5 = 45,32—-62,17 %, MgO =
= 7,3—12,5 %), 4acTb U3 KOTOPBIX OTHOCUTCS K aJl-
Ma3HOM accollaluuy, TO3BOJISIIOT OLIEHUTh ITyOuHY
reHepalyu OTAEJbHbBIX 04aroB KUMOEPIUTOBBIX MarM
B peruoHe He MeHee yeM 140—150 kM. DTOT ypoBeHb
reHepayy OTAeIbHBIX 09aroB KUMOEPIUTOBBIX MarM
B peruoHe OJU3KUiIl 1O IyOuHEe K YpOBHIO, OJaro-
MPUSITHOMY [IJIsSI TeHepaluu anmaszoB. OmHoil u3
IJIABHBIX HAOTI0OAeMBIX OCOOCHHOCTE XUMHUIECKOTO
coctaBa UMK u3 3Kkcnao3uBHBIX CTPYKTYp MHTYIb-
ckoro merab6Jsioka YIII siBisieTcst CXOICTBO ¢ TAKOBBI-
MU U3 MAaHTUHBIX MOIYJICH TyHUT-TapII0yPTUTOBOTO
COCTaBa aJIMa30HOCHBIX KUMOepIUToB SKyTnu. D10
MOXET CBMACTEILCTBOBATb O OJM3KUX (PU3UKO-XU-
MUYECKUX YCIOBMSIX (hOPMHUPOBAHUSI TeX U NPYTUX
MUMK (tabum. 1, 2).

ITo nannubsiM I'C3 MolHOCTB IMTOCHEPDI B Ipeae-
gax IlpuazoBckoro Merabjioka coctaBiaser 150—
170 xm (puc. 3), 3emHoIt Kopbl — 35—47 kM. B ceBep-
Hoit yactu LlenTpanbHo-I1pra3oBcKoil 30HBI pa3jio-

Tabauya 1

XUMHNUECKUI1 COCTaB XPOMILTMUHENEeH U3 KUMOEPJIIMTOB 1 3PYNTUBHBIX Opekunii MHrynbckoro meradiaoka YIII
[18] u xkumbepauToB AxyTuu [19]

Hneynvckuit meeabaok SAxyTus
Exg )EME ’:ME §EE EM%’Q gméc @mé\
582 | EEET | BEE | EEE | 2Eig | &HE% | £3%
5 2 | 2 2 21 3°2 | = =2 g £ g
Cr-KOMITOHEHT 35,3—41,1 17,4—39,3 35,3—-84,0 | 76,4—83.,9 65,0-78,1 83,4 41,0
Al-KOMTIOHEHT 52,9—63,2 81,2—61,8 14,1-45,6 | 11,9-20,2 7,2—13,3 12,4 42,1
VALBOIITIAHETD 0,1-0,6 0,2—-0,5 0,5-5,2 0,1-0,6 1,3—-1,8 0,4 2,8
fi % 29,2—41,9 28,0—23,5 | 58,9—64,3 | 40,9-51,9 46,8—73,0 45,1 41,0
K, 43,8—75,7 9,4—-20,7 3,4-50,5 | 27,3-28,6 38,2—45,0 11,3 0
Tabauya 2
XUMUYECKUI COCTaB IpaHAaTOB U3 KUMOepauToB MHryabckoro Mmeradnoka YIII [18] u Axytuu [19]
Hnueynvckuit meecabnox Axymus
KowmrmoneHT opcosekmii Ipysckoit Tpybxu Atixan, YauHas Tpy6ka YiauHast (JIepLOIUTEI)
y4acToK Y4acToOK (rapLOypruT-1yHUThI)
Ca-KOMITOHEHT 12,9—-17,5 10,9—11,4 1,8—11,2 13,3—16,5
Mg-KOMITOHEHT 28,3—66,6 71,3-73,7 76,0—87,7 61,6—75,2
Cr-KOMITOHEHT 0,1-0,6 18,5-20,9 11,2—40,2 4,5—-16,7
f, % 36,3—-76,8 17,9—-18,4 11,7-16,2 14,1-27,8
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MOB HabJirogaeTcss BaJlooOpa3HOe TOAHSTHE TpaHU-
bl M ceBepo-3aItamHOro HalpaBlieHWsI. B ceBepHOI
YaCTU BOCTOUYHOM ITOJIOBUHBI MerabI0Ka HaOJTromaeT-
cs1 poBOOOpa3Hoe IMoHMXeHue rpaHuubl M. B Boc-
TouHOIT yactu I1pma3zoBckoro Merabdjoka BBIICISICT-
cs IlpmazoBckass MeracTpyKTypa, OXBaThIBArOIIAS
OMHOMMEHHBII MaHTUITHBIN guanup (puc. 1). Ha no-
BEpPXHOCTU (pyHIAMEHTa OH BhIpaxkeH 00Opa3oBaHUsI-
MU XJ1IeO0IapoOBCKOTO 1 0oiee O3AHUX (F03KHO-Kalb-
YUKCKOT0, OKTSIOPHCKOTO U KaMEHHO-MOTHUJILCKOI0)
KOoMITIIeKcoB. O0pa3oBaHMs 3TUX KOMITJIEKCOB (Dop-

Ha mowaau ot p. Kapatei (Ha 3anane) 1o p. [py3-
ckoit Enanuuk (Ha BocToke) (puc. 9). DTOT MiIyTOH
pacIiojioXXeH HEIOCPEACTBEHHO Hal MaHTUIHBIM
IUanvupoM. B Tipemenax IDTyTOHA YCTAHOBIICH pPSIH
MIPOSIBJICHUI, KOTOPBIE MOTYT OBITH OTHECCHBI K YIIb-
TPAOCHOBHOI ¢ KapOoHaTUTaMu (popMalldii U CBSI-
3aHHBIX ¢ Heil ¢deHutoB (IlerpoBo-THyTOBCKUIA,
XnebonapoBckuii, IMUTpoBCKUit).

Ha npossienHocts B mpenenax I[lpuazoBckoro
Merabjioka MaHTUUMHBIX TPOILIECCOB KpoOMe IIeI0o4-
HBIX U CYOIIETOUYHBIX ITOPOTHBIX KOMIUIEKCOB TaKXkKe
YKa3bIBalOT YCTAHOBJICHHBIC INTOKW W JTAWKU JlaM-

MUPYIOT SIUHBIN TUTYTOH IJINTEILHOTO 0Opa30BaHUS
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Puc. 9. Cxema kpumepueé u npuznaxoe armazonocHocmu (no mamepuanam llpuazoseckoit I'PD), pazme-

WeHUsl ypanosopyoHslx 006eKmos u pacnpedenerue yparna ¢ nopooax Ilpuazoeckoeo mezabnoka (no

mamepuanram KII ,, Kuposeeosoeusn“):
1 — eHelicbl nupokceHosble U am@pubons-nupokceHossle; 2 — eHellcbl OUOmumossie; 3 — K8apuyumbl Jceae3ucmole;
4 — eneiicol buomum-epagumossvie, OUOMUM -CUANUMAHUMOBbLE U Op. NOPOObL necmpoli moauwiu p. bepowvi; 5 — am-
duboasumsl; 6 — MueMamums! Cyu,eCmeeHHoO NAASUOKAA308ble NO PA3HbIM NOPOOAM; 7 — NOPOObL 2PAHOOUOPUMO-
8020 Komnaekca; § — epanumol naazuokaazoswie p. Kapamiok (3axapvesckuii maccus); 9 — anadonsckue epaHu-
mot; 10 — nopoost epanocuenumosoeo komnaexca, 11 — obumouneHckuii UHMPY3UBHbLI KOMHAEKC (Keapuesble
ouopumul, MOHAAUMbBL, OUOPUMBL U 2abOpo-Ouopumbt); 12 — eyaailnoasbckuili Memamop@pu3o8arHblil KOMNAEKC
(8bICOKOAUHO3EMUCMbIE CMABPOAUM-, KOPOUEpUM-, AHOAAY3UM-, CUANUMAHUMEMeualouue U 08YCA00AHble
KPUCMANANOCAAHYbL, MPAMOPbL U 2pAdumemeuaroumue eHelcol, Memaxkoneiomepamst); 13 — uepuueosckuii kapoo-
Hamumoewlil Komnaexkc (KapooHamumeol U ACCOUUUPYOUUE ¢ HUMU HepeaUHO8ble U WeN0UHble CUeHUMbL, UeN0 -

Hble yrbmpabazumst). DHooceHHble pyoonposienenus ypana: 14 — eudpomepmanvHvie 8 MUHEPANUSOBAHHBIX 30HAX:
1 — Bacuavesckoe, 2 — bBaaka boavwasn bapcyxosa, 3 — Baaka Mauopwvikuna, 4 — baaxa Bapbacoéa, 5 — Enan-

yurxckoe (Ilokpoeo-Kupeesckoe); 6 — Kyiibviuesckoe; 15 — Hukonaesckoe HenpomblulieHHOEe MeCmopodicoeHue 6
b6a3zanbHbix omaodceHusx; 16 — eudpomepmanvhvle ypaHoOUMymHole 8 30HAX OPOOAEHUS NOPOO KPUCMAANIUYECKO20
pyndamenma; 17 — eudpomepmanbHo-memacomamuuecKue 6 neemMamoudnsix epanumax: 1 — Ilasrosckoe, 2 —
Hoeo-Anopeeeckoe, 3 — Baaepvanosckoe; 18 — maemamuuecko2o muna 6 MacCuéax CUEHUMO8 U KapoOoOHAMUmos:
1 — Masypoesckoe, 2 — Pyouux ,, Lupxon“, 3 — Hoeonoarmaesckoe, 4 — Yepnueoeckoe; 19 — kumbeparumonposa-
nenusi; 20 — HaxoO0KU HCUAbHBbIX NUKpumos; 21 — sxcnao3uenvie ramnpoumonposiénenus: 1 — Mpus, 2 — Kamoi-
wu, 3 — Konka; 22 — naxo0ku Kpucmanno8 aimasos: a — 8 COBPEMEHHOM aAAN08UU, 6 — 6 OMAOINCEHUSX Me30-
KailHo30lickoeo 8o3pacma; 23 — Haxo0KU NUpoOnos & cospemeHHom anntosuu. Cpednee coldepiicanue ypama 8
nopodax (nx10~* %): 24 — menee 2,5; 25 — om 2,500 5; 26 — om 5 0o 8; 27 — om 8 do 10; 28 — 6oaee 10, 29 —

xoumyp Boanosaxckoii naouwadu
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npoutoB (Tpyoku ,,Mpus“, ,,Konka“ u ap.) Bo3pacra
1970—1950 maH ner (mo duoronuty K-Ar meton)
[16], cepust MaIbIX UHTPY3UI KUMOEPIUT-JIAMIIPOU-
TOBOTO psiTa KOJApOBCKOTO KOMIUIEKCAa BO3pacTa
1900—1760 muH et [16], MapuyIobcKoe IoJie JaM-
npodupos (puc. 9). B 6acceiine p. JlozoBarka 6bUTH
BBISIBJIEHBI BBICOKOMArHe3uajbHbIC CIIOASHBIC YIIb-
Tpaba3uThsl JamipoutoBoii cepuu (1970—1950 mutH
ser) [16], 3ajeraoiiye B BUAE MaJOMOIIHBIX JaeK.
B 3one MOxHo-HonOacckoro paszinoma (BosHoBax-
cKasl TUIOIIAAM) YCTAHOBJICH PSII KUMOEPIMTOBBIX
TpyOoK 1 naex (puc. 9). Jlaliku SKynmupaHTUTOB MOIII-
HOCTBIO 10 2,5 M 00pa3yloT IosIC CeBEPO-3anaaHOro
MPOCTUPAHUS JUTUHOM 35 KM 1ipu mmprHe 10 KM, Ko-
TOpPHIIA TIpociexuBaeTcs oT ¢. EnnceeBka no Copo-
KMHCKO#1 30HBI ceBepHee ¢. OCUIIEeHKN B HampaBJie-
HUM, TIEPIICHINKYIIPHOM YepHUTOBCKOI 30HE.

B xumbepauTtax Tpydbok BosiHOBaxckoil mioinaau
MUPOMHI SIBJISIIOTCS MPOAYKTAMU AE3UHTETpaIli pa3-
HOITTYOMHHBIX U Pa3HbIX IO COCTaBy IEPUIOTUTOB
rpacdur-nupornoBoit dauun rayouHHocTtu. ITuporbl
rapuOypruToBOro IapareHesuca ajamas3-IIMpOoIoBOM
(alru NyOMHHOCTU BCTpevaloTcs KpaliHe peako [4].

XpOMIITIMHEWIbI, BBISIBIEHHBIE B KUMOEPJIUTO-
BBbIX TpyOKax u naiikax Ilpua3oBbs, MO OCOOEHHO-
CTSIM XUMHWYECKOTO COCTaBa ACNISITCS Ha TPU TPYIIITHL:
1) ¢ Hu3Ko xpoMuctocThbio (Cr,03< 45 %) v TuTaHU -
crocthio (TiO, < 1 %), MOBBIIIEHHOH TNTMHO3EMUCTO-
CTBIO M MarHe3MaJIbHOCTHIO, COOTBETCTBYIOIIINE JIep-
IIOJINTAM C YMEPEHHBIM WJIH TTOBBIIIEHHBIM COIepKa-
HHUEM KJIMHOIMPOKCEHA, 2) COOTBETCTBYIOIIME I10
cocTaBy BEICOKOXPOMUCTBIM (Cr,0;=48—60 %), Hu3-
KOIJIMHO3EMUCTBIM HU3KOXEJIE3UCTbIM MarHe3hoX-
poMUTaM, TIEPBOUCTOYHUKOM KOTOPBIX ObLIU MUPO-
MOBBIE JIEPLIOJUTHI C HU3KUM COIEepXKaHUEM KIMHO-
MUpoKceHa (KOJMYeCTBEHHO CYIIIeCTBEHHO Mpeobiia-
JIal0T HaJ APYTMMU Pa3HOBUIHOCTSIMM); 3) B 3HAKO-
BBIX KOJIMYECTBAX IIPUCYTCTBYIOT BHICOKOXPOMUCTHIC
(Cr,0; = 60—64 %), auskornuHodemuctobie (Al,O5 =
= 6—9 %) MarHe3nOXpOMMUTHI, OJIM3KUE IO COCTaBY K
aJIMa3HoM accoumanuu [2, 4].

[IpucyrcTBUE B MPeUMYIIECTBEHHOM KOJINYECTBE
XPOMIIITIMHEIUA0B BTOPOI TPYMIIBI TTO3BOJISIET OTHE-
cTU KUMOepauThl BojHOBaxckoil miomanu K odpa-
30BaHMSIM TPEUMYLIECTBEHHO JIEPILOJIUTOBOIO CO-
cTaBa, 00Opa3oBaHUe XPOMILIIUHEIUIO0B B AMana3oHe
naiaeHuit 30—32 k6ap, T.e. B YCIOBUSAX rpaduUT-Tu-
ponoBoit dauuu rmyounHoctu (125—130 km). Enu-
HUYHBIE HAXOIKH IMUPOITOB U XPOMIITIMHETNIOB aJl-
Ma3HOM acCOIMAIM, MEIKUX ajIMa30B ITO3BOJISIOT
MpeamnoiaraTb MEJIKMe JIOKAIbHBIC O4aru TeHepalnn
KNMOEPJINTOBBIX MarM Ha TpaHMIIe aiMa3 U rpadur-
MMUPOTIOBOM (hally TIIyOMHHOCTH.

B npenenax /IHecTtpoBcko-byrckoro meratioka
no naHHbM ['C3 MoIIHOCTB TUTOC(HEPHI COCTABISIET
180—200 kM (puc. 3), yBeIMUYMBAasICh B IOr0O-BOCTOY-
HoM HanpasiaeHuu 10 200—250 km. OTMeyaeTcs KOH-
TpacTHOE paslejieHUe CTPYKTYPbl MOAOIIBBI JUTOC-
¢depbl Merabiaoka Ha ceBepo-3anaaHyto (ITomonb-
CKUii 6JI0K) U oro-poctouHyto (byrckuii 610K) ya-
ctu. B byrckom 6710ke 3a(hMKCUPOBaHO KOHTPACTHOE
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MorpyXeHue rpaHullbl MoXo B ceBepo-3aIagHOM
HampasjieHuM. B oOiiem, a1 moBepxHocTu Moxo
MerabJioka (PUKCHpPYeTCsl HATMINUe TPOTOBOM CTPYK-
TYphl CeBepoO-3alagHOTO MIPOCTHPAHUSI, B pa3pese
BBIIEIIsIeTCsT MOIIHBIN (10 30 KM) CJIoif KOpo-MaH-
TUitHON cMecu [12]. JaHHBIE METPOJIOTUYECKUX MC-
CJIENOBAHUU MAHTUMHBIX KCEHOJIMTOB U3 MOPOJ B KO-
PEHHOM 3ajieTaHUM OTCYTCTBYIOT. OqHAKO B 0Caa0y4-
HOM 4YexJie (IJIaBHbIM 00pa3oM, B OTJIOKEHUSIX OaT-
ckoii cButbl) Ilomonbckoro Ogoka JIHECTPOBCKO-
byrckoro mera6iioka, mpu MpoOBEACHUU aIMa30Mou-
ckoBbIX padot IMAT'PIT ,,ITiBHiureonoriss“, ObL1M 00-
Hapy>KeHBI OPEOJIbl THINKATOPHBIX MUHEPAIOB KUM-
oepnutoB (MMK). Hanbonbiiee passutre B opeonax
MMEIOT TTUPOIIBI JIEPIIOJIUTOBOIO ITapareHe3nca. I1u-
pOMBI TIPENCTaBICHBI, IIPEUMYIIECTBEHHO, HU3KOX-
pomuctbiMu (Cr,05; = 1-2.5 %) pa3HOBUIHOCTSIMU
(mo 95 %), cpennexpomuctbie (Cr,0;= 2.5-5,0 %)
BCTpevaroTcsl peako, Bbicokoxpomucteie (Cr,O; >
>5,0 %) — ouenb peako. CoaepkaHe KHOPPUHITUTO-
BOI0 KOMIIOHEHTa B HUX He TipeBbiimaet 10 moin. %,
clenoBaTesibHO, OCHOBHAasli mMacca UX oOpa3oBajach
npu naiaeHusix MmeHsplie 30 k6ap [4]. Cpenu muponos
WICHTU(PUIIUPOBAHBI JINIITh eAUHUYHBIC 3epHA, Xa-
paxkTepHbIe 151 BeocTepuToB. MiMetoluecst MUHepa-
JIOTUYECKHUE JaHHbIE [2, 4] 1al0T OCHOBaHUS MPOTHO-
3UpOBaTh BO3MOXHOE HaJIM4yude BOJM3M OOJacTei
cHoca BoisiBIeHHbIX UMK KuMOepanToBbIX TeJl gaii-
KOBOTO THIIa, OOOTAIIEHHBIX KCEHOJIUTAMH M IIPO-
IyKTaMU Je3MHTErpallii BEpXHEMaHTUIHBIX JIEPIIO-
JIUTOB, 3KJIOTUTOB (MaJIOTIyOMHHAsS accoluauus) ¢
IyOMHOI reHepalu He 6omee 120 kM.

B mnpenenax JIHectpoBcko-byrckoro wmeratioka
LIIMPOKO Pa3BUTHI MPOSIBJICHUS [JTyOMHHOTO MarMaTu3-
Ma 1 (IIOMAN3aTHO-3KCIUIO3UBHBIX IMpolieccoB. [1o
nanHbIM AuieHko I M. u nip. [2], B paitfoHe ¢. BopoHOB-
HUK BBISIBIICHBI JKUJIbHBIE KUMOEPIUTBI I 9KCIUIO3UB-
Hble Opekuui, y c. bpaliaB — 5KCri03MBHbBIE OpeKUnHr
¢ hirronaM3aTHO-3KCIIO3UBHBIM MaTePUAIOM.

B roxxHoi1 yactu JIHectpoBcko-byrckoro merabiio-
Ka, B objactu cowleHeHusl [o1oBaHEBCKOI IIIOBHOM
30HbI U WIHryibckoro merabjoka, Mpu NpoBeIeHUU
I'TK-50 BoIsiBIeHBI CTabOKOHTpacTHBIE opeosibl UMK
B UETBEPTUYHBIX I HEOTEHOBBIX OTIOXKEHUSIX [4] 1 aJl-
Ma3bl B TIPUIUIOTMKOBOM aJIIOBUM B OacceilHax pek
CuHroxa, fAtpaHb. [logapnsiolee OOIBIIMHCTBO MU-
POIIOB TI0 XMMUYECKOMY COCTaBY OTHECEHBI K pa3HO-
BUIHOCTSIM JIEPIIOJINTOBOTO 1 BEOCTEPUTOBOTO Tapa-
reHe31coB rpadUT-NUpoIoBoi dauuu TyOUHHOCTH
C KHOPPUHIUTOBBIM KOMITOHEHTOM 10 10 Mos. %, uto
ITO3BOJISIET OIIPEICIIATh TUAITa30H TaBJICHUI UX TeHe-
pauun B 30—35 k6ap. YacTh BBISIBIEHHBIX XPOMUTOB
10 cocTaBy OJiM3Ka K aiMa3Hoit accormanuu (Cr,O5 =
61,5—-63,5 %), (TiO,< 1%), (Al,O3;=6—8 %) u BcTpe-
yeHa COBMECTHO C Haubojee BBICOKOXPOMMCTBIMU
nupornamu [2]. YuursiBasg 3T0 00CTOSATENILCTBO, TITY-
OMHa reHepaluu KOPEHHBIX MCTOYHUKOB, yKa3aH-
HbIX paHee UMK B 10xxHoi#1 yacTtu JIHecTpoBcKo-byr-
ckoro merabjoka B 30He cowieHeHusl [onoBaHeB-
CKOM 110BHOM 30HBI U THTYJILCKOTO Merabyioka, Mo-
XKeT ObITh 0KoJIO 150 KM.
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TTo nanubiM I'C3 MOLIHOCTB JIMTOC( EphI B Ipeae-
sax CpeaHeIpUIHEeIIPOBCKOTO MerabaoKa COCTaBIIsI -
et ot 150 1o 200 KM 1 TUIIB Ha 10T MeTa0JIOKA YMEHb-
maetcsas go 100 km (puc. 3). IToBepxHOCTP MOXO
MIPEICTaBIISICT COOOM TMHEHHO-BBITSIHYTOC B CyOMe-
pUIMaHaJIbHOM HaIIpaBJICHUN BAJIOOOPA3HOE MOMHS -
TUE B LIEHTPaJbHOI YyacTu Merabjioka MIyOMHOM 10
32 KM, KOTOpOE€ OTpaHMUYEHO C BOCTOKA U 3arajaa Io-
HUKeHUsiMU rpaHuibl M 1o 50—55 kM. Ilerponoru-
yecKue MaTepuaabl OTHOCUTEIbHO MOIIHOCTH JIM-
tocdepbl st CpenqHeTpUIHETPOBCKOTO Merabdjioka
O4YeHb OrpaHWYEHBI. BeckKnx ocHOBaHWMIA IIJisI BbIIE-
JICHMS B TIpeeiax Merabyioka paitfoHa pa3BUTHS KM -
OepIUT-JTAMIIPOMTOBOTO MarMaTm3Ma HeT. Xapak-
TepHBIE VTSI KUMOEPIIMTOB 1 JIAMIIPOUTOB MUHEPAJIbI-
COyTHUKM anMas3a B Bomuanckoit 1 CaMOTKaHCKOM
pocchinsax He yctaHoBieHbI. [To muennto C. H. LIpim-
6aina [20], HanOoIee BEPOSITHBIM TIEPBOMCTOUHUKOM
XpoMIInuHeann0B CaMOTKAHCKOM POCCHINU ObUIU
yIABTPaba3uThl U 0Aa3UTHI 3€JICHOKAMEHHBIX CTPYKTYP
LeHTpabHOI yacTu CpeaHenpuaHEeNpOBCKOTO Me-
rabyjioka, a XpoMIIMNUHEIMI0B BosyaHCcKo# pocchl-
I — YJIBTPada3nTHl M 6a3UTHI BOCTOYHOMN YaCTH 3TO-
ro Merabyioka. OTCyTCTBUE HaXOMOK IITyOMHHBIX KCe-
HOJINTOB, TTONOOHBIX BBISIBICHHBIM B BocTOuHOM
CeTMEHTE, IIUPOKOE pPa3BUTHEC KCIE3UCTHIX 0a3UT-
VIBTPada3UTOBBIX CEPUil TOPO C TpadUTOM U TIOBHI-
mIeHHBIM comepxXaHueM CaQ, IHMpoKoe pa3BUTHUC
MPOIYKTOB KOMAaTUUTOBOTO BYJIKAHM3Ma, OTCYTCTBHUC
B IOpoAaxX MMHEPAJIOB INIYOOKMX TOPU30HTOB, O00b-
€KTUBHOE HAJMYMEe TOTIPEITHOCTU CEHCMMUYECKOIO
METola, NajJi OCHOBAaHUE CUMTAaTh MaKCUMAaJIbHO
BO3MOXHOI MOIIIHOCTb Pa3BUTUS TUTOCHEPHI B ITOM
cerMeHTe okoso 120 km.

MorHocTh tuTocdepsl o nanHbiM ['C3 B ipene-
nax PocuHcko-Tukuuckoro mMeradioka cocCTaBiisieT
185—200 k™ (puc. 3). IlmyOuHa 3aneraHus TOBEPXHO-
ctu Moxo kose6iercs ot 40 no 60 kM. B nieHTpanb-
HOI yacTh Merabjioka B 3elleHOSIpcKoil 1 TapacoB-
CKOM PYTWI-IAPKOH-UIBMEHUTOBBIX POCCHIIISIX BBI-
SIBJICHBI MEJIKME KPUCTAJUIBI aJIMa30B, OMHAKO CUMTA-
€TCsI, YTO OOJIACTHIO MUTAHMS STUX POCCHITICH SIBIISI-
ercs1 bepauueBckoe nmogHsiTue Ilomombckoro Gia0Ka
JHectpoBcko-byrckoro mera6ioka [20]. B ceBepHoit
yactu PocunHcko-Tukuuckoro mMeradyioka pa3BUThI
MAacCCHUBbI YJIBTPAOCHOBHBIX Mopon (YMITbDKEHCKUA,
IOpoBckuii U npyrue) ¢ TOBBIIIEHHON IIEI0YHO-
CTBhIO, B TOM YHMCJIe M KaJWeBOI CHCLMATN3ALNN,
CJIOXKEHHBIX AaIlONePUIOTUTOBBIMUA CEPIICHTUHUTA-
MU, HOYHUTaMH, JIEPHOJUTAMHU, TaplOypTUTaMMU,
ropHoneHautamu [2]. Pan ucciaegoBartesieil OTHOCAT
MaHHBIE MAaCCHBBI K MPEIKMMOCPIMTOBOI CTamuu
MarmMaTh3Ma, COOTBETCTBYIOIICH ITTyOMHAM TeHepa-
1y He 6onee 120 kv [20]. XpoMIIIUHEIUABI U3 TIe-
puaIOTUTOB YenbIKEHCKOTO MacCHBa UMEIOT CPaBHM -
TEJIbHO BBICOKYIO XpoMHUCTOCTh (Cr,05 = 40—47 %,
HU3KYI0 NIUHO3eMUCTOCTh (Al,O;= 7—12 %) u mar-
He3nanbHocTh (MgO = 3—5 %) [4].

MomtHocTh JuTochepsl BonbiHCKOro Merabioka
no naHHbIM ['C3 HermocTosiHHA: B ceBepo-3anaaHoii
yactu MeHee 100 KM, B I0XXHOI U LIEHTpaJIbHOMN ya-
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ctax — oT 100 mo 200 kM (puc. 3). IlmyOuHa BepxHei
KPOMKHM MaHTUM U3MeHsieTcst oT 35 mo 62 km [4]. Ce-
BepHas M ceBepo-3amnagHast YacT MeradJioKa Xapak-
TePU3YIOTCS ITUPOKO IIPOSIBIICHHBIM 0a3aJI5TOMIHBIM
MarMaTU3MOM, IIMHUPOKUM IIPOSIBICHHUEM OpPEOJIOB
MNMK B ocanounbix omioxxeHusix. Mmeroniuvecs: naH-
HbIE pe3yJIbTaTOB UCCIIEJOBAHUI 00JIOMKOB KUMOEp-
JIUTOB U3 OpeKYUii 1 MAHTUIHBIX MUHEPAJIOB TTO3BO-
JISIeT Mpeanoarath, YTo BEPXHsISI MAHTUS B Ipenesiax
BonbiHo-ITononbckoro paitoHa BosbiHCKoro mera-
0JIoKa BBINTOJTHEHA BKJIOTMTaMM, ITMPOKCEHUTAMU,
JIEpUOIUTaAMU, rapuOyprutTaMu ¢ pe3KuM Mpeoodsa-
TaHUEM B pa3pese JEePLOJUTOB rpacdUuT-MUPOINOBOMA
daumu mryouHHocTH [16]. TapuOyprutel anmas-Tu-
POITOBOI (hallny TITyOMHHOCTHU Pa3BUTHI KpaifHe pell-
Ko. IToponbl BepHEll MaHTHUM, IO JAaHHBIM XUMUYE-
ckoro cocraBa UMK, dopmMupoBaanch B IIMPOKOM
uHTtepBaie Temiepatyp (ot 700 o 1500 °C) u naBne-
Hust (ot 17—20 1o 55—60 k6ap) [20]. [Ipu aTOM B ,,a1-
Ma3HOE OKHO MOITaaloT JUIIb 3HAUUTEIbHAS YacTh
MUPOIOB U3 0010MK08 Kumbepaumoe KyxoTcko-
Bosibckoro M CepXOBCKOTO OpeKYMenposiBIeHUI
IMpunsTckoro Bana.

MuHnMaJIbHAas IyOWHA 3aJIeTaHNST TTOBEPXHOCTH
Moxo ot 40 no 28 kM xapakTepHa 1ist UHTYJIbCKOTO U
ITpuaszosckoro merabsiokos (puc. 4). CornacHo ito-
WIHOM TEOPUH, 3TU PailOHBI TTOTEHIIMAIBHO aCCOIIN-
HUPYIOT C TUTOCHEPHBIMHU CETMEHTAMU MAaCIIITa0HOTO
MaHTUITHOTO TeIUIOMAacCoIlepeHOCa M, COOTBET-
CTBEHHO, BBICOKOM CTENEHU pPYIOTCHEePUPYIOIIEH
CITOCOOHOCTU BepxHeidl MaHTUM. MakcumallbHOM U
MOBBIIIEHHOW MOIIHOCTBIO TPAHUTO-THENCOBOTO
cJlosl, oTpaxarwlleil ypoBeHb dHepromMaccoriepeHoca
U JaTepalibHyl0 U3MEHUYMBOCTb CTENIEHU 3PEOCTU
KOpHI, BEIACHSIOTCS MHTYIIBCKIIA MErabIoK U B KOH-
Type KopocteHckoro nmiaytoHa — ¢pparmeHT BoJibiH-
ckoro meraosnoka [21]. MHryabckuii Meradiok, xa-
pakTepru3ysICh MUHUMAJIBHBIM TIOTPYKCHUEM TpaHU-
bl Moxo Ha Y1, omtHOBpeMeHHO BbIJIE/ISIETCSI MaK-
CUMaJIbHBIMA U CPETHUMH MOIIMHOCTSIMUA TPaHUTO-
THEICOBOTO CJI0SI, UTO TaKXKe OTpakaeT OCOOCHHOCTH
9HEeproMaccoriepeHoca 1, Kak CJICICTBUE, BBICOKYIO
CTeIeHb IPaHUTU3ALIUM KOPHI (puc. 4).

IIpu ycTaHOBIEHHOI MECTPOii pagroreoXnuMmude-
cKkoii crieuuanusauuu Mmeradiokos Y1, moponst MH-
TyJIbCKOTO Meradjoka, o pe3yjabraTaM u3y4eHus B 41
TEOMETPUH, XapaKTepU3yIOTCSI aHOMaJbHO BBICOKUM
peTrMOHAIBHBIM CONMEPXKAaHUEeM KaJIusl CPeau TTOPOl
ocrajbHbIX MeradyiokoB Y11 (cpennee 3,6 %, Mmakcu-
ManbHOe 10 4,1 %) [22] u 9TO yKa3bIBaeT Ha TO, 4TO
WHryabckuii Merabyiok siBjisieTCsl CETMEHTOM Haubo-
Jiee THTEHCUBHOTO AuddepeHIIMPOBAHHOIO SHEPTO-
MacCOIIepeHOCa BCIIEACTBUE MIPUBHOCA (DIIOUIOB U3
acTeHocepbl U OOYCIOBIIEHHOI 3TUM MOBBIIIEHHOM!
KaJIMEBOCTBIO IIOPOJI BEpXHEN YaCTU 36MHOM KOPBI.

Hamu B KauecTBe OCHOBHBIX MPEANOCHUIOK (pop-
MUPOBaHUS ajJIMa30HOCHBIX CTpyKTyp Ha YIII pac-
CcMaTpUBalOTCs cienymoolime: 1) BbIcOKash 3peaocTb
JuTtocdepbl; 2) MOIIHOCTb JUTOC(hEphl HE MeHee
150 kM, KOoTOpasi onpeaensieT B NOAOLIBE JUTOChEp-
HOTO CEerMEHTa YCJIOBUSI CTaOUIBHOIO CYIlECTBOBA-
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HuUs rpadura u anMasa; 3) rpaHUTO-THENUCOBBIN CI0M
BbICOKOI (10—15 KM) MM MOBBIIIEHHOW MOIIIHOCTHU
(> 15 km); 4) aHOMaTbHO BBIPAXKCHHAST PATUOTCOXM -
MuYecKas KajqueBasi Crierianu3anus meramopduye-
CKOoro cyOcTpara BepxHEW 4YacTh 3eMHOI KOpHI;
5) CTPYKTYpPHBI (paKTOp — HATMYKE PA3JIOMOB TPAHC-
JuTocepHoro NpoHUKHoBeHUs1. UHOpMaTUBHBIM
KpUTEpUEM JIOKIU3ALUUU KUMOEPIUTONPOSIBICHUI
B CEIMEHTAaX JIMTOC(EPbl BLICOKOU CTEMEHU 3PEIOCTU
SIBJISIETCSI pa3BUTHE B pailoHE UCCIENOBAHUM 30H Ty~
OMHHBIX Pa3JIOMOB MAHTHUHAHOTO MPOHUKHOBEHMSI,
CITOCOOHBIX TOCTUTATh TMIICOMETPUYECKOTO YPOBHS
acteHocdepHbIX 0bJlacTeli reHepaluu KUMOepInuTo-
BBIX MarM W KpuUCTaJIM3anuu anmasa. [IpossieH-
HOCTb OCJIabJIEHHbIX MECT B JUTOC(HEPHBIX OJI0KAX
BBICOKOU CTETIEHU 3PENIOCTU, SIBJISIIONIMXCS Oyaro-
MPUATHBIM (DAKTOPOM BHENPEHUS] KUMOEPIUTOBBIX
(hmouno-marmaTUueCKUX — KOJOHH,  OMPENEessioT
MaHTUIHBIE OUanupbl W CHOPMUPOBAHHBIE HaJ
HUMM KPYITHbIE TEKTOHUYECKUE Yy3JIbl, 00Opa3oBaH-
Hble TIYOMHHBIMU pa3jioMaMu, KOTOpPbIE B pa3iny-
HbIE TTEPUObI TEOJIOTUYECKOTO PA3BUTHS paifoHa aK-
TUBU3UPOBAIUCH B pEXXMMaX CXKaTUsI U PACTSKEHUS 1
XapaKTepU3YIOTCs MPOSIBIICHHOCTHIO Pa3HOBO3paCT-
HBIX JaeK.

Cesa3b NPOSABJICHUI YJIBTPAOCHOBHOTO HIEJIOY-
HOTO0 MarMaTu3Ma ¢ NMPOMBIILICHHbIMHA YHIOTE€H-
HbIMHM MeCTOpPOKIeHussiMu ypana Ha YIII. B npo-
1iecce MPOBEACHUS UCCIICIOBAHUI HAMU Obla BBISIB-
JIeHa 3aKOHOMEpPHasi MPOCTPAHCTBEHHAs CBSI3b MPO-
SIBJICHUU yJBTPAOCHOBHOTIO I1IEIOYHOTO MarmMaTu3mMa
(KUMOEPINUTBI, KUMOEPJIUTONONOOHBIE  TOPOMIHI,
JIAMTIPOUTHI, CIIOASIHbIE TTUKPUTBI U TP.) U TUAPO-
TepMaJIbHBIX MECTOPOXIEHW ypaHa B Kuposorpan-
ckoM 1 KpMBOpPOXCKOM ypaHOBOPYIHBIX paiioHax
VY11, IMpuazoBckoit MOTEHIUATBHO YPAHOBOPYIHOM
obnactu. OTO 00BSCHSIETCS (PUUMKO-XUMUYECKOMN
CBSI3bIO TPOIIECCOB UX PYAOTEeHEepaIlny, O0YCIOBICH-
HOI1, B YaCTHOCTH, BOBHUKHOBEHUEM B acTeHochepe,
pu onpeneneHHbIx PT-ycnoBusix, MOIITHOTO UCTOY-
HUKa YIJIEKUCIOTHBIX MAHTUHBIX (DITIOUIOB, a B JTU-
Tochepe — MPOHUIIAEMbBIX 30H, MO KOTOPBIM C MaH-
TUUHBIX ITyOUH OCYIIECTBIISIICS TTO’bEM YPAHOHOC-
HBIX (DIIOMIHBIX TOTOKOB U KUMOEPIUTOBBIX (DJIIOU-
JI0-MarMaTU4eCKUX KOJIOHH [22].

[MposiBnsieTcss M BpeMEHHasl COMPSIKEHHOCTH
(opMupoBaHUsT KUMOEPIUTOB M YPaHOBOPYIHBIX
00bekToB. Kumbepnutsel KupoBorpaackoro ypaHo-
BOPYIHOTO pailoHa ¢ U30TOMHBIM Bo3pacToMm 1800 u
1770 £ 9 maH net [16] comnpsikKeHbl B pa3iOMHBIX
CcTpykTypax ¢ (bOpMUPOBAHUEM TEKTOHO-MeTacoMa-
TUYECKUX 30H, BMEIIAIOIINX MacIITAOHOE ypaHOBOE
OpYylIeHEHUE B HATPUEBBIX METACOMATUTAX C M30TOII-
HbIM Bo3pactoM 1800—1750 man net [17].

Bospact kumb6epautoB Bocrounoro Ilpuazosbs,
nonaydyeHHbIt Rb-Sr M30XpOHHBIM METOAOM MO Ma-
KPOKPHUCTaM HEM3MEHEHHOTro (hioronura, cCocTaBisi-
et 1711 Tpyoku HoBonacnuucekast — 380—391 mutH Jier,
st Tpyoku FOxHast — 383—389 mutH et (1abopato-
pusi BurtBarepcpanackoro yHuBepcutreta AP
(F.Kruger, J. Holtzhausen)) [16]. Bo3pacT ypaHoBoii
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MUHepalu3aluMyu Mo Haubojiee OoraTbiM YypaHOM
npo6am HukoiraeBCKOTo HEIMPOMBIIIIEHHOTO MECTO-
poxaeHus ypaHa 1o BeauuuHe 2’Pb/>U cocTasis-
etT 390 + 40 MutH J1eT.

BreIsiBIeHHasT TIpOCTpaHCTBEHHAsT WM BpeMEHHas
CBSI3b MPOSIBICHUI KMMOEPJIIMTOBOTO MarMaTu3Ma 1
MIPOMBIIIIEHHOI'O 3HAOT€HHOI'O YPaHOBOI'O OpYyIeHEe-
HUSI, HECOMHEHHO, OOYCJIOBJIEHAa CXOMHBIMU CTPYK-
TYPHBIMU, TETPOJOTUUYECKUMHU, (DUIUKO-XUMUYE-
CKUMHU (dakTopamMu HUX OOpa30BaHUS U MOXET HC-
MOJIb30BaThCsI B KAYECTBE JOTIOJTHUTEIBHOTO PEerruo-
HaJIbHO-TTOMCKOBOTO KPUTEPHSI MIPU MPOTHO3MPOBA-
HUM aJIMa30TepCIIeKTUBHBIX CTPYKTYp B YpPaHOBO-
PYIHBIX paiioHaXx.

Kpurepyn NporHO3MpOBaHHS AJIMA30HOCHBIX
cTpyKTyp B ycaoBusax YIII. Teneps yxe He BbI3bI-
BaeT COMHEHUI (DaKT 3aKOHOMEPHOTO Pa3BUTHUS al-
Ma30HOCHBIX KUMOEPIUTOBBLIX (popManuii TOJIbKO B
npeaeaax IpeBHUX IIUTOB C MOLIHON JIUTOChEpPOIi.
OnHako, OTHECEHUE OTIEIbHbBIX PETMOHOB UM 00J1a-
CcTell K TMepCleKTUBHBIM Ha KOPEHHbIE MCTOUHMKU
aJIMa30B BO3MOXKHO JIUIIIb ITPU YCJIOBUU UCITOJb30Ba-
HUST BCEX MMEIOIINXCS TeOJIOTO-TIOMCKOBBIX KPUTE-
pueB. BuITOTHEHHBI HAMU CpaBHUTEIbHBIN aHAIN3
PETMOHATBLHBIX ITIPOTHO3HO-TTOMCKOBBIX KPUTESPUEB U
TIPU3HAKOB aJIMa30HOCHBIX CTPYKTYp SAKyTcKoii, 3a-
nagHO-ABCTPAIMICKON aIMa30HOCHBIX MPOBUHIIUMA
¥ BBIICIICHHBIC KPUTEPUHU UIST TIOTEHIINAIBHO ajiMa-
30HOCHOU CyONPOBMHIIMM YKPAWHCKHUU IIMUT TIPEI-
CTaBJICHBI B TaOJI. 3.

IIpobGnema BbIAENCHUS PA3IMYHBIX Mepapxuye-
CKMX TaKCOHOB KMMOEPJIMTOBOTO MarMaTtu3Ma Hau-
O0osiee nuckyccuoHHas. [IpusHaBasi ux NpuypoveH-
HOCTb K IPEBHUM IJ1aThopMaM, UCCIIeq0BaTENN pac-
XOISTCSI B BOIIPOCE MIaBHEUINNX (DAKTOPOB JIOKAJIH -
3aM KUMOepanToB. Ha mepBhIil m1aH IIpu U3yde-
HUM TIEPCIIEKTUB (POPMUPOBAHUS AJIMAa30HOCHBIX
CTPYKTYpP, Ha HAIl B3IVISIO, BBICTYITACT aHAIU3 TITy-
OMHHOTO CTPOCHMUS TUTOCHEPHI M CTPYKTYPHBIN aHa-
mm3. B npenenax mutocdepHBIX CETMEHTOB BBEICOKOM
CTeTICHU 3PEJIOCTA C TIPOSIBIICHHBIM KOMIUICKCOM
MPENNOChIIOK, B KAUeCTBE MUHEPAreHUYECKNX 30H,
MOTEHIMAJIbHO TEPCIEKTUBHBIX Ha OOHapyXKeHUe
aJIMa30HOCHBIX CTPYKTYP, MOTYT BBICTYIIaTh ITyOMH-
HbIE pa3JIOMbl TPAHCIUTOCHEPHOTO MPOHUKHOBEHUS
(pa3ioMbl TepBOro mopsiaka), chopMUpPOBAHHbIE B
pEXMME PaCTSDKEHUST W XapaKTepU3YIoIIrecs Hachl-
IIEHHOCTHIO PAa3HOBO3PACTHBIMU JJaliKaMW OCHOBHO-
rO, YJIBTPAOCHOBHOTO U IIIEJIOYHO-OCHOBHOT'O COCTa-
Ba, 00pa3yOIINMHU TTosica MarMaToIposBieHuii. Oc-
HOBaHMEM OTHECEHMS MX K KaTerOphu aaMa30HOC-
HBIX (TTOTeHIIMAIFHO-aJIMa30HOCHBIX) SIBJISICTCS: Ha-
JIMYYE TTOPOJ IICJIOYHO-YIBTPAOCHOBHOIO COCTaBa —
TpeXae BCero caMux KUMOEPJINTOB 1/ VTN JTaMITPOU -
TOB; HAJIMYME JIMHEHHO CIPYIIUPOBAHHBIX OPEOJIOB
MMK, Bkitouass MUHepaJsbl aIMa3HOM acCOLMaluU 1
anmasbl [23].

B kauecTBe KUMOEPJIUTOBOIO U /WU TAMIIPOUTO-
BOTO TTOJISI TIPUHUMAETCS TPYIIa IIPOCTPAHCTBEHHO
COMMKEHHBIX KUMOEPIUTOBBIX W/WIW JIAMIIPOUTO-
BBIX TeJI, IPUYPOUYCHHAS K YUYACTKY ITepeceUcHUS] MU -
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HepareHU4ecKoil 30HbI pasjioMaMu, C(POpMUPOBAH-
HBIMH B PEXMWME PACTSIKCHUS, JIMOO pa3ioOMaMM C
CYIIECTBEHHBIMHU JIaTepaIbHBIMKU CIOBUTaAMM, ChOp-
MUPOBAHHBIMU B PEXUME CKATUS WIA PACTSKCHUS.
Kak mpaBuino, KUMOEpPJIMTOBBLIE MOJISI OyayT mpen-
CTaBJIATb COOOI BBICOKOIIPOHUIIAEMbIE JTOKAJbHBIS
30HBI, C(POPMUPOBAHHBIC y3JIaMU MEPECEUCHUST LIy~
OMHHBIX Pa3JIOMOB Pa3JIMYHOTO T'€OIMHAMUYECKOIO
pexuma (CxKaTusl, pacTSKeHUsI) pa3IUYHbIX CUCTEM
(cchopMHUpOBaBIIMX OCJaOJEHHbBIE 30HbI U TMOCIY-
SKWBIIVX BBIBOOHBIMHM KaHaJaMW UISI KMMOEPJINTO-
BbIX KOJOHH). B mpenenax KMMOEpJIUTOBBIX MoOJei
KyCTBhl TPYOOK M JIOKaJIbHBIC TPYOKH MOXHO BBIIE-
JINTH IO HAJIMYUIO JOKAJIBHBIX OIM3M30METPUIHBIX
TPAaBUTAIIMOHHBIX  AHOMAJIIMA  MHTEHCHBHOCTBIO
-0,5— -0,7 mI1, KOTOpbIE MOTYT OBITh CBSI3aHBI C
KUMOEPJIUTOIIPOSIBIICHUSIMH 3KCIIJIO3MBHOTO THUIIA
(TpyOuaToe Teno), hOpMUPYIOIIMMHU BIOJb KOHTPO-
JIMPYIONIETO WX pa3joMa JIUCKPETHYIO Liernb (KyCT)
CTPYKTYD.

BbiBOabI M IEPCTIEKTUBBI JAJIbHENIIETO PA3BU-
THsI. VTHTyAbCKUiII MerabjoK MO BbIAEJICHHbBIM TTy-
OWHHBIM ITPEINOCHIIIKAM Y KPUTEPUSIM, a TAKKE PSIIY
MIPSIMBIX TIPU3HAKOB aJIMa30HOCHOCTHU, SIBJISIETCSI
€IMHCTBEHHBIM JIMTOC(EPHBIM cerMeHTOM Ha YI1II,
KOTOPHI MOXXHO OTHECTH K TIEPCIIEKTUBHBIM Ha BBI-
SIBJICHUE TIPOMBIIIJICHHO aJIMa30HOCHBIX CTPYKTYp,
HECMOTPSI Ha MaJICOIIPOTEPO30MCKIIL BO3PACT CTaOU-
nu3auuu (pyHIaaMeHTa.

Kuposorpanckuit ypaHoBopyaHbIii paiioH MH-
TYJIbCKOTO Meradyjioka OZHO3HAYHO OIpEneuics U
KaK KMMOEPJUTOBBIN paitoH. OgHaKo BOIIPOC 00 OT-
HECeHMU 3TOro paiioHa B pa3psii aJIMa30HOCHOTIO
MUHEpareHU4Yeckoro TpedyeT YBEPEHHOIo IIoa-
TBEPKIACHUS aJIMAa30HOCHOCTH BBISIBJICHHBIX KUM-
OepJUTOB U aBTOJUTOBBIX OpEeKUUl KUMOEPIUTOB.
O0beM BBINMOJHEHHOTO ONpoOOBaHUST HENOCTATOUEH
IIJISI OLICHKHU paHTa aIMa30HOCHOCTH.

B uenom, UHryabckuii Merabjiok MOXET OLIEHU-
BaThbCSI KaK ITEPCIICKTUBHEIN Ha BBHIIBICHUE KOPCH-
HBIX MECTOPOXICHUH aJIMa30B B KUMOCSPINTAX 1 JIAM-
npoutax. Ha cerogHsurHuii 1eHb B CEBEPO-BOCTOY-
Hol yactu MHTryabcKoro Merabjaoka Mbl ITOC/IeI0BA-
TEJIbHO TPOBEIY CIeLMaJIM3UPOBAHHBIC Ha ajMa3bl
peruoHajibHble TIPOTHO3HBIE pabOThl MaciuTabda
1 : 200 000, morckoBbIe pabOThI Ha ajiMa3bl Ha Jeje-
KOBCKOM ¥ IIIOPCOBCKOM KMMOEPIUTOIPOSIBICHUSX,
Ha OeBATH M3 27 BBIOEJICHHBIX aJIMa30IePCIIEKTHUB-
HBIX 3KCIUIO3UBHEIX CTPYKTYpaX. DTO ITO3BOJIMIIO IO~
JIVYIUTH TIO3UTUBHBIC TEOJIOTMUCCKHUE pPEe3yIbTaThl.
B Hacrosiee Bpems, B YCIOBUSIX OTCYTCTBUSI TOCY-
IapCTBEHHOTO 3aKa3a Ha IieJieHaIIpaBJIeHHBIC TIONCKI
aJIMa30B Ha TCPPUTOPUM YKPaWHBI M YCHIIMBIICHCS
TEHIECHIIUM K COKpAaIlleHUIO OIOMKETHOTO (PMHAHCHU-
pPOBaHUS Ie0J0rOpa3BeNOYHBIX PA0OT, IJIaBHAS 3a1a-
ya — cOXpameHue 00ANCHbIM 00pazom zeoaozuue-
CKOUl U MUHEPAN02UHeCKOU OOKYMEHMAauuu 04
ayumux epemen. I1lpu 3ToM cienyeT MOMHUTh, UTO
Ha Tepputopumn MHrynsckoro meradiaoka Y11 nmposis-
JIeH Ha0Op IIO3UTHBHBIX KPUTEPHEB W IIPU3HAKOB
(MMHEPaJIOTUIECKUX, TICTPOJIOTUIECKIX, TeOXUMIIe-

38

CKMX, TEKTOHUYECKUX, TeO(DU3NIECKUX, TeOIUHAMU-
YECKUX) JIJIST OTKPBITUS 3[1ECh MECTOPOXKIECHUI aTMa-
30B. AKTyaJlbHOU B THTyJIbCKOM MEradyioKe SIBJISIETCS
U TipoOsemMa MoMcKa M MPOTHO3a HETPATUIIMOHHBIX
HEKMMOEPIMTOBBIX MCTOYHWKOB alMa30B, CBSI3aH-
HBIX C TIPOSIBIICHUSIMU IKCIIJIO3UBHBIX 00pa30BaHU
(6bpexumii, TyHoB, GIIOUAUZUTOB, TAMIIPOUTOB).
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Merta. BusiBieHHsI HOBUX 3aKOHOMIpPHOCTEM ITpo-
CTOPOBOTO PO3MillICHHSI Pi3HOPAHTOBUX TaKCOHIB
MPOAYKTUBHOTO KiMOEpIiT-IaMITpoOiTOBOTO Marma-
TU3MY Ha TepuTtopii Ykpaincekoro mura (Y1) Ta ix
BiJoOpaXkeHHsI B reojioro-reodisuyHux martepiajax.
OOrpyHTYBaHHSI HOBUX KPUTEPiiB JIOKasi3allii pi3HO-
MacIITaOHUX aJMa30HOCHUX CTPYKTYp Ha OCHOBI
CUCTEMHOTO MiIXOMy.

Metoauka. BUKoHaHO KOMILUIEKCHUIA aHai3 Be-
JIMKOTO 00csry reoizuHoi, reooriyHo1, MeTporeo-
xiMmigHOi1 iH(popmMairii mo Y1 it BUBYeHHS MiHIN-
BOCTI IMapaMeTpiB NIMOMHHOIO CEpeloBuUIla, 110 BU-
3HAYaIOTh MOXKJIUBICTh BUHMKHEHHST aIMa30HOCHMX
KiMOepIIiT-1anpoiTOBUX pO3IUIaBiB y JiTocdepi Ta
migiioM  GJoigo-MarMaTUYHUX KOJOH Ha BEpXHi
CTPYKTYPHi TOPU3OHTU 3¢eMHOI KOpU 3 (DOPMYBAHHSIM
MPOLYKTUBHUX aIMAa30HOCHUX CTPYKTYD.

PesyasraTii. BcTaHOBI€HI HOBI 3aKOHOMIPHOCTI,
1110 BimoOpaxaroTb crieliidiky hopMyBaHHS MPOIYK-
TUBHOI'O aJIMA30HOCHOTO KiMOEpJIiT-1aMIIpPOiTOBOTO
MarmMatusMy Ha 0a3i GaraTopiBHEBOI y3arajilbHEHOiL
6araToakTOpHOI MOJEeJi TPUPOIHOIO AIMa30yTBO-
peHHsl. Bus3HaueHi HOBi KpuTepil MPOTHO3yBaHHS
Pi3HOPAHIOBUX IOTEHLIHO aJIMa30HOCHUX KiMOep-
JITOBUX, JIAMIIPOITOBUX TaKCOHiB TepuTopili YIII y
reojioro-reodiznuyHux marepianax. lLle mamo 3mory
3AIMCHUTA OOIPYHTOBAHI IMPOTHO3HI OLIHKU MOTEH-
LiliHOI aJMa30IMPOAYKTUBHOCTI MPOSIBiB KiMOEPJIiT-
JIaMITPOITOBOIO MarMaTU3My CErMeHTIiB JiTochepu
VIII, 3HauHO MiHiMi3yBaTU TUIOLII JJIsI MOAAIBIINX
MOLIYKOBUX POOIT.

HaykoBa HoBHM3HA. Bu3HaueHO HOBUII KOMII-
JIEKC KPUTEPiiB ITPOTrHO3yBaHHS Pi3HOPAHTOBUX TaK-
COHIB MPOSIBY NPOAYKTUBHOTO KiMOEpJiT-I1aMIIpoi-
TOBOT'O MarMaTM3My YKpaiHCHKOTO IIIUTA, 110 BpaXxo-
BY€E y3araJibHeHy 0aratohakTOpHY MOIETb IIPUPOI-
HOTO aJIMa30yTBOPEHHs. 3a3HAauYeHUIl KOMILICKC
KPUTEPiiB 103BOJISIE BUKOHYBATU MOCIIAOBHY CHUC-
TeMHY JIoKaji3alilo pi3HOPAHTOBUX TOTEHLIIAHO aJi-
Ma30HOCHUX CTPYKTYP Ha MOBEPXHi (hyHIAMEHTY.

ITpakTnuna 3HaymMmicTb. Ha ocHOBI BuUKoOpuUcC-
TaHHSI TeO0JIOTO-Teodi3UUHUX Ta METPOTeOXiMiYHUX
MaTtepianiB o Y1 BUKOHAHO KOMILIEKCHUIA TeoyIo-
rivnuii anani3 repurtopii Y1 Ta oniHeHo 1i mepcrek-
TUBU HAa KOPiHHY aIMa30HOCHICTb, BUIIJIEHO IO
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HaiMOBIpHilLIOI JJOKasi3allii MPOAYKTUBHUX MPOSIBiB
KiMOEepJIiTOBO-JTaMIIPOITOBOro BysKaHi3my. Lle mo-
3BOJISIE CYTTEBO MiABUIIUTH €(DEKTUBHICTb IMPOTHO3-
HO-TIOIIYKOBUX POOIT 1 HOCTOBIPHICTH OTPUMMAHUX
pe3yJbTaTiB.

KumouoBi ciaoBa: aamazonocni cmpykmypu, ai-
mocghepa, npoeHo3Ho-nouLykoei kpumepii, Ykpaiu-
CObKULL uum

Purpose. Identify new laws of spatial distribution
of different rank taxons of diamondiferous productive
kimberlite-lamproitic magmatism in the territory of
the Ukrainian Shield and its reflection in the geological
and geophysical data. The research is devoted to study-
ing the new criteria for localization of multiscale dia-
mondiferous structures on the base of system approach.

Methodology. Complex analysis of a large amount
of geophysical, geological, petrogeochemical infor-
mation on the Ukrainian Shield was made. The vari-
ability of the deep environmental parameters that de-
termine the possibility of occurrence of diamondifer-
ous kimberlite-lamproitic melts in the lithosphere and
the rise of fluid-magmatic columns on the upper
structural horizons of the Earth’s crust to the forma-
tion of the diamond-producing structures was studied.

Findings. New laws, reflecting the specific forma-
tion of productive diamondiferous kimberlite and
lamproitic magmatism on the base of multilevel gener-
alized multifactor models of natural diamond forming
were discovered. New prognostication criteria of vary-
ing in ranks potentially diamondiferous kimberlite,
lamproitic taxons of the Ukrainian Shield’s (UkrSh’s)
territory in geological and geophysical materials were
supported. This gave the opportunity to make reason-
able forecasts of the potential manifestations of dia-
mondiferous kimberlite-lamproitic magmatism in the
UkrSh’s segments of lithosphere and significantly
minimize the area for further exploration works.

Originality. The new complex of forecasting crite-
ria of different rank taxons of diamondiferous produc-
tive kimberlite-lamproitic magmatism of the Ukrainian
Shield, which is based on multilevel generalized multi-
factor models of natural diamond forming, was defined.
This complex of criteria allows for a consistent system
localization of different ranks of potentially diamond-
bearing structures on the surface of the foundation.

Practical value. On the basis of the use of geo-
logical, geophysical and petrogeochemical data the
comprehensive geological analysis of the Ukrainian
Shield was made. Moreover, its perspectives on the
root of diamonds were evaluated; areas of most prob-
able localization of productive manifestations of kim-
berlite-lamproitic volcanism were localized. This can
significantly increase the effectiveness and validity of
forecasting and prospecting geological works.

Keywords: diamond structure, lithosphere, fore-
casting and prospecting criteria, Ukrainian Shield

Pexomendosarno do nyoaikauyii 0okm. eeon. HayK

M.M./loebnuuem. Jlama Hadxo0xuceHHs1 PYKONUCY
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Purpose. Substantiation of effective ways of mining titanium-zirconium ores deposits with high levels of
flooding at the exploration Motronivskyi site of Malyshevskyi Deposit.

Methodology. The correct definition of hydrogeological parameters on Motronivskyi site by constructing
wells in the relief depressions for the establishment of an average filtration coefficient in Miocene aquifer complex
with the graphic-analytical method. The digital model of the area of Motronivskyi placers is based on the publicly
available software package “VISUAL MODFLOW?” considering laboratory and field studies. Substantiation of
effective technology of overburden operations and underwater ore extraction, based on the received digital model
of the area was carried out using a technical and economic analysis.

Findings. The technological scheme of underwater mining of mineral deposits at Motronivskyi deposit allows
refusing from the use of wells for pit dewatering. The capital cost of the facility amounts to 10.5 million Euros, ac-
cording to the bankable feasibility study by “Vattenfall” company. There is also a reduction in the cost of mining
Sarmatian sands and spreading it in the basis of internal dump. Instead of loading into trucks and transporting
around the quarry at a distance of about 2 km, Sarmatian sand, in the proposed scheme, is pumped to a distance
300 m in the slurry form.

Originality. The results of studies to establish the dependency of the average filtration coefficient of the Mio-
cene aquifer on the parameters of the field are promising for the use in underwater mining operations, especially
in case when the level of groundwater in the Neogene-Paleogene aquifer remains unchanged.

Practical value. Determination of hydrogeological parameters on Motronivskyi deposit and creation of the
area digital model allows substantiating the choice of the efficient technology of overburden and mining minerals
from previously used schemes with shovel and road trucks and new schemes for mining titanium-zirconium ores
with the use of dredgers and hydraulic transport.

Keywords: placer deposits, hydrogeological parameters, dredger

Introduction. The exploitation of placer titanium-
zirconium deposits in Ukraine began more than half a
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century ago. For this time various methods and tech-
nological schemes of mining operations have been
implemented. As a result of researchers and produc-
tion workers’ creative efforts, a technology was found
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and brought to a high productive performance, which
includes mining ore with dragline, transporting it to
points of the integrated hydraulic ripping, washing-
out with a hydraulic giant and pumping as slurry (pulp)
to the concentrator.

Successful use of this technology gave rise to the idea
of its perfection and universality. Therefore, this tech-
nology was proposed in the drafts for mining Motron-
ivskyi site (MS) of Malyshevskyi deposit as well as
weathering crust of Stremyhorodske magmatic deposits.

However, the experience of practical application of
the above technology while developing a particular
field indicates its incapability. This is due to the unique
hydrogeological conditions and engineering geologi-
cal properties of rocks in the Motronivskyi site of
Malyshevskyi Deposit. Therefore, there is an urgent
issue which is to develop a new technology for devel-
oping titanium-zirconium ore at Motronivskyi site de-
posite [1].

Analysis of the recent research. Hydrogeologi-
cal conditions in the period of exploration Motron-
ivskyi titanium-zirconium placer were not studied suf-
ficiently. The source of information for the develop-
ment of the project documentation was the report of
“Tsentrukrheolohiia”, a subsidiary of NAK “Nadra
Ukraine” in 2002.

The seventies of the last century saw active im-
provement of mining technology for placer mineral
resources with a high degree of irrigation. Thus, an un-
derwater method was proposed to develop the mineral,
which was also used for Irshanskyi deposits of conti-
nental origin. Stripping was performed with a dragline,
and the ore sand was removed with bucketline dredges.
Due to the complexity of the ore deposit shape and
mutability of the minerals content, the control over
the pulp composition was insufficient [2]. This led to
increased losses and mineral dilution.

The world practice of open cast mining has also
dealt with solving this problem. While analyzing re-
search works, we considered the experience of the
mining of coastal placer deposits in Australia, India,
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America, and New Zealand, where the minerals are
extracted from the water by dredgers or drags. Typi-
cally, dredgers for ore extraction are installed with
dressing tools, which are mounted on barges. Only
rough concentrate is transported to the coast. The ex-
perience of dredger application to dewater Lebedinsky
iron ore pit was analyzed as well.

Unsolved aspects of the problem. Existing de-
velopments in the local and foreign scientific-research
and design works does not allow applying known solu-
tions while mining the Motronivskyi placer without a
detailed substantiation of the hydrogeological condi-
tions of the deposit. This is explained by the fact that
Motronivskyi site is an ancient marginal-marine de-
posit. The field is different from continental ones by
the flat roof surface. The sole of ore deposits is deter-
mined by the conditioning of the mineral content and
varies little in space.

The identification of Motronivskyi placers hydro-
geological parameters allows moving on to the techno-
logical component of the task, which is to select effec-
tive technological schemes of mining flooded placer
deposits of titanium-zirconium ores.

Objectives of the article. The definition of cor-
rect hydrogeological parameters of Motronivskyi plac-
er due to the construction of wells in a lower part of
relief allows establishing the average filtration coeffi-
cients of the Miocene aquifer complex. The develop-
ment of digital models of Motronivskyi placers based
on public software package “VISUAL MODFLOW”
was made according to laboratory and field studies.
Substantiation of effective technology of overburden
and under water ore mining was based on the obtained
digital models of the deposit area.

Presentation of the main research. The area of
the deposit field features spreading water in the cracks
of the primary igneous rocks and in sediments of the
Kyivskyi, Buchatskyi, Kharkivskyi, Poltavskyi and
Sarmatian ages (Fig. 1).

The last two horizons are identified as Miocene
aquifer system. Glauconite sand of the Kharkivskyi
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Fig. 1. Schematic hydrogeological section of Motronivskyi-Annouskyi site:

1 — water in fractured crystalline basement rocks; 2 — water in the crust of weathering, the sand of buchatskyi and
kyivskyi layers; 3 — relatively aquifuge sand of kharkivskyi layer; 4 — sands of the poltavskyi series; 5 — sarmatian
sands; 6 — seat clay; 7 — partially flooded loess loams; § — groundwater levels in the quaternary sediment and in
the Miocene aquifer complex
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layer in this area of clay has a firm consistency. It is
adopted for aquifuge bed that divided Miocene aquifer
complex from aquifers which are located below.

To determine the hydrogeological parameters, two
welt clusters were built in depressions of relief — beams.
The Central borehole was drilled with a diameter of
600 mm and equipped with filter columns of pipes
with a diameter of 219 mm. The filters were installed in
the layer of the Poltava deposits. The space between
the side of the hole and the filter was filled with gravel.
During the experiment test pumping of water was car-
ried out with a constant flow at one fall. The results
showed the average filter factor of the Miocene aquifer
complex, equal to 3 m/day.

The obtained parameters were taken as the basis in
the calculation of dewatering system within the feasi-
bility study for MS mining by German engineering
company “Vattenfall”. The planning schemes of de-
posits dewatering due to dewatering well with filters
were installed in the bottom of the Poltavskyi and
Kharkivskyi sediments. The complexity for the pro-
posed systems has caused the need for detailed analysis
of existing materials and additional hydrogeological
investigations.

To refine the hydrogeological parameters, the fil-
tration properties of rocks are determined using differ-
ent methods: 1) the calculation according to the results
of granulometric analysis; 2) studies with laboratory
instruments; 3) field experimental-filtration works;
4) the solution of inverse problems according to digital
simulation models.

Granulometric composition of the ore sands are
given in Table 1.

As we can see from the data given in Table 1, ore
“sand” contains 74 % of very fine sand, 17.8 % of dust,
and 8.2 % of clay.

According to the engineering-geological classifica-
tion of rocks [3] regarding grain-size composition ore
sand is not sand, it is light dust loam. The filtration co-
efficient is a function of granulometric composition
and porosity. For the well-known empiric formulas

their filtration coefficient is 0.0034 m/day, which is
three orders of magnitude smaller than adopted in the
design.

Sarmatian Sands are more coarse-grained than
Poltavskyi sands.

Granulometric composition of the Sarmatian stage
sands is given in Table 2.

According to the granulometric analysis, the filtra-
tion coefficient of Sarmatian sands is from 1.4 to
12.4 m/day.

For better certainty, laboratory measurement of
the filtration coefficient Sarmatian sands was con-
ducted using a modified device of G.N. Kamensky.
The obtained values of filtration coefficient are
2—6 g/day. Laboratory testing of permeability coeffi-
cient of sands ore was not possible because they have
water loss close to zero. The water in them has a
bound form.

The obtained results of calculations and laboratory
studies allow conducting an alternative interpretation
of the pumping test results from well made by different
organizations previously.

Although the filters of central welt cluster were lo-
cated in the interval of Poltavskyi sands, the occur-
rence of gravel between the wall of the borehole with a
diameter of 600 mm and pipes with a diameter of
250 mm has stipulated the free water flowing in the fil-
ter interval of the Sarmatian deposits (Fig. 2).

The water conductivity (k'm) designed by the
graphic-analytical method was 70 m/day. This means
that the parameters do not refer to Poltavskyi, but refer
to the Sarmatian sediments. If the resulting water con-
ductivity — 70 m/day is attributed to the layer of flood-
ed Sarmatian sands — 5.5 m, we will receive a filter
factor of 12.7 m/day.

Refinement of hydrogeological parameters is made
while observing pumping water out of the trench in
size of 36 x 77 m, mined by the Esh10/50 Dragline to
a depth of 3 m below the water level. In the trench, a
pump was installed and water pumping was done with
a flow rate of 40 m’/hour.

Table 1
Granulometric composition of the ore sands
Size fractions, mm Total
Parameters | =909 | —0.500 | -0.250 -0.100 ~0.050 -0.010 =0.005 | oo B
+0.500 +0.250 +0.100 +0.050 +0.010 +0.050 +0.001 ’
Content, % 0.01 3.61 20.73 49.21 6.44 7.27 3.94 8.19 100
Table 2
Granulometric composition of the Sarmatian stage sands
Size fractions, mm Slope angle
Parameters
0.5-2 | 0.25-0.5 | 0.1-0.25 <0.1 d60 D10 Dry soil Under water
Content, % 1.3 39.2 45.4 14.1 0.2—0.26 0.04—0.12 32 29
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Fig. 2. Diagram of the water flow through gravel
strew while conducting pumping tests

The filtration coefficient was determined accord-
ing to the formula of Theis for non-stationary mode,
m/day

K=0-1n(2,25-a - t/r2)/dn- S,

where Q is the pumping flow rate, m’/h; a is the coef-
ficient of piezoconductivity of bed, m?/h; ¢ is time, h;
r is given radius of the excavation, m; .S is demo-
tion, m.

Since the formula is not solved regarding filter co-
efficient explicitly, the method of iteration is applied,
which results in a value of K= 13.2 m/day. This result
almost coincides with the results of calculations of the
pumping tests (12.7 m/day).

Considering laboratory and field studies the digital
model of the area Motronivskyi placers was developed.
It is based on publicly available “VISUAL MOD-
FLOW?”. software package. Solving the inverse prob-
lem, we found the following filtration characteristics of
the key rocks of the Miocene aquifer: 1) the deposits of
the Poltava series — filtration coefficient 0.0034 m/day,

Sarmatian sand in beams — 12.7 m/day, the rest of the
area — 1.4 m/day. The water loss equals 0.1.

These parameters were adopted in prediction calcula-
tions of water inflow into a prospective quarry with the
open method of drainage. The simulation results in the
flow of water are not more than 1000 m?/day, 50 m?/hour.
To pump this amount of water would not present any
problems. However, to drain the deposits in Poltava se-
ries is not possible due to the lack of water loss.

The establishment of geotechnical properties of
rocks was performed using analysis of geological docu-
mentation of the deposits in the Poltava series, where
it is listed as sand. However, according to the engi-
neering-geological classification of rocks according to
grain-size composition, they are light dust loam [3].

Such water-saturated soils are thixotropic, under
the action of dynamic loads or hydrodynamic pressure
they deliquesce. In mining and construction, they are
defined as the quicksand [3]. They outpour from the
excavator bucket and the truck body. The walls of
boreholes are become swollen.

This is confirmed by the fact that the selection of
technological samples of titanium-zirconium ore was
conducted from the wells using an auger, and notably
75 tons of sand was produced from bore No. 2 [3]. Un-
der the action of gradient filtering on trickling sites,
water depth career become swollen. As a result, a swol-
len niche is formed, which provokes the collapse of the
thicker Sarmatian sediments lying above the ore de-
posits. In such rocks, the excavation of drainage ditch-
es and sumps is not possible. The only possible way is
the underwater excavation of ore.

The first industrial tests of the underwater mining
method for Motronivskyi placers were held at the au-
thors’ suggestion in 2015.

To master the underwater technology a dredger of
ZGM-2m 42-8 type has been installed with the follow-
ing technical data: performance of the dredge pump
for slurry 2000 m3/h, for solid 300 m?/h. Normal depth
of excavation is 11 m, the maximum one reaches 18 m.

Fig. 3. Dredge in Motronivskyi open cast mine
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The movement of the dredge is of an anchor type.
Fig. 3 shows a photo of the dredger working in Mo-
tronivskyi cast.

The dredger is mounted in the pit with a depth of
about 1.6 m from the water level and a volume of
9600 m? which was built using the dragline. The first
test run of the dredge was held in late August, 2015.
When trying to start the operation, the available supply
of water in the pit was nearly exhausted within three
hours and a dredger ran aground. The groundwater in-
flow was scanty and further dredging work was not
possible. In this regard, the technology needs the re-
verse water supply and recharge from an external
source. After that the pit was expanded and filled with
water collected in a temporary pond. At a distance of
about 300 m from the excavation, a temporary hydrau-
lic-mine dump was built.

From October, 2015 the regular dredger works
started. It was found that the sand of Sarmatian hori-
zon was washed out quite effectively. The swath walls,
which a dredger forms, are first held in a vertical posi-
tion, but within a few hours they become swollen. The
maximum angle of bottom inclination after passage of
the dredge is 28—32°.

Mining ore while deepening the working body of
the dredge below the base of Sarmatian sand is easy.
By the end of November a trench was formed with a
width of 100 m and a length of about 200 m. The depth
map of the pit, which was formed as of 19 November,
2015, is shown in Fig. 4.

The maximum depth of excavation, reached on
November 23, 2015, was 8 m at a distance of 50 m from
the shore. The tangent of the bottom slope was equal
0.18, which corresponded to the angle of 10°.

- —m—etres
0 5 10 20 30 40

Fig. 4. The map of the open-cast mine depths in
November 2015
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While trying to deepen the excavation to the roof of
the ore sand, the internal erosion takeaways occurred
that led to the leveling of the pit bottom. Along the
side on the surface cracks appeared, indicating a
drawdown of thickness of Sarmatian sand over the
flow core in the ore sand. Overall, the experience with
the use of a dredger to conduct stripping and mining
operations gave a positive result. Further, it is worth
mastering the system practice determining the opti-
mal producing cards size, organization of dredgers
movements, etc.

After the establishment of the basic hydrogeologi-
cal parameters of the Motronivskyi placer, the se-
quence of mining works was defined. According to
the concept of the authors, the technology of over-
burden and mining minerals from the underwater
condition can be implemented in several different
ways.

According to the first method, the Sarmatian de-
posits are developed in a mechanical way, according
to the second one in a hydromechanic way. To imple-
ment the first method it is necessary to construct a pit
and reduce the water level in the roof of ore deposits
using a dredger (Fig. 5). The dragline is placed on
berm in the sandstones above the water level and pro-
tects the roofing of ore formation, creating a berm on
the roof of the ore. The width of the berm must be
such that with the displacement of the ore ledge, the
line of the cliff does not reach the soles of the Sarma-
tian sands and with the collapses in the Sarmatian
sands, the products of the collapse do not reach the
sand ore.

The water level in the pit should be at a few deci-
meters below the roof of ore deposits, for visual in-
spection when cleaning the roof with an excavator. In
the case of water level rise due to heavy precipitation,
the dredge elevates a suction pipe and pumps the water
into the reservoir. At the lowering of water level, water
is supplied from the storage pond. The first method
implementation is complicated by the fact that the
Sarmatian sand below the water level also has proper-
ties of quicksand. Another negative factor is the large
cost of transportation of Sarmatian sand inside the in-
ternal dump with dump trucks, due to the considerable
distances, because the full development of the quarry
will reach a width of over 1.5 km.

Fig. 5. The scheme of stripping and mining ore
(method 1):

1 — water; 2 — ore; 3 — water-bearing Sarmatian
sand; 4 — dry Sarmatian sandstone; 5 — aquifer
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Fig. 6. The scheme of excavation of flooded Sarmatian rocks with a dredge:

1—5 are the same parameters (Fig. 5)

As for the second method, the flooded and later
above-water part of the Sarmatian sand is also mined
with a dredger (Fig. 6). The water level in the open cast
mine corresponds to the natural one.

There are several stages in the development of min-
ing operations. At the first stage, initial excavation, in
which a dredger is installed, is constructed using the
dragline. The dry part of the bench surface is left of
minimum height that allows the vehicles to move. The
dragline develops Sarmatian sand, which is delivered
by road to the external dump. The dredger works out
the Sarmatian Sands within the interval from water
level to the roof of ore deposits. The slurry is fed to a
temporary dump. Water from the hydraulic-mine
dumps returns to the pit.

The first phase continues until the width of the pit
bottom reaches 60 m. This width is determined from
the condition that with the width of the berm of 30 m

Sarmatian sand does not float to the extractive slaugh-
ter.

‘When a berm with a width of about 30 m between
the mining face and the slope of Sarmatian sand is
formed, we proceed to the second stage: to install a
second dredger and begin the mining of the ore
(Fig. 7). Extracting dredger forms a trench with a
depth equal to the thickness of the ore seam and then
expands it after the promotion of dredger, which per-
forms opening.

Upon reaching the mining trench width of 30—
50 m, the third stage of mining operations begins. At
the same time the dragline mining of over-ore bench
with Sarmatian sands is finished (Fig. 8).

The dredger is equipped with a giant monitor for
wash-out of the surface ledge. The installation of a
slurry pipeline is carried out for reclamation of Sarma-
tian sand in dump from the opposite side of the pit.

—>
To plant

Fig. 7. The scheme of excavation of flooded Sarmatian sands and ore with dredges

—
10lm To plant
0 o/
18 m
16m_ | 13m_[30m]| 22 m | 50 m | 40 m
170 m

Fig. 8 Mining scheme for over-ore bench with Sarmatian sands and ore by dredges
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The dredgers are moving in the direction of the front
works. The worked-out area is filled with sand of Sar-
matian horizon. The latter should serve as the basis for
dumping rocks in the internal dumps in a mechanical
way.

In order to make the height of the sand deposit
greater than the excavation depth (from the water level
to the soles of ore deposit), the first dredger is to de-
velop a Sarmatian sand bench with a height of 16 m of
which 6 m is under the water and 10 m is above the
water.

The fourth stage of mining differs in the fact that
overburden rocks which are developed for the road
transport system, begin to store the rocks of the over-
burden into the mined-out space on the surface of
washed beach with Sarmatian sand.

The fifth stage occurs after the storage of tailings on
the surface of internal dumps becomes possible.

The research aimed at the use of the worked-out
area and the internal dump pits for the placement of
tailings started in Ukraine in the seventies of the last
century. On the basis of scientific research [4], the proj-
ect of the tailings dumps in the internal dump of Niko-
pol manganese pits was developed and in 1975 the first
phase of the tailings was brought into the operation.

The technological scheme for the development of
Irshanskyi ore field placers is given in [2]. After the
formation of a sufficient space of mined-out areas, the
refinement tailings are placed between the internal
dumps. The latter are formed in a ridge shape dumps,
which serve as fences dams. For conditions of Maly-
shevskyi titanium-zirconium deposits, these proposals
are formulated in the patent [5].

The main conditions for placing the tailings on
dumps surface are presented in the following way.

The dump relief is formed in such a way as to serve
as tailings dams in the future. The tops of the dams
correspond roughly marks a natural watershed.

Considering the fact that the volume of overburden
is 4 times as large as the amount of waste, the dams
should be formed with large margin of safety.

The building of dams and tailings alluvium is com-
pleted synchronously. The water discharge is provided
through stoplog wells and pipes, which are laid under
the dams.

As a result, landscape is formed from the system of
the tailings which is similar to a system of beams
blocked by dams.

Conclusions. The application of the proposed
technology of mining the Motronivskyi placer allows
refusing from draining careers using water depression
wells. According to the bankable feasibility study de-
veloped by the “Vatenfall” company, the capital cost
on the wells system construction for dewatering of the
quarry would amount 10.5 million Euros. Moreover,
there is no need for the construction of temporary
dams in the beam to intercept and pump surface water
with the subsequent dismantling of dams when the
mining operations area approaches them.

The proposed technology allows rejecting the ore
excavation of sand, transportation of ore to the “pulp”
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knot, with subsequent erosion, because ore is eroded
directly by dredger. Instead of excavators and dump
trucks dredges, which cost much less, are used.

Benefits from the introduction of underwater min-
ing of minerals at the Motronivskyi placer include the
reduction of costs on overburden of the Sarmatian
sands and its storing in the basis of an internal dump.
Instead of loading into trucks and transporting around
the pit at a distance of about 2 km, Sarmatian sand in
the form of slurry is pumped to a distance of 300 me-
ters only. The power costs for pumping tailings from
the mine to the concentrator decrease significantly
provided the factory of preliminary ore dressing is in-
stalled on the pontoons. According to preliminary es-
timates, the conventional method being used, these
costs reach 130 million kW-hours per day. When plac-
ing an ore dressing plant on the pontoons, the costs
reduce by 10 times.

The obtained results are promising regarding the
use in underwater mining of minerals, particularly
when the level of groundwater in the Neogene-Pa-
leogene aquifer remains unchanged. This helps to
prevent the development cone of influence and de-
pletion of groundwater resources. In the process of
deposits exploitation the very fine-grained ore sand
is replaced by coarser sand of the Sarmatian horizon
in which additional reserves of groundwater are gen-
erated.
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Meta. OOrpyHTYBaHHS €(MEKTUBHOIO CIIOCOOY
PO3pPOOKU POMOBUIL, TUTAHO-LIMPKOHIEBUX PYI 3 Be-
JIMKUM piBHEM OOBOAHEHHS Ha MpUKjIaai MoTpoHiB-
CbKOI TinsTHK ManuiieBChKOro poJoBUIIA.

Metoauka. BusHaueHHsSI KOpPEKTHMX TiIporeo-
JIOTIUHUX mapaMeTpiB  MOTpPOHiIBCHKOTO pO3CUNy
[IIJIIXOM CHOPYIKEHHSI CBEPIUIOBUH Y TTOHIKEHHSIX
penbedy 151 BCTAaHOBJIEHHST CepelHbOro KoedillieH-
Ta (inbTpallii MiolleHOBOIO BOHOHOCHOTO KOMILJIEKCY
3a rpadgoaHaiTuyHuM Mmetonom. LludpoBa monens
paitoHy MOTpPOHIBCHKOTO pPO3CUITy CKJIaJeHa Ha
OCHOBi  3araJIbHOOOCTYITHOTO ITaKeTy IIporpam
,VISUAL MODFLOW* 3 ypaxyBaHHSIM J1a00paTop-
HUX 1 TIOJIbOBUX AOCIiIKeHb. OOrpyHTYBaHHS e(eK-
TUBHOI TEXHOJIOTii pO3KPUBY Ta BUIOOYTKY PYIU 3-TTi/1
BOIY Ha OCHOBi OTpuMaHOi LM(GPOBOI MoeIi palioHy
BUKOHYBAJOCS 3 BUKOPMCTAHHSIM TEXHiKO-E€KOHO-
MiYHOIO aHami3y.

PesyabraTu. Po3po0JieHi TEXHOJOTiUuHi cxeMu
MiIBOMIHOI PO3POOKY KOPUCHOI KOTIATMHU MOTpPOHiB-
CbKO1 HiISTHKU JTO3BOJISIIOTH BiAMOBUTHUCS Bif BUKO-
PUCTaHHS CBEPIUIOBUH ST OCYIICHHS Kap’epy, Karli-
TaJlbHI BUTPATH Ha CITOPYIKEHHSI SIKUX CTAHOBISITh
10,5 MJTH €BpO, BiAIIOBITHO 10 PO3p0o0IIeHOTrO (hipMOIO
,,BareHdanns“ 6ankiBcbkoro TEO. Takox BimOyBa€Thb-
Csl BMEHIIICHHSI BUTPAT Ha PO3KPUB CapMaTChKUX ITiC-
KiB i iX YKJIaJIKy B OCHOBY BHYTPIIIIHbOTO BigBaiy. 3a-
MiCTh HaBaHTaXKyBaHHS 10 CAMOCKU/IIB Ta TPaHCIIOp-
TyBaHHS$I HaBKOJIO Kap’€py Ha BiIcTaHb OiJist 2 KM, cap-
MaTChKUI MiCOK, MpU 3anpoNoHOBaHill cxeMi, y BU-
IS MyJIBIU TepeKadyeThbes Ha BiacTaHb 10 300 M.

Haykosa HoBu3zHa. OTpuMaHi pe3yabsTaTv JOCTi-
JUKEHb 31 BCTAHOBJIEHHSI 3aJIEXXHOCTEW CepeaHbOro
KoediuieHTa ¢inbTpalilii MiolleHOBOTO BOIOHOCHOTO
KOMIIJICKCY Bifl ITapaMeTpiB pOIOBUINA MEPCIIEKTUBHI
IO 3aCTOCYBaHHS MPHU ITIIBOTHOMY BUIOOYTKY KO-
PUCHUX KOTIAJIUH, 0COOJIUBO Y BUITAIKY KOJIU PiBEHb
ITiI3eMHUX BOI HEOTECH-TaJIeOTeHOBOTO BOTOHOCHO-
IO TOPU30HTY 3aJTUIIAETHCSI HE3MiHHUM.

IIpakTuyHa 3HaunMicTs. BusHaueHHs rigpore-
OJIOTiIYHUX MapaMeTpiB MOTpOHIBCbKOTO PO3CUITY Ta
CTBOPEHHST LIM(POBOI MOJIEJi pailoHy I103BOJISIE 00-
IPYHTYBaTU BUOIp €(hEeKTUBHOI TEXHOJOTil pO3KPUBY
Ta BUIOOYBaHHS KOPUCHOT KOMAJIMHU 3 paHille Bigo-
MUX €KCKaBaTOPHUX i aBTOTPAHCIIOPTHUX CXeM Ta
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CcXeM BUIOOYyBaHHSI TUTAHO-LIUPKOHIEBUX PyI 3 BU-
KOPUCTAaHHSM 3€MCHAPSIAIB i TIIPOTPAHCIIOPTY.

Kirouosi ciioBa: pozcunui podosuwia, 2iopoeeo-
N02IMHI napamempu, 3eMCHAPIO

IHenab. O6ocHoBaHue 3((HEKTUBHOrO CcIiocoda
pa3pabOTKU MECTOPOXIECHUIN TUTAHO-LIMPKOHNUEBBIX
PYI C BBICOKHM YPOBHEM OOBOMHEHMUSI Ha MpUMEpPe
MOTpPOHOBCKOIO ydyacTka MabIlleBCKOIO MECTO-
POXIEHUSI.

MeTtoauka. OnpeneyieHue KOPPEeKTHBIX TUAPOre-
OJIOTMYECKMX TTapaMeTpoB MOTPOHOBCKOI POCCHITIN
IyTEeM COOPYKEHMUSI CKBAaXKMH B TTIOHVKEHUSIX PeIbe-
da g ycTaHOBJIEHUSI CpemHero KoadduiuneHTa
¢GmIBTpallii MUOLICHOBOTO BOTOHOCHOTO KOMILICK-
ca mo rpadoaHanuTHIecKoMy Mertomy. Lludposas
Mozesib paiioHa MOTPOHOBCKOI POCCHIINU COCTaBJIe-
Ha Ha OCHOBE OOIIENOCTYITHOTO MakKeTa IporpamMm
LVISUAL MODFLOW ¢ ydyeToM 1abopaTOpHBIX U
nojeBbIX uccaenoBaHuit. OdbocHoBaHue 3O HEKTUB-
HOI TEXHOJOTMHY BCKPBIIIHBIX pA0OT U TOOBIUU PYIbI
WU3-TIOJ BOIbI, HA OCHOBE MOJYYEHHOU LM(POBOI
MOJIeJIM paliloHa, BBIMOJHSJIOCH C MCITOJIb30BaHUEM
TEeXHUKO-3KOHOMHWYECKOTO aHaI13a.

Pe3ynbrarnl. PazpaboTaHHBIE TEXHOJIOTUYECKUE
CXEeMBI TIOIBOTHON pa3pabOTKH ITOJIE3HOTO MCKOTIae-
MOro MOTPOHOBCKOTO y4YacTKa IO3BOJISIOT OTKa-
3aThCS OT MCIIOJIB30BAHMSI CKBAXKWH IIJISI OCYIIICHUS
Kapbepa, KalluTaIbHbIC 3aTPaThl HA COOPYKCHUE KO-
TOpBIX cocTaBisTioT 10,5 MIIH €Bpo, comtacHO pa3pa-
ootaHHoro ¢upmoit ,,BareHdanp” 0aHKOBCKOro
THO. Takke TpOUCXOOUT YMEHBIIIEHE PACXOA0B Ha
BCKPBITHE CApMATCKUX MECKOB U UX YKJIAJIKy B OCHO-
BY BHYTpEHHEro oTBaja. BMecTo morpy3sku B camo-
CBaJIBl M TPAHCITOPTUPOBKM BOKPYT Kapbhepa Ha pac-
CTOSTHHE OKOJIO 2 KM, CapMaTCKUI MeCOK, MPU MPe-
JIOKCHHOI cXeMe, B BHIE ITYJIBIBI IIepeKauYnBacTCsI
Ha paccrostHue 10 300 m.

Hayunas wHoBu3Ha. [lomydeHHBIE pe3yiabTaThl
WCCICNOBAHUI TIO YCTAHOBJIICHHIO 3aBHUCHMOCTEH
cpenHero KoadduimreHTa GuIbTpaiui MUOLIEHOBO-
0 BOIOHOCHOTO KOMILJIEKCA OT MapaMeTPOB MeCTO-
POXACHUS IMTEPCIEKTUBHBI K TIPUMEHEHMIO TIPU TTOM-
BOIIHOM T00OBIUE MOJIE3HBIX MCKOITAaeMbIX, OCOOEHHO B
ciyyae, Koriaa YpOBEeHb IMOA3EMHBIX BOA HEOreH-Ta-
JIEOTEHOBOI'O0 BOJOHOCHOI'O FOPU30HTAa OCTaeTCsl He-
N3MEHHBIM.

IIpakTnueckas 3HauumocTb. OripeaeieHue ru-
JIPOTEOJIOTMIECKUX MapaMeTpoB MOTPOHOBCKOI poc-
CBHITIN ¥ cO3IaHMe IM(POBOIT MOIEIN paitoHa TT03BO-
JISIET 000CHOBATH BBEIOOP 3(P(HEKTUBHON TEXHOJIOTUHN
BCKPHIIITHBIX U JOOBIYHBIX PadOT U3 IIPUMEHSIEMBIX
paHee PKCKaBaTOPHBIX M aBTOTPAHCIIOPTHBIX CXeM U
CXeM TIO JTO0OBIYe TUTAHO-IIMPKOHUEBBIX PYI C HMC-
MMOJIb30BaHUEM 3€MCHAPSIIOB U TUAPOTPaHCIIOPTA.

KiroueBble cJIoBa: poccobinHvle Mecmopodscoe-
HUsl, eudpoeeonocuueckue napamempul, 3eMCcHaAps0

Pexomendosarno 0o nyoéaikauii dokm. mexH.

nayk A. IO. /lpisceuxom. Jlama naoxodxcenHs py-
konucy 22.11.15.
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Purpose. Research into processes that occur in the blasthole and rock during the first 300 us after a detonation
wave passing the given blasthole cross-section and determine the effectiveness of rock fracture.

Methodology. The analytical method of research based on fundamental positions of solid medium mechanics
was applied.

Findings. The mechanisms of rock fracture in fine-dispersed crushing zone were considered. The valuation of
dependences versus time of the blasthole radius increase, the displacement velocity of blasthole walls and of the
detonation products pressure changing during the first 300 s after the explosion, was fulfilled. It is shown that the
pressure in fine-dispersed crushed zone decreases exponentially and is inversely proportional to the square root of
the distance to the blasthole axis.

Originality. It was found that the main mechanism in the fine-dispersed destruction zone is instantaneous
rock destruction by shear stress. The particles size, into which the rock breaks down, is directly proportional to the
width of chemical reaction zone in the explosive. Dependencies of explosion cavity radius, rock fracture velocity
at the contact with detonation products and detonation products pressure on time are estimated using the adia-
batic equation for detonation products with a constant index, taking into account that a strong compression wave
is formed in the rock. It is shown that pressure decreases exponentially from the distance to the borehole axis in
the fine-dispersed destruction zone.

Practical value. The result of this work makes it possible to develop explosives with small fine-dispersed de-
struction zone and substantiate charges parameters with inert and water interval, thus reducing the size of a fine-

dispersed destruction zone.

Keywords: explosion, fine-dispersed crushed zone, shock waves, pressure and rarefaction waves

Introduction. More than 90 % of explosive energy
is spent on the blasting destruction of rocks in the ex-
plosion near zone. Pressure jumps after explosion, at
the rock-explosive contact, overcoming the rock mass
resistance to uniform compression, crush and grind
rocks, increasing the size of the charging cavity. After
initial increase in charge cavity volume, the pressure of
detonation products (DP) decreases, but still remains
high enough and acts on the enlarged cavity walls and
cracks, made after explosion.

By reducing energy consumption for grinding in
the near zone of an explosion, this energy can be redis-
tributed over the entire volume of destruction and thus
enhance explosive destruction efficiency. Therefore, it
is important to consider processes that take place in a
charge chamber and in the rock during the first 300 us
after a detonation wave passes a borehole of a given

© Kurinnyi V. P., Garkusha I. P., Nikiforova V. 0., 2016
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section. There are many complex wave processes that
pass through a borehole, which largely determine the
effectiveness of rock destruction and are difficult to
describe. Currently, the equation of detonation prod-
ucts state does not consider the interaction of their
constituent molecules; correlation between adiabatic
value and DP volume is not considered. Moreover,
processes of formation and propagation of shock waves
(SW) and compression waves (CS) in the rocks, and
processes of wave energy absorption as they propagate
are poorly investigated.

Therefore, consideration of the processes which
occur in the near zone of explosion at its initial stage
and their parameters estimation appears relevant.

Analysis of the recent research and publica-
tions. A number of studies [1] review explosive mining
operation processes and assume that a shock wave is
formed in the rock. In our opinion, this is not entirely
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true. Moreover, in this case the authors do not take
into account the relation between the volume and adia-
batic value of detonation products; nor they regard the
fact that formulas for shock waves are obtained for is-
entropic processes, i.e. the dissipation of mechanical
energy in isentropic processes is not considered. In
many publications stress field is reviewed as being sta-
tionary or quasi-stationary [2]. They assume that the
initial pressure is equivalent to the detonation pressure.
As shown by the authors, the initial pressure (or c,,) is
about 20 % less. Furthermore, in the zone of fine-dis-
persed destruction, the rock behaves as a quasi-liquid
ratio and charge cavity surface tension relation |c,,/Gg|
isnot 3.5, asin [2], but approximately 1. Therefore, the
objective of this article is to remedy these shortcomings
and to research processes at the initial stage of the
deep-hole charge explosion cavity expansion.

Presentation of the main research. As indicated
earlier by the authors of this article, pressure p; is
needed to form the shock wave in the rock, and can be
calculated by the formula

_2pyc;
T m+l]

) (1)
where p, and ¢, are, respectively, the density and the
velocity of longitudinal stress waves in the rock; m is
coefficient of rock shock compressibility in the Tait
equation.

A range of pressures, required for shock wave forma-
tion, p,=25—90 GPa is calculated from (1). This is con-
firmed by experiments in granite (p,= 2610 kg/m>; ¢,=
5870 m/s; m =4) at pressures p,< 33 GPa. Only acoustic
wave at velocity ¢; was recorded. Equation (1) gives the
value of p; = 35.97 GPa. Pressure values difference p; is
easy to explain. The shock wave only occurs when the
compression wave velocity increases along with pressure
increase. The compression wave velocity is determined

by the formula ¢, =+/dp/dp. Given that the rock pres-
sure and density are related by Tait equation

Po

where p is the density of the rock at the pressure p,
then

m-1 m-1

fAm P2 [ ijm
Cr= | :cr 1+_ > (2)
Po [poj ’ A

where c,oand c, are, respectively, wave velocity in the
rock at atmospheric pressure and at the pressure p.

This implies that p; must be greater than 33 GPa.
Compression waves propagating with velocity ¢, >c,,
are called strong (SCW).

Unlike the shock wave, the strong compression
wave has shock pressure surge. During this surge pres-
sure increases to the shock wave pressure at the interval
of about 1 nanometer. In addition, the substance be-
hind the wavefront of a plane shock wave moves with
the same mass flow rate and particles displacement rate
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in medium in the SCW decreases from maximum to
zero in the wavefront. It can be argued, that if rock
breaks into particles larger than 0.1 mm after the wave-
front, then it is not a shock wave. Increased particle
size is specified because the pressure in the damped
shock wave is lower than the pressure p,. In this case,
rock begins to break down due to its kinetic energy and
the wavefront width increases. When the pressure in
the wave reaches the rock dynamic yield strength, the
shock wave transforms in the compression wave.

Let us review the rock destruction processes near
the borehole walls. With the detonation wave (DW)
propagation in a borehole, the pressure in the area of
chemical reactions increases over time 1 to pressure p,,.
A strong compression wave is formed in rock after
that, with the frontal stress gradient average module in
the front which equals (Pa/m)

_&: . 1
(E)cs/é)r>_c.T (3+5)x10",

where c is the SCW velocity. Rock shearing

Stress gradient leads to deformations, which are
parallel to the wavefront, and causes rock shear. Since
the critical stress levels arise simultaneously on the
surface of the shear, the destruction occurs instantly.
Minimal particle size d can be estimated by the for-
mula (mm)

d~oy/(ps/c-1)<0,

where o, is the dynamic tensile strength of rock shear.

Considering the friction force, the size of subse-
quent particles will increase.

With SCW propagation, the rock moves in the ra-
dial directions, which leads to the radial cracks in-
crease, with the minimal distance order of magnitude
between them akin to the minimal particle size d.

Because there are many complex wave processes
(dilution and compression waves) in the plane which is
perpendicular to the borehole plane, propagation of the
SCW in rock is faster than propagation of the detona-
tion wave in the borehole. The components of the ten-
sor compression wave, propagating in the rock, depend
highly on the time. The greater the amplitude of the
stress in the compression wave, inhomogeneity and rate
of change of the stress field are, the smaller the particle
sizes into which the rock breaks are. In the near zone of
explosion, the rock breaks not only in a compression
wave, but also in the quasi-static stress field, created by
the expanding detonation products. The rock breaks in
the quasi-static field, if the field change during the time
of destruction of rock element is substantially smaller
than the limit of rock strength. The rock breaks into
particles with a size less than 1 mm in the examined
zone. The time of destruction in this case, is several mi-
croseconds, and during this several microseconds the
pressure in the rock changes by an amount less than 10
MPa. It can be said that rock, in any sufficiently strong
dynamic stress field, collapses in a quasi-static field
starting from a certain element. At a pressure of
4—7 GPa the rock density increases by 4—7 %. If the
rock is polycrystal, non-uniform according to its com-
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pressibility and durability, then stress concentrators
arise in rock, which contribute to the destruction level.
It is necessary to know dependence of near bore-
hole wall rock movement speed on time to evaluate the
destructive effectiveness of explosion. Since there are
no sufficiently accurate state equations for detonation
products and rocks, only movement speed of near
borehole walls rocks, can be estimated, assuming that
the expansion of the detonation products is adiabatic

prln = szzn’ 3)

where V| and V, are initial and final volumes of deto-
nation products; p, and p, are corresponding pres-
sures; 7 is an adiabatic index.

During expansion of detonation products the adia-
batic index decreases from n = 3 to #n = 1.33. Since it is
not possible to take into account the dependence of
the adiabatic index on the DP volume, it is generally
believed that » is constant.

With the actual loading densities of 500—1000 kg/m?>,
a major role is played by the volume of detonation
products molecules (covolume). Work [3] substanti-
ates that equation (3) can be re-written as

V]_ Y_ ﬁ_ Y
el o

where v is the adiabatic index which does not depend

Vi v, : .
on the DP volume; — and —=are dimensionless
0 0
quantities if ¥, = 1 m3; b is inaccessible to molecules
part of the volume in 1 m?® of DP at a chemical spike
pressure.

The adiabatic index can be expressed through the
average number of freedom degrees of i molecules,
constituting the detonation products

i+2

i

The average number of freedom degrees, contained
in the detonation products of gases, is

7o kaik
- )
v

where v, is the number of moles of & gas in DP; i is
the freedom degree of k gas molecules; v stands for DP
moles.

Covolume value can be calculated by the formula

p=1-Y.
n

If the detonation products contain solid particles,
then their volume is added to 5.

When V, = 1 m? and p, corresponds to the detona-
tion wave front p,, equation (4) can be re-written as

P41 =b)'=p(V-b)". (5)

If DP volume is expressed through the borehole ra-
dius (), then equation (5) takes the form
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py(1-b)" = p[(ﬂ —b] , (©6)

where r is the borehole radius at pressure p.

The pressure in the detonation products was calcu-
lated according to the formulas (6) and (3). The pres-
sure, calculated by the formula (6), is about four times
as large as the pressure, calculated by the formula (3).

The strong compression wave is formed in the rock
with detonation wave propagation in the given section
of the borehole. The initial rock velocity u, at the
borehole wall can be calculated by the formula

2c c
ul — r0 r _l , (7)
m—1\ c,
where ¢, and ¢, are the compression wave velocities at
the atmospheric pressure p, and at pressure p accord-

ingly.
Velocities ratio

”r

p can be determined from the
r0

equation (2)

m-1
c_r:(Hﬁ]”".
C A

Detonation products velocity on the DP-rock
boundary, if dilution wave is formed in the DP, is

u_ZCd l—i
: y-1 ¢y ’

where ¢, and c are the dilution wave velocities at pres-
sures p, and p accordingly.

.. . c .
Velocities ratio c_ can be determined from the
d

equation
y-1

¢, \p,)

Considering that u, = u, at the borehole wall

y-1 m-1

27 2
ul:uzzzcd _(ﬁ] :ﬁ (1+£j2 _1 . (8)

v-1 P, m—1 A

Acquired equation (8) allows evaluation of the ini-
tial pressure and the rock speed at the borehole wall.

Formula (7) is obtained on the assumption that at
the pressures rock behaves as a liquid, i.e. from hydro-
dynamic equations. SW equations do not take into ac-
count that the medium resists the wave and that SW is
formed at a pressure more than p,. From these equa-
tions, it follows that SW can occur at any pressure. Giv-
en that SW and SCW equations are obtained from the
laws of conservation of mass and momentum, the initial
values of the substance velocity and pressure in the
SWC and SW will match with a sufficiently accurate
precision. Assuming that the shock wave is formed at
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the borehole wall after explosion, it is possible to deter-
mine the initial rock displacement speed and the pres-
sure on the borehole wall using the formula for the mass
velocity in the shock wave. Then u, = u, equation is

2
u=u,= € [1——
v-1

where p, is rock density.

The following values were acquired for granite using
formulas (8) and (9): p, = 2610 kg/m?; ¢, = = 3750 m/s;
v = 1.4; A =23 GPa; m = 4. With explosive minimum
value p, = 4 GPa, the pressure on the borehole walls
and borehole wall displacement speed, calculated by
the formula (8) are: p=3.653 GPaand u==222.4m/s,
and by the formula (9) are: p = 3.65 GPa and u =
= 224.6 m/s. Reasonably good match of pressure and
velocity values confirms the validity of the formula (7).

Wave processes, which are propagating along and
perpendicular to the borehole axis, must be consid-
ered when determining dependence of DP pressure
and rock velocity on time, as well as superposition of
compression and dilation waves in rock, coming at the
relevant cross-section from the adjacent charge sites.
Instantaneous detonation must be considered to esti-
mate p(7) and u(7). It is generally believed, that the ini-
tial pressure in the borehole at the instantaneous deto-
nationis p=p, / 2. Given that only the initial stage of
the explosion (#=300 us) is reviewed, p and u real val-
ues will be slightly greater. Let the borehole radius in-
crease abruptly, so that during this leap changes of the
rock pressure and velocity can be neglected. Rock ve-
locity at the borehole wall and DP pressure in the
borehole at (j + 1) extension leap can be expressed
through pressure and velocity values at leap j

v-1

y-1
v Rk
U, ,= 2 (&J 1- —pJH =
’Y_l p pj

_ 2% | [ P ﬁ—l ,
m—1 A

where j is leap index number; p; and u; are pressure and
mass velocity of rock after extension leap ; ¢ is dilution
wave velocity in DP at the pressure p; p;,; and u; . are
pressure and mass velocity of rock after extension leap
Jj+ 1

The radius of the explosion chamber (borehole ra-
dius) after leapj + 1 can be found from equation (6)

1 2
Y v,
Fa=n [LJ [_!] —b|+b.
pj+l 'b

J-thleap time is At; = (r;, | — r)u,.

The results of calculations are presented in
Fig. 1-3. They were obtained with explosive mini-
mum value p, =4 GPa, dilution wave velocity in DP at
pressure p is ¢;= 3750 m/s; DP adiabatic value y = 1.4.
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Fig. 1. Dependence of detonation (p) product pres-
sure in the borehole on time (1):

p=107t>- 0.0068t + 1.9076; R’ = 0.9956 — corre-
lation relation

u, mis
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Fig. 2. Dependence of displacement (u) velocity of
the rock at the borehole wall on time (1):

u=0.0007t>- 0.4162t+ 118.71; R?>= 0.9957 — cor-
relation relation

r, m
0.145
0.14 //
0.135 /
0.13 /
0.125
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Fig. 3. Dependence of the borehole radius (r) on
time (1):
r=—10"t’+0.0001t+ 0.125; R?>= 0.9998 — correla-
tion relation

Granite was taken as a rock sample with density p, =
=2610kg/m?, longitudinal wave velocity c¢,,= 5789 m/s;
Teit equation coefficients A = 23 GPa, m = 4. By the
formula u, = up,./p;, where p,,. is another value of
detonation pressure, the borehole walls velocity u, in
the same rock can be estimated with an error of less
than 10 % for other values of p,,.

The compression wave damps in the zone of fine
destruction according to the power and exponential
functions. Indeed, if wave energy absorption coeffi-
cient depends only on wave amplitude, then the fol-
lowing equation is true for the plane wave

dJ = —u(r)Jdr,

where dJ is wave intensity change on the rock layer;
u(r) is linear coefficient of absorption; J is wave inten-
sity at the [7, » + dr] interval.

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6



PO3POBKA POAOBMUIW, KOPUCHUX KONAJINH

An expression for the compression wave intensity
at the distance » from the borehole axis can be written
after integration and consideration of axial symmetry

J(r)y=J,e™™ ~ﬁ,
,

where J, is the initial intensity of the wave; u is the
average value of the absorption linear coefficient; 7 is
the borehole radius.

Since the wave intensity is proportional to the
square of the pressure, the pressure decrease in the
rock with a distance is determined by the formula

no
p(r)=p, e’

At a distance r < rysize d of particles, into which the
rock breaks down, is less than 1 mm, so the coefficient
p is large enough, and DP pressure will be comparable
to the dynamic tensile strength at uniform compres-
sion after 300—500 ps.

Conclusions. The main mechanism in the fine-dis-
persed destruction zone — instantaneous rock destruc-
tion by shear stress — was found. The size of the particles,
into which the rock breaks down, is inversely propor-
tional to the chemical reactions zone width in the explo-
sive. Dependencies of explosion cavity radius, rock ve-
locity at the contact with detonation products and deto-
nation products pressure on time are estimated using the
adiabatic equation for detonation products with a con-
stant index, taking into account that the strong compres-
sion wave is formed in the rock. It is shown that pressure
decreases exponentially from the distance to the bore-
hole axis in the fine-dispersed destruction zone.

The result of this work makes it possible to develop
explosives with small fine-dispersed destruction zone
and substantiate parameters of charges with inert and
water interval, thus reduce the fine-dispersed destruc-
tion zone size.
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CKMe SIBJICHUSI B TOPHBIX MOpOAaxX M BbIpaboTkax® /
B.I1. Kypununoii, U.I1.Tapkyma — Cumdeponons:
Taspuueckuii Hair. yH-T, 2012. — C. 193—196.

Merta. JlochimkeHHs MPOLIECiB, 1110 MPOTIKaIOTh y
CBepMJIOBUHI Ta nmopoxai B nepiui 300 MKC Imicas mpo-
XOIKEHHSI IETOHALlIITHOIO XBUJICIO 3aIaHOTO MEPETU -
HY CBEpIJIOBUHU Ta BU3Hayarouyux e(eKTUBHICThb
pyViHYBaHHSI TOPOJIU.

Metoauka. BukopucrtaHo aHaJXiTUYHUI METO.
JOCTiIKeHb, 3aCHOBaHMI Ha (hyHIaMeHTaJbHUX T10-
JIOKEHHSIX MEXaHIKM CYLUTBHUX CEPEIOBHIIL.

PesynbraTu. PO3missHyTO MeXxaHi3MHU TIPOLIECiB
pyMiHYBaHHSI TIOPOAU B 30Hi IPiOHOAUCIIEPCHOTO PYyii-
HyBaHHsI. BUKOHAHO OLIiHKY 3aJIeXKHOCTEM Bim yacy
30iIbIIEHHS pajiycy CBEpAJOBUHU, LIBUIAKOCTI 3Mi-
IIEHH i1 CTIHOK i 3MiHM TUCKY MPOAYKTIB JIeTOHALIil
3a niepiui 300 mkc. ITokazaHo, 1110 B 30Hi IpiOHOAMC-
TMEPCHOTO PYMHYBaHHS TUCK YOYBa€ MO €KCITOHEHTI Ta
00epHEHO MPOMOPLIAHUN 10 KOPEeHs KBaIpaTHOIO 3
BiZIcCTaHi 40 OCi CBEpIAJIOBUHU.

HayxkoBa nHoBu3Ha. BctaHOBJIEHO, 1110 OCHOBHUM
MEXaHi3MOM Yy 30Hi ApiOHOAUCTIEPCHOTO PyHHYBaHHS
€ MUTTEBE PYMHYBaHHS MTOPOIU Bil 3CYBHUX HaIIpy-
XeHb. Po3Mip 4yacTUHOK, Ha SIKi pyHHYETBHCS TIOPOa,
MOpPSIMO MPOTOPLINHUI IIUPUHI 30HU XiMIYHUX peak-
il y BUOYXOBii peyoBUHi. BUKOpUCTOBYIOUM piB-
HsSIHHSI aniabaTu A1l MPOMAYKTiB AeTOHAIlil 3 MOCTili-
HUM TTOKA3HUKOM, TIpU BpaxyBaHHi 30yI>XKeHHS B I10-
pOIi CUIBbHOI XBUJIi CTUCHEHHSI, OLliHEH] 3aJIe3KHOCTI
3MiHU BiJ 4yacy pajiyca MOpOXHUHU BUOYXY, IIBUJI-
KOCTi pyiiHYBaHHSI TOPOAM Ha KOHTAKTI i3 MPOAYyKTa-
MU AEeTOHAllil Ta TUCK MpOnyKTiB neToHallii. [Tokasza-
HO, 1110 B 30Hi ApiOHOAMCIEPCHOTO PYMHYBaHHS TUCK
yOyBa€ 1o eKCMOHEeHLiaIbHil 3aJIeXKHOCTI BiJl BilcTa-
Hi 10 OCi CBEpAJIOBUHMU.

IIpakTuyna 3HauuMmicTb. Pesynbrat poOGoTH
JO3BOJISIIOTh PO3POOUTH BUOYXOBI PEUYOBUHU 3 Ma-
JIOIO 30HOIO APiIOHOMMCIEPCHOro pyiHYyBaHHSI, 00-
I'PYHTYBATU MapaMeTpU 3apsifiiB 3 iHEPTHUMU i1 BOJI-
HUMM TIPOMiXKAMHU, 11O AAE MOXKJIUBICTb 3HU3UTU
BEJIMYMHY 30HU APiOHOAMCIIEPCHOTO PYMHYBAHHSI.

KimouoBi ciioBa: subyx, 3ona dpibHooucnepcHo-
20 DYUHYBAHHS, X8UAI PO3PIONCEHHS MA CIMUCHEH-
Hsl, YOapHi X8UNi

Iens. MccaenoBaHue mpoLecCOB, IMTPOTEKAIOIINX
B CKBaXXnHe 1 nopoze B repBbie 300 MKC TT0CIe mpo-
XOXIECHU JETOHALIMOHHOM BOJIHOM 3aIaHHOTO ceve-
HUSI CKBaXXWHBI U onpeaeisaiommnx 3¢GpOeKTUBHOCTh
pa3pylLIeHUs TOPOIbI.
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Mertoauka. Vcnonb30BaH aHAAUTUYECKUI Me-
TOH WCCACIOBAHNI, OCHOBAaHHBIN Ha (GPyHIAMEHTATh-
HBIX MOJOXEHUSIX MEXaHUKHU CIUIONIHBIX Cpel.

PesynbraTsl. PaccMoTpeHBI MEXaHU3MBI IIPOLIEC-
COB pa3pylIeHus TTOPOAbl B 30HE METKOIUCTIEPCHOTIO
paspyuieHus1. BeimonHeHa olleHKa 3aBUCUMOCTEN OT
BpPEMEHHM yBeJIMYECHUS pagnuyca CKBaXXUHbBI, CKOPOCTU
CMEIEHUS] e CTEHOK M U3MEHEHUS JaBJICHUS Tpo-
IyKTOB getoHauuu 3a nepsble 300 mkc. ITokazaHo,
YTO B 30HE MEJIKOAMCIIEPCHOTO pa3pylleHusl JaBjie-
HUe yOBIBAET ITO 9KCITOHEHTE M 00PaTHO MPOIIOPIINO-
HaJIbHO KOPHIO KBaJIpaTHOMY M3 PACCTOSTHUS IO OCHU
CKBaXXWHBI.

Hayynass HoOBM3HA. YCTaHOBJIEHO, YTO OCHOB-
HBIM MEXaHU3MOM B 30HE MEJIKOAUCIIEPCHOTO pa3py-
IIEHUS IBJISETCI MTHOBEHHOE pa3pylieHne MOPOabI
OT CIBMTOBBIX HallpsKeHW. Pa3Mep yacTuil, Ha Ko-
TOpBIE pa3pylIaeTcs Mmopoaa, MpsMo MPOTTOPIIMOHA-
JIEH IIMPUHE 30HbI XUMUYECKUX peaKIUii BO B3PbIB-
yatoM BeliecTBe. Mcnonb3ysl ypaBHeHUe aguadaThbl
JIJISI TPOAYKTOB IETOHALIUY C ITOCTOSIHHBIM IMOKa3aTe-
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Purpose. The analysis of two failure criteria for rocks being in the stress-strain state.

Methodology. The study is based on an integrated approach with the use of analysis and synthesis of the lit-
erature sources on the topic related to failure of the rocks with heterogeneous structure, and use of analytical and
empirical failure criteria to assess the strength of rocks.

Findings. The analysis of the two failure criteria for compliance with the results of laboratory testing of rocks
in the volumetric stressed state is carried out. It is established that the expressions of both analytical criteria reflect
the process of rock failure by introducing factors that take into account the mining and geological conditions and
mining technology: in the Hoek-Brown criterion — m,, s, a, D, GST; in the O. M. Shashenko criterion — vy, 1y, /.
Both criteria meet the results of laboratory tests provided m; coefficient from the Hoek-Brown analytical expres-
sion, which takes into consideration rock structure and genesis, should not exceed 4 (mi < 4).

Originality. Analytical comparison of two criteria has shown that, taking into consideration scattering experi-
mental points obtained as a result of laboratory testing of rocks in the volumetric stressed state when 0 < m; <4.0,
they reflect the fact of the destruction of structurally inhomogeneous rock quite well. However, the Hoek-Brown
criterion does not fully take into account the components of the spherical stress tensor (/ = 6, + 63) and if the
m; > 4 its application requires additional study.

Practical value. Comparison of the analytical criterion with the results of laboratory testing of structurally
heterogeneous materials in the volumetric stressed state allows predicting the rock failure in the massif with the
precision of 94 %.

Keywords: rock failure criterion, Hoek-Brown criterion, A. N. Shashenko criterion, strength in uniaxial
compression, geological strength index, coefficient of structural attenuation, coefficient of brittleness
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Introduction. Choosing an adequate failure crite-
rion for evaluation of rock destruction is one of the key
points in geomechanical analysis. Priority is given to
those criteria which sufficiently describe the behavior
of both homogeneous and inhomogeneous rock mass
being in the volumetric stressed state.

Analysis of recent research and objectives of
the article. Despite some discrepancies between
failure criteria and the data obtained from testing
rocks in 3D compression state, lots of scientists have
proposed analytical equations to fit the available lab-
oratory data. Thus, P. R. Sheorey et al. presented the
manner in which five parameters obtained from the
triaxial compression test, in particular the compres-
sive strength, tensile strength and shear strength,
friction coefficient and cohesion can be intercon-
nected by three equations (Sheorey, Biswas &
Choubey). Compliance of the failure criterion has
been studied in a rock mass of coal seams, mine
workings and pillars.

A.Jaiswal and B.K.Shrivastva proposed a new
generalized criterion for solving the problems of rock
failure in the volume that takes into consideration the
expansion effect and allows describing three-dimen-
sional state of the rock massif [1]. Comparative analy-
sis with the Hoek-Brown criterion has shown that o,
and m; are the most essential parameters for assess-
ment of intact rock failure.

The experimental data revealed that strength of
geo-materials, such as soil and rocks, largely de-
pends on the intrinsic anisotropy, and other factors,
such as layering and the effect of the intermediate
principal stress, which is not always sufficiently de-
scribed by isotropic failure criterion. Z. Gao et al.
presented a generalized failure criterion for geo-ma-
terials with transverse anisotropy for predicting the
strength of clay, sand and some rocks with complex
strength characteristics caused by the massif anisot-
ropy [2].

Despite the destruction of a large number of crite-
ria used for geomechanical analysis of rocks, the issue
of the most optimal and adequate criteria remains
open. Thus, according to the forecast of the rock fail-
ure while drilling with the use of thirteen criteria,
R.Rahimi et al. established that the most appropriate
failure criteria are modified Lade, modified Wiebols-
Cook and Mogi-Coulomb [3]. In comparison with
the above mentioned the Tresca, von Mises and
Drucker-Prager criteria yield higher values of rock
strength and, as a consequence, the need for large
amount of mud.

A. Elyasi and K. Goshtasbi presented a compara-
tive analysis of the failure criteria to assess the stability
of boreholes at two oil fields in Iran [4]. The maximum
and minimum allowable values of the drilling fluid
pressure in two wells were calculated in Fish module of
the FLAC engineering software using the Mohr-Cou-
lomb, Mogi-Coulomb, Hoek-Brown criteria. Accord-
ing to the results of calculations, the Mogi-Coulomb
criterion is recommended to evaluate the stability of
the wells, since it most adequately describes the geo-
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mechanical processes during drilling, which satisfac-
torily agrees with the data of field research.

The parameters of the Hoek-Brown criterion (o,
m; and s) are significantly affected by the strength of
anisotropic intact rock mass. In the study of H. Saro-
glou and G. Tsiambaos the criterion was modified to
include a new parameter (KpB) for taking into account
the impact of the strength of anisotropic rock under
load at different positions of the plane anisotropy
(Saroglou & Tsiambaos). The range of K parameter
for specimens of metamorphic rocks (gneiss, schist,
marble) has been tested analytically and investigated
by triaxial testing with different orientations of the
layers.

Many types of natural rocks have inherent aniso-
tropic plane, such as bedding, layering, etc. These
structural features are responsible for the anisotropy of
rock strength and deformation properties. The Hoek-
Brown failure criterion takes into account the anisot-
ropy through the special parameter KB. M. A.Isma-
el et al. proposed a simplified method of accounting
for the influence of the rock anisotropy directly from
uniaxial compression tests instead of triaxial tests to
determine the anisotropy parameter K ;, and reduce
the volume of experimental work [5].

In the case when several parameters influence the
total stability of the rock mass or geotechnical con-
structions, the application of probabilistic analysis
with a random distribution of the rock massif proper-
ties to improve the durability of geotechnical design is
proper. So, the probability of the rock failure and ef-
fectiveness of technology during underground mining
depends on the depth of coal layers and moisture of
the rock massif [6].

Currently, there are a number of studies devoted to
the impact of intermediate stress 6, on the stress-strain
state of the tested solid medium, which conceptually
can be divided into 2 directions. Thus, A. D. Alekseev
and N. V. Nedodayev have proved that the influence of
o, on the material deformation behavior does not ex-
ceed 8.5 % (Alekseev & Nedodayev). However, there
are studies that show a significant impact of o, on de-
velopment of deformations in the solid. Thus L. B. Col-
menares and M. D. Zoback consider seven different
failure criteria, comparing them with available test
data for five different rock types in volumetric com-
pression (o; > 6, > 63) under various stress conditions
(Colmenares & Zoback). It was established that modi-
fied criteria Wiebols and Lode showed good agreement
for the most of the test data with high dependence on
intermediate stress o, (dolomite, limestone). This
statement requires serious analysis, since it does not fit
well confirmed Mohr’s hypothesis. These results give
rise to logical questions concerning the design of the
machine (device) for measuring the stress-strain state
of the tested specimen and the experiment procedure.

However, for some rocks (sandstone, slate) inter-
mediate stress has almost no effect on the failure pro-
cess and the Mohr-Coulomb and Hoek-Brown crite-
ria reflect the test data under volumetric compression
better than other criteria [7].
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The presented above analysis of various failure cri-
teria shows their ambiguous application for descrip-
tion of the rock massif behavior.

The objective of this paper is to analyze two failure
criteria of Hoek-Brown and A.N.Shashenko to de-
scribe the behavior of a rock mass under the conditions
of volumetric stress-strain state.

Comparative analysis of two criteria. All known
failure criteria can be divided into two major groups
according to the way of their obtaining: analytical and
empirical ones. Thus, the analytical criteria include
those proposed by A.Griffith, Tresca-Saint Venant,
Yu.I.Yagna, P. P. Balandin, 1. N. Mirolyubov, A. N. Sha-
shenko, and many others (Shashenko et. al.).

The analytical failure criterion proposed by
A.N.Shashenko in many respects is similar to the
A. Griffith failure criterion (Griffith), the general for-
mula for which looks as follows

47> —2acR.— bR’ =0. (1)

When a = 1 — y and b = vy, we obtain the depen-
dence proposed by A.N.Shashenko, but when a = 1
and b =0.25 we obtain the formula proposed by A. Gri-

R
ffiths. Here y = FP is brittleness index, R, and R, are

uniaxial tensile and uniaxial compression strengths re-
G,—0, _ 0,10,

2 7 2
mum and minimum principal stresses.

Transition from the R, strength of rock specimens
to the R,, strength of objects much larger in size (rock
massif) is carried out through the coefficient of struc-
tural attenuation (Shashenko et al.)

spectively, T= , Oj, O3 are maxi-

k, :%: 1-4/0.5n exp(—0.25n),

c

where n is coefficient of rock mass strength variation,
determined according to the formula

l -1
n= /’l—°(n§+1)—1.

Here /,is the average distance between the cracks;
[, is a typical rock sample size; 7, is uniaxial com-
pression strength variation coefficient for rock spec-
imens.

Among the most popular and well-known empiri-
cal failure criteria, those proposed by O.Mohr,
Z.T.Bieniawski, Hoek-Brown and others are widely
used in geotechnical calculations. The empirical
strength criteria are obtained through the processing
results of laboratory testing of rocks under complex
stress-strain states and related field measurements.
In the strict sense, their use should be limited to
those rocks and geological conditions of the experi-
ment, which are subsequently subjected to general-
ization on the basis of statistical and mathematical
analysis of measurement results.

Let us consider the empirical failure criterion pro-
posed by Evert Hoek and Edwin T.Brown (Hoek),
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which is very popular in geomechanics. Its generalized
formula looks as

s, =03+Rc(m,,%+5) : )

(4

where m,, is the Hoek-Brown constant, taking into
account the genesis and state (quality) of the rock
mass, s and a are constants arising from the approx-
imation of the power function of the envelope of
limit stress circles obtained by bulk sample com-
pression.

For intact (undisturbed) rock mass, the depen-
dence (2) is transformed into the following formula

0.5
(¢}
6,=6.+R|m—=+1]| . 3
1 3 c(mlR ) ()

[4

Here the m; constant, unlike the m, constant,
considers the genesis and structure of the rock mass
(0 £<m; < 33). Alarger mi value corresponds to frag-
ile rocks, and a smaller mi, value corresponds to
plastic rocks respectively. The stress state when m; =
0 corresponds to the state of perfect plasticity (R, =
R)). The equivalents of the m; constant in the failure
criterion (1) are the variation coefficient n, and brit-
tleness coefficient y. In fact, the equation (3) reflects
the pattern of rock specimen failure in laboratory
testing.

For disturbed rock mass m,, constant is defined as
follows

= ex (GSI—IOO)
) ; €XP 28 )
where GSI (Geological Strength Index) presents a pa-
rameter that takes into account geological features of
rock mass, in particular, its structure and occurrence
of cracks (5 < GSI £ 100). The GSI parameter is very
similar to the RMR parameter (Rock Mass Rating)
proposed by Z. T. Bieniawski.
For the rock mass of “good quality” (GSI > 25) we
obtain the following values of s and a

, a=0.5.

(GSI—IOO)
s=exp| ——

Respectively, for the rock mass of “poor quality”
(GSI < 25) the values are
GSI

s=0, a=0.65———.
200

In order to smooth the transition from the solid
rocks (with “good quality”) to very poor (with “poor
quality”), an additional parameter D (as “disturbance
factor”) has been taken into consideration. D takes
into account the disturbance of the rock mass, for ex-
ample, as a result of blasting. Thus, the constants m,, s
and a can be expressed through the D parameter by the
following relationships
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(GSI—]OO)
m, =mexp| ———— |;

28-14D

o — o[ GST 100,

9-3D )

azl_}_l(e,GS[ls_e,z%)‘
2 6

The D parameter possesses the values in the range
from 0 for an intact rock to 1.0 for a very disturbed
rock. The values of the D parameter are selected on
the basis of visual observation of rocks “in situ” and
assessment of their quality and disturbance degree.

It should be noted that the failure criterion (1), the
characteristics of the rock mass (genesis, disturbance,
structure, etc.) are considered by introducing three
parameters of y, 1, /,. The values of these parameters
are obtained quite objectively through the results of
laboratory testing and geological surveys. The general-
ized Hoek-Brown failure criterion suggests introduc-
tion of five parameters of m,, s, a, GSI, and D, the
definition of which has to some extent a subjective
procedure. In an attempt to take into account all pecu-
liarities of the rock mass in analytical expression inevi-
tably makes empirical relations more cumbersome and
less accurate due to the value dispersion for each of the
input parameters. The error inevitably arises in the
calculation of geotechnical constructions due to un-
certainty when choosing initial parameters. Its value is
smaller for more plastic rocks, and respectively larger
for more brittle rocks.

The considered above criteria, even though they
were obtained from various preconditions, are very
similar. Equations (1) and (3) in relation to the rock
specimen failure made of very brittle materials (y =0,
m; = 33), can be reduced to the following form

6,=0,+,0.25(20,+ Rk, -0’ +o.k, +0.5Rk,; (4)

’mo
O, =0 +R —3 +1 5
1 3 4 RL. ( )

In order to compare criteria (4) and (5), the two of
their parts should be divided by R..
As a result, the following expressions are obtained

2 2

(¢
5,29 =9 loas[ 20 | - 0k o5
R R °) R R ¢

2

4 4 4

o, |mo;
R \ R

c

al

o
==t +1,
RC

or

5, =, +,/025(25, +k,) —5; +5,k, +0.5k,; (6)
G, =0, +mo,+1. (7)

For plastic materials (e.g., wet clays) under y = 1
and mi = (0 the expressions (1) and (3) become identi-
cal

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6

G —03= Rckc;
G| —03= RC‘

For brittle rocks y = 0 and k.= 1 in the criteria (1),
and m; = 33 for the criteria (3) should be accepted.
Then from the equations (6) and (7), we obtain

5,=5,+,025(25, +1) =52 +5, +0.5,  (8)

G, =0, +4/33G, +1. 9)

The Figure presents the results of laboratory testing
of various rocks in the volumetric stressed state ob-
tained by A. N. Stavrogin and A. G. Protosenya (Stav-
rogin & Protosenya). These curves correspond to the
dependencies (8) and (9). It is implied that both crite-
ria fully coincide for plastic rocks (v = 1, m; = 0). For
brittle rocks (y = 0, m; = 33), the curve corresponding
to the dependence (8), coincides with the results of
laboratory tests with an accuracy of R, = 0.90. The
curve corresponding to equation (8), when m; = 33 lies
far away from the results of rock testing and agrees
fairly well with them when m; = 3. Since there is no
reason not to trust the test data obtained by A. N. Stav-
rogin and A.G.Protosenya for rocks in volumetric
stressed state, this circumstance requires additional
analysis. Perhaps the reason lies in an incomplete ac-
count of the components of spherical stress tensor in
the basic equation (2).

The difference in the structure of formulas (1) and
(3) can be explained by the fact that the first case com-
pletely considers the fact of material failure by shear
(o, — o3) and separation (o, + o3), while in the second
case the failure is not entirely considered by its shear
(o,— o3) and the value of 5;. The extent to adequacy of
analytical criteria to the failure of such structurally in-
homogeneous materials as rocks can be determined
only on the basis of compliance with the results of
laboratory testing of rocks in non-uniform stressed
state (o, > 0, = 03).

The Figure presents such comparison of two crite-
ria for adequacy, from which it follows that taking into

a3

0 05 1 15 2 25 3 35 4 R

Fig. Comparison of analytical equations of failure
criteria (4) and (5) with results of laboratory
testing of rocks (by A. N. Stavrogin A. G. Proto-
senya)
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account the scattering experimental points obtained as
a result of testing rock specimens in volumetric stressed
state at 0 < m; < 4.0, they reflect quite well the fact of
the destruction of such structurally inhomogeneous
materials as rocks. However, at the values of m; > 4.0
the curves that correspond to the Hoek-Brown failure
criterion are located substantially above the experi-
mental points [8, 9]. Considering the popularity of this
criterion, this fact requires further investigation.

Conclusions.

1. Two failure criteria (A. N. Shashenko and Hoek-
Brown) for compliance with the results of rock speci-
men laboratory testing in the volumetric stressed state
has been analyzed.

2. Matching both criteria with analytical expres-
sions for a particular rock type and geological condi-
tions is carried out by introducing special coefficients:
my, s, a, D, GSI — for the Hoek-Brown criterion; v,
19, /, — for the A. N.Shashenko criterion. In this case,
the D parameter takes into account the disturbance of
rock mass during blasting operations (0 < D < 1).

3. It is shown that the structure of analytical ex-
pressions of both criteria is similar; however, the
Hoek-Brown criterion does not fully consider the
components of the stress spherical tensor (/= 6, + 63).

4. Both criteria match the results of laboratory tests
provided the mi coefficient, which takes into account
the structure and genesis of rocks in analytical equa-
tion of the Hoek-Brown criterion, does not exceed 4
(m;<4).

5. Guidelines of Hoek and Brown in the case for
m; > 4 require further study and substantiation.
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CnuxkoBa E.A. AHanu3 3aKOHOMEPHOCTEN
dopMuUpoBaHUS HArpy3KHW Ha KpeIlb IPU IPOECKTH-
POBAaHUK MOHTAXXHBIX KAMEP CTPYTOBBIX JIAB B YCJIO-
BUsx maxT 3amagHoro Jonb6acca / E. A. CiBrmkKoBa,
J.B.baben, A.B.CwmupHoB // HaykoBmii BiCHHK
HationanpHoro ripaudoro yHiBepcutety. — 2014, —
Ne 5. — C. 26-32.

Meta. AHani3 IBOX KpUTEpIiiB pyiHYBaHHS Tip-
CbKMX MOPIif, 110 3HAXOASATHCS B 00’EMHOMY HaIpy-
JKEeHO-Ie(OopMOBaHOMY CTaHi.

MeTtoauka. [locnigkeHHs 6a3yl0ThCsl HA KOMII-
JIEKCHOMY TTi/1IXO/1i 3 BUKOPUCTAaHHSIM aHasi3y Ta y3a-
TaJIbHEHHS JIITepaTypHUX JKepesl 3 TEMaTUKU pyi-
HYBaHHS TipCbKUX IMOPia 3 HEOTHOPIIHOIO CTPYKTY-
pO10, 3aCTOCYBAaHHI aHATITUYHUX i EMITIPUYHUX KPU-
TepiiB pyHYBaHHS I OL[IHKYA MIilIHOCTI TipChKUX
nopiz.

Pe3yasrati. BukoHaHO aHaii3 IBOX KpUTEPiiB
py¥iHYBaHHSI Ha MpeaMeT iX BiIMOBiTHOCTI pe3yabTa-
TaM BUIIPOOYBaHb TiPChKUX TIOPia B 00’€MHOMY Ha-
Mpy>XeHoMYy cTaHi. BctaHOBeHO, 1110 aHAITUYHI BU-
pa3u 000X KpUTepiiB BigoOpaxkaroTh MpoOLEC PyMHY-
BaHHs TipChKUX MOPIJl 32 JOITOMOTOIO BBEIEHHS KOe-
GillieHTIB, SIKi BpaXOBYIOTb IipHUYO-TEOJAOTiUHI YMO-
BU Ta TEXHOJIOTiI0 PO3POOKMU POMOBUINA: Y KPUTEPIii
Xoeka-bpayna — my, s, a, D, GSI; y xpurepii
O. M. lllamenka — y, ny, /.. Pe3ynsraTtam 1aboparop-
HMX BUIIPOOYBaHb y MOBHII Mipi BiAIlOBiIalOTh 00U-
JIBa KPUTEPIii 32 YMOBH, 110 KOSDIIIiEHT /7;, SIKUi1 Bpa-
XOBYE CTPYKTYpPY Ta T€HE3MC IOpil B aHATITUYHOMY
Bupasi Xoeka-bpayHa, He MOBUHEH TIepeBUlILyBaTu 4
(m;<4).

HaykoBa HoBU3HA. AHajiTUYHE TOPiBHSIHHS
JIBOX KPUTEPiiB MOKa3ajo, 1110, 3 ypaxyBaHHSIM PO3-
KUAY €KCIIepUMEHTAJbHUX TOYOK, OTPUMAHUX Y
pe3yybTaTi 1adopaTOpHUX BUIIPOOYBaHb TipCbKUX
nopii B 00’€eMHOMY HampyXeHOMY CTaHi Ipu
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0 < m; < 4.0, BOHU TOCUTH NOOpe BimoOpaxKarlTh
¢dakT pyiiHyBaHHS CTPYKTYPHO HEOAHOPiIAHUX Tip-
cekux nopin. OgHak, Kputepiit Xoeka-bpayHa He B
MOBHIA Mipi BpaxXoBYE€ KOMIIOHEHTHU KYJbOBOTO
TeH30pa HanpyXeHb (/ = 6, + o) i ipu m; > 4 #oro
3aCTOCYBaHHsI BUMAara€ JI0JAaTKOBOIO OOTPYHTY-
BaHHS.

IIpakTnyHa 3HaunMicTh. [lopiBHSIHHS aHaTi-
TUYHUX KPUTEPiiB 3 pe3yJbTaTaMu JabopaTOpPHOIro
TECTyBaHHS 3pa3KiB TipCbKUX MOPia B 00’€MHOMY
HaIMpy>KeHOMY CTaHi D03BoJisie 3 TouHicTiO 90 %
MPOTrHO3yBaTU PYWHYBAaHHS TipChKUX MOpiA y Ma-
CUBI.

KurouoBi ciaoBa: kpumepiii pyuHysanHs eip-
coKux nopio, kpumepiit Xoexka-bpayna, kpumepiii
O. M. [llawenxa, mexca miyHocmi Ha 0OHOBICHE
CMUCKaHHA, Koe@iuicum eeonoiuHoi MiyHocmi,
Koegiyicum cmpyKmypHo20 ocaabaeHHs, Koeili-
EHM KPUXKOCMI

IHenb. AHanu3 IByX KpUTEepHEB pa3pylieHUs rop-
HBIX ITOPOJI, HAXOMSIIMXCS B 00bEMHOM HaIPSIKEHHO
Jne(opMUPOBAHHOM COCTOSTHUM.

Metoauka. VccienoBanus 6a3upyroTcss Ha KOM-
TUIEKCHOM TIOIXONe C WCIOJIb30BAaHWEM aHaiu3a U
0000IIeHUS TUTEepaTyPHBIX NICTOYHUKOB ITO TeMaTH-
Ke paspylleHUs] TOPHLIX MOPOA C HEOTHOPOIHOI
CTPYKTYpOIi, IPUMEHEHUN aHATUTUYECKUX U IMIIU-
PUYECKUX KPUTEPUEB pa3pylleHMUs] I OLIEHKU
MPOYHOCTU TOPHBIX ITOPO/I.

PesyabraThl. BoilmosHeH aHAIU3 IBYX KPUTEPU-
€B pa3pylleHUs] Ha IpPeaMeT UX COOTBETCTBUS pe-
3yJibTaTaM MCIbITAHUI TOPHBIX MOPOJ B OOBEMHOM
HaIPSDKEHHOM COCTOSIHMM. YCTaHOBJIEHO, YTO aHa-
JIMTUYECKHE BBIpaXKeHUsI 000MX KpUTEepUeB OTpa-
JKaIOT TIPOIECC pas3pylIeHUs] TOPHBIX IMOPOI T0-
CpEelNCcTBOM BBeNeHUST KOI(PGHUIIMEHTOB, YIUTHIBA-
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IOIIIUX TOPHO-TEOJIOTUUECKUE YCIOBUS U TEXHOJIO-
THUIO pa3pabOTKN MECTOPOXKICHUS: B KPUTEPUN XO-
exa-bpayna — m,, s, a, D, GSI; B xpurepun
A.H. lamenko — vy, 1, /. Pesynsratam nmabopa-
TOPHBIX MCTIBITAHUI B TOJTHOM MEpe COOTBETCTBY-
0T 00a KpUTEpUsI TIPU YCIOBUU, YTO KOIDPUIIMEHT
m;, YIUTBHIBAIOIIUN CTPYKTYpPY U T€HE3UC MOPOI B
aHaJIMUTUUYECKOM BbIpaxeHuu Xoeka-bpayHa, He
IIOJIKEH NpeBblaTh 4 (m; < 4).

Hayuynas HoBU3HA. AHAIMTUYECKOE CpaBHEHNE
NIBYX KpUTEPUEB MOKa3aJo, YTO, C y4eTOM pa3zdbpoca
SKCIIEPUMEHTAIBHBIX TOUYEK, TTOJTYYEHHBIX B Pe3yIb-
TaTe J1aOOPAaTOPHBIX MCMBITAHWI TOPHBIX TOPOI B
00BEMHOM HaMpsSKeHHOM cocTtosiHUM ipu 0 < m; <
< 4.0, OHU OOCTATOYHO XOPOIIO OTpaxkarmoT (akT
pa3pylIeHUsT CTPYKTYPHO HEOMTHOPOMHBIX TOPHBIX
nopon. OpHako, Kputepuii Xoeka-bpayHa He B
MMOJTHOM Mepe YYMTBHIBAET KOMIIOHEHTHI IIIapOBOTO
TeH30pa HanpsikeHul (/ = o, + o3) ¥ Ipu m; > 4 ero
npuMeHeHue TpeOyeT JOMOJTHUTEIbHOTO 000CHOBA-
HUSI.

IIpakTuyeckas 3HauyumMocTb. CpaBHEHUE aHa-
JINTUYECKUX KPUTEPUEB C pe3yibraTaMu JJabopaTop-
HOTO TECTUPOBAaHUSI 0OPa31l0B rOPHBIX MTOPOJ B 00b-
€MHOM HAIPSDKEHHOM COCTOSTHUM TIO3BOJISIET C TOY-
HOCTBIO 90 % MPOrHO3UPOBATh Pa3pylLIeHUE TOPHBIX
TIOPOI B MacCHBE.

KoiroueBblie cioBa: kpumepuil paspyulerusi 20p-
HbIX nopoo, kpumepuil Xoeka-bpayna, kpumepuii
A. H. lllawenko, npeden npounocmu Ha 0OHOOCHOE
cocamue, Koagpuuuenm eeonoeuueckoil npoyHo-
cmu, Ko3gguyuenm cmpyKmypHo20 0cAabaeHUs,
Ko2gpuyuenm xpynkocmu

Pexomendosarno 0o nybéaikauii dokm. mexH.

nayk O. O. Cosuxnckoeoro. Jlama Hadxo0xceHHs py-
xonucy 14.12.15.
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Purpose. Substantiating of contiguous coal seams coefficient during application of borehole underground
coal gasification technology based on dependences of interstratial rocks subsidence on gasification duration.

Methodology. Using stand experimental research and methods of computer modeling we obtained the de-
pendences of interstratial rocks subsidence in terms of their thickness change, alternating thickness of coal seams
and duration of the gasification process. To reflect the geomechanical situation of rock mass around underground
gasifier, license software Flac 5.00 was used. For data processing and building of synthesis dependences, the meth-
od of multiple regression using generally accepted data processing systems — Excel-2013 was used.

Findings. The obtained inequality allows setting the coefficient of contiguous coal seams during the applica-
tion of underground gasification technology. Setting this factor makes it possible to assess mining and geo-logical
conditions of coal seams occurrence with further rational order of their gasification. For values of contiguous coef-
ficient 5.5—5.7, gasification of coal seams can be carried out both in ascending and descending sequence. In this
case, there is no need to preserve the allowable distance between combustion faces on adjacent seams.

Originality. To determine the contiguous of coal seams, a mathematical mechanism was developed, whose
effectiveness is confirmed by computer simulation of rock massif that contains an underground gasifier and by
research on a special test bench installation. The difference between the results was less than 24 %.

Practical value. Dependence of interstratial rocks subsidence at changing duration of the gasification process
describing the development of possible formation of gas-permeable cracks in interstratial rocks ensuring techno-
logical process was established. The obtained conditions of contiguous coal secams allow providing rational order
of mine workings.

Keywords: stand research, underground coal gasification, contiguous coal seams, coefficient of contiguity

Introduction. In Donetsk and Lvivsko-Volynskyi
coal basin the majority of reserves is located in con-
tiguous coal seams. Analysis of domestic and interna-
tional experience has shown that extraction of such
reserves using conventional mining methods is uneco-
nomical because of the negative manifestation of rock
pressure in working faces. This situation greatly affects
the cost of coal produced and mining accidents. It is
possible to avoid this situation by improving conven-
tional technologies of extraction, at least by changing
the process of extraction. According to the opinion of
leading specialists in the field of fuel and energy com-
plex, this problem can be solved by implementing a
radically new technology of development and process-

© Saik P.B., Dychkovskyi R.O., Lozynskyi V. H., Malanchuk Z.R.,
Malanchuk Ye.Z., 2016
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ing of coal in place of its occurrence in a closed tech-
nological cycle — borehole underground coal gasifica-
tion (BUCG). To carry out this technology, it is nec-
essary to drill two boreholes toward the coal seams
with subsequent linking. Then the coal seam must be
ignited, which promotes creation a controlled com-
bustion face with balanced oxidation and reduction
zones. This makes it possible to obtain a mixture of
combustible gases and then use them as a source of
electricity and chemicals. In this way, the development
of mining coal deposits for obtaining energy and in-
novation of the product in an environmentally closed
cycle is classified as “Clean Coal Technology” (CCT)
and “High Technologies” (HT).

Analysis of the recent research and publica-
tions. Over the last decade, the global energy market
has shown growing interest in the technology of un-
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derground coal gasification, as evidenced by the num-
ber of developed projects and an increasing share of
patents and security documents (according to World-
wide European Patent Office). New technological so-
lutions of the process execution and new designs of
gasifiers appear.

A team of researchers developed innovative tech-
nological solutions related to ensuring the effective-
ness and efficiency of gasification technology applica-
tion based on performed scientific and experimental
study. A particularity of these technological solutions
of coal seams gasification is that they are adapted to
one productive horizon or the coal fields, where the
works of minerals extraction have not been carried out.
Therefore, it is necessary to consider a further possi-
bility of expanding the technology for other coal
seams. Today the question concerns a transfer of the
results in terms of real mines, the creation of power
and chemical complex of processing the received en-
ergy and chemical products. This requires the devel-
opment of spatial representations of the state of the
rock mass during the process of underground gasifica-
tion and creation of efficient modes of operation [1],
studying the balance of physical and chemical reac-
tions [2], which will expand the use of the technology
of borehole underground coal gasification and con-
duct rational management planning of mining, locat-
ing underground gasifiers with a focus on required fi-
nal energy product. The technology of underground
gasification of contiguous coal seams is being paid in-
creasing attention due to reducing the volume of drill-
ing operations and improving the productivity of a gas-
ifier plant. Simultaneous extraction of coal reserves in
contiguous seams results in a significant reduction of
costs of the received final product.

In manuscript [3] the method of underground gas-
ification of contiguous coal seams which involves their
preliminary degassing through horizontal or inclined
boreholes drilled on the upper and lower layers, is sug-
gested. In the process of gasification, degassing of
above layering strata of rocks is conducted. The period
of degassing of the zone of upper layer discharge is
regulated by changing the speed of combustion face
advance along the bottom layer. Underworked coal
seam and rock massif can completely give almost all
methane only in unloading zone.

The period of gas recovery can be called a degas-
sing interval. In the area of drainage, discharge effi-
ciency is increased up to 78—88 %. The implementa-
tion of this method of gasification prevents drainage of
methane into the atmosphere (if any) from rock massif
around underground gasifier, and escape of combus-
tible gases through underworked rock massif. During
this technology, methane is viewed not as an indepen-
dent energy product, but as an additional product of
underground gasification gases.

While using the “UCG-methane” technology,
proportion of methane in the initial combustible gas is
increased to 26—44 %. This technology can increase
the energy indicators of degassing gases from coal
seams in the closed cycle and receive a comprehensive
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energy products and fertilizers. The downside of this
technology is the low efficiency of degassing 15—20 %
when the coal seam is intact. The occurrence of excess
pressure in the gasifier leads to the escape of methane
and gasifier gas on the Earth’s surface, polluting the
atmosphere and hydrosphere.

Another variant of underground gasification of
contiguous coal seams is a technology described in the
paper [4]. This technology provides, firstly, gasifica-
tion of upper layering coal seam, formation of a gath-
ering collector in a goaf. Its hermetization is done from
outside of the earth’s surface and gasification of other
coal seams in ascending order. Methane outlet re-
leased from the rock massif, goes along degassing
wells. The peculiarity of this gasification technology is
that after creating a gathering collector other contigu-
ous coal seams can be gasified in advance of each com-
bustion face on the bottom layer relative to the top.
The main disadvantages, as in the first case, can be low
indicators of coal seams degassing process and the
need for complex degassing of wells.

The closest technical solution of contiguous coal
seams gasification is a method of underground gasifi-
cation of solid fuels described in the paper [5]. The ad-
vantages of this technological scheme include reduc-
ing the cost of preparing and opening the coal seam,
increasing the area of the gasifier, reducing air blast
and gasification products escape. The following can be
referred to as its disadvantages: the difficulty of break-
ing into layers of the coal seam and the inability to
hold the opposite gasifier through design features of a
vertical shaft.

Unsolved aspects of the problem. Analysis of the
above technological solutions showed that the mecha-
nism for setting conditions for coal gasification of con-
tiguous seams has not been developed yet. The follow-
ing restrictive factors have been hardly considered:
structural change of the rock mass, thickness, the an-
gle of the seam, the length of the combustible face and
extraction pillar; occurrence of geological faults; the
variation of parameters of the gasification process; de-
sign features of underground gasifier; different ways of
managing rock pressure, etc. The authors of this work,
see the need to investigate the effect of geometrical pa-
rameters of coal seams and changes in quality of the
contiguous rocks on quality indicators of the gasifica-
tion process as the primary task.

Presentation of the main research and expla-
nation of scientific results. With interstratial rocks
lowering, the probability of the vertical cracks forma-
tion in the rock massif increases [6]. It should be noted
that during coal seam gasification the fracturing for-
mation is related primarily to rock pressure. Uneven
distribution of temperature field around underground
gasifier is a secondary factor. During gasification of
contiguous coal seams, forming of the vertical cracks is
even more evident. These discontinuous formations
turn into gas channels in the rocks. Vortices of blowing
and gaseous mixtures of lower and upper underground
gasifiers can occur there. This situation leads to desta-
bilization of the whole system.
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In undisturbed rock massif, natural cracks are un-
der stresses caused by mining pressure and reservoir
pressure of gas in the cavities of the cracks [7].

The possibility of formation of gas channels in in-
terstratial rocks has been based on a subsidence on the
coal bottom of the upper coal seam. The formation of
vertical cracks is observed in the rock layers with hori-
zontal deformation & > 5 mm/m [8]. Based on the
study of the stress-strain state of the rocks of the main
roof, a strain graph of the main roof depending on the
size of subsidence was built (Fig. 1).

Analyzing this dependence (Fig. 1), we can con-
clude that the subsidence of the main roof by over
200 mm results in increase of vertical through-cracks
(¢ > 5 mm/m). This makes it possible to predict the
probability of formation of these cracks based on the
values of coal bottom subsidence of the upper layer.

During the process of experimental research three
models of rock and coal massif around ex-situ gasifier
were formed. The transition from the model size to
natural conditions occurred using the relevant similar-
ity criteria. Thickness of the coal seam in each model
was the same — 1.2 m. Thickness of interstratial rocks
ranged from 3.6 to 6.6 m. Three layers represented in-
terstratial rocks. Thickness of the first layer was 0.7 m,
the second ranged from 2.3 to 5.3 m, and the third was
0.6 m. Modelled physical and geometrical parameters

300
250 i
200

150 r

100 / : 2

50 /

o L4

3 4 5 6 7 8 9 10
Deformation, &, mm/m

Subsidence, y, mm

Fig. 1. Graph of behavior of the main roof depend-
ing on the size of subsidence:
1 — the zone in which there are no vertical through

cracks formation; 2 — the zone of vertical through
cracks formation

corresponded to geological conditions of selected ar-
eas of mine fields of SE “Lvivvuhillia™.

Monitoring of the subsidence of interstratial rocks
and their collapse was carried out for 18 measuring
points (reference sensors) in three rows in terms of un-
derground gasifier area. They were placed at the bot-
tom of the upper coal seam (6), as shown in the tech-
nological diagram in Fig. 2.

The nature of the rocks subsidence in each model
had both their own and common features.

Number of reference sensors
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Fig. 2. Scheme of reference sensors installation:
1 — the bottom of lower coal seam 2; 3—5 — interstratial rocks; 6 — upper coal seam; 7, 8§ — rocks of the roof of up-
per coal seam 6; 9 — reaction (gasification) channel; 10 — reference sensors
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As a result of studies, dependences of rock layers
subsidence with lithological differences were defined.
These dependences were set using a measuring ruler
and a system of optical sensors. With the transition to
the full-scale gasification process, through the estab-
lished scale factors, the distance between the reference
sensors (R1—R6) equals 1.6 m. The distance to the
first row of reference sensors along the length of the
column gasification (R1) of man-made reaction chan-
nel (9) is equal to 1.2 m. During the research, we con-
ducted gasification of the lower coal seam (2).

Fixation of subsidence that corresponds to natural
conditions was held daily. Total observation time was 6
days. Dependencies of bottom subsidence at the top
coal seam during variable thickness of interstratial
rocks (3.6 and 6.6 m) and thickness of lower coal seam
1.2 m on the duration of the gasification process is
shown in Fig. 3.

In this figure, horizontal line 7 shows a critical bor-
der of subsidence, below which the formation of
through vertical cracks starts. The maximum subsid-
ence of reference sensors with a thickness of interspa-
tial rocks 4 = 3.6 m was observed on day 5 of gasifica-
tionand made 0.46 m, #=5.4—0.28 m, #=6.6—0.21 m.

Duration of gasification, days
1 2 3 4 5 6
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Duration of gasification, days
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Fig. 3. Diagram of interstratial rocks subsidence
with a thickness of 3.6 m (a) and 6.6 m (b) de-
pending on the gasification duration:

1—6 — subsidence values of reference sensors; 7 —
a critical border of subsidence, below which the for-
mation of through vertical cracks occurs
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The main feature during underground coal gasifi-
cation is the presence of high temperatures in the com-
bustion face > 1000 °C [9]. The values of temperature
decrease with distance from the combustion face. At a
distance of coal seam roof of 3.6 meters above com-
bustion face, the maximum temperature is in the range
of 200—300 °C, while in the rocks of the bottom at the
same distance it is 53—82 °C. The degree of the roof
rocks exposure to heat depends on blast pressure in the
underground gasifier. With the pressure increasing
from 0.15 to 0.35 MPa, the heat of roof rocks increases
by 70—100 °C. This change in temperature is due to
convection penetration of combustible gases mixture
through artificial gas channels (vertical through
cracks). This problem can be solved by using stoichio-
metric conditions for the dual fuel system [10].

The results of the research (Fig. 3) prove that pro-
vided the advance of the lower combustion face over
the upper one, it should be before the area of forma-
tion of vertical through cracks. Based on the results the
of bottom subsidence of the upper coal seam and the
rate of combustion face advance, the dependence of
the possible delay of upper combustion face on the
lower one with variable interspatial rocks thickness was
obtained (Fig. 4).

From the studies, it is clear that the maximum al-
lowable distance of upper combustion face delay from
the lower combustion face with the thickness of lower
coal seam of 1.2 m changes under linear dependence
and can be written as

Ly =1.55h—2.93,

where L. is the value of the combustion face delay of
the upper coal seam with compared to the lower coal
seam; 4 is the thickness of interstratial rocks.

In the area of SC “Lvivvuhillia” mines, the thick-
ness of coal seams varies from 0.6 to 1.2 m, and the
thickness of interstratial rocks reaches up to 28 meters.
Therefore, for these parameters, given the technical
and economic characteristics of experimental studies,
the coefficient of contiguity of coal seams was ana-
lyzed using available information packets that form the
basis of computer modeling.

During coal seams gasification, the space of gasifi-
cation area increases, resulting in destruction of above

8
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Thickness of interstratial rocks, &, m

Fig. 4. Change dependency of the upper combus-
tion face delay on the lower one under variable
thickness of interstratial rocks
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rock mass. A mechanism of rock mass destruction al-
lows observing its subsidence in concrete span point.

During simultaneous gasification of contiguous
coal seams, an important element is to establish the
value of the first combustion face delay regarding the
second one. Determining this value excludes mutual
and simultaneous influence of the underground gas-
ifier on interstratial rocks. The underground gasifier
can work both in ascending and in descending se-
quence. The delay in the lower coal seam does not vir-
tually affect the top coal seam, whereas delay in the
upper coal seam can create substantial effect on blow-
ing flow.

During our research, 27 models were processed us-
ing methods of computer simulation. As a result,
graphs of top coal seam subsidence at different values
of interstratial rocks were obtained. Fig. 5 shows re-
ceived graphs of subsidence of upper coal seam at in-
terstratial rocks with a thickness of 3.6 m and a thick-
ness of the lower coal seam of 1.2 m.

Based on Fig. 5, primary rock subsidence of the
upper coal seam occurs at point 1Y (x =39, y=33), in
0.2 days of gasification process. In 1.6 days, at a value
of goaf of 3.5 m, subsidence value made 200 mm. This
makes it possible to predict the position of the upper
combustion face, provided its delay from the lower
seam. Construction of models was performed until the
maximum lowering of the bottom of the lower seam
did not exceed 200 mm.

At the first stage of modeling with the thickness of
coal seam of 1.2 m, a step of interstratial rock thickness
was 0.2 m. The acceleration of the process of this mod-
el was increased by up to 0.4 m. With the coal seam

thickness decreasing to 0.6 m, and interstratial rocks
decreasing to 3.6 m, subsidence does not exceed
200 mm.

According to the results of computer simulation it
was found that subsidence of rocks of the bottom of
the upper coal seam > 200 mm was observed with the
studied coal seam thickness of 1.2 m at the level of
6.9 m, 1.0—-5.6 m, 0.8—4.4 m and at 0.6—3.4 m. This
does not contradict the experimental research con-
ducted in the laboratory. The discrepancy between the
results of all kinds of research does not exceed 24 %.

Accordingly, we can get dependences in which we
can assume when the coal seams are contiguous during
underground gasification (Fig. 6). The main parame-
ters that influence contiguity will be thickness of coal
seams and interstratial rocks.

Consequently, during underground coal gasifica-
tion coal seams can be related as contiguous under the
inequality

h

—<5.5-57,
m

where 4 is thickness of interstratial rocks, m; m is
thickness of the lower coal seam, m.

h
The ratio — reflects the contiguous coefficient of
m

coal seams during underground coal gasification (k,).
For values of the coefficient k., > 5.5—5.7, gasification
of coal seams can be conducted in descending and as-
cending sequence.

Research conclusions and recommendations
for further research in this area. The study of si-
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Fig. 6. Formation of data field for determination of
contiguous coelfficient of coal seams depending
on interstratial rocks and coal seam thickness

multaneous multi-level gasifiers shows that existing
approaches to determining the coefficient of contigu-
ous coal seams during underground gasification re-
quire significant adjustments. Unfortunately, existing
methods for determining the parameters used in the
complex mechanized coal extraction are not suitable
when applying the borehole underground coal gasifi-
cation technology. Using experimental tests research
and computer simulations, the authors, have attempt-
ed to establish the degree of influence of underground
gasification gases in ascending and descending se-
quence of coal gasification. The basis of research was
mining and geological conditions of mines SE “Lviv-
vuhillia”.

According to the results of these studies, depen-
dence that reflects the condition of coal seam being
contiguous was obtained. Considering this depen-
dence makes it possible to ensure the stable coal gasifi-
cation process and avoid destabilization zones of ther-
mochemical reactions in an underground gasifier.
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Meta. OOrpyHTYyBaHHS KoedillieHTa 30J1KEeHHS
BYTUIBHMX TIUIACTIB TPU 3aCTOCYBaHHiI TEXHOJIOTii
CBEPIJIOBUHHOI MiJ3eMHOI ra3udikallii, BAXOAIYM 3i
BCTAHOBJICHUX 3aJICKHOCTEH OITyCKaHb MiXIIJIaCTO-
BUX TTOPiJI Bif TPUBAJIOCTI ra3udikairii.

Mertomuka. CTCHIOBUMHU €KCIIEPUMEHTATbHUMU
IOCITIIKEHHSIMU Ta METOIAMU KOMIT I0TePHOTO MOJIEC-
JIIOBAHHSI BCTAHOBJIEHI 3aJIEXKHOCTI OIyCKaHHS MiXK-
MJIACTOBUX TIOPiA MPU 3MiHHIMI IX MOTY>XXKHOCTI Ta 1Mo-
TY>KHOCTI BYTUJIbHUX TIJIACTIB BiJl TPUBAJIOCTI MpOLIeCy
rasudikanii. st BimoOpakeHHsI TeoMexaHiuHO1 CH-
Tyalii ripCbKOro MacHUBY HAaBKOJIO IMiI36MHOTO ra3o-
reHepaTopa 3aCTOCOBAHO TMaKeT JILEH3iiMHOI TIpu-
ksagHoi nporpamu Flac 5.00. /1ns1 o6poOKu naHuX Ta
MOOYIOBU y3araJIbHIOIOUUX 3aJIeXKHOCTE BUKOPHC-
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TaHO METOI MHOXWHHOI perpecii i3 3acTocyBaHHSIM

3araJibHOBM3HAHOI ~ CUCTEMU  OOpOOKM  JaHUX
Excel-2013.
Pesynbratii. OTpuMmaHa HEpiBHICTh, 11O A€

MOXJIUBICTh BCTAHOBIIIOBATU KOE(MIIIEHT 30JIMKEH-
H$l BYTUIbHMX IJIACTiB IPU 3aCTOCYBAaHHI TEXHOJIOTIl
nig3emMHoi ra3ugikaiiii. BcraHoBIeHHSI JaHOTO Koe-
diuieHTa 103BOJISIE MPOBOAUTU OLIIHKY TipHUYO-T€0-
JIOTIYHUX YMOB 3aJisiTaHHSI BYTiJIbHUX TLJIACTIB 3 TO-
JalTbIIM palliOHAJIBHUM ITOPSIAKOM iX rasudikarrii.
IIpu 3HayeHHsIX KoedillieHTa 30JMKEeHHsT OUThIINX
5,5—5,7 ra3udikauito ByruibHUX MJ1aCTiB MOXXHa MPO-
BOMIUTU SIK Y BUCXiAHOMY, TaK i HU3XiTHOMY TOPSIA-
kax. I[Ipy upbomy He MOTPiIOHO BUTPUMYBATU AOITYC-
TUMY BiICTaHb MiK BOTHEBUMMU BUOOSIMU, 1O Tpa-
IIOIOTH Ha 30JIMKEHUX TUIACTaX.

HaykoBa HOBHM3HA. 3aIllpOIIOHOBAHO MaTeMa-
TUYHUI MeXaHi3M I BM3HAYeHHs KoedillieHTa
30JIMKEHHS BYTiIbHUX IJIACTIB, e(PEKTUBHICTD SIKOTO
MiaATBepAKeHa KOMIT IOTEpPHUM MOACTIOBAHHSIM CTa-
HY TipChbKOTO MAacCHBY, IO BMIilIy€ TiI3eMHUMI ra3o-
reHepaTop, Ta AOCiI)KeHHSIMU Ha CIieliaabHill CTeH-
JIOBii1 yCTaHOBII].

IlpakTuyHa 3HaYuMicTb. BcTaHoBeHO 3amex-
HOCTI OITyCKaHb MiXIIJTACTOBUX TOPiJ BiJl TPUBAIOCTI
razuikaliii, 110 XapaKTepu3ylOTb YTBOPEHHS ra3o-
MPOBIAHUX KaHAJIiB y MOpOAax MixKIIacTs AJ1s1 3a0e3-
TeYCHHS TeXHOJIOTIYHOCTI TTporecy. OTpuMaHa yMO-
Ba 30JIMDKEHHSI BYTiJIbHUX TLJIACTIB JO3BOJISIE IPOBO-
JIUTHU pallioHAJIbHUI BUOIp MOPSIAKY BiApaloBaHHS
3araciB BYTiJLIS.

KmouoBi ciaoBa: cmendogi docaiocenus, nio-
3emMHa eazughikauyis, 30audxnceri naacmu, Koe@iui-
E€HM 30AUNCEHHS

Ileab. OGocHOBaHMe KO3(duULMEHTa COMUXKe-
HUS YTOJIbHBIX IIJIACTOB TIPY IIPUMEHEHNU TEXHOJIO-
MU CKBAaXKMHHOM MOA3eMHOM ra3uduKaLm, MCXo/Ist
M3 YCTAHOBJIEHHBIX 3aBUCUMOCTEN OIyCKAHUI MEX-
IUIACTOBBIX ITOPOJ OT IIPOIOKUTEILHOCTU ra3udu-
Kaluu.

Meroauka. CTEeHIOBBIMU 3KCIIEPUMEHTAIbHBIMU
KUCCIICAOBAHUSIMM U METOIAMU KOMIIbIOTEPHOIO MO-
NIeJIMPOBAHMST YCTAHOBJICHBI 3aBUCUMOCTU OITyCKa-
HUSI MEXTUIACTOBBIX MOPOJ, IIPU U3MEHEHUM UX MOIILI-
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HOCTU Y MOIIHOCTHU YTOJIbHBIX TLJIACTOB OT IPOIOJI-
KUTEIBHOCTHU Tipoliecca razudukanuu. insg orobpa-
JKEHMST TeOMEXaHUIEeCKO CUTyalliy TOPHOTO MacCH-
Ba BOKPYT MOI3eMHOTO Ta3oreHeparopa IIpUMEHEH
nakeT JuneH3noHHoro npunoxeHust Flac 5.00. [l
00pabOTKM JaHHBIX U ITIOCTPOEHUST 0000IIAI0IIMX 3a-
BUCUMOCTEM WUCIOJIb30BAH METOH MHOXECTBEHHOU
perpeccuy ¢ MPUMEHEHMEM OOIeNpU3HAHHON CU-
creMbl 00padboTku gaHHbIX Excel-2013.

PesyabraTbl. [logyyeHHOe HEpaBEeHCTBO HaeT
BO3MOXHOCTb yCTaHaBIMBaTh KO3G@PUIUEHT cOMM-
SKEHUS YTOJIBHBIX TUIACTOB MPU MPUMEHEHNU TEXHO-
JIOTUY Moa3eMHOM razudukanuu. OnpeaeaeHue 1aH-
HOTO K03 (UILIMEHTA TT03BOJISICT IIPOBOIUTEL OILICHKY
TOPHO-TEOJIOTUISCKUX YCIIOBUM 3aJIeTaHUsI YTOJIBHBIX
TUTACTOB C MOCICAYIOIINM PAIIMOHATIBHBIM MOPSIIKOM
ux rasupukauun. I1pyn 3HaYeHUSIX Ko duieHTa
comkeHus1 Oombine 5,5—5,7 rasudukanuio yroiab-
HBIX TJIACTOB MOXHO TIPOBOIMTH KaK B BOCXOJSIIIEM,
TaK M HUCXOnsIIeM Topsiakax. [Ipu 3ToM He HyXXHO
BBIIEPKMBATh TOMYCTUMOE PACCTOSTHUE MEXIY OTHEe-
BbIMU 32005IM1, KOTOpPbIe padOTalOT Ha COMMXKEHHBIX
riacrax.

Hayynas wnoBu3Ha. [IpemioxeH MaTemaTtuye-
CKUI MexaHU3M [Jisl ompenesieHus: KoagpduuueHTa
COJTMXKEHUS YyTONBHBIX TJ1ACTOB, 9(P(PEKTUBHOCTD KO-
TOPOTO TIOATBEPXKIEHA KOMITBIOTEPHBIM MOIETNPO-
BaHMEM COCTOSIHUSI TOPHOTO MacCHUBa, BMEIIIAIONIETO
MMOA3EMHBIN Ta30TeHEepaTop, M MCCIACHOBAHUSIMUA Ha
CIIELMaJIbHOM CTEHOOBOMU YCTAaHOBKE.

IIpakTudyecKkasi 3HAYMMOCTDb. YCTaHOBJICHBI 3a-
BUCUMOCTH ONYCKAHUM MEXIUIACTOBBIX ITOPOH OT
MPOIOIKUTEIbHOCTU Tra3uUKalMM, XapaKTepUu3yto-
e o6pa3oBaHUs ra30MPOBOAHBIX KAHAJIIOB B ITIOPO-
JlaX MEXKIYTIIACTbs 1JIs1 00ecTieueHUsI TEXHOJIOTMUHO-
cTu Tipouecca. IlogydeHHOE yClIOBUE CONMMKEHUS
YIOJIbHBIX IIACTOB MO3BOJISIET TMPOBOAUTH pallMoO-
HaJIbHBIN BRIOOP MOPSIIKA OTPAOOTKM 3aITacOB YIJISL.

KimoueBble cloBa: cmerO0os8ble UCCAe008AHUSL,
noodszemHas easuguxayus, cOAUNCEHHble NAACHbL,
Ko3guyuenm coauxncernus

Pexomenoosano 0o nybaikayii dokm. mexH.

nayk 1. A. Kosanescovkoro. Jlama Hadxo0xceHHs py-
xonucy 15.01.16.
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HOBI YMOBU CEITAPAIIII OPTOKJIA3Y I3 KBAPILY
METOJOM ®JIOTALII HA ITPUKIIATII KAP’EPY
AMH-BAPBAP (AJIZKUIP)

Purpose. The preliminary study of Ain Barbar (Algeria) feldspar quality improvement is aimed to obtain high
purity of feldspar (orthoclase) without iron oxides and quartz to meet the standards of glass manufacturing and
ceramics.

Methodology. The feldspar of Ain Barbar quarry was crushed and sieved. The mineral was characterized by
X ray diffraction and chemical analyses with X ray fluorescence. The material (-250 +45 um) was washed followed
by physico-chemical concentration (magnetic separation and flotation) by new condition. The study of the main
parameters of magnetic separation and flotation process in different ranges was realized.

Findings. Washing and high intensity magnetic separation (12 Ampere) afford to reduce the iron-bearing im-
purities up to 0.09 % Fe,0,, and the flotation is the best way for the separation of K-feldspar from quartz by ap-
propriate reagents for this purpose (HBr, amine).

This method for beneficiation of feldspar ore (orthoclase) assaying on average, 15.16 % Al,0;, 70.40 % SiO,,
0.03 % total iron oxides, 13.51 % K,O and 0.14 % Na,O, provided several types of products which can be used in
the ceramic and glass making.

The most striking result in this experimental study is the depressive effect of HBr on quartz and activation of
the orthoclase, HBr addition controls amine adsorption on k-feldspar through adsorption of Br~ ions onto min-
eral surfaces.

The use of HBr in flotation was found to increase the K-feldspar (orthoclase) grade in the concentrate. This
study clearly demonstrates an effective separation of feldspar (orthoclase) from quartz.

Originality. The originality of this study consists in the use of hydrobromic acid as a new reagent to activate
orthoclase and depress the quartz in the flotation process, with a comparison of the obtained results with the use
of hydrofluoric acid or hydrobromic acid in orthoclase flotation, showing that the use of hydrobromic acid (800 g/t
of HBr) gives a concentration of 90 % orthoclase and 8 % quartz with 13.51 % K,O, while in feed it is 56 % ortho-
clase and 39 % quartz with a K,O content of 7.78 %. On the other hand, the use of hydrofluoric acid (800 g/t HF)
provides a concentrate of 80 % orthoclase and 18 % quartz, with a grade 0f 9.52 % of K,O in the same conditions.

Practical value. The results obtained with magnetic separation followed by the flotation method can be suit-
able specifications for ceramics and glass. Besides, the use of hydrobromic acid is economical and less threatening
for the environment in comparison with the use of hydrofluoric acid.

Keywords: Ain Barbar, K-feldspar, magnetic separation, flotation, glass, ceramics
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Introduction. Feldspar is extensively used in var-
ious industrial applications such as glass and ceram-
ics due to its alumina and alkali contents. The miner-
alogical composition of most feldspar minerals can
be expressed in terms of the ternary system: ortho-
clase (KAISi;Oy), albite (NaAlSi;Og) and anorthite
(CaAl,Si,0g4). Chemically, the feldspars are silicates
of aluminum, containing sodium, potassium, iron,
calcium, barium or combinations of these ele-
ments [1].

In industrial applications, the removal of colored
impurities and quartz affects the quality, but the ratio
of K,0/Na,0 is more crucial for identifying the qual-
ity of the raw material. A ratio of 2/1 to 3/1 is required
for ceramic products whereas for high-voltage insula-
tors, abrasives and electrodes production, the ratio
must be higher [2].

Feldspar is used in the manufacture of glass as a
source of alumina and as a partial replacement for soda
ash. It is also used in the production of ceramics.
About 65 % of all feldspathic material is used in the
glass industry, 30 % in ceramics and 5 % in fillers and
other applications. Chemically, the specifications of
feldspar products for application in both ceramic and
glass industries are nearly the same, total SiO, 65—
68 %, free quartz < 8 %, A1,0; 18—19 %, K,O and
Na,O 11.5—13.5 % and Fe,0; 0.08—0.2 %. However,
the glass industry requires coarser feldspar concen-
trates (420 x 74 um) in comparison with those neces-
sary for ceramic production (98 % < 74 um). Cengiz
Demir [1],conducted differential flotation of Na—K
feldspars by fluoride activation in the presence of 15 g/1
NaCl and found an increase in the potassium content
of the feldspar concentrate.

The best flotation results with Voineasa pegmatites
containing equal amount of Na- and K-feldspars us-
ing amine collectors were achieved when Na-feldspar
was depressed with NaCl [3]. Bayraktar et al studied
Demirci-Turkey pegmatite containing 4.8 % K,O and
2.40 % Na,O; mica and oxides were first removed fol-
lowed by separation of Na- and K-feldspars and quartz
using NaCl, these researchers achieved a concentrate
assaying 3.3 % Na,O and 13.10 % K,O.

Giilsoy et al [4] studied the similar feldspar ore
from the same region assaying 5.94 % K,O, 3.14 %
Na,O using magnetic separation followed by flotation
with HF and NaCl; a concentrate assaying 3.1 % Na,O
and 12.65 % K,O was achieved. Boulos, and al [5],
confirmed that Na+ ions depress Na-feldspar in the
presence of amine (G-TAP) at natural pH. Similarly,
Na ions were found to be effective in the selective sep-
aration of feldspar minerals in HF medium.

Giilgondl [6] determined that various feldspar min-
erals particularly K-feldspars display different surface
and floatability properties due to the presence of nano
impurities on the mineral surface.

Demir and Giilgoniil used mixtures of pure miner-
als to explain the separation mechanism of feldspar
minerals by microflotation experiments. However, it
was also observed that pure minerals do not always
imitate real ores such as pegmatite, granite, syenite etc.
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The formation conditions of feldspar ores particularly
the existence of perthitic structure in the ore or rock
greatly influence the separation conditions.

Materials and Methods. Characterization stu-
dies. The ficldstone (feldspathic rhyolites) sample
used in these experiments was obtained from AinBar-
bar quarry of Annaba (East of Algeria). The ore sam-
ple of 90 Kg was reduced to <1 mm in size by a jaw
crushers, mixing, quartering and dividing to obtain
representative samples of 500 g.

All the ore samples were ground in a ball mill to
produce a sample below 500 um, the particles of ap-
proximately 250 pum were separated by particle size
analysis using a sieving device of RETSCH type with a
diameter of 200 x 50 mm, the particle size measure-
ment range is from 0.045 to 4 mm on a vibratory sieve
for 20 min at an amplitude of 60, which amounted to
about 80 % by weight of particles in the size range from
250 to 45 um. The particle size analyses were carried
out to determine the optimal mesh release.

The characterization was completed on representa-
tive samples by means of optic microscope, diffraction
of ray X and X-ray fluorescence in order to better de-
termine the aspect of the qualitative and quantitative
characteristics of the feldspathic matter.

Experimental procedure. The separation of feld-
spar (orthoclase) from quartz is difficult because they
reveal the similar surface properties. The froth flota-
tion is one of the methods for feldspar separation from
quartz. But all conditions of this method to get high
selectivity are reported to be used in acidic medium
with amine as collector and with addition of fluoride
(hydrofluoric acid) as modifier; a shortcoming of this
reagent system is that it is expensive and involves using
environmental pollutants.

In our investigation, we applied physical and physi-
co-chemical processes on samples for the reduction of
iron oxides and quartz, the double sided linking by flo-
tation with different collectors including petroleum
sulfonate, diamine solution with HF and HBr as mod-
ifiers in order to obtain a quality product for ceramists.
During this study, the examined parameters were ef-
fects of current intensity of the coil, pH, and concen-
tration of different reagents used.

The material of 500 g of the size of fraction
250/45 um was subjected to magnetic separation tests
aimed to remove the ferriferous inclusions contained
in the K-feldspar (orthoclase) material. The range of
the current variation in the magnetic separator that
was used is from 5 to 12 Amperes, and drum rotation
rotor is 60 rpm.

The magnetic separation performance highly de-
pends on the physical particle properties to be sepa-
rated (and size of the magnetic nature), the quality of
the applied magnetic field, and the difference in
magnetic susceptibility between the separated parti-
cles. The magnetic separator of high intensity labora-
tory work dry is composed of three coils surrounding
the electromagnet provided with a splined rotor ro-
tating between the pole pieces of a magnetic circuit.
The magnetic poles or pole pieces, between which
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the rotor rotates, are subjected to a magnetic induc-
tion [7].

The main magnetic separator parameters are the
magnetic flux density which varies from 1.2 to 2 Tesla.
The next step is enrichment by flotation concentrates
obtained by magnetic separation.

The first condition to obtain good flotation is to
achieve a grinding of the maximum releasing minerals
from each other; and a suitable release of the particles
to float, in our case the mesh of 250/45 um is estimat-
ed at the release. In some cases, it is necessary to des-
lime pulp before the float and to avoid the recovery of
the mineral particle surfaces. The pulp containing
20 % solids mixture with water, is stirred in a condi-
tioning tank to ensure the homogeneity of the medi-
um. The first time round, dispersants AP 801 and AP
840 are added to avoid any kind of agglomeration be-
fore floating the concentrate (feldspar), then the hy-
drofluoric acid or hydrobromic acid is added to modify
the surface feldspar particles during conditioning to be
driven to the surface by the air bubbles; this process is
repeated every time before flotation concentrates for
5 min. After that, a diamine or petroleum sulfonate
agent is added to the collector.

The flotation operation is repeated for each collec-
tor and modifier. After flotation, washing, drying and
filtering follows, (Table 1). The tests were performed
in laboratory of valorization of mining resources and
environment, Mining Department, Badji Mokhtar
University, Annaba.

Results and Discussion. Chemical analysis
and X-ray Diffraction analysis. The results of
chemical and mineralogical analyses are shown in Ta-
ble 2 and Fig. 1, 2 respectively, these results demon-
strate that the ore contains quartz and orthoclase with
minor amounts of albite, anorthite, and small quanti-
ties of clay minerals. The sample has K,O and Na,O
contents of 7.78 and 0.33 % respectively.

The XRD spectrum and tine section confirm that
orthoclase is the principal mineral and other minerals
present are very minor to trace their amount.

Particle size analyses. The collected results from
chemical analysis of size fractions reveal that the totals
of SiO, contents vary from 70.89 to 75.61 %. As for the
ferriferous inclusions, their contents of Fe,O5 are 0.18
to 1.06 % showing an excess of iron in the raw material
which does not meet the required standard (Fe,0; <
<0.03 % and quartz < 8 %). Besides, we noted that the
iron oxide content increases as the particles diminish.
The contents of K,O and Na,O and SiO, are homoge-
neous almost in all size fractions. The results of the
chemical analysis of size fractions are given in Table 3.

Evaluation of efficiency of iron removal. The effi-
ciency of iron removal can be calculated by the follow-
ing equation

E(%)=|1- Fe,O,content in cc.)ncentrate 1100.
Fe,O, content in feed

Table 4 shows the effect of the current intensity on
the effectiveness of iron oxide removal from feldspar,

Table 1
Conditions used in Denver flotation experiments
Parameters Conditions
Temperature of medium 20-25°C
Particle size -250 +45 um
Impeller speed 1200 rpm
Solids by wt.% 40
Collector type Diamine, Petroleum sulfonate
Amount of collector 150 g/t
Frother type Pine oil
Conditioning time for collector 5 min
pH Acidic pH (1.5—4.0) HF, HBr
Conditioning time for HF (300—1200 gr/t) H,SO, as much as needed
Conditioning time for HBr (300—1200 gr/t) H,SO, as much as needed
Conditioning time for frother 3 min
Flotation time 5 min
Table 2
Chemical composition of the fieldstone sample
Oxides SiO, | ALO; | K,0 | Na,O | Fe,O; | CaO | P,Os | MgO | TiO, | PbO | ZnO | MnO | PAF
Contents (%) | 73.26 | 14.71 | 7.78 | 0.33 0.79 | 0.59 | 0.31 | 0.05 | 0.02 | 0.02 | 0.03 | 0.01 1.04
ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6 69
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Fig. 2. XRD pattern of investigated fieldstone sample

Table 3

Results of chemical analysis of size fractions of k-feldspar sample

Fraction, mm | Yield (%) | SiO, | ALO; | K,O | Na,O | Fe,O; | CaO | MgO | P,Os | TiO, | MnO | PAF

+4 26.02 73.25 | 15.39 | 8.45 | 0.30 0.18 0.52 | 0.01 0.31 | 0.01 | 0.02 0.82
—442 30.54 75.61 | 13.18 | 8.81 0.33 0.20 0.30 | 0.02 | 0.29 | 0.00 | 0.02 0.61
-2+l 13.00 75.60 | 12.31 | 8.48 | 0.30 0.55 0.60 | 0.02 | 0.31 | 0.02 | 0.01 1.27

-1+0.5 07.11 70.89 | 16.76 | 8.56 | 0.34 0.65 0.21 0.03 | 0.30 | 0.02 | 0.01 0.89
-0.5+0.25 04.04 73.46 | 13.46 | 7.98 | 0.28 1.06 0.87 | 0.01 0.32 | 0.00 | 0.01 0.98

-0.25+0.125 03.52 73.56 | 13.62 | 820 | 0.36 0.96 0.89 | 0.02 | 0.28 | 0.00 | 0.02 1.24

-0.125 +0.063 04.03 72.40 | 15.75 | 7.60 | 0.35 0.76 0.59 | 0.01 0.34 | 0.07 | 0.01 1.04

-0.063 +0.045 01.82 74.61 | 14.52 | 7.37 0.27 0.57 0.05 | 0.01 0.35 | 0.05 | 0.01 1.04

-0.045 09.92 74.12 | 14.46 | 8.50 0.32 0.70 0.20 0.01 0.33 | 0.03 0.01 1.14
according to obtained results by high intensity mag- pere, it is noted that the iron impurity content de-
netic separation (MSHI), we found a significant im- creases from 0.32 to 0.09 %. The optimum efficiency
provement in feldspar content and a remarkable de- of removal of iron oxide was obtained in the range of
crease of impurities such as hematite was obtained in 71.81 %.
the range between 10 and 12 Amperes. With the in- Effect of the pH on separation of k-feldspar (or-
crease in the intensity of the electric current at 12 Am- thoclase). Separation of feldspar from quartz can be
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Table 4

Reduction of iron content in size fractions
of the 250/45 um material, at different intensities
of magnetic field

Intensity (4) | Fe,O5(%) | Fe,05(%) E (%)
5 0.28 06.6
7 032 0.24 25.0
9 0.19 40.7
10 0.11 65.7
12 0.09 71.81

achieved with cationic collectors in acid circuit at a pH
value in the vicinity of 1.5 to 2.5. Other works, found
that at the pH range of 2.5 to 3, a maximum selectivity
could be reached [8].

Fig. 3 and 4 show a maximum selectivity at pH of
1.8 to 2 in both cases, when using the HF or HBr mod-
ifier and diamine as a collector, at concentration of
150 g/t. The contents and recovery of K,O achieve a
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Fig. 3. Effect of pH on orthoclase separation with
HF and Diamine (150g/t)
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Fig. 5. Effect of pH on orthoclase separation with
HF and petroleum sulfonate (150 g/t)
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maximum, when we use Diamine collectors and hy-
drobromic acid (HBr) as an activator of orthoclase and
quartz depressor (12.65 %; 85 %) respectively.

The results obtained are justified by the point of
zero charge of feldspar (1.5 to 2) and quartz varying
from 2 to 3.7; at pH 1.5 to 2.5 above the value of the
point of zero charge the surface orthoclase takes a pos-
itive sign whereas the quartz has a negative sign which
allows creating new sites (a better surface activation of
orthoclase) to increase the adsorption of collectors
(diamine).

Considerable contents of SiO,, more than 90.61 %,
in tailing signify a better depress of the quartz when us-
ing HBr with 150 g/t Diamine at pH = 1.8. The use of
HBr increases the quartz depression (increases the
speed of sedimentation), compared with the use of HF
because the molecular weight of HBr is greater than HF.

From Fig. 5 and 6 it is noted that the use of petro-
leum sulfonate as a collector in both cases (HF, HBr)
reduces the recovery of K,O, and the content of K,O is
almost constant when the pH > 3, which means that
the adsorption of the collector by the quartz surface is
started (the start of flotation of quartz in this pH).
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Fig. 4. Effect of pH on orthoclase separation with
HBrand (150 g/t Diamine)
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Effect of the concentrate of hydrofluoric or hy-
drobromic acids on separation of orthoclase with
pH =1.8:2 and 150 g/t diamine. Flotation studies
in acidic medium were carried out in two main parts:
the amount of F~ and Br™ ions required to activate and
depress the minerals (orthoclase) was systematically
optimized by using 150 g/t of Diamine or petroleum
sulfonate. All experiments were performed at pH 1.8 to
2 adjusted with H,SO,. Tables 5, 6 illustrate that some
selective separation between K-feldspar (orthoclase)
and quartz occurs at substantial recoveries.

It is also found in the present research that condi-
tions of k-feldspar formation greatly affect the optimum
dosage of HF and HBr. For instance, altered feldspar
requires higher HF and HBr dosage for activation. HF
and HBr removes altered layers and cleans the surface to
facilitate the formation of alumina fluoride complexes.

Pine oil was added to the flotation cell as a frother
because HF addition increases the collector consump-
tion and deteriorates the quality of bubble.

The addition of either HF or HBr as pH regulators
and modifiers increases the selectivity of the feldspar
flotation and the quartz depression as shown in Table
5. The best results were recorded when we used HBr as
a modifier with diamine as a collector at a concentra-
tion of 800 and 150 g/t respectively.

The use of petroleum sulfonate as a collector and
HF or HBr as a modifier does not give satisfying results.

Comparison of obtained results with hydrofluoric
or hydrobromic acids in orthoclase flotation. Com-
paring the obtained results with the use of hydrofluoric
acid or hydrobromic acid in orthoclase flotation, shows
that the use of hydrobromic acid (800 g/t of HBr) gives a
concentration of 90 % orthoclase and 8 % quartz with
13.51 % K,O, while in feed it is 56 and 39 % quartz or-
thoclase with a K,O content of 7.78. On the other hand,
the use of hydrofluoric acid (800 g/t HF) provides a con-
centrate of 80 % orthoclase and 18 % quartz, with a grade
0f 9.52 % of K,O in the same conditions. Then the use
1200 g/t of HF gives concentrates of 86 % orthoclase and
12 % quartz with 12.55 % of K,O as shown in Table 6.

Separation of orthoclase by magnetic separa-
tion followed by flotation. The operation of ortho-
clase processing from Ain Barbar quarry is dia-
grammed in Fig. 7.

Conclusion. The beneficiation of feldspar ore (or-
thoclase) assaying on average 15.16 % Al,O;, 70.40 %
Si0,, 0.03 % total iron oxides, 13.51 % K,0 and 0.14 %
Na,O, provide several types of products which can be
used in the ceramic production and glassmaking.

Attrition by washing operation is necessary for the
enrichment of K-feldspar, as well as magnetic separa-
tion is designed to remove the iron-bearing impurities
as presented in our study.

The separation of orthoclase from quartz by flota-
tion with conditions used in this study is very impor-

Table 5

Effect of the concentration of hydrofluoric or hydrobromic acids on orthoclase separation with pH = 1.8

to 2 and 150 g/t Diamine

Concentration of HF (g/t) feed 300 500 800 1000 1200
Grade of K,O (%) 7.78 8.92 10.70 11.32 12.50 12.55
Recover of K,0 (%) 100 56.41 63.25 70.0 76.92 78.00
Concentration of HBr (g/t) feed 300 500 800 1000 1200
Grade of K,0 (%) 7.78 8.95 9.81 13.51 13.34 12.33
Recover of K,0 (%) 100 46.50 62.35 90.40 86.00 85.04
Feed: Condition without any addition (concentration of HBr and HF = 0 g/t); HBr: Hydrobromic acid; HF: Hydrofluoric
acid; K,O: Potassium oxide in concentrate

Table 6

Effect of the concentration of hydrofluoric or hydrobromic acids on orthoclase separation with pH =1.8

to 2 and 150 g/t petroleum sulfonate

Concentration of HF (g/t) feed 300 500 800 1000 1200
Grade of K,O (%) 7.78 8.92 9.50 9.52 9.65 9.66
Recovery K,O (%) 100 56.41 63.25 70.0 76.92 78.00
Concentration of HBr (g/t) feed 300 500 800 1000 1200
Grade of K,0 (%) 7.78 8.42 8.54 9.22 9.24 9.30
Recovery K,O (%) 100 46.50 62.35 78.40 84.00 85.04
Feed: Condition without any addition (concentration of HBr and HF = 0 g/t); HBr: Hydrobromic acid; HF: Hydrofluoric
acid; K,O: Potassium oxide in concentrate
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Sample orthoclase

73.2 % SiOy; 14.71 % Al,05; 7.78 % K,0;
0.79 % Fe,05; 0.33 % Na,O

Crushing — 10 mm

Sieving 0.5 mm

+0.5 mm

Grinding — 250 um

Sieving 250/45 pm

—45 um

Attrition

Magnetic separation (MSHI)
0.09 % Fe203

* HF or HBr

li * Diamine or petroleum
sulfonate (150 g/t)

| Conditioning

l

15.16 % Al,05; 70.40 % SiOy;
0.03 % Fe,03; 13.51 % K,0 and 0.14 % Na,O

Flotation

Tailing

Fig. 7. Proposed flow sheet for orthoclase processing from Ain Barbar quarry

tant because it gives good results in terms of economic
cost and protection of the environment (the use of
HBris economical and less hazardous than using HF).
Flotation of K-feldspar (orthoclase) with pH of
1.8; 2 by diamine as a collector and HBr as an activator
at dosage of 800 g/t is better than the flotation by pe-
troleum sulfonate and HF in the same conditions.
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Mera. IlonepenHe BUBYEHHSI TTOKpallleHHS
SIKOCTi TIOJIbOBOTO ILTATy pomoBuila AliH-Bbapbap
(AXMp) 3 METOI OTPUMAaHHS TMOJBbOBOTO ILIMATy
(opToKJIa3a) BUCOKOIO CTYIEHSI YUCTOTU, O0€3 OKCHU-
IIiB 3ajTi3a Ta KBapily, 1110 BiIIIOBiIae craHAapTaM BU-
pPOOHMIITBA CKJIa Ta KEPAMiKH.

Metonuka. I[lonboBuii mmmar 3 Kap’epy AWH-
bap6ap OyB nonpibHeHuii Ta npocisiHuit. OTpruMaHa
XapaKTepuCTUKa MiHepaly MeTOmaMKU pPEeHTIeHO-
CTPYKTYpPHOTO aHaji3y (peHTreHomn@paKIiifHOro
aHai3y), XiMiYJHOTO aHai3y Ta peHTreHodIiyopec-
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LeHTHOro aHajidy. Martepian (-250 +45 MkM) minga-
BaBCsl MPOMUBAHHIO 3 HACTYMHOIO (Di3UKO-XiMiUHOIO
KOHIIEHTpaIli€lo (MarHiTHA cemaparis Ta (oTarist) B
HOBUX yMOBax. BuBUeHi OCHOBHI ITapamMeTpu IpoLEeCiB
MarHITHOI cemnapariii Ta JIoTallii B pi3HUX Jiarma30Hax.

Pe3yasraTn. IIpoMuBaHHS Ta BUCOKOIHTEHCHUB-
Ha MarHiTHa cernapaiis (12 Am) 103BoJisi€ BMEHITUTU
JTOJTIO 3aTi30BMicHUX goMimnok 10 0,09 %, a doTaiist
€ KpalluM CocoOOM IJIsT BiTOKpEeMJIEHHSI KaJliEBOTO
MOJILOBOTO IIIIATY BiJ KBaplly 3a TOMOMOIOIO BilIO-
BiTHUX pearcHTiB (OPOMUCTUIA BOIEHb, aMiH).

¥V cepenHbomy, y npo0Oi MoJIbOBOTO 1IMAaTy, 30ara-
YEeHOro LM MeTomoM, Mictuthest 15,16 % Al,Os,
70,40 % Si0,, 0,03 % okcumis 3aii3a, 13,51 % K,O ta
0,14 % Na,O, 110 103BOJISIE BUKOPUCTOBYBATHU IIPO-
IYKT Y KepaMidHili i CKJISIHifi IPOMMCIOBOCTI.

Haiibinpimmii iHTepec TpencTtanise edekT, SKUii
OpOMUCTUI BOIOEHD 3ilICHIOE Ha KBapll (TTpUAYIICH-
Hsl) Ta opTOKa3 (akTuBallis). JlomaBaHHSI GpOMUCTO-
IO BOJHIO I03BOJISIE KOHTPOIIOBATH aAcopO1Iito aMiHa
KaJIiEBUM TIOJIbOBUM ILITMATOM IIJISIXOM aAcopOLii io-
HiB Br~ 1o moBepxHi MiHepaJy.

Byno BusiBIeHO, 1110 BUKOPUCTAHHS OPOMMCTOTO
BOJIHIO Y mpolieci (h1oTallil 30i7bIIye BMIiCT KaJTi€BOTO
MOJIbOBOTO IIMNaTy (OpTOKiIa3y) B KOHIEeHTpari. Jlo-
CJTiIPKeHHS TToKa3aJio e(peKTUBHICTh BiTOKpEeMIIEHHS
MOJILOBOTO ATy (OPTOKJIA3y) Bil KBapILy.

HaykoBa HoBu3Ha. BukopucraHHsi GpoMuCTO-
BOIHEBOI KMCJIOTH B SIKOCTi HOBOTO peareHTa IjIsT ak-
TUBAallil OPTOKJIa3y Ta MPUTHIYEeHHS KBaplly Y npoleci
¢orarii. [IpoBeneHe MOpPiBHSIHHS pe3y/IbTaTiB JOCIi-
JIDKEHHST (PTOPHCTO-BOIHEBOI Ta OPOMUCTO-BOTHEBOL
KUCIOT y Tipoueci duorauii oprokiasy. [Ipu BmicTi
56 % xBapiy Ta 39 % oprokia3sy, i3 BMictom K,O y
7,78 % y BUXimHIN CHPOBUHI, 3aCTOCYBaHHSI OpPOMIIC-
To-BomHeBoI KucioTH (800 T/T.) Ha€ Ha BUXOMi CHIiBBiI-
HoteHHst 90 % oproknasy, 8 % kBapiy 3 13,51 % K,O.
3a aHaJIOTIYHUX YMOB, BUKOPUCTAaHHS (DTOPUCTO-BO-
HeBoi kucnotu (800 r/1.) 3a6e3neuye BMmicT 80 % opTo-
kia3y Ta 18 % kBapiy, 39,52 % K,O B KOHLIEHTpaTi.

IIpakTuyna 3HaYuMicThb. [IponykT, oTpumMaHuit
3a JOMOMOTOI0 MArHiTHOI cerapalii 3 HacTyITHOIO
droratiero, Binnmosigae crienudikamii mis KkepaMiku
i1 ckia. Kpim Toro, BUKOpUCTaHHSI OpOMUCTO-BOIHE-
BOI KMCJIOTH € €KOHOMiIYHO BUTiTHUM Ta MEHIII LIKi-
JIUBE JJIs1 HABKOJMIITHBOTO CEPEAOBMINA Y TTOPiBHSIH-
Hi 3 BUKOPUCTaHHSM (DTOPUCTO-BOAHEBOI KMCIOTH.

KumrouoBsi ciioBa: Aiin-bapbap, kanrieguil noavo-
ULl Winam, MazHimHa cenapauis, gpaomauis, ckao,
Kepamika

Iens. [NpexBapureabHOe M3yYeHUE YIYUIICHUS
KayecTBa IOJIEBOIO IIIAaTa MECTOPOXIACHUS AitH-
Bapbap (Amkup) ¢ LETbIO MNOJXYYEHHUS IIOJIEBOTO
mmaTa (OpToKJa3a) BEICOKOI CTENeHU YMCTOTHI, Oe3
OKMCJIOB XeJjIe3a U KBaplla, COOTBETCTBYIOIIETO CTaH-
JlapTaM IPOM3BONICTBA CTEKJIa U KEPaMMKU.

Metonuka. IloneBoil mmar u3 kKapbepa AWH-
bap6ap Obl1 u3MenpueH u mnpocesiH. [lodydyeHa xa-
pakTepucTUKa MIUHepajla MeToIaMu PEHTTEHOCTPYK-
TypHOTO aHanu3a (peHTreHoan(pPaKIIMOHHOIO aHa-
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JI3a), XUMUYECKOTO aHaiu3a U peHTreHodyopec-
LleHTHoro aHanu3a. Marepuan (-250 +45 Mxm) mox-
BEprajicst IpOMEIBKE € TTOCIICAYIONIEH (pU3NKO-XUMHU-
YeCcKOil KOHIIEHTpallMell (MarHWUTHAasI cemapaius 1
¢oTanyst) B HOBBIX YCIIOBUSIX. MI3ydeHBI OCHOBHBIC
napaMeTpbl TIPOILIECCOB MAarHUTHOM cemapaluuyd U
doTanyu B pa3IMYHbIX AUaNa30HaXx.

Pesynbratsi. [IpoMbIiBKa 1 BBICOKOMHTEHCHUBHAS
MarHutHas cenapauusi (12 Am) Mo3BOJISIET YMEHb-
IIUTh JOJIO >KeJe30COoAepXalluX MpuMeceit no
0,09 %, a ¢aoTanmus SBISETCS JYYIINM CITOCOOOM
IUJIST OTIEICHUST KaJTMeBOTO TIOJIEBOTO II1T1aTa OT KBap-
11a C TTOMOIIbIO COOTBETCTBYIOIIUX peareHToB (Opo-
MUCTBII BOOOPOI, aMWH).

B cpennem, B ipo0Oe moJjieBoro 1imnara, oooramieH-
HOTO 3THM METOIOM, comepxurcsa 15,16 % Al,Os,
70,40 % SiO,, 0,03 % okcunos xkene3a, 13,51 % K,O n
0,14 % Na,O, 4TO MO3BOJISIET UCIIOIb30BATh MIPOAYKT
B KEPAMUYECKOU U CTEKOJIBbHON MPOMBIIILIEHHOCTH.

Haubonbiiunii uHTEpec TmpencrasiseT 3P dexT,
KOTOpPbIA OpOMUCTBINA BOAOPO, OKa3bIBA€T HA KBapIl
(nmomasiieHMe) U opTokia3 (akTuBaLys). JlodaBieHue
OPOMHUCTOrO0 BOMOPOIA ITO3BOJISIET KOHTPOJIMPOBATh
ancopOIMI0 aMUHA KAJIMEBBIM TTOJIEBBIM IIITIATOM ITy-
TeM aJicopOIIMK MOHOB B~ B MIOBEpXHOCTH MUHEpaa.

bbuto 06HapYXEHO, YTO UCMOJB30BAHUE OPOMU-
CTOTO BOAOpoOIa B mpoliecce (hJI0Talluy YBEIUINBACT
comepXaHue KaJreBOTO II0JIEBOro Imara (OpTOKJIa-
3a) B KOoHIeHTpaTe. McciiemoBaHue mokaszaiao 3¢-
(EeKTUBHOCTD OTHCIICHUS ITOJICBOTO IITaTa (OpTOKJIa-
3a) OT KBaplia.

Hayuynas Hosu3na. VMcnoib3oBaHue 6poMUCTO-
BOJIOPOIHOI KUCJOTHI B KaueCTBE HOBOIO peareHTa
ISl aKTUBALlMM OPTOKJIa3a W YrHEeTeHMs KBaplia B
npouecce Guoraruu. IlpoBeneHoO cpaBHeHUE pe-
3yJIBTaTOB UCTIOIb30BaHUsI (DTOPHUCTO-BOAOPOIHOM 1
OpPOMUCTO-BONOPOTHOM KUCIOT B TIpoliecce (iora-
uuu oprtokiasa. Ilpu comepxanuu 56 % kBapua u
39 % oprokiasa, ¢ conepxanneMm K,O B 7,78 % B uc-
XOOHOM CBIpbE, IPUMEHEHHE OPOMMCTO-BOIOPOI-
Hoit kucnotel (800 1/T.) HaeT Ha BBIXOIE COOTHOIIIE-
Hue 90 % optokiasa, 8 % kBapua c 13,51 % K,O. I1pu
aHAJIOTUYHBIX YCIOBUSIX, UCITOJIb30BaHUE (DTOPUCTO-
BonmoponHoit kuciaoTsl (800 r/T.) obecneuynBaeT co-
nepxanne 80 % oproknasza u 18 % kBapua, ¢ 9,52 %
K,O B KOHIIEHTpaTe.

IIpakTUyeckast 3HAYUMOCTb. [Ipomykr, Tomy-
YEHHBI C TTOMOIIbIO MarHUTHOM cemnapaluu ¢ 1Mo-
caenyrouiei yortanuei, COoTBeTCTBYET crieluduka-
UM IJI1 KepaMUKU U cTeKJIa. Kpome Toro, NCIoib-
30BaHNE OPOMUCTO-BOTOPOTHON KHCIOTHI SIBIISIETCS
SKOHOMUWYECKN BBITOOHBIM M MEHEE OITaCHO IS
OKpYXalollell cpenbl 10 CpaBHEHUIO C MCIIOJIh30Ba-
HUEeM (PTOPUCTO-BONOPOTHOI KUCIOTHI.

KmoueBnbie cioBa: Aitn-bapbap, kaaueewtii no-
Ne80il wnam, MazHumHas cenapauus, promayus,
cmekno, Kkepamuka

Pexomendosarno 0o nybaikauyii dokm. mexH.

Hayk O. €. Xomenxkom Jlama Haoxo0xuceHHs PyKO-
nucy 08.12.15.
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Purpose. Analysis and estimation of physical parameters which create conditions for microparticles penetra-
tion into metal microstructure to abnormally big depth.

Methodology. Quantum mechanical three-site model has been used for studying the regularities of elec-
tron motion in the field of two Coulomb centres and numerical solution for the problem of the effect of exter-
nal electrical charge on stability of the chemical bond. Solution was found for the equation of heat conductiv-
ity for estimating the temperature of microparticles heating under compression and acceleration by explo-
sively driven accelerator. Stokes’s law was used for estimating viscosity of hypothetical medium which can be
penetrated by microparticle at a great speed and to a great depth. The research was done with the help of X-ray
microanalysis, X-ray crystallography, micrographic investigation, mass-spectrometry and electronic spec-
troscopy.

Findings. Solution of the quantum mechanical model testifies that electric charges serve as catalysts respon-
sible for the significant reduction of the energy barrier of chemical reactions. To ensure super deep penetration, it
is necessary to achieve acceleration of a great number of microparticles in a special explosively driven accelerator.
Heating, intensive stirring and friction result in electrification of the surface of the particles, which is known as
triboelectric effect. The hypothesis about physical and chemical mechanism of particles penetration into metals
resulting from high-speed impact has been put forward.

Originality. The research has established relationship between the sizes of microparticles accelerated by
explosion and the density of electric charges on their surfaces, as well as the depth of their penetration into the
metal barrier. By experimental research, it was proven that maximum depth of microparticles penetration is di-
rectly proportional to the maximum density of surface charges for the particles of the 50...80 um size. It is as-
sumed that particles penetration into metals to greater depths is conditioned by the reduction of the barrier
material viscosity in the zone of particle-barrier contact due to quantum mechanical effects in the solid-state
plasma.

Practical value. The value of the work includes creating a new generation of metal composites as well as new
prospective technologies of reactive materials utilization.

Keywords: microparticles, explosion, high-speed impact, crater, plasma, viscosity, penetration
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Introduction. Highly-energetic processing of ma-
terials together with other kinds of physical impacts is
one of state-of-the-art scientific and technological re-
searches aimed at creating innovative technologies and
materials. Application of two or more simultaneous
physical impacts can yield new fundamental knowl-
edge and solutions to such cutting-edge tasks as creat-
ing innovative energy-saving technologies, developing
new energy sources and materials with new physical
and chemical properties.

The main idea of complex processing lies in physi-
cal impacts on preliminarily destabilized microstruc-
ture of materials. Such complex processing may pro-
duce the following results: synthesizing monocrystals
of metastable diamond under impact compression of
preliminarily destabilized graphite-metal system,
transformation of graphite and zirconium into amor-
phous state under simultaneous impact of high pres-
sure and exposure to radiation of heavy ions flows [1],
abnormally deep penetration of microparticles into
metals resulting in formation of chemical elements [2].
Standard experimental and processing methods were
not reported to have yielded any of such results.

Solid bodies are distinguished by high degree of
physical and chemical activity and increased scale of
transformations in their microstructure even under
weak energy impacts, but it is only the case when the
initial state of the solid body is characterized by a great
reserve of excessive inner energy. In view of this, it is
especially interesting to study the effects discovered in
metals after superdeep penetration of particles (S.Ush-
erenko).

Analysis of recent research. Research into the
collision of microparticles’ flow and the metal barrier
and into processes of their penetration to abnormally
big depths is aimed at solving fundamental problems of
substance stability and phase transformations. In the
process of microparticles’ penetration, we observed
formation of nanomodified composite metal material
which is in fact a massive metal matrix saturated with

Fig. 1. Transverse section of the copper barrier
near the surface. Observable craters of cubic
beta-shape have been formed after the impact
of silicon carbide particles
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parallel-oriented insertions of the new phase with the
density (300...1500) x 10° m~2? as shown in Fig. 1. Fig. 2
presents the remains of microparticles in the barrier
microstructure. Such composite material with unique
combination of physical, chemical and mechanical
characteristics was used for manufacturing and testing
the pilot batch of cutters used for destroying coal, pot-
ash salt, cutting metals etc. (S. Usherenko).

Microparticles with the impact speed of
500...3000 m/s get into contact with a massive metal
barrier and penetrate to more than 10~' m deep. To
compare: during detonation sputtering (approximately
with the same velocities 300...1000 m/s), there appears
a surface deposit [3], and the depth of microparticles’
penetration into the barrier does not exceed 6 x 107 m,
according to professor S.I. Buravova . Experiments es-
tablished that conditions for microparticles’ penetra-
tion to abnormally big depths arise due to a number of
processes brought about by physical peculiarities of
forming a bunch of microparticles in cumulative explo-
sively driven accelerator. As a result of microparticles’
hitting the surface of a massive metal barrier, there ap-
pear the so-called craters reaching 2 x 10~! m deep. The
traces of the penetrated particle have the form of a cav-
ity with the length exceeding width by 10° times. Dur-
ing particles’ penetration at the average impact pres-
sure 0,2...1,0 GPa, the grain size of the metal barrier
did not differ from the grain size of the same metal un-
der shock-wave treatment at 50 GPa pressure. For both
treatment methods, dislocation densities are nearly the
same, which testifies to the same values of additional
energy stored by microstructure of the given metal.
Thus shock compression and additional high-volume
alloying by elements of introduced microparticles dra-
matically changed the structure and chemical compo-
sition of initial metals which acquired principally new
physical and chemical properties not to be achieved by
any other methods of metal processing.

At present, researches into the studied problem are
being conducted not only by the institutions represent-

Fig. 2. Barrier microstructure of steel 45 with re-
mains of penetrated microparticles:

a —x1000; b — x10 000; ¢ — x2500; d — x5000
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ed by the authors of this paper, but also by the Re-
search Institute of Pulse Processes with Pilot Plant —
SRI PIs OP (Belarus) and Samara University (Rus-
sia) [4].

In the field of fundamental sciences (synthesis of
new materials), analogous results were obtained by the
specialists of Scientific-research Electrodynamics
Laboratory “Proton—21” (Ukraine) [5], Purdue Uni-
versity West Lafayette (USA); in the field of creating
composite materials, new results were received by the
team of National Research Center “Kurchatov Insti-
tute” (Russia), Polymate Ltd. — International Nano-
technology Research Center, Migdal Ha-Emek (Isra-
el) and Kazan National Research Technological Uni-
versity (Russia) [6] etc. The above researches were re-
lated to small depths of particles’ penetration (Samara
University) and small amounts of the processed mate-
rial (“Proton—217, “Kurchatov Institute”). Funda-
mentals for studying the mechanism of solid particles’
penetration into the solid body are presented in publi-
cations of scholars from SRI PIs OP, Belarus National
Technical University, State Scientific Institution “The
Institute of Metal Technology” (Belarus) and State
Higher Educational Institution “National Mining
University” (Ukraine).

Purpose of the research. Study of super deep
penetration (SDP) of solid particles into metals is
based upon a big amount of statistical experimental
data. Various physical and mathematical models of
this process developed by G.G. Chornyi, S.S. Grigo-
ryan, A.E.Rakhimov, G.P.Cherepanov, S.K.Andi-
levko, N. N. Sirota, A.A. Sivkov, L. G. Korshunov and
others — do not provide credible arguments in favour
of any SDP mechanism.

The present research aims at analysis and assess-
ment of the physical parameters which create condi-
tions for microparticles’ penetration into metal micro-
structure to abnormally big depths. We consider the
depth of penetration abnormal if it constitutes 10%...103
of the initial diameter of a microparticle, while ac-
cording to classical assumptions the penetration depth
should not exceed 10'. The simplest estimation allows
to conclude that the energy consumed by microparti-
cles acceleration to the average velocity 1000 m/s is by
several orders of magnitude smaller than the energy
required for penetration of one percent of a micropar-
ticle to the depth of 103 diameters. Research into SDP
phenomenon involves studying the previously un-
known physical mechanism of a microparticle travel in
the solid medium at distances that are sufficiently big
in reference to the specific size of this particle.

Materials and equipment. Metal barriers were
manufactured from copper, brass, aluminium, silicon-
aluminium alloy AK-12, iron, structural steel P6M5.
Blasting charges were made of ammonite Ne 62KB. We
also used powders containing microparticles (not big-
ger than 125 um) of silicon carbide, lead, copper, and
aluminium. The data was received from X-ray micro-
analysis (DS340 TESLA; Superprobe 733, JEOL),
electronic spectroscopy (JAMP-10S, JEOL), mass
spectrometry (MI-12011G), secondary ion mass spec-
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trometry (IMS-4f), X-ray crystallography, and trans-
mission electron microscopy (JEOL JEM-2100). Sur-
face charge density was measured by noncontact in-
duction. Experimental data were processed on the ba-
sis of the theory of random errors. For the purpose of
the research, we applied a quantum-mechanical mod-
el describing dynamics of chemical bond in the field of
Coulomb centre (V. Sobolev et al.) and the technique
for detecting ionizing radiation during microparticles’
penetration into the metal barrier (V.Ovchinnikov
etal.).

Summary of the research. Microparticle travel
in the solid medium at great distances cannot be pre-
sented in the form of conventional hydrodynamic
models. The almost absent resistance to solid mic-
roparticles’ penetration can be related to abnormally
low viscosity of the barrier metal. We assume that vis-
cosity changes only within the zone limited by the
contact surfaces of the barrier and microparticle.
Hence it appears probable that the mechanism of plas-
ma formation may be the reason for stepwise change of
viscosity. Such inference is substantiated by the results
of experimental research analysis which prove the fea-
sibility of plasma hypothesis:

1. SPD is observed only in the case of acceleration
of a great number of particles and does not take place
if only one particle hits the barrier.

2. SDP is always accompanied by a strong electro-
magnetic radiation emitted by the metal barrier which
can be explained by the movement of electric charges
of high density in microstructure.

3. SDP is characteristic of microparticles with ini-
tial size not more than ~100 um. The probability of
SDP sharply drops if microparticle size exceeds a cer-
tain range (scale factor). The critical size for penetrat-
ing particles is 10°m > dx > 2 x 10™* m. If the barrier is
hit by the flow of particles of 10>m > d size, SDP is
not observed.

4. SDP does not take place if the speed of mic-
roparticles’ hitting the barrier exceeds a certain veloc-
ity range (0,5...3,0 km/s).

5. As microparticles penetrate the barrier, new
phases are being crystallized in the resulting channels
from the elements of the barrier, from microparticles
and new chemical elements which were absent in the
original materials.

Table (V.Sobolev, S.Usherenko) presents the
chemical composition of the iron barrier microstruc-
ture in the zones adjacent to the channels formed by
penetrating microparticles (analogous results have
been obtained for copper aluminium and other met-
als). Element and isotope compositions have been in-
vestigated by X-ray microanalysis, laser mass spec-
trometry and other tools. Experiments showed that the
pair of materials forming the barrier and microparticle
interacting in the course of SDP determines what new
(in respect to the initial ones) isotopes of chemical ele-
ments will be formed. Thus, is we used Pb + Fe and
Fe + Fe, the resulting element was mostly manganese
(up to 59 %). It was observed that the sulphur content
has been always smaller than and proportional to man-
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Table
Chemical elements content in the iron barrier after lead microparticles’ penetration
Analyzed sample or a fragment of its Chemical elements, % mass

microstructure Cr Fe Al Mn S Cu Pb
Initial composition of microparticles - - - - - - 99.91
Initial composition of the barrier 0.004 99.58 — — 0.007 - -
Analysis at the depth of 15 mm (Fig. 2, a) - 52.99 0.04 28.83 18.14 0.900 -
Analysis at the depth of 32 mm - 28.61 13.99 39.17 - 0.55 17.68
Analysis at the depth of 47 mm 0.18 43.83 — 30.39 25.01 0.28 —
Analysis at the depth of 72 mm (Fig. 2, b) — 41.64 0.22 45.74 — 0.12 12.27
Analysis at the depth of 116 mm (Fig. 2, ¢) — 43.32 0.03 40.00 — 0.54 16.11
Analysis at the depth of 173 mm (Fig. 2, d) - 46.50 0.14 36.22 - 0.43 16.71

ganese content. Stable appearance of new elements’
isotopes (Mn, S, Na, Cu, Al, Ne, Rn and others) on a
large scale can be caused only by nuclear processes
(V.Sobolev, S. Usherenko). The hypothesis about pro-
bable nuclear transformations can be proved or dis-
proved only after multiple experiments using maxi-
mum number of methods required and possible (for
the present specification of experiments) to control
intermediate and final results.

The energy consumed by microparticles’ accelera-
tion on the one hand, and by breaking chemical bonds
between the barrier atoms and new elements’ forma-
tion — on the other hand, differs by 103 times. This es-
timation could have become a serious reason for pes-
simism regarding the very possibility of SDP occur-
rence but for the stability of its effect substantiated by
thousands of experiments conducted during the last
four decades. The attempts to explain the obtained re-
sults using conventional hydrodynamic models usually
end in a failure. Thus the task of searching for con-
spicuous physical processes serving as “supplementary
energy sources” stimulating breakage of bonds in the
barrier metal, especially — formation of initially absent
elements — becomes especially topical.

Experiments proved that microparticles’ penetra-
tion to great depths is stable if the acceleration velocity
(kinetic energy) and microparticles’ sizes are of defi-
nite boundary values. Another specificity is related to
the conditions of forming a bunch of microparticles in
the cumulative accelerator where they are subjected to
compression, mixing, intensive friction and heating.
Microparticles’ acceleration in the bunch ensures con-
tinuous intensive friction of their surfaces. Maximum
time required for microparticles’ bunch formation in
the cumulative accelerator does not exceed 10 us. The
temperature of iron microparticles’ (dia 60 and
120 wm) heating was measured with the help of
A.V.Lykov’s method. Fig. 3 shows the relationship be-
tween microparticles heating and time. Taking into ac-
count the obtained regularities and physical properties
of microparticles’ material, we have selected a design
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of blasting cumulative accelerator to form a bunch of
microparticles in the given time span. All the further
descriptions of properties and behaviour of a single
microparticle relate to any particle penetrating metal
microstructure. Peculiarities of microparticles’ com-
pression and acceleration in cumulative accelerator
bring about triboelectric reaction. Microparticles’ sur-
faces can be activated not only by reciprocal friction
but also by increased temperature and pressure — the
surfaces of tossed microparticles acquire electric
charges during acceleration in the cumulative acceler-
ator. The density of microparticles’ bunch in cumula-
tive accelerator does not differ much from the bulk
density.

The average velocity of microparticles’ movement
is more than three times higher than the speed of
sound in the air. High speed and density are the rea-
sons why the known methods of diagnostics cannot be
applied to the charged microparticles. Fig. 4 shows the
relationship between the distribution of surface charg-
es and microparticles’ sizes (surface charges were ac-

T.K
600 1
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500 - 2
450 -
400 -
350
300
250 -
200

—

8§ 9 10 11
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012 34567
Fig. 3 Relationship between the heating tempera-
ture T of the outer layer 10 um thick consisting

of iron microparticles with dia 60 um (1) and
120 um (2) and time t
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Fig. 4. Relationship between the charge density on
the surface of mineral particles and their sizes
during blowing:

1 — biotite; 2 — gypsum; 3 — calcite; 4 — microcline

quired by microparticles in “mild” conditions of me-
chanical interaction).

Hence the first condition for microparticles’ pen-
etration to great depths is acquisition of maximum
possible density of surface charges before hitting the
barrier.

Decrease in stability of chemical bond and its sub-
sequent breakage were studied by numerical modelling
(V.Sobolev et al.). Figures 5 and 6 show the specificity
of the bond agitation under the influence of negative
and positive charges. Research into the system “CO
ion-molecule” allows to state that under otherwise
equal conditions any molecule’s bond is broken at a
certain distance from an ion. For example, a strong
bond of CO molecule at the temperature 0 K is broken
by a point charge at the distance 0,16 x 10~ m. As the
temperature rises to 600 K (Fig. 3), the distance in-
creases to 2 x 10 m. The probability of the bond
breakage increases sufficiently as the chemical bond
energy decreases, or the temperature rises, ion charge
and charge density distribution increase. When ap-
proaching charges at a critical distance, chemical
bonds are broken with charged particles’ formation.

High-speed microparticles hitting the barrier pro-
duce shock waves in the front of which, according to
W.F. Libby, the barrier substance enters the state of
activated complex which is fundamentally different
from the initial state. In the moment of each micropar-
ticle hitting the surface, there appear localities with
newly formed thin plasma layer (P.A.Tissen et al.).
Afterthat, 1...3 % of microparticles continue penetrat-
ing destabilized mechanically activated microctruc-
ture. Microparticles’ smooth travel in metal is ensured
by the plasma zone of ions and electrons of the barrier
chemical elements limited by the surfaces of the bar-
rier and microparticle. The hypothesized pattern of a
microparticle penetration into the metal barrier is pre-
sented in Fig. 7. Fig. 8 shows the typical state of parti-
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Fig. 5. Alteration of chemical bond energy E re-
lated to inter-atom distance R under the impact
of one-valent and two-valent negative ion
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Fig. 6. Alteration of chemical bond energy E re-
lated to inter-atom distance R under the impact
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Fig. 7. Formation of the “barrier—penetrating mi-
croparticle” system:

1 — microparticle; 2 — metal barrier; 3 — plasma;
4 — direction of microparticle’s motion; 5 — “plasma
JSocus”; 6, 7 — plasma jets; 8 — zone of a new phase
crystallization
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Fig. 8 The shape of some particles that stopped
their motion in microstructure of the metal bar-
rier:

a — longitudinal view in the channel; b — cross sec-
tional view

cles at halt. It can be seen that the channel diameter in
the area of braking is two times bigger than micropar-
ticle diameter.

Let us assume that the initial temperature of the
plasma flowing around the microparticle is relatively
small — about 1 eV (I. V. Sokolov). The so-called plas-
ma focus is formed behind the microparticle where
collisional plasma flows rise plasma temperature to the
values of nuclear synthesis reactions — about 10° eV.
Such temperature can be achieved as a result of redis-
tribution and cumulation of plasma flows’ internal en-
ergy.

Consequently, the second condition for micropar-
ticles’ penetration to abnormally big depths is con-
nected to decrease of dynamic viscosity in the locali-
ties of microparticles’ contact to values approaching
1073,

Chemical bonds are broken during the period of
107"2...107B s. This time (0,66...4) x 107" s is enough
for a microparticle moving at a speed of (0,5...3,0) x
x 10° m/s to pass through one atom layer 2 x 107" m
thick. Charged particles (ions, electrons) formed as a
result of this passage fill the zone between the surfaces
of the barrier and microparticle. The total mass of
charged particles entering this zone is directly propor-
tional to the crosswise size of the microparticle pene-
trating the barrier. New chemical bonds between ele-
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ments are formed behind the microparticle that is the
channel formed by the microparticle passing through
the barrier is stopped with new phases.

According to V.Tzariov estimation, the time of
charge relaxation in metals is ~10~"° s that is why charge
outflow from the zone cannot be compensated by in-
coming particles during the time of ~10~3s. If the plas-
ma layer disappears, metal viscosity in the contact
zone instantaneously drops to the initial value and the
microparticle stops its further motion. For the effect to
take place, it is necessary that the time of particles’
discharge through metal exceed the time of new charg-
es entering the zone.

Hence, the third condition is about selecting initial
sizes of microparticles di taking into account the set
range 10 m > dx > 2 x 107* m and the range of veloci-
ties of micropartiles’ hitting the barrier from 500 to
3000 m/s.

The discharge through the metal barrier is negligi-
ble when the barrier microstructure is strongly desta-
bilized, or there appears conductivity of non-metallic
type. Microparticles’ bunch impact can cause the state
of destabilization lasting from 0,2 to 1,2 ms. Dynamic
treatment results in different forms of lability: e.g. de-
formational destabilization including displacement of
dislocations and grain boundaries (P.Butiagin). Mi-
crostructure disorder brings about formation of
strained bonds, new defects (point, linear and planar),
which results in electron concentration decrease in
conductivity zone.

Studies of magnetic and dynamic effects caused by
the motion of ionized high-speed flow of Si;N, mic-
roparticles allowed to establish the relationship be-
tween the value of magnetic induction and micropar-
ticle size (V. Ovchinnikov), Fig. 9. The graph illustrat-
ing the relationship between the magnetic induction
value and the powder microparticles’ sizes indirectly
substantiates the particle size influence on the density
of charge distribution on the surface and consequently
on the probability of plasma emergence. The depth of
microparticles’ penetration related to their sizes has
been many times proved experimentally, Fig. 10.

The character of relationship between the depth of
barrier penetration and Si;N, microparticle (Fig. 10)
size is typical for other microparticles under study —
SiC, Al, Cu etc. Maximum depth of penetration varies
depending on the particles’ material. One of the main
premises of our hypothesis and a mandatory condition
of penetrating thick-walled metal barrier is tossing of
microparticles with surface charges. By definition [7],
charged microparticles of condensed substance are
dust plasma characterised by extremely high chemical
activity, ability to self-organize and form ordered
structures, by fluctuation of particle charges etc. Par-
ticles of dust plasma may be charged by the flows of
electrons and ions, as well as by way of photo-, ther-
mo-, or secondary emission of electrons from parti-
cles’ surfaces [7]. If a microparticle captures electrons,
the charge value may reach ~10%..10° of elementary
charges. Thus average Coulomb energy of particles’
interaction greatly exceeds thermal energy. Theoretical
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Fig. 10. Relationship between the depth of Si;N,
microparticles’ penetration and their size

calculations of equilibrium properties of such plasma
demonstrate that under certain conditions strong elec-
trostatic particles’ interaction and small energy of their
thermal motion bring about formation of spatially-or-
dered structures in particles’ location which are analo-
gous to structures in liquids and solids [7]. Micro-
structure of the section near the barrier surface can
testify to spatial orderliness of microparticles in a
bunch, Fig. 1.

Stepwise decrease of viscosity is the consequence
of quantum mechanical effects. As microparticles hit
the barrier, there appears a shock wave propagating at
the speed 5100 m/s (for technical iron), while phonons
interact with free metal electrons and with electrons
forming chemical bonds (P.Platzman, P.Wolf). The
time of sound wave for microparticles of 20...120 um
dia is (2...12) x 107® s. Sound waves, advancing mic-
roparticles, interact with chemical bonds and free
electrons (interaction between electrons and pho-
nons). As a result, bound electrons and free electrons
get agitated, that is go through upward transition. This
means that energy of bond decreases by AE (Fig. 5).
Electron transitions are possible from level 1/2 to 3/2,
from 3/2 to 5/2 etc. These transitions are accompanied
by emission of energy quanta. Electron transition (agi-
tation) lasts for 7,,;, = 10'>—107" 5. Relaxation of valent
electrons during downward transition lasts for #,,,, =
= 10*—10"° s and relaxation of free electrons takes
ther=10"2—10""s (A. A. Vedenov). That is we can state
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that free electrons act as donors of energy which goes
onto chemical bonds and loosens them. Bonds receive
additional agitation and get opened, while the particle
start moving in the the plasma of solid body. Compar-
ing ¢ and ¢, We can assert that not all chemical
bonds go through relaxation during the time of mic-
roparticle motion. Using Stokes equation ma = 6mnrv,
let us estimate the value of viscosity for a hypothetical
medium so that a microparticle of 60 um dia will pen-
etrate to the depth 0,1 m at the average speed 1000 m/s,
Figures 11 and 12. The obtained range of viscosity val-
ues for the hypothetical medium, which can in prin-
ciple ensure microparticles’ penetration to abnormally
big depths, includes known values of water viscosity
and low temperature plasma. The research results con-
firm the hypothesis of plasma formation during mis-
roparticles hitting the metal barrier surface that is SDP
mechanism which is based on formation of Coulomb

n, Pa-s
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Fig. 11. Relationship between viscosity n and mic-
roparticles’ size R (v = 1000 m/s) during their
penetration to the depth 0,1 m
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Fig. 12. Relationship between viscosity n and mic-
roparticles’ penetration depth S. For the parti-
cles 60 um and their velocity v = 1000 m/s
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potential on microparticles’ surfaces. It was experi-
mentally found that microparticle travel in the barrier
is accompanied by electromagnetic radiation regis-
tered as a light exposure on the X-ray film [8], which
can be interpreted as movement of the system “pene-
trating microparticle — plasma layer” in metal micro-
structure.

Conclusions. The authors have developed a new
physical and chemical model of microparticles’ pene-
tration to great depths in metal barriers. The main idea
of the model is formation of continuously regenerating
plasma between the contact surfaces of penetrating
microparticle and the barrier.

Behaviour of conglomeration of charged micropar-
ticles is distinguished by the spatial orderliness whose
character is analogous to the behaviour of well-studied
dust plasma. However, most often we do not observe
any signs of ordered disposition of craters in the target
microstructure. This phenomenon is related to the
value and sign of the charge, microparticle size and re-
lationship between the force of electrostatic interac-
tion of particles and energy of their thermal move-
ment.
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MeTta. AHani3 i ouiHKa (Qi3MUHMX TTapaMeTpiB,
1110 B KOMILJIEKCi CTBOPIOIOTh YMOBM IS IPOHUKHEH -
HSI MiKpOYaCTMHOK 10 MiKPOCTPYKTYpU MeTaly Ha
aHOMAaJIbHO BeJIMKi NIMOWHU.

Metomuka. BukopucraHa KBaHTOBO-MeXaHiuHa
TPULIEHTPOBA MOJENb JJISI AOCHIIKEHHS 3aKOHOMIp-
HOCTEU pyXy €JIeKTPOHA B ITIOJi IBOX KYJIOHiBCBKMX
LIEHTPIiB 1 YMCEJBLHOTO PillleHHs 3aAayi 110A0 BILUIMBY
30BHIIIHBOTO €JIEKTPUYHOIO 3apsily Ha CTIMKICTb Xi-
MIYHOTO 3B’sI13Ky. BupilryBasocst piBHSIHHSI TeIlIO-
OPOBIAHOCTI JJIsI OLIHKM TeMIlepaTypu HarpiBaHHS
MiKpOYaCTUHOK TIpU 1X CTUCHEHHI Ta PO3TOHiI BUOYXO-
BUM MpHCKOpIoBaueM. BukopucToByBanocs piBHSIHHS
Crokca /1Sl OLIiHKY 3HAYEHHSI B’ SI3KOCTi TMOTEeTUYHO-
IO CepeloBUIIIA, 10 IKOTO Ha BEJIMKY NIMOWHY i1 Ha BU-
COKilf IIBUAKOCTI 30aTHA MPOHUKHYTU MiKpOYaCTUH-
ka. [IpoBeneHe aHaMITUYHI AOCTIIKEHHS i3 3aCTOCY-
BaHHSM MiKpPOPEHTI€HOCIEKTPAIbHOTO, PEHTIEHO-
CTPYKTYPHOTO ¥ MiKpOCTPYKTYPHOTO aHaJli3iB; Mac-
CIIEKTPOMETPIi, eJIEKTPOHHOI CIIEKTPOCKOIIii Ta iH.

Pesynbrati. PillleHHS KBaHTOBO-MEXaHIYHOI
Moesli MoKa3ye, 110 eJIeKTPUYHI 3apsiiv € KaTaii3a-
TOpaMHu, $IKi ICTOTHO 3HMXKYIOTb €EHEePreTUuYHUM
Oap’ep XiMiyHMX peakuiit. s peanizanii Haarmmo0-
KOro TPOHUKHEHHSI HEOOXiIHO BUKOHATU OOOB’SI3-
KOBY YMOBY, 1110 TOJIsSITa€ B PO3TOHi BEIMKOI KiJIbKOCTI
MiKpOYaCTMHOK y CIleliaIbHOMY BUOYXOBOMY MpHU-
CKOpIoBayi. Y pe3yabTraTi HarpiBaHHS, iHTEHCUBHOTO
nepeMilllyBaHHS Ta TEPTS BiAOYBa€TbCS €leKTpU3a-
11is1 TOBEPXHi MiKPOYACTUHOK — MPOSIBISIETHCS BiIO-
MUl TpruboeneKTpuyHuil edekT. Bucynyra rinoresa
npo Gi3MKO-XiMIiYHMIT MeXaHi3M TIPOHUKHEHHST Mi-
KPOYACTUHOK Y METaJIM B Pe3yIbTaTi BUCOKOIIBU/I-
KicHOTO yaapy.

Haykosa HoBu3HA. BcTaHOBIEHO B3a€EMO3B 130K
MiX PO3MipOM MiKpOYaCTUHOK, IO PO3TaHSIOThCS
BUOYXOM, IIiIJIbHICTIO €JIEKTPUYHUX 3apsIAiB Ha iX MO~
BEpXHi Ta IMIMOUHOIO MPOHUKHEHHST MiKpPOYaCTUHKU
B MeTajieBy Iepeuikony. ExcrneprMeHTaIbHO BCTa-
HOBJICHO, IO MaKCUMaJbHa IMOMHA MPOHUKHEHHS
MiKpOYaCTUHOK MPSMO MpOMNopliiiHa HaWOiIbIIii
LLITBHOCTI MTOBEPXHEBUX 3apsiliiB, XapaKTepHUX IS
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yacTUHOK po3MipoMm 50...80 mkm. Ilependavaetbcs,
IO MMIPOHWKAHHS MiKpOYaCTMHOK IO METAaJIiB Ha Be-
JIMKi NIMOMHU OOyMOBJIEHE 3MEHIIEHHSIM B’SI3KOCTI
MaTepiajy mepelKkogud B 30HI KOHTAaKTy MikKpodac-
THUHKU 3 TIEPEIITKOIO0 32 PAXYHOK IIPOSIBY KBAHTOBO-
MexXaHIYHUX e(eKTiB y Imj1a3Mi TBEpAOTro TiJa.

IIpakTuyna 3HAYMMiCTB. CTBOPEHHS METaJIeBUX
KOMITO3UTIB HOBOTro MokoaiHHs. IlepcrniekTuBu mo-
B’s13aHi 3 HOBOIO TEXHOJIOTI€IO yTWJIi3allii pagioak-
TUBHUX MaTepialiB.

KumrouoBi ciioBa: mikpouacmunku, 6udyx, Uco-
KowleuoOKIicHULL yoap, Kkpamep, naa3ma, 8 s13Kicmb,
NPOHUKAHHA

Ileab. AHanu3 U olieHKa PU3UYECKUX Tapame-
TPOB, KOTOPHIC B KOMILICKCE CO3MAIOT YCIOBUS IS
MPOHUKAHMUS MUKPOYACTHUIL B MUKPOCTPYKTYPY Me-
TajlJla HA aHOMAJIbHO OOJIBIIINE TIIyOUHBI.

Metonuka. Mcnonb3oBaHa KBaHTOBO-MEXaHU-
yeckasl TpexXLeHTpOBasi MOIEIb IS UCCIeIOBaHUS
3aKOHOMEPHOCTE! IBMXKEHUS 2JIEKTPOHA B IOJIE IBYX
KYJIOHOBCKUX LIEHTPOB M YMCJIEHHOIO pelIeHUs 3a-
Jlauu O BJIMSIHUM BHELIHEro 3JIeKTPUUECKOro 3apsiia
Ha YCTOMYMBOCTh XMMHWYECKOU CBS3U. Pelmanock
ypaBHEHME TEIJIONPOBOAHOCTHU [JIsl OLIEHKU TeMIle-
paTyphl HarpeBaHWs MUKPOJACTHII TIPU UX CKATUH 1
pa3roHe B3pBIBHBIM ycKoputejeM. Mcmomb30Banoch
ypaBHeHHe CTOKca IJIsI OLICHKY 3HAYCHUS BSI3KOCTH
TUTIOTETUYECKOM Cpeabl, B KOTOPYIO Ha OOJBIIYIO
NI1yOMHY M Ha BBICOKOI CKOPOCTHU CITOCOOHA ITPOHUK-
HYTh MHKpoyacTulia. [IpoBeneHbl aHaJIMTUUYECKHUE
HUCCAENOBaHUSI C MPUMEHEHUEM MMKPOPEHTICHO-
CHEKTPaAJIbHOTO, PEHTIEHOCTPYKTYPHOTO U MUKPO-
CTPYKTYPHOTO  aHaJM30B; MaccC-CIIEKTPOMETPUH,
2JIEKTPOHHOM CHEKTPOCKOIIUHU U JIP.

PesynbraThl. PemeHme KBaHTOBO-MeXxaHWYeE-
CKOI MOJIeJIU TTI0KA3bIBAET, UTO JEKTPUUECKUE 3apsi-
Il STBJISTIOTCSI KaTaJau3aTopaMM, CYIIECTBEHHO CHU-
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KAIOMIMMU SHEPreTUYeCKUii Oapbep XUMUYECKUX
peakuuii. JIst peanu3aiini CBEPXIITyOOKOTO TIPOHM -
KaHMST HEOOXOIMMO BHITIOIHUTD 00513aTEIbHOE YCIIO-
BHE, KOTOPOE 3aKJIFOYaeTCsI B pa3rOHE OOIBIIOTO KO-
JIMYECTBA MUKPOYACTUIL B CITEIIMATLHOM B3PHIBHOM
yckoputenau. B pesyiabraTe HarpeBaHMSI, MHTCHCHB-
HOTO IMepeMeIINBaHUs U TPEHUS IMIPOUCXOOUT DJIeK-
TpU3als MTOBEPXHOCTU MUKPOYACTUL] — IIPOSIBIISICT-
Cs1 U3BECTHBIN TpUOOdJIeKTpudecknii apdekt. Boi-
NIBUHYTA TUITOTE3a O (PU3UKO-XMMUUYECKOM MEXaHU3-
Me TIPOHUKAHUST MUKPOYACTHIL B METAJUTBI B PE3YIThb-
Tare BBICOKOCKOPOCTHOTO y/apa.

Hayynass HOBH3HA. YCTaHOBJIEHAa B3aUMOCBSI3b
MEXIYy pa3MepoM MUWKPOYACTHUI, pPa3TOHSIEMBIX
B3PBIBOM, IIOTHOCTBIO 3JICKTPUYECKUX 3apsiIOB Ha
X IOBEPXHOCTH U TIIyOMHOU IIPOHUKAHUS MUKpPOYJa-
CTUIIBI B METAJUIMYECKYIO IIperpamy. DKCIIepUMEH-
TaJIbHO YCTAaHOBJICHO, UYTO MaKCHMaJbHas TIyOWHa
MPOHUKAHUS MUKPOYACTUIL IIPSIMO IIPOITOPIIOHAIIb-
Ha HauOOJIbIIEH MIOTHOCTHA MOBEPXHOCTHBIX 3apsi-
JIOB, XapaKTePHbIX 1151 yacTull pazmepoM 50...80 MKM.
IIpeamnonaraercsi, YTO MPOHUKAHKME MUKPOYACTUIL B
MeTasUIbl Ha O0JIbliIMe ITyOMHBI 00YCIOBIEHO YMEHb-
IIEHWEM BSI3KOCTHM MaTepHajia Iperpaabl B 30HEe KOH-
TaKTa MUKPOYACTUIIBI C IIPETPAION 32 CUET MPOSIBIIEe-
HUST KBAHTOBO-MEXaHMIEeCKNX 3(P(PEeKTOB B Iuia3me
TBEPHOTO Tella.

IIpakTuyeckas 3HA9MMOCTh. Co3maHue MeTal-
JIMYECKUX KOMITO3UTOB HOBOTO mokoneHus. Ilep-
CIIEKTUBBI CBSA3aHbI C HOBOMW TEXHOJIOTUEW YTUIMU3A-
LIMM paarOaKTUBHBIX MaTePUAJIOB.

KiroueBble ciioBa: Mukpouacmuuybl, 83pul8, 8bl-
COKOCKOpOCMHOU ydap, Kpamep, HAA3Ma, 853-
KOCMmb, NPOHUKAHUE

Pexomendosarno do nyoaixauii dokm. ¢iz.-mam.

nayxk A. B. Yepnaem. Jlama naoxo0xcenns pyKonu-
cy 11.01.16.
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EHEPI'ETUYHA OLIITHKA TPAHCIIOPTHUX MAIIINH

Purpose. The research features calculation of analytical methods of management tasks under the condi-
tion of rational energy consumption in the transport process performed by the car adhering to the high level of
both traffic and environment safety. The work analyses analytical dependence of defining the quality of trans-
portation vehicles which meet customer requirements based on quality performance according to energy esti-
mation.

Methodology. Determination of the analytical model for the evaluation of the hybrid power plant technical
condition of the test cycle mode velocities from 30 to 60 km/h is developed. It determines the operation comple-
tion of the electrical installation and operation start of the internal combustion engine (ICE) according to car
speed motion by means of analyzing the energy loss of hybrid power plant depending on diverse operation condi-
tions to engineering decision.

Findings. The choice of synergistic approach in research performing is grounded. The system of evaluation
of technical condition of hybrid vehicles depending on the mode of their working conditions is improved. Simul-
taneous estimation of the performance of two power flows, from the ICE and electric motor drive, is also pro-
vided. The basis of the research of energy costs of electric power unit of a hybrid vehicle is characterized by the
steady movement of the vehicle when the control loop based on the energy balance, depending on the average
speed.

Originality. For the first time, the interrelation between the technical condition of the hybrid power plant
(HPP) and working modes is determined on the basis of the energy principle.

Practical value. The method for determining the hybrid power plant boundary condition, which will improve
the system of maintaining and repairing hybrid cars at service stations, is designed.

Keywords: hybrid power plant, transport machine, energy estimation

Introduction. The issue of energy saving is im-
portant in the energy usage for transportation. In this
regard, a vehicle cannot be an exception. Moreover,
for vehicles this question is of particular importance
because nowadays a vehicle is becoming almost the

© Nechytailo J.A., Bazhynova T.O., Vesela M. A., 2016

84

most common technical tool used by people in their
practice.

It is generally accepted to consider that it is not
wealth that makes us the great nation, but the way how
efficiently we create it. In relation to the vehicle it is
possible to say that “it is not about what volume of
transportation we perform by car, but how efficiently
we make it, what the energy costs are”. In this regard,
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the approach to quality assessment of synergistic cars
should be different.

Unsolved aspects of the problem. The works of
the following authors are the most valuable for the for-
mation of methodological framework of the diagnos-
tics systems of vehicles:

- the general methodology outlined by Mirosh-
nikov L. V. and used in the practice of technical op-
eration, is taken as the basis while developing the
methodology for assessing the technical condition of
HPP;

- calculation methodology for the basic parameters
of HPP designed by Surin E.I., Umniashkin V.A.,
Alexandrov A. K., and Vasiliev V. A., provided the ba-
sis for the mathematical model working to determine
the reference values of diagnostic parameters.

Technical condition assessment and finding of
HPP defects (based on the results of scanning of an
electronic control system) is currently performed by
the method of detailed test that does not provide
high quality diagnosis, occurring in additional labor
costs and the complexity of the diagnosis process.
Insufficient level of validity in the diagnosis results
in mistakes during repairs and damage of the expen-
sive elements of hybrid drive. Repairs are compli-
cated due to the lack of necessary diagnostic equip-
ment.

Summarizing the existing experience, it is possible
to make a conclusion that the developers of HPP diag-
nostics go through separate control of the technical
condition of the internal combustion engine and elec-
tric drive systems, albeit without evaluation of their
relationship.

The most common types of vehicles are those with
HPP of mixed type (about 80 %). Information about
HPP failures and the reason for their occurrence is not
well known and virtually is not systematic. Since the
mixed type scheme is the most common and the most
difficult to diagnose, it is paid the largest attention
while developing the methodology.

In the mixed HPP scheme the power generated by
the internal combustion engine can be transmitted to
vehicle wheels depending on the driving mode into
two streams: mechanical stream, through the device of
power distribution, and electric stream, through elec-
tric motors-generators and high-voltage battery. To
build power to the drive wheels, the ICE and the high-
voltage battery can work both separately and together,
which makes the assessment of the technical condition
of HPP difficult.

Analysis of the recent research and publica-
tions. As it is shown by various studies there is urgent
necessity to measure simultaneously both the actual
amount made by useful work of a vehicle and the
quantity of energy expenditure, and according to it to
assess the transport process as a whole with the most
important criterion, which is the coefficient of effi-
ciency.

In this regard, it is appropriate to remind the words
of the great Italian scientist G. Galilei: “to measure ev-
erything that is measurable, and make measurable
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what is not so”. The great Russian scientist D. 1. Men-
deleev clearly appreciated the role and importance of
measurement and, pointed that “in the nature, the
measure and weight are the essence of the main instru-
ments of cognition. Science begins with measure-
ment”.

Fuel oil as an energy source has very high spe-
cific characteristics: in particular, 1 kg of gasoline
contains 11.6 kWh of energy. Batteries of any possi-
ble electro-chemical systems have the theoretical
amount of energy which is 6—10 times as small. For
this reason, the issues of rational use of available
electric energy are essential for electric traction sys-
tems of all types.

Let us note that electric traction systems have much
smaller energy losses than systems with heat engines,
including internal combustion engines. The efficiency
coefficient of existing heat engines is 25—30 %, so only
about 3 kWh/kg of energy density of the fuel is effec-
tively used at the output of the engine.

The energy consumed by one electric car would
approximately be 3.4 MWh/year, or 9.3 Wh/day [1].

The efficiency degree of electrochemical accu-
mulator energy (with the modern state of the equip-
ment) can be much higher and the achieved level of
electric motors efficiency is 85—90 %. Thus, the use-
ful energy density level of the electro-chemical
sources may reach 25—30 % of the above mentioned
values of the heat engine output. The approximate
calculation shows that while essentially losing the
original theoretical energy of energy carrier, electric
traction systems can partially compensate this in im-
plementing existing opportunities for its more effec-
tive usage. This fact is important while assessing the
prospects of development of environmental friendly
vehicles.

Objectives of the article. The purpose of this
work is investigation of the management objectives of
a power plant with rational energy consumption in the
transport process performed by a vehicle following the
highest level of safety. The approach to the formation
of the hauling rig structure is considered which allows
reducing energy costs for transportation work signifi-
cantly.

Presentation of the main research. In accor-
dance with the principle of its action, a vehicle per-
forms some mechanical work due to the thrust force
applied to the drive wheels of the vehicle; based on the
expanded equation of the traction balance of the ve-
hicle, which is adopted in the theory of vehicle, for the
common case of rectilinear motion of a vehicle the
work should be determined by the formula

A=Fx - S=m-g-y+ Wy, tv,)’+tm-r-al-S,

where A iswork, J (N - m); Fxis traction force, H; .S'is
way, m; m = m, + m, stands for the gross weight of a
vehicle, kg; m,, is proper mass of a vehicle, kg; m, is the
mass of payload, kg; v = f* i stands for the coefficient
of road resistance; f is rolling resistance coefficient;
i is the longitudinal slope of the road (“+” mark cor-
responds to the movement on rise, “—” mark corre-
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sponds to the downhill operation); Wy is factor of
streamlining, N - s2/m?; v, is vehicle speed, m/s; v, is
wind speed, m/s (“+” mark refers to headwind, “-”
mark is for tail-wind); m - » - a stands for inertia force,
N (“4+” mark corresponds to acceleration, “—” mark
corresponds to deceleration); 7 is the factor of the ro-
tating masses of a car; a = v, /dt is the absolute value of
acceleration or deceleration, m/s>.

Thus for a vehicle moving in a set mode (motion with
constant speed) and while there is no wind, we have

A=Fx-S=(m-g-y+ Wpt?)-S.

Taking into account the fact that a vehicle is a power
machine and, as it is known from physics, it is common
practice to assess power machine performance accord-
ing to their capacity, and based on the expanded power
balance equation, adopted in the theory of the vehicle,
it is necessary to take the power to the drive wheels of
the vehicle as a vehicle performance measurement,
which at any time of vehicle movement is equal to

P:NK:FK'Ua' 10_3:
=lm-g-y+ Wy, xv,)’+m-r-al] v, 1038,

where P is vehicle performance, kV; Ny is vehicle
power (power on the drive wheels), kV.

As it is seen, the performance is equal to the prod-
uct of the force (traction) by speed.

Thus for the case of vehicle movement at constant
speed and absence of wind we get

P=Ng=Fx-v,-103=(m-g-y+ Wz 02,1073,

Currently, among the performance indicators of a
vehicle, special place should be taken by fuel efficien-
cy. At the same time it is advisable to use the coeffi-
cient of efficiency (CE) as a generalizing (integral) in-
dicator of fuel efficiency of the vehicle.

As it is known, the coefficient of efficiency is deter-
mined for any system by the formula

n=E,/E,

where E, is the energy absorbed by the system; E'is the
energy received by the system.

It should be recognized that the efficiency coeffi-
cient of a vehicle is a very necessary concept which al-
lows not only estimating the fuel consumption, but
also comparing the most completely and “fairly” the
vehicles and choosing the right directions of their im-
provement.

The term the efficiency coefficient of a vehicle de-
notes the ratio of the power of the N, i.e. the power
supplied to the drive wheels (developed by the vehicle
power) consumed — power Ng= ¢ - G, i.e. the power
supplied to a car. Therefore, the efficiency coefficient
of a vehicle as the power plant is represented by the
ratio of power Ny to power Ny

non - Ne Ny
N, qG

where 1, — the efficient coefficient of a vehicle as a
power plant.
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Therefore, the fact that the power of Ny is useful is
beyond question, if a car is considered as a power
plant.

When considering car movement, it is deemed ap-
propriate to deal with the rolling resistance coefficient
frather than with the coefficient of rolling friction f7,
the former is defined by the formula

.
P b
where Fyis power applied to the wheel, N; P is the
gross vehicle weight, N.
In this approach, the force FJ, required to maintain
even motion of a vehicle, should be determined by the
formula

F=f P=f-mg

However, in reality the force prevents steady mo-
tion. Under real traffic conditions the lifting force and
the drag force of the air environment occur.

In accordance with this approach, the common
formula characterizing the process of vehicle steady
motion, looks like this one

FK:F}+F0+FB:
=m-g(fri)+Wp-vz=m-g-y+ Wg-uvg,

where Fy is force applied to the drive wheels of a ve-
hicle, N; 7 is road slope; y = f'+ i stands for the coeffi-
cient of road resistance.

As it is known, the equation represented by the for-
mula, is called the equation of the traction balance.

As it is seen, the right side refers to the power load
external to a vehicle rather than the magnitude of loss-
es; to overcome the former, the force Fyis spent, and
consequently a vehicle moves along the road.

If the left and right parts of the equation are multi-
plied by the value of v - 1073, it is possible to obtain an
equation that is called the power balance equation

Neg=(m-g-y+Wg-0l) 1073,

Based on the above mentioned material, the effi-
ciency coefficient of a vehicle as a power plant should
be determined by the formula

N, _(m-g-y+W,V.})107
G gG '

To substantiate the appropriateness of this ap-
proach to the calculation of the efficiency coefficient
of a vehicle as power plant, let us consider the fuel
consumption changes and electronics of hybrid car de-
pending on the average vehicle speed [2].

Electric traction systems have much less energy
loss than systems with internal combustion engines
(ICE). The efficiency coefficient of existing internal
combustion engine hybrid power units (HPP) is from
32 to 36 %, so only about 3 kWh/kg of energy density
of the fuel is effectively used at the output of the inter-
nal combustion engine.

The degree of energy usage of an electrochemical
battery is much higher, and the efficiency coefficient

N=N, =
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of electric motors is 85...90 %. Thus, the level of effi-
ciently used energy density of the electrochemical
sources reaches 25...30 % of the present value at the
internal combustion engine output. This calculation
shows that it significantly loses in the original theo-
retical energy of energy carrier, electrical traction sys-
tems can partially compensate for. This occurs at real-
ization of existing opportunities of its more effective
usage. This fact is of great importance while assessing
the prospects of development and assessing technical
condition of electric traction systems and for hybrid
approach of its creation.

The method of energy balance was used as the base
of the energy cost research for the electric powertrain
of a hybrid vehicle. From the analysis of HPP struc-
tures and schemes it follows that any electric power
plant consists of the following power modules, carry-
ing out consecutive energy conversion: traction batter-
ies, inverter, controller, traction motor, and transmis-
sion.

The general equation of electrical power plant bal-
ance of a hybrid vehicle in a driving mode with the
electric traction will be

E,+E.=P,+P+P,+P.+ P,

where E, is power from the battery; E, is energy re-
covery; P,, P;, P,, P.are energy losses in the power
plant modules — accumulator battery, inverter, motor,
and transmission; P, is energy loss when driving a hy-
brid vehicle.

In addition to the energy balance, it is approved to
consider the equations of power balance that is pri-
mary in relation to the energy balance. However, the
test conditions of the power plant of a hybrid vehicle
are characterized by the steady-state motion of a ve-
hicle at given speed. In this regard, this is the energy
balance of the hybrid power plant prepared for the
control of the driving movement cycle which is of great
value [3].

The most effective hybrid test cycle is within the
real speeds of 30...60 km/h. Therefore, it is advisable
to carry out assessment of the hybrid powertrain tech-
nical condition particularly for this cycle, which deter-
mines the powertrain work completion using the ve-

=

s

=~
o»—ww-buwc\\loog

0 10 20 30 40 50 60 70
V,, km/h

Fig. The energy E change received by vehicle, de-
pending on the average speed V,:

1 — while running with gasoline; 2 — in EV mode
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hicle motion speed and the beginning of enabling ICE
operation. The equation of energy balance gives much
more information for cyclic calculations than the
equation of power balance; in addition, the energy
consumption per cycle is a very important indicator of
assessing the technical condition of HPP. These are
the graphs of power consumption depending on aver-
age speeds below (Figure).

As it follows from the Figure at average speed of
50 km/h the petrol consumption of the electric vehicle
will be at low average speeds up to 40 km/h. At the
average speed over 60 km/h it is efficient to use the
vehicle in mode with a gasoline engine. This is because
the efficiency coefficient of the electric engine reduces
when the load is close to maximum, and the efficiency
coefficient of a gasoline engine increases and will be
maximum at medium loads.

Conclusions and recommendations for fur-
ther research. On basis of the analysis of the energy
loss of a vehicle with HPP, it follows that at low me-
dium speeds of about 5...20 km/h it is very effective
to use the driving mode on the electric range, and at
medium speeds of above 60 km/h it is worth driving
with the use of internal combustion engines. It is ob-
vious that hybrid vehicles use the energy effectively
to perform transport work unlike other types of ve-
hicles.
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Merta. [docnimxeHHsI 0COOIMBOCTEN PO3paxyH-
KOBUX aHAIITUYHUX METOIIB 3a1a4i KepyBaHHS CHJIO-
BOIO YCTAaHOBKOIO 3a pallioHaJlbHO1 BUTPATU €HEepril
IpY TPAHCIIOPTHOMY TIPOIIECi, 3MiICHEHNM aBTOMO-
OijieM, JOTPUMYIOUUCH BUCOKOIO PiBHS SIK Oe3meKu
pyXy, TaK i €KOJOTiYHOI 0e3neKr. AHali3 aHaJliTH4-
HUX 3aJIeXKHOCTE BUSHAUCHHS SIKOCTi TPAHCTIOPTHUX
MalllMH, 110 BiAIOBiZalOTh BUMOIaM CIIOKMBaya Ha
OCHOBI BiIOOPY MOKa3HUKIB SIKOCTi 32 EHEPreTUYHOIO
OLIiIHKOIO.

Metoauka. BusHadeHHs aHaJdITUYHOI MOIEIi
OLIIHKM TEXHIYHOro CTaHy TiOpUIHOI CUJIOBOI ycTa-
HOBKM JUISI BUTIPOOYBAJIBHOTO IIUKITY B PEKUMI IITBUI -
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kocreit pyxy 30...60 km/rom, 110 3a IIBUIKICTIO PyXY
aBTOMOOLIS BU3HAYa€ 3aKiHYEHHSI pOOOTU €JIeKTPO-
YCTAaHOBKHM Ta IOYATOK pOOOTH IBUTYHA BHYTPillI-
Hboro 3ropsHHsS (JIB3), 3a momomoroio aHaii3y
€HEepreTUYHUX BTPAT riOpuIHOI CUJIOBOI YCTAHOBKH B
3aJIeXKHOCTI Bif pi3HOMAHITTS yMOB €KCILIyaTalii K
TEXHIYHUM pillIeHHSIM.

Pesynbsratii. OOrpyHTOBaHO BUOIp CMHEPIreTUY-
HOTO Tiaxony MpY BUKOHAHHI JOCiIKEeHb. YIOCKO-
HaJleHa CHUCTeMa OLIHKM TeXHIYHOTo CTaHy Tiopui-
HUX aBTOMOOLJTiB y 3aJIEXKHOCTI BiJl pEXKMMY Ta YMOB iX
poboTu. A TaKOX MpeACTaBieHa OMHOYACHA OILliHKa
pobotu ABoxX MoTokiB motyxHocTi: Big JIBC i Bin
enekTporpuBony. OCHOBa IOCITIIKEHHSI eHepreTUI-
HUX BUTPAT €JEKTPUUHOI CUJI0BO1 YCTAHOBKM TiOpUI-
HOT'O aBTOMOOIIST XapaKTepHU3YETHCS CTAIUM PYyXOM
TPAHCIIOPTHOTO 3aCO0y MpU KOHTPOJIBHOMY IIMKIIi,
BUXOASIYM 3 OalaHCy eHeprii, y 3aJIeXKHOCTI Bij cepen-
HbOI IIBUIKOCTI PYXY.

HaykoBa HoBu3HA. Yreplile Ha 0a3i eHepreTuy-
HOTO MPUHIIMITY BCTAHOBJIEHO B3a€EMO3B’SI30K MiX
TeXHIYHMM CTaHOM TiOpUIHOI CUJIOBOI YCTAaHOBKM
(I'CY) i pexxrumamu poOOTH.

IIpakTuyna 3HayuMmicTb. Po3pobieHo Meron
BU3HAUYEHHS TPAaHUYHOIO CTaHy TiOpUAHOI CUJIOBOI
YCTAaHOBKM, IO BIOCKOHAJIHUTH CUCTEMY CEPBICHOTO
00CyroByBaHHSI Ta PEMOHTY TiOpUAHNUX aBTOMOOiIiB
Ha CTaHLIisIX TEXHIYHOTO 00CIyrOByBaHHSI.

KimouoBi ciioBa: eibpuouna cunosa ycmauoska,
MPAHCNOPMHA MAUUHA, eHep2eMUYHA OUIHKA

Ienn. MccnenoBanme ocodeHHOCTE pacyeTHBIX
AHAJIMTUYECKUX METOMOB 3a/1auyd YIpaBICHUST CUJIO-
BOI1 yCTAHOBKOI MIPY pallMOHAJILHOM Pacxojie SHep-
TUHM TP TPAHCIIOPTHOM IIpoliecce, COBepIIacMOM
aBTOMOOMIIEM, COOJTIOIAsT BEICOKMIA YPOBEHbB KaK 0e3-
OITACHOCTH JBIDKEHUS, TaK U KOJIOTUIECKOM 0e30-
MACHOCTH. AHAJINU3 aHAIUTHUIYCCKUX 3aBHUCHUMOCTEH
oIpee/ieHNs] Ka4eCcTBa TPAHCIIOPTHBIX MAllUUH, OT-
BeyalolIKX TpeOOBaHUSIM IOTPeOUTENIsI, HA OCHOBE
CHCTEMHOTO 0TOOpa IoKa3aTelieil KaueCTBa 10 SHep-
TETUYECKOM OLIEHKE.
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Metonuka. OmnpenejieHUe aHAJIUTUYECKOU MO-
JIEJT OLIEHKW TEXHWYECKOTO COCTOSTHUSI TMOPHMITHOMN
CUJIOBOI YCTaHOBKU IUISI MCITBITATEILHOTO 1IMKJIA B
pexume ckopocrteil nBukeHust 30...60 KM/4, KOTO-
PBIiA IO CKOPOCTH IBVKCHUST aBTOMOOWUIST OTIPEIeIsI-
©T OKOHYaHME PabOTHI JIEKTPOYCTAHOBKM W HAYaJIO
pabothsl ABUTaTENs BHYyTpeHHero cropanus (JIBC), ¢
TMIOMOIIIBIO aHAIM3a SHEPTEeTUUECKUX MMOTePb TMOPUI-
HOM CUJIOBOM YCTAaHOBKH, B 3aBUCUMOCTU OT MHOTO-
o0pa3us ycIoBUI SKCIITyaTallui K TEXHUYECKUM pe-
LICHUSIM.

Pe3yabraTbl. O6G0CHOBAH BHIOOP CUHEpPTEeTHUYE-
CKOTO TMOIXO0Na TIPU BBITTOJTHEHWM WCCIIEIOBaHUIA.
YcoBepIIeHCTBOBaHA CHCTEMa OIIEHKHW TEXHUYE-
CKOTO COCTOSTHUSI TMOPUIHBIX aBTOMOOMIJICH B 3a-
BHUCHMOCTH OT PEXMMOB M YCJIOBUI MX pabOOTHI, a
TaKKe IpenocTaBIcHAa OMHOBPEMEHHAs OlIeHKa pa-
60T AByX MOTOKOB MoltHocTH: oT ABC u oT snek-
TporpuBona. OcHOBa MCCIEIOBAHUSI dHEpPreTUYE-
CKHX 3aTpaT 2JIEKTPUUYECKOU CUJIOBOM YyCTAaHOBKU
TMOPUIHOTO aBTOMOOWJIS XapaKTepU3yeTcsl ycTa-
HOBUBIIMUMCSI JBUXXEHUEM TPaHCIIOPTHOIO Cpel-
CTBa IPM KOHTPOJILHOM ITUKJIE, MCXOAST U3 OajlaHca
9HEPTUU, B 3aBUCMMOCTU OT CpeIHeil CKOPOCTHU
IBVKCHUS.

Hayunas HoBu3Ha. BriepBbie Ha 6a3e sHepreT-
YeCKOTO IMPUHIIMIIA YCTAHOBJICHA B3aMOCBSI3b MEXK-
Iy TEXHUYCCKUM COCTOSTHUEM TUOPHIHON CUIIOBOM
yctaHoBKH (I'CY) u pexxuMmamMu paGOTHI.

IIpakTnyeckass 3HauuMocTb. PazpaboraH me-
TOM OIpeleeHUs] TPAHUYHOIO COCTOSIHUSI TMOPUI-
HOM CUJIOBOM YCTAHOBKM, KOTOPBIN YCOBEPIIEHCTBY-
€T CHUCTEMY CEpBUCHOTO OOCIY>KMBAaHUS U PEMOHTA
TMOPUIHBIX aBTOMOOUJIEH Ha CTAHIIMSIX TEXHUYECKO-
ro o6CIyKBaHUSI.

KuroueBble ciaoBa: eubpudnas curosas ycma-
HO6KA, MPAHCNOPMHAA MAULUHA, dHepeemu14ecKas
oueHKa

Pexomendosarno do nybaikauyii dokm. mexH.

nayk O. 4. Hikonosum. Jlama Hadxo0xceHHs pyKo-
nucy 20.09. 15.
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Purpose. To define and analyze patterns of influence on the qualitative and quantitative parameters of mu-
tually reinforcing action of two components of the kinematic coordinate shock loading on the vibration ampli-
tude of the object at the control points on the basis of two-parameter amplitude-down hole-time characteristics.

Methodology. The study is based on fundamental approaches of applied mechanics, theory of modeling and
vibration reliability. The pre-set parameters include inertial, dissipative and elastic characteristics of the test ob-
ject, coordinates of its reference points while varied parameters are time parameters of two-dimensional external
mechanical shock action, design factors of a supporting structure as well of the object itself and its pre-set refer-
ence points.

Findings. Factors of influence of the parameters of the two coordinate impact while testing the facilities of the
spatial structure for vibration reliability are introduced, dependence of the quantities and gradient signs of chang-
es in these factors on the design parameters of the supporting structure of the test object and geometric coordi-
nates of the reference point on the object and the supporting structure (e.g., a platform of a many coordinate
shaker).

Originality. For the first time, quantitative and qualitative patterns of influence factors dependence on the
parameters of the two coordinate external mechanical loading, the test object and the support structure are de-
fined for objects of the spatial structure based on two-parameter amplitude-downhole-time characteristics. As a
measure of mutually increasing action of parameters of two-coordinate shock loading, it is suggested to use the
influence coefficients described through amplitudes, duration and inter-coordinate temporal delay of shock influ-
ences.

Practical value. The examined shock influences in practice result in the refuses of the real objects of mining
machinery manufacturing, aviation, transport and space machinery regarding stability of functioning and durabil-
ity. For the particular assembly machines, the results are used when determining the regulatory regime of bench

tests for multicoordinate impact force, which improves durability and reliability in operation.
Keywords: fwo-coordinate shock loading, vibration reliability, dynamics of knots of machines

Introduction. Constructions of modern machi-
nes, equipment and mechanisms of mining machin-
ery, aviation, transport and space engineering are
continuously developed and improved in the direction
of increasing the power, rapidity and accuracy. While
seeking to reduce metal consumption and the size of
metal, this leads to high dynamic loading, as well as to
an increasing role of the vibrational movement of the
machine knots [1]. Most of the units and components
of such equipment make a set of nodes, blocks, and
units installed on the supporting structure (housing)
and belongs to a class of objects of the spatial structure
(OSS), whose mechanical scheme is a system of spa-
tially oriented inertial, elastic and dissipative ele-
ments.

© Shpachuk V.P., 2016
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Analysis of the recent research. Theoretical is-
sues related to the peculiarities of manifestation of the
synergistic action effects in the task to test the spatial
structure objects for vibration reliability problems are
solved in the works [1—3]. It was found that this ex-
cludes the underestimations of indicators of the vibra-
tory activity of objects, diagnosed by at bench tests
and, consequently, their unexpected failures at vibra-
tion reliability in use. Mutually reinforcing action of
parameters of the deterministic multi-axis vibration
was analyzed on the basis of amplitude — phase — fre-
quency characteristics, and the effectiveness of OSS
bench tests on the multi-axis forward angular vibrating
tables was showed.

The objective of the article is to define influence
patterns for the of qualitative and quantitative param-
eters of mutually reinforcing actions of constituting
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two-coordinate kinematic mechanical shock loading
on the vibration amplitude of the object at the control
points, formalized on the basis of two-parameter am-
plitude-down hole-time characteristics.

Presentation of the main research. The present
work is devoted to the numerical analysis of the mutu-
ally reinforcing action of the parameters of two-coor-
dinate shock loading, formalized by means of two-
parameter amplitude-downhole-time characteristics
(ADTC) of the OSS through mechanical and geomet-
ric parameters of the supporting structure (housing
products), as well as the object itself and its defined
control points.

Fundamental equation of OSS vibrations in the
time domain, produced in the control room and then
in the normal forms, were the basis of research. This
functional dependence of the vibration parameters of
the object on the parameters of the external kinematic
effects is analyzed based on the extremality properties
[1,2].

As a measure of the mutually reinforcing action of
the parameters of the two-coordinate shock loading
on the dynamic state of the OSS the coefficients of in-
fluence are accepted

_maxY —maxY’

K - -100%;
% maxY 7
Ks, = MAXZ=maxZ” o0
max ./ 1)
Ks, :w.loo%;
max0o
Ks, - Maxr=maxr_100%.

maxr

Where max ¥, maxZ, max0, maxr are the maximum
values of functions

mtax|y(t,T,r)|:fl(T,*c); mtax|z(t,T,1:)|:f2(T,t);

m?x|6(t,T,1:)|=f3(T,t); mtax|r,(L2 (t,T,‘c)|=ﬂ(T,t),

where r is the radius-vector of deviations of the con-
trol points of the test object from their positions in a
state of static equilibrium of the object; t, 7"is the du-
ration and the XY time delay of shock impacts (the
time interval between the leading edges of the rectan-
gular shock pulse in the direction of the vertical and
horizontal coordinates). Here, the quantities max Y”,
maxZ*, max0*, maxs" are determined by the expres-
sion max (y = f1(5, 1)), max(z = f5(5, 1)), max(6 =
= f5(5, 1)), max(r = f4(5, 1)). In this case the maxi-
mum values for the submodular function in the ver-
sion accepted as the parameters max X* (X=y, z, 0, r)
when the OSS has time to come to a state of static
equilibrium before the arrival of subsequent shock im-
pacts. For the mechanical object analyzed in the ex-
periment it was found that this occurs at magnitudes
1= lsand 7= 5s. The influence coefficients Ks,( 7, 1)
(i=y, z, 0, r) are zero at the action of indicated per-
turbations.
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On the base of the two-dimensional ADTC ( f,(7,
1) (k = 1-4)), the work defines and analyzes quantita-
tive and qualitative characteristics of the behavior of
the influence coefficients (1) when changing the t, 7°
parameters of the two-coordinate kinematic shock
impact of a rectangular shape, as shown in Fig. 1 where
A is the pulse amplitude.

The kinematic excitation at an object is formal-
ized as

Vv, )=V, (f)= {oi,;?r[,oﬂ);
(2)
v, ()=, ()= {(I)Ztee(f);;j g o

The advantage of the considered two-dimensional
ADTC over the uniform amplitude-boreholes and
amplitude-time characteristics is their absolute infor-
mative value regarding the following basic characteris-
tics of mechanical vibration systems [ 1, 2]: the number
of the resonance peaks when t = Var and T = Var; the
values of the parameters of indicators of the mutually
reinforcing action of the two-coordinate shock loading
(coefficients of the influence Ks,(7,t)). The mechani-
cal scheme of the analyzed three-dimensional object
under research is shown in Fig. 2. The following desig-
nations are adopted: /—4 — structural elements, mod-

Vel, Vz2

0 T T+t t
Fig. 1. Scheme of shock influence

Z]\
11
Ifl \ /YI
K
o2 0 ——12
0,0,
6
5 g 10 2222
Iyl 2
3 4
7 1 8§ 2
VzlstVz1 Vz2st V72

Fig. 2. Mechanical scheme of the object
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eling supporting structure (body) of the item; 5, 6 —
details of junction of the object with the product of
housing; 7— 10 — elastic-dissipative elements, model-
ing the generalized deformation characteristics of the
suspension of the object in orthogonal directions;
11 — the basic constructive element of mass 7, mod-
eling the inertial properties of the object; 72 — the in-
ertial additive element of mass m,; Vi, V,,, — vertical
mounting displacement of constructive elements 1, 2,
providing a static equilibrium of the object; Oyz,
O,y ,z; — fixed and movable system of coordinates ac-
cordingly, whose poles are the same in the position of
static equilibrium. The feature of the object of research
is a type of non-linear characteristics of the stiffness of
elastic elements 7, & of its suspension bracket (Table
Entry 8).

With the aim to facilitate the analysis and interpre-
tation of results, as well as to make the results of studies
of generalizing practical importance, the work repre-
sents the object as a set of basic inertial member 11 and
the inertial additive element 12, which is embedded in
the base, informing OSS the properties of the para-
metric irregularity of the dynamic model. In a particu-
lar case, the circuit of the research object, shown in
Fig. 2, simulates the mining machinery units, seismic
protection, aviation, space technology, as well as the
crews of the rail and road transport. For example, with
regard to mining and transport equipment it occurs
when with machine working and the object moving
along the route, the download changes; as for the avia-
tion technology, the mounted unit is forcibly separated
from the frame structure during the flight of the ob-
ject. In this case, there obviously occurs a change of

mass characteristics of the object, its moment of iner-
tia, as well as the coordinates of the points fixing elas-
tic-dissipative elements, etc., that is, the parameters of
the dynamic model. In the paper, this object property
is defined by the term “the parametric infrequency of
the dynamic model”.

As a result of the given shock impacts Vz1, Vz2,
W1, V32 of constructive elements 1—4 of the sup-
porting structure of the item, the research object ex-
ecutes three-dimensional vibrations in yOz plane. It
has three degrees of freedom: the ability to move in
the direction of the axis Oy and Oz, and rotate around
the point O, (the center of mass). In practice, the
considered shock impacts lead to the denials of the
real objects regarding the stability of functioning and
strength. Particularly when they appear periodically.
As part of the task, the design scheme of the object
reflects the main features of the real mechanical sys-
tem, affecting the evaluation of its dynamic response,
the features of connectedness of vibration; it is cor-
rect and structurally sufficient, taking into account
the two-parameters of the analyzed influence coeffi-
cients and XY of the considered kinematic impact ex-
citation.

In a time domain the dynamic model of the object
with two-coordinate shock loading of kind (2) consid-
ering [1, 3] has the form

w- Ql = sz

where O, = [y, z, 0] is a vector of linear and angular
displacements of the object together with the mass
center and around it; O, = [g,, ¢,, g3] is a vector of in-
put actions;

Table
Geometrical and mechanical parameters of the object
The Object The Object
No. OSS Parameters of the first type of the second type
1 The Mass mg of basic inertial element, kg 17000
2 The Mass m, of additive element, kg 0 8050
3 The Mass of generalized inertial element, kg 17 000 25050
4 The coordinates of the center of basic element's masses, m (0; 0.57) (0; 0.64)
5 The moment of inertia of the generalized element, kg - m? 250 692.67 251 589.33
6 The resistance ratios of elastic elements 7—10 of the suspension , N - s/m 24 - 10°
7 The coefficients of the stiffness of elastic elements 9, 10 of the parallel 0.475 - 10°
axes, Oy, N/m
8 The coefficients of the stiffness of elastic elements 7, 8 of the parallel 4 3
axes, Oz, (z — dimension in the formula is in meters), N/m 5:10°-4/6-10 l2+1
9 The Coordinates of the fixing points of elastic elements 7, 9 and 8, 10, m (-3.2; -1.12); (-3.2; -1.19);
(3.2;-1.12) (3.2; -1.19)
10 The coordinates of the control points, m K1 (-3.2; 2.0); K1(-3.2; 1.93);
K2 (-6.0;0.5) K2(-6.0; 0.43)
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4,(0)=(b, P+c, )V, (1):
a,(t)=b,- PV, (t)+cV, (1);
q,(r)=b1_-P-y, Vy, (t)+b2:,_-P-y12~VZ2 (r)+
+el oy, Y, (t)+c2z-y12-VZZ (1)-
(b1, P+cl)z, V, (1) =62, P+c2,)-2, -V, (1);

W 0o -w

y o
w=0 W. W, | is a matrix of transfer
_Wye I/Vze I/Ve

functions of the study object;

— 2 .
W,=M-P +b,-P+c,;

W.=M-P +b_-P+c;
W,o=1,-P+(bl,-P+cl ) -z}, +(b2,- P+c2,) -z}, +
+(bl_-P+cl )yl +(b2,- P+c2,)y};
W,o=(b,-P+c,) 2,;

W, :blz-P-y“ +b2z-P-y12 +cl y, +c2, y,,

where M = m,+ m, is the mass of generalized inertial
element; P= % is the operator of differentiation; ¢, =
=cl,+c2c,=cl +c2;b

s C; s b,=b1,+D2,;b,=b1 +b2,;
cly, c2y, bly, b2y are the coefficients of stiffness and
elastic-dissipative resistance of elements 9, 10; clz,
c2z, blz, b2z are the coefficients of stiffness and elas-
tic-dissipative resistance of elements 7, 8; /.. is the mo-
ment of inertia of the object relative to the axis passing
through its center of mass; y,;, ¥, are coordinates of
the points fixing the elastic elements 7, 8 accordingly;
Z1»=Zy3 are the coordinates of points of fastening of the
elastic elements 9, 10; Vz1 = Vz2; Vyl = Vy2.

The dynamic model of the object of research is pre-
sented in the normal Cauchy form and solved by the
Runge-Kutta method of fourth-order accuracy.

Asin the expressions (1) the values max Y*, max.Z",
max 0*, max7* are constant values for a particular ob-
ject, the behavior of the coefficients of influence is
uniquely determined by the character of variation of
the corresponding functions of two variables

mtax|y(t,T,r)|:fl(T,r);
mtax|z(t,T,r)|=f (T.7)
mtax|z(t,T,r)|=f2(T,T);

mtax|r,(l,2 (t,T,r)|=ﬁ(T,r).

They are analyzed in the work for the geometrical
and mechanical OSS parameters shown in Table.

Here, the objects of type 1 and 2 differ in masses of
the additive element, respectively, with m,=0 and m,=
= 8050 kg.
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For example, Fig. 3—4 for the type 1 object shows
the characteristics of the maximum deviations of coor-
dinates of its center of mass and the reference point K,
from its equilibrium position while varying Tt and 7 in
the range (0—5) ¢, where the positions a, b, ¢ show the
variations in coordinate direction Y, Z, 0, respectively.

The same characteristics for OSS of the second
type are shown in Fig. 5—6.

As a result of the cumulative behavior analysis for
ADTC fi(T, 1), (T, 1), f5(T, ©), fo(T, t) we installed

ST, 1)

ST,

Fig. 3. Amplitude-downhole-time characteristics
of the object:
a — deviations in the direction of Z coordinate; b —
deviations in the direction of Y coordinate; ¢ — de-
viations in the direction of 0 coordinate

AT AT

ST 1)y

Fig. 4. Amplitude-downhole-time characteristics
of the object:

a — deviations in the direction of Z coordinate; b —
deviations in the direction of Y coordinate; ¢ — de-
viations in the direction of 0 coordinate

Fig. 5. Amplitude-downhole-time characteristics
of the object:
a — deviations in the direction of Z coordinate; b —
deviations in the direction of Y coordinate; ¢ — de-
viations in the direction of 0 coordinate

T

Fig. 6. Amplitude-downhole-time characteristics
of the object:
a — deviations in the direction of Z coordinate; b —
deviations in the direction of Y coordinate; ¢ — de-
viations in the direction of 0 coordinate
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the qualitative and quantitative dependences of coef-
ficients influencing Ks( 7, t) (i =y, z, 0, r) from the
effect of parametric irregularities of the OSS dynamic
model. For the test object analyzed in the work with
changing mass of the inertia additive element in the
range of m, = [0 + 8050] kg, the ranges of change of
influence coefficients adopted the following values: for
the center of mass of the generalized inertial element
Ks,=[21.9 +9.3] %, Ks,=[5.3 + 3.7] %, Ksy=[20.1 +
14.9] %; for the control point K, — Ks,=[38.4+26.1] %,
Ks,=10.6 + 6.2] %, Ks,=[47 + 40.4] %; for the control
point K, — Ks,=[23.9 + 11.9] %, Ks,=[35.2+25.4] %,
Ks,=[58.8 + 48.5] %.

At the same time there occurs dependence of the
signs of gradients of changing influence coefficients on
the position of the analyzed point in the internal vol-
ume of the object hull. For example, at a reference
point K, for the vertical coordinate Z, as opposed to
other considered points of the test object (point K,
and the center of mass) the effect of the positive dy-
namics of change of influence coefficient Ksz appears,
while an increase in mass inertia of the additive ele-
ment in the range m, = [0 + 8050] kg leads to its in-
crease in 10.3 times. Moreover, we installed quantita-
tive and qualitative dependence of the time parameters
1, T of the two-coordinate shock loading of kinematic
excitation of the object, with which the conditions of
Ks{(T, t) = max(i = y, z, 0, r) are achieved, on the
geometric coordinates of the analyzed point in the
Oz, system. For example, at m,= 0, the following
quantities of durations t and the time lag 7 of shock
loadings are obtained: for the center of mass in the co-
ordinate y —t = 1.1 s, 7= 0.6 s, in the coordinate z —
t=0.3s, T=1.3s, in the coordinate 6 —t=0.9s, 7=
= 1.3 s; for the control point K: for the coordinate y —
1=0.9s, T=0.9s, for the coordinate z —t1=0.6s, 7=
= 0.1 s, for the radius-vector of the point — 1t =0.9 s,
T = 0.4 s; for the control point K,: for the coordinate
y—1=0.9s, T=0.4s, for the coordinate z — t=0.9 s,
T = 1.3 s, for the radius-vector of the point— t = 1.9 s,
T = 1.6 s. Thus, for example, for the radius-vector of
the control point K, the condition Ks»=max is reached
at values of the duration quantities t and the time lag
T, exceeding the similar for the control point K, re-
spectively by 2.1 and 4.0 times.

Conclusion. The importance of the studies car-
ried out in the work, involves specifying the features of
occurrence of effect of mutually reinforcing action of
multi-coordinate mechanical shock loading from the
supporting structure as applied to problems of the vi-
bration reliability of the spatial structure of objects;
the features are determined by coefficients influence.
The obtained results should be considered when de-
termining the normative operational mode of the ob-
ject. Disregard of the established effect leads to a re-
duction of durability and reliability of an object in
operation.

It should also be noted that with bench test for vi-
bration reliability, the considered option of vibrations
of the product hull is implemented by the platform of
two-coordinate shock vibrating bench, whose devel-
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opment and implementation relates to the topical
problems of modern testing equipment.

The practical significance of the obtained results
is shown while solving the problems of vibration re-
sistance, vibration strength and vibration diagnos-
tics of knots and units of machines relating to the
objects of the spatial structure, designed for opera-
tion under conditions of multi-coordinate impact
action, as well as in the synthesis of constructive
schemes.
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Meta. BcTtaHOBUTM Ta TpoaHalidyBaTU 3aKOHO-
MipHOCTi BIUTMBY Ha SIKiCHi 1 KiJIbKiCHi mapaMeTpu ii
CKJIaIOBUX IBOKOOPAMHATHOTO KiHEMAaTUYHOTO yIap-
HOTO MEeXaHiYHOTO HaBaHTaXKEHHsI, 1110 B3aEMOTIiICH-
JIIOETHCSI, HA aMILUITYAu KOJMBaHb O0’€KTa B KOH-
TPOJBbHUX TOUYKAX, (pOpMajlizoBaHi Ha 0a3i mBomapa-
METPUYHMX aMILTITyTHO-IITapyBaTUCHO-YaCOBUX Xa-
PaKTEePUCTHUK.

Metonuka. JlociimkeHHs 0a3yl0Tbcsl Ha (pyHa-
MEHTaJIbHUX TTiAX0JaX MPUKJIagHOI MeXaHiKU, Teopil
MOJEIIOBaHHS Ta BiOpoHadiitHOCTI. 3aJaHMU TTapa-
MeTpaMHU € iHepIiliHi, IMCUNATUBHI i MPYXKHi Xapak-
TePUCTUKHU 00’€KTa BUNTPOOYBaHb, KOOPAUHATU OTO
KOHTPOJIbHMUX TOYOK, BapilOBaHMMHM — TUMYACOBI
napamMeTpu ABOMipHOI 30BHILIHBOI MEXaHIYHOI yaap-
HOI [il, KOHCTPYKTUBHI MapamMeTpu HEeCcydyoi KOH-
CTPYKIIii, a TAKOX caMOro o0’eKra Ta WOro 3amgaHux
KOHTPOJIBHUX TOYOK.

PesynbraTi. YBeneHi koedillieHTH BIUIMBY ITapa-
METpiB IBOKOOPAMHATHOI yaapHOI Ail Ipu BUIIPOOY-
BaHHSX 00’€KTIB IMMPOCTOPOBOI CTPYKTYpPU Ha BiOpO-
HaOiliHICTh, BCTAHOBJICHA 3aJIEXKHICTh BEJIMUMH i 3HA-
KiB Tpami€eHTiB 3MiHM BKa3aHUX KOEILIEHTIB BiI
KOHCTPYKTUBHUX TlapaMeTpiB HECy4oi KOHCTPYKIIii,
00’exTa BUNpPOOYBaHb i FEOMETPUYHUX KOOpAUHAT
KOHTPOJIbHOI TOYKU Ha 00’€KTi il HECYUili KOHCTPYK-
il (HanmpukJian, miatdopmi 6araToKOOpAUHATHOTO
BiOpocTeHna).
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HayxkoBa HOBHM3HA. Ynepiie 1Jsi 00’€KTIB Mpo-
CTOPOBOI CTPYKTYpU Ha 0asi J1BoNapaMeTpUIHUX aM-
IUTITYIHO-IIITTApYBATUCHO-9aCOBUX  XapaKTePHUCTUK
BCTAaHOBJIEHI SIKiCHA ¥ KiJIbKiCHA 3aKOHOMIipPHOCTi KO-
eillieHTiB BIUTMBY BiJ MapaMeTpiB 30BHIIIHBOTO IBO-
KOOpAMHATHOTO MEXaHIYHOTO HaBaHTaXKeHHsI, 00’ €K-
Ta BUIIPOOYBaHb i HECYY0i KOHCTPYKILii. B sikocTi Mipu
B3aEMOIMIACUIIOYOI Aii mapaMeTpiB JBOKOOPAMHAT-
HOTO YIapHOTO HaBaHTaXXEHHS 3allpOMOHOBAHO BHU-
KOPUCTOBYBATH KOeMiLliEHTU BILJIUBY, 1110 (popMatizo-
BaHi yepe3 aMIUTITYIM, TPUBAIICTh i MiXKKOOpAWHATHE
yacoBe 3alli3HIOBAaHHSI yIapHUX BILUIMBIB.

IIpakTyHa 3HAYUMICTB. YIapHi BIUIMBU, IO
PpO3MISIIAIOThCS, TIPU3BOOSITh Ha MIPAKTUII 10 BiTMOB
peadbHMX O0’€KTIB TipHUYOTO MAIIMHOOYIyBaHHSI,
aBialiifHOI, TpPaHCIIOPTHOI Ta KOCMIYHOI TEXHiKM 3a
CTIfIKiCTIO (DYHKIIIOHYBaHHS U MilTHiCTIO. [IJIsT KOH-
KPETHUX BY3J1iB MaIllMH OTPUMaHi pe3yJIbTaTh BUKO-
PUCTOBYIOTHCSI TIPU BU3HAYEHHI HOPMATUBHOTIO pe-
XKHMY CTEHIOBMX BUMNpPOOYBaHb Ha 0araToKoOpIu-
HaTHY yaapHy Ail0, 110 3a0e3rneuye MiJIBUILEHHS
JIOBTOBIYHOCTI Ta HaJiliHOCTi 00’€KTa B eKCILIyaTa-
1i.

KmouoBi cioBa: deoxoopounammue ydapue Ha-
8aHMAaNCeHHs1, IOPOHAOIUHICMb, OUHAMIKA 8Y31I8
Mauun

Ilennb. YcTaHOBUTD U TPOAHATM3UPOBATH 3aKOHO-
MEpPHOCTU BJIMSIHMSI Ha KayeCTBEHHbIE M KOJIU4Ye-
CTBEHHbBIE MTapaMeTpbl B3aMMOYCWJIMBAIOLLIETOCS Neii-
CTBUSI COCTABJISIIOLINX JBYXKOOPAUHATHOTO KMHEMAa-
TUYECKOTO YIAPHOTO MEXaHUYEeCKOTO HaTpyKeHMS Ha
aMIUTATYAbl KoJeOaHUl O00beKTa B KOHTPOJIbHBIX
Toukax, hopMaM30BaHHbIE Ha 6a3e AByXIapamMeTpu-
YEeCKMUX aMIUIMTYIHO-CKBaXKHOCTHO-BPEMEHHBIX Xa-
pPaKTEepUCTHK.

Metonuka. NUccnenoBanus 6a3upyrorcs Ha (pyH-
JTAMEHTAJIbHBIX TIONXOMaX TMPUKIATHONW MEXaHUKH,
TEOPUU MOJETUPOBAHUS U BUOPOHAIECKHOCTU. 3a-
NAHHBIMU TIapaMeTpaMUu SIBJISIIOTCSI WHEPLIMOHHBIE,
JMIMCCUTIATUBHBIC U YIIPYTHE XapaKTePUCTUKKA OObEK-
Ta MCIBITAHWUM, KOOPAMHATHI €r0 KOHTPOJIbHBIX TO-
YeK, a BapbUpyeMbIMU — BpPEMEHHbIC IMapameTpbl
JIByXMEPHOTO BHEITHEro MEXaHWYECKOro yIapHOTO
BO3IEUCTBUSI, KOHCTPYKTUBHbIE TapaMeTpbl Hecy-
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I KOHCTPYKIIMU, a TaKXKe CaMOro oObeKTa U €ro
3aJJaHHBIX KOHTPOJBHEIX TOUCK.

Pesynbrarnl. BBemeHbl KO3 DUIIMEHTHI BIUSI-
HUS TTapaMeTPOB IBYXKOOPAMHATHOTO YIaPHOTO BO3-
MEeNCTBUS TIPU HWCIIBITAHUSX OOBEKTOB IIPOCTPaH-
CTBEHHOI CTPYKTYphl Ha BHOpPOHAIEXKHOCTb, YCTa-
HOBJICHA 3aBHCHUMOCTb BEJIMYMH M 3HAKOB TPagMeH-
TOB WM3MEHEHMs YKa3aHHBLIX KO3(M(@UIMEHTOB OT
KOHCTPYKTMBHBIX TapaMeTpOB HeCyIlell KOHCTPYK-
LM, OOBbEKTa UCTIBITAHUI U TEOMETPUUYECKUX KOOP-
JUHAT KOHTPOJbHON TOUKM Ha OObEKTEe U Hecyllei
KOHCTPYKLMU (HampuMmep, miaatopMe MHOTOKOOpP-
JIMHATHOTO BUOPOCTEHIa).

Hayunas HoBu3Ha. BriepBbie 11T 00BEKTOB IIPO-
CTPAaHCTBEHHOM CTPYKTYPHI Ha 0a3e IByXITapaMeTpr-
YEeCKUX aMIUIMTYIHO-CKBaXKHOCTHO-BPEMEHHBIX Xa-
PaKTePUCTUK YCTAHOBJICHBI KAUeCTBEHHASI M KO-
CTBEHHAas1 3aKOHOMEPHOCTU 3aBUCUMOCTU Ko pu-
LIMEHTOB BJIMSHUS OT IapaMeTPOB BHEIIHETO IBYX-
KOOPIMHATHOTO MEXaHUYECKOro Harpy:KeHusi, o0b-
eKTa UCTIbITAHUI 1 Hecylleil KOHCTpyKuuu. B kaue-
CTBE Mepbl B3aMOYCUJIMBAIOLIETOCs NeCTBUS Mapa-
METPOB JIBYXKOOPAMHATHOIO yIAPHOTO Harpy>KeHUs
MPEMTOXKEHO UCIOAb30BaTh KOXMDOUIIUEHTHI BIUSI-
HUsl, (popMaJu30oBaHHbIE 4Yepe3 aMIUIUMTYIbl, IJIM-
TEJIBHOCTh M MEXKKOOPIMHATHOEC BPEMEHHOE 3aras-
NBIBAHVE YAAPHBIX BO3EHCTBUN.

IIpakTHyeckass 3HAYMMOCTB. PaccmarpuBac-
MBbIC yIapHBIe BO3ACUCTBUS Ha TIPAKTUKE IIPUBOISAT K
0TKa3aM peajJbHbIX 00BEKTOB TOPHOTO MAIITTHOCTPO-
€HUs1, aBUALIMOHHOM, TPAHCIIOPTHOM 1 KOCMUYECKOM
TEeXHUKU T10 YCTOMUYMBOCTU (DYHKIIMOHUPOBAHUSI U
NpOYHOCTU. JIJIsT KOHKPETHBIX Y3JOB MAallUH IOJIYy-
YEeHHbIE Pe3yJbTaThl MCIIOJb3YIOTCS IPU OIpenese-
HUM HOPMATUBHOIO peXuMa CTeHIOBBIX MeXaHUYe-
CKUX MCMBITAHUI Ha MHOTOKOOpPAWHATHOE ydapHOe
BO3/IEMCTBYE, YTO TOBBIIIAET JOJTOBEYHOCTb U Ha-
JIEKHOCTh 00BEKTa B SKCIUTyaTaAINMN.

KiroueBble cioBa: d8yxKoopounamuoe yoapHoe
HaepydceHue, BUOPOHAOEIHCHOCMb, OUHAMUKA Y3108
MAUWUH
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Ziel. Entwicklung einer einfachen und modifizierten Rastmomentkompensation fiir eine Transversalfluss-ma-
schine (TFM), die als Sonderbauform der permanenterregten Synchronmaschine (PMSM) zum Direktantrieb fiir
C-Pressen in der Servo-Direkt-Technologie eingesetzt werden soll.

Methode. Nachfolgend werden Moglichkeiten der Rastmomentreduzierung vorgestellt, bei der man die Rastmo-
mente durch eine geeignete Stromvorgabe reduziert bzw. weitgehend vermeidet.

Ergebnisse. Alternativ wird sowohl eine einfache als auch eine verbesserte, modifizierte Rastmomentkompensati-

on flir die TFM bzw. allg. fiir PMSM entwickelt.

Neuheit. Entworfen wird eine drehzahlabhiangige Rastmomentkompensation, unter Beriicksichtigung des Ampli-
tudenverhaltnisses und der Phasenverschiebung zwischen dem Kompensationsstromsignal und dem Drehmoment.

Vorteile, Anwendung. Verbesserung der Qualitét bei Stanz- und Umformprozessen.

Stichworte: permanenterregte Synchronmaschine, Transversalflussmaschine, Rastmoment, Drehmomentwelligkeit,
Rastmomentkompensation, Amplitudenverhdltnis, Phasenverschiebung

© Beschta O., Nolle E., Kuvaiev M., 2016

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6

95




ENEKTPOTEXHIYHI KOMNANEKCU TA CUCTEMMN

Aufgabenstellung. Fiir eine neue Generation von
Servopressen in der sog. Servo-Direkt-Technologie be-
notigt der Hersteller von Pressen moglichst kompakte,
hochdynamische und hochiiberlastbare elektrische Di-
rektantriebe mit exzellentem Wirkungsgrad. Dazu wer-
den bisher konventionelle permanenterregte, wasserge-
kiihlte Synchronmaschinen zugekauft und eingesetzt.

Der Pressenantrieb arbeitet dabei mit einer vorgege-
benen variablen Belastung. Eine Momentwelligkeit des
Antriebes kann sich daher nachteilig auf die Qualitit des
Umformprozesses auswirken. Eine Ursache fiir diese
Drehmomentwelligkeit bei elektrischen Maschinen mit
Permanentmagneterregung ist das Rastmoment. Dieses
entsteht u. a. durch das Zusammenwirken des magneti-
schen Rotorfeldes mit dem Statoreisen. Je starker daher
das Rotormagnetfeld ist, desto grofer kann auch der
Spitzenwert des liberlagerten Rastmomentes werden.

Dieses Rastmoment ist bei TFM, als Folge des dort
starken Rotormagnetfeldes, oft sehr grofl und die Aus-
wirkungen sind insbesondere bei Direktantrieben mit
ihrer typisch kleinen Drehzahl besonders storend.

Haupteil. Zwar kann man das Rastmoment durch
konstruktive Anderungen (z. B. eine andere Zahn- oder
Magnetform, durch optimale Statorzahn- bzw. Magnet-
zahlen, etc.) reduzieren, was aber oft zu einem erh6hten
Herstellungsaufwand und somit zu hoheren Motorkos-
ten fiihrt. Daher wird hier nachfolgend eine andere
Moglichkeit der Rastmomentreduzierung untersucht,
bei der man deren Entstehung z. B. durch eine geeignete
Stromvorgabe vermeidet [1, 2].

In [1] wurde die Einfilihrung einer einfachen und
modifizierten Rastmomentkompensation allg. fiir die
permanenterregte Synchronmaschinen untersucht.

Darin wird gezeigt, dass der Verlauf des Rastmo-
mentes bei PMSM allg. ausreichend genau mit Hilfe
von FEM-Simulationen bestimmen werden kann.

500.00

Der so mittels 3D-FEM berechnete Verlauf des
Rastmomentes flir eine TFM ist in Bild 1 dargestellt.

Aus dem zeitlichen Verlauf des Rastmomentes nach
Bild 1 Iasst sich dann mit Hilfe einer Frequenzanalyse
dessen Frequenzspektrum bestimmen. Diese Frequenz-
analyse kann in Maxwell automatisch durchgefiihrt wer-
den. Mit den so bekannten Werten der Amplituden und
Phasen lasst sich der Verlauf des Rastmomentes schlief3-
lich als Fourier-Reihe (1) darstellen

Mp=Mpy+ Mg, - cos(0,+7,) +

+MR2'COS(2' eel+'Y2)+...+

ey

+ Mp - cos(k-0,+v) + ...,

wobei MRO’ MRI’ ceey MRk — die Amplltuden und Yiseees
v« — die Phasen der Rastmomentharmonischen ange-
ben; 6,, — der elektrischen Winkel.

Bei der Rastmomentkompensation nach [ 1] mit Hil-
fe des Steuerungssystems wird ein geeigneter Hilfsstrom
Igom Zum Hauptstrom i, vor dem Stromregler addiert,
der die gleichen mafgeblichen Harmonischen wie das
Rastmoment aufweist (Bild 2)

by=0,+ 0. 2)

Dieses Kompensationsstromsignal i, wird dann
auf den Eingang des Stromreglers gelegt, so dass die Si-
mulation des Systems jetzt mit dieser Korrektur durch-
geflihrt wird.

Die Ergebnisse dazu sind flir die Bemessungsdreh-
zahl ny = 40 U/min in Bild 3, a, und fiir eine kleine
Drehzahl n =1 U/min in Bild 3, b dargestellt.

Haufig bewertet man die Qualitét eines Antriebs an-
hand der Drehmomentschwingungen, da deren Ampli-
tuden und Verlaufe oftmals weitgehend von der Dreh-
zahl unabhéngig sind.
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Bild 1. Mit Maxwell berechnetes Rastmoment einer TFM
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Sk .
lq Gge: 14 Mem -
— iy Gy

Bild 2. Strukturschaltbild des Glieds G und Gy

G —die Ubertragungsfunktion des geschlossenen Strom-

reéelkreises und Gy, — die Ubertragungsfunktion fiir das
Drehmoment

Dies zeigt sich auch bei einem Vergleich der Verlaufe
in den Bildern 3, a und 3, b bis jeweils 1,5 s, die sich mit
dem tberlagerten Rastmomentverlauf nach Bild 1 ja
auffallend dhneln.

Allerdings weist dabei das maximale Rastmoment
mit 450 Nm noch etwa 4 % des Bemessungsdrehmo-
mentes auf, sollte aber laut Vorgabe des Anwenders hier
2 % des Arbeitsdrehmomentes nicht liberschreiten. Da-
bei muss man noch berticksichtigen, dass das Arbeits-
drehmoment des Pressenantriebes betriebsbedingt
(durch unterschiedliche konkrete Umformaufgaben)
auch kleiner als das Bemessungsdrehmoment sein kann,
wodurch sich die prozentualen Schwingweiten dann
noch zusétzlich vergroBern.

Mit der einfachen Rastmomentkompensation hal-
biert sich etwa die Schwingungsamplitude des Drehmo-
mentes bei Bemessungsdrehzahl nach Bild 3, a durch
den Kompensationsstrom iy, und bei der kleinen
Drehzahl nach Bild 3, b werden die Schwingungen
praktisch vollstindig eliminiert.

Das Ergebnis dieser Simulation, wie auch entspre-
chende Untersuchungen in [2] zeigen, dass die Wirk-
samkeit des Kompensationsstromes i,,, drehzahlab-
hingig ist. Offensichtlich kompensiert dieser das Rast-
moment besser bei kleiner Drehzahl, was eine Folge des
aperiodischen Gliedes in der Ubertragungsfunktion
G -G,, ist. Dieses bedeutet, dass sich das Amplitu-
denverhiltnis und die Phasenverschiebung beim Uber-
tragungsglied G*“-G,, mit zunechmender Frequenz
deutlich vergr(")Beqrn.

Die Amplituden der Harmonischen des Hilfsstro-
mes bestimmt man aus dem Amplitudenverhéiltnis mit
Hilfe des Ubertragungsgliedes [3, 4], wobei dieses Ver-
hiltnis zwischen dem Eingangs- und Ausgangssignal
frequenzabhéngig ist. Dabei kann man die Amplitude
der n-ten Stromharmonischen (Stromwelle) iy,
durch die entsprechende Rastmomentharmonische
(Rastmomentwelle) My, mit der nachfolgenden For-
mel berechnen

l' _ MR—n 3
qkom-n — A (me,n ) s ( )

mit A(w,_,) — als Amplitudenverhaltnis der n-ten Har-
monischen und o,_, — als deren Eckfrequenz (Kreisfre-
quenz).

Dazu muss man zunichst die Ubertragungsfunktion
des Ubertragungsgliedes bestimmen, wobei die Strom-
vorgabe iy, die EingangsgroBe und das Rastmoment
My die Ausgangsgrofie darstellt. Dazu werden aus dem

Bild 3. Simulierte Drehmomentverldufe eines TFM- Pressenantriebs bei a Bemessungsdrehzahl 40 U/min und b kleiner
Drehzahl 1 U/min mit einfacher Rastmomentkompensation ab 1,5 s
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Blockdiagramm in Bild 2 die Ubertragungsfunktionen

des geschlossenen Stromregelkreises G und die
Ubertragungsfunktion G,, verwendet. !

Dieser geschlossene Stromregelkreis wird dann mit
Hilfe des Betragsoptimums optimiert, wobei fiir G,.f”
gilt

ges __ 1

[ 2 2 >
2'Tu -8 "‘2‘71['5"'1

C))

mit 7, — als kleinster (nichtkompensierter) Zeitkon-
stante. )
Dabei hat die Ubertragungsfunktion G,, diec Form

3
wobei vy, — den verketteten magnetischen Fluss der
Permanentmagnete und p — die Polpaarzahl angibt.
Aus den Gleichungen (4) und (5) folgt so fiir die be-
notigte Ubertragungsfunktion

5 PV o
.G, = :
M TS 42T s+

(6)

_ Damit wird z.B. das Amplitudenverhéltnis der
Ubertragungsfunktion (6) fiir die Grundwelle defi-
niert

2 p.q’pm
J1+4-T! o]

Analog werden dann auch die Amplitudenverhaltnisse
der Ubertragungsfunktionen fiir die anderen Harmoni-
schen (Oberwellen, bei deren Frequenz) bestimmt. Die
Strome i, zur Kompensation der Rastmomente miissen
dann noch um 180° elektrisch (7, gegenphasig) gegeniiber
den Rastmomentanteilen My verschoben werden.

Diese Phasenverschiebung vergrofert sich deutlich
beim Ubertragungsglied G,.f” mit zunehmender Fre-

Ao, )= %

quenz. Besonders starken Einfluss hat diese Phasenver-
schiebung bei den Oberwellen (hohere Harmonische),
deren Frequenz (8) ja das n-fache der Grundwellenfre-
quenz aufweist

®)

wobei n — die Ordnungszahl der betreffenden Oberwelle
ist.

Damit kann die Phasenverschiebung (9) fiir jede ein-
zelne Welle mit ihrer eigenen Frequenz angegeben wer-
den, wobei nach der Steuerungstheorie [3] gilt

Wppy =N+ Oy,

2.]1[.0)67’1

0, ((l)ein) = —arctanm 5

©)

M, kNm
w

]
]
-i

T T T T T T g 17 e
0
0 0.5 1 15 2 25 3
t, sec
a
14 f\
12 ’ —
L T e =~
10
11 x10°
I/ A \
‘T Y \"‘ \'\ .
2 ) 11 12 13 14 15 16 17 18 19
1, sec
0 1 ! ! I 1
0 0.5 1 1.5 2 235 3
t sec
b

Bild 4. Simulierte Drehmomentverldufe eines TFM- Pressenantriebs bei a Bemessungsdrehzahl 40 U/min und b kleiner
Drehzahl 1 U/min mit modifizierter Rastmomentkompensation ab 1,5 s durch Beriicksichtigung der Phasenver-
schiebung
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mit ¢,(®,_,) — als Phasenverschiebung der n-ten Ober-
welle.

Auf diese Weise werden die Phasenverschiebungen
der Ubertragungsfunktion fiir alle Harmonischen
(Oberwellen) berechnet. Zur Kompensation miissen
die Kompensationsstromwellen i,,,_, (10) dann den
entsprechenden Rastmomentwellen My_, (1) um den
zuvor berechneten Phasenverschiebungswert ¢,(®,_,)
voreilen

. M,
Lokom = A((}feil)pos(ee’ +Y,t -0 (O‘)e—l) )+

MR*Z . _
+—A(me_2)pos(2 0, +7,+ (pz(we_2))+ + (10)

h . -
+A(meik)pos(k 0, +Y,+ -0, (")H))m

Mit diesem modifizierten Kompensationsstromsi-
gnal iy, nach (10) wird das System erneut simuliert.
Die diesbeziiglichen Ergebnisse sind in Bild 4, a (wieder
fiir die Bemessungsdrehzahl ny = 40 U/min) und in
Bild 4, b (fiir die kleine Drehzahl n = 1 U/min) darge-
stellt, wobei die anderen Simulationsbedingungen un-
gedandert, wie bei den fritheren Simulationen, gewéahlt
sind.

In beiden Bildern sind die Verbesserungen durch
die modifizierte Rastmomentkompensation My ab
dessen Zuschaltung bei 1,5 s deutlich zu erkennen,
was besonders bei Antrieben mit variabler Drehzahl
wichtig ist.

Trotzdem sind auch dabei noch kleine Schwingun-
gen moglich, da das aperiodische Glied G;j“ -G, hier
wie ein Filter wirkt und deshalb die Oberwellen zur
Kompensation bei hoheren Drehzahlen, etwa ab der
Ordnungszahl 20, infolge der dann sehr hohen Fre-
quenz nicht tibertragen werde.

Fazit. Im Rahmen einer Promotion an der NBU und
der Hochschule Esslingen wurde, als eingebettete Tei-
laufgabe, sowohl eine einfache als auch eine modifizier-
te Rastmomentkompensation fiir TFM bzw. allg.
PMSM entwickelt.

Mit der modifizierten Kompensation des Rastmo-
mentes reduzieren sich die Momentschwingungen auch
bei hohen Drehzahlen (Bemessungsdrehzahl) auf unter
2 % und somit auf hier zuldssige Werte. Bekanntlich
werden die Schwingungen dann mit abnehmender
Drehzahl noch kleiner und bei kleinen Drehzahlen da-
her wieder fast vollstindig kompensiert.

Zusammenfassung. Transversalflussmaschinen als
besondere Ausfiihrung der permanenterregten Syn-
chronmaschinen weisen oft ein grofies Rastmoment
auf, das sich sehr nachteilig auf die Regelgenauigkeit
des Drehmomentes auswirken kann. Dieses Rastmo-
ment bestimmt dann oft wesentlich die Drehmoment-
welligkeit des Antriebes, welche oft zu Nachteilen, wie
z.B. Vibrationen, Gerauschen etc., bei der Anwen-
dung fiihrt. Daher wurde in dieser Arbeit sowohl eine
einfache als auch eine modifizierte Rastmomentkom-
pensation zur Reduzierung bzw. Vermeidung der

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6

Drehmomentwelligkeit allg. bei PMSM entwickelt.
Dieses Verfahren wurde beispielhaft fiir den TFM-Di-
rektantrieb einer C-Presse in der Servo-Direkt-Tech-
nologie untersucht und hier mit konkreten Zahlen-
werten vorgestellt.
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Purpose. The goal is to synthesize a simple way to
suppress the cogging torque in the transverse flux mo-
tor (TFM), which is a special type of the synchronous
motor with permanent magnet. This TFM is meant to
be used in direct drive of the C-Press with ServoDi-
rekt-technology.

Methodology. To justify the opportunity of the
cogging torque compensation via a special harmonic
component of stator current.

Findings. The simple modified way of the cogging
torque compensation for transverse flux motor and the
synchronous motor with permanent magnet has been
proposed, which minimizes ripples of the torque in
broad spectrum of the operation speeds.

Originality. The presented research shows that
compensation of the cogging torque depends on rota-
tion speed of the motor. Therefore the phase delay and
the amplitude ratio factor between current reference
and the reproduced electromagnetic torque must be
taken into account.

Practical value. Using this control law in drive
with TFM or another synchronous motor with perma-
nent magnet it is possible to improve the quality of the
forming technology.

Keywords: synchronous motor with permanent
magnets, transverse flux machine, cogging torque,
the phase delay and the amplitude ratio factor

Meta. Po3po0Oka npoctoro moaugikoBaHOro 3a-
KOHY KOMIeHcallii 3yOLeBOro MOMEHTY ISl eJleK-
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TPUYHOI MalllMHU 3 nonepeyHuM noneM (TFM), o
€ Pi3HOBUIIOM CUHXPOHHOI MalllMHU 3 MOCTIMHUMU
MarHiTaMM y cKJjali 0e3peayKTOPHOTO eIeKTPOIIPHU-
BOIa TIPOMMCJIIOBOTO CEpBOIIPeca, BUKOHAHOTO 3a
TexHoJorieto Servo-Direkt.

MeTtoauka. byna po3nisiHyTa MOXJIMBICTH KOM-
MneHcalii 3yO0LIeBOrO MOMEHTY IIJISIXOM 3aBIaHHS
CTPyMY HeOOXimHO1 (hOpMU.

PesyasraTn. Po3po6ieHo npocTtuii MmoaudikoBa-
HUII 3aKOH KOMIIeHcallil 3y0lLeBOro MOMEHTY IJIsI
TFM Tta a1 cMHXpOHHUX MallMH 3 MOCTiHHUMU Mar-
HiTaMu, 1110 T03BOJISIE MiHIMi3yBaTU KOJIMBAHHS MO-
MEHTY y BCbOMY Jiama3oHi poOOYMX IIBUIKOCTEH
€JICKTPOIIPUBOIA.

HaykoBa HoBu3Ha. BcTaHOBJICHO, IO KOMITCH-
callisi 3y0LIeBOrO MOMEHTY IOBMHHA 3ajeXaTu Bi
LIBUIKOCTI 00epTaHHs ABUTYHA. ToMy ITOBMHHI Bpa-
XOBYBAaTHCSI MOIYJIb Ta (pa3a 4aCTOTHOI XapaKTepHC-
TUKU JJAHKU MiX BXiTHMM KOMIIEHCAIlifHUM CUTHa-
JIOM Ta MOMEHTOM.

ITpakTuHa 3HAYUMICTB. 3aCTOCYBaHHS JAHOIO
3aKOHY B €JIEKTPOIpUBOi cepBorpecy Ha 6a3i TFM
a0o0 iHIIIOT CUHXPOHHOI MalllMHU 3 MOCTIMHUMU Mar-
HiTaMu MpUBeIe A0 MiABUILEHHS SIKOCTi poOOTHU MPO-
1IeCiB TIpecyBaHHsI/KyBaHHSI.

KuouoBi cioBa: cunxponHi mawunu 3 nocmiii-
HUMU MA2HIMamu, eneKmpuyHa MauuHa 3 nonepe-
YHUM noaem, 3y0uesuil MOMEHmM, KOAUBAHHS MO-
MeHmy, Mooyab ma paza uacmomHoi xapaKkmepuc-
muku

IHennb. Pa3zpaborka mpoctoro MonuuipoBaH-

HOro 3aKOHa KOMII€HCallun 3y6Ll0BOFO MOMEHTa IJid
3HeKTpPI‘IeCKOI71 MalllMHbI C TIONEPEYHbLIM II0JIEM

100

(TFM), xotopasi gBisieTcsl Pa3HOBUIHOCTBIO CUH-
XPOHHOW MAIIMHBI C TTOCTOSHHBIMA MarHUTAMU B
cocTaBe 0€3peoyKTOPHOIO 3JCKTPOIpPUBOIA IIPO-
MBIIIJIEHHOTO CEPBOIIpecca, BHIIIOJTHEHHOTO 10 TeX-
Honoruu Servo-Direkt.

Mertoauka. bbuia paccMoTpeHa BO3MOXHOCTh
KOMITIeHCAllMY 3yOIIOBOTO MOMEHTA ITyTeM 3adaHusl
TOKa HEOOXOIUMO (hOPMBI.

PesynbraTsi. PazpaboTan nmpocrtoit Mmoaubuiiu-
POBaHHBIN 3aKOH KOMIIEHCAIIUK 3yO110BOIO MOMEHTA
st TEFM m 111 CMHXpOHHBIX MalllMH C MTOCTOSTHHBI-
MM MarHUTaMM, KOTOPBIN MO3BOISIET MUHUMU3UPO-
BaThb KoJiebaHWsI MOMEHTa BO BCEM Auaria3oHe pabdo-
YUX CKOPOCTEH 3JICKTPOIIPUBO/IA.

Hayuynass HOBH3HA. YCTaHOBJICHO, YTO KOMIICH-
canyst 3yOLIOBOTO MOMEHTA JTOJDKHA 3aBUCETh OT Ya-
CTOTHI BpalleHUs nBUTaTess. [1o3ToMy HOILKHBI yIr-
TBIBATHCSI MOAY/Ib U (ha3a YaCTOTHOM XapaKTePUCTH-
KM 3B€Ha MEXIY BXOTHBIM KOMITEHCAIIMOHHBIM CHUT-
HaJOM 1 MOMEHTOM.

IIpakTHyeckas 3HaYMMOCTh. [IpuMeHeHue
JIAaHHOTO 3aKOHA B 3JIEKTPOINPUBOE CepBOIIpecca Ha
6aze TFM uau apyroro CUHXpOHHOTIO IBUTaTENs C
MMOCTOSTHHBIMY MarHUTaMU MPUBEACT K ITOBBIIICHUIO
KayecTBa IIPOILIECCOB IIPECCOBAHMS/KOBKH.

KimioueBble CJioBa: cCUHXpOHHbIE MAWUHBL C NO-
CMOSHHBIMU MACHUMAMU, INeKMPUHECKAsT MAUll~
Ha ¢ nonepe4HsviM noaem, 3y0L08bLil MOMEeHM, Kole-
b6anus momenma, mMooyab U @aza 4acmomHol xXa-
pakmepucmuku

Pexomenoosano 0o nybaikayii dokm. mexH.

Hayk B. 1. Kopcynem. /lama naoxodxicenus pyKonu-
cy 27.01.16.

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6



ENEKTPOTEXHIYHI KOMNJEKCHU TA CUCTEMMH

UDC 621.313

M. Zagirnyak!, Dr. Sc. (Tech.), Prof.,
V.Prus!, Cand. Sc. (Tech.), Assoc. Prof.,
I. Kushch!,

D. Miljavec?, Dr. Sc. (Tech.), Prof.

1 — Kremenchuk Mykhailo Ostrohradskyi National Univer-
sity, Kremenchuk, Ukraine, e-mail: mzagirn@kdu.edu.ua
2 — University of Ljubljana, Ljubljana, Slovenia

FEATURES OF MODELING OF ELECTROMAGNETIC FIELD
OF ELECTRIC MACHINES WHEN MAGNETIC SYSTEM
PROPERTIES CHANGE

M. B. 3aripuak!, a-p TexH. HayK, npod.,
.B.IIpyc!, KaHa. TexH. HAYK, JOII.,
A.Kym',

B
1.
. Minsisenpb?, A-p TexH. HAYK, npod.

1 — KpemeHuylIbKMIA HalliOHAJbHUIA YHIBEpPCUTET iMEHi
Muxaiina Octporpaiacbkoro, M. KpemeHuyk, YkpaiHa,
e-mail: mzagirn@kdu.edu.ua

2 — VuiBepcuret JItoonsinu, M. Jlio6asHa, CinoBeHis

OCOBINBOCTI MOAEJNIOBAHHA EJIEKTPOMATHITHOI'O
ITOJIA EJIEKTPUYHNX MAIIWH ITPN 3MIHI
BJIACTUBOCTEM MATHITHOI CUCTEMMU

Purpose. Determination of particular features of electric machines electromagnetic field modeling when the
change of magnetic system properties is caused by the presence of damages of the main types occurring during
electric machines long-term operation and repairs.

Methodology. The comparative experimental analysis of changes of the properties of electric machine mag-
netic systems during their repair and long-term operation is substantiated. Mathematical grounds for influence of
magnetic system main faults on electromagnetic field described by Maxwell’s equations. Numerical modeling of
magnetic field in electric machines with damaged magnetic systems with the finite-element method.

Findings. The principles of modeling electromagnetic field in electric machines with magnetic system dam-
ages characterized by considerable error-free running time and subjected to a number of overhauls have been
grounded. As a result, the necessity of the use of models of various types for calculation of electromagnetic field,
depending on the presence and localization of the main types of magnetic system damages, has been proved. The
adequacy of the proposed approach to modeling core defects of DC motors has been confirmed.

Originality. The peculiarities of different types of damages in laminated cores and the ways to take them into
account while simulating electric machine electromagnetic field are studied. The ways of solving the mentioned
task using the finite element method by the example of computation of the change of vibroexcitation forces caused
by the electromagnetic nature in direct current machines are developed.

Practical value. The obtained results make it possible to predict the change of an electromagnetic component
of vibration and irregularity of torque distribution of DC motor, caused by laminated core defects. There is also a
possibility of estimating the rate of laminated core damage influence on the main IM operating characteristics.

Keywords: DC motor, defects, laminated core, electromagnetic field

Introduction. The properties of electric machine
(EM) magnetic system change in the process of their
repair and long-term operation [1]. It results in in-
crease in losses, deterioration of EM performance
characteristics, variation of thermal and vibration op-
erating conditions [2]. A similar problem occurs when
improper magnetic materials are used in EM designs,
which has been typical of the electric machine indus-
try in the recent years. The analysis of processes in EM
as a rule is based on the electric circuit theory and im-
plies the use of equivalent circuits. Equivalent circuit
parameters contain implicit information about the de-
sign and the connecting circuit of the machine wind-
ings, configuration of magnetic system, etc. However,
these methods are based on a number of simplifica-
tions, which considerably affects the calculation accu-
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racy. The calculation of EM parameters using electro-
magnetic field analysis is an alternative for such meth-
ods [3].

Magnetic field research is the most informative ap-
proach to taking magnetic system properties variation
into consideration. However, estimation of influence
of EM magnetic system condition on electromagnetic
field is a complicated scientific and practical problem.
Taking into account the nonlinearity of magnetic pa-
rameters dependences and nonuniformity of their dis-
tribution, as well as magnetic material saturation rate
for existing geometry of magnetic systems is only pos-
sible when numerical methods are used. The per-
formed analysis resulted in the substantiation of the
possibility of determining EM main parameters and
characteristics in the process of their modeling by cre-
ating models based on the finite element method
(FEM).
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The purpose of the paper consists in determining
particular features of EM electromagnetic field mod-
eling when the change of magnetic system properties is
caused by the presence of damages of the main types
occurring during EM long-term operation and repairs.

Presentation of the main research and expla-
nation of the results. Laminated cores of stator, ro-
tor, armature, poles, etc. are magnetic system compo-
nents of most EMs. The earlier research revealed the
necessity of taking into account the variation of their
properties both for the whole cores and locally for their
different sections.

Variations of core properties on the whole can be
explained by their heating and reversal magnetization
influence on the main electric and magnetic parame-
ters during operation. As a rule, these parameters de-
teriorate when the operation time increases, which can
be explained by electrical steel ageing. Admissible pa-
rameter variations are usually normalized by corre-
sponding standards. Ageing processes are considerably
intensified during repairs of electric machines. This is
mainly explained by the repair technology itself. So,
when windings are removed during an overhaul, the
cores are annealed in a furnace at the temperature of
400 °C for 4 hours.

Fig. 1 shows technical magnetization curves B,, =
=f(H) for electrical steel of 1211 type before and after
a number of annealings, Fig. 2 contains curves of steel
losses P, =f(B,,) (the curve before annealing is desig-
nated by number 1, the curves after the Ist — 3d an-
nealings — by numbers 2—4 correspondingly). The re-
sults were obtained for rectangular laminated samples
with the use of Epstein’s device.

It can be seen in Figs. 1-2 that steel thermal an-
nealing results in: first, the magnetic induction value
at which steel saturation takes place reduces; second,
steel losses increase.

Steel properties deteriorate uniformly after the first
and the second annealing. So, if the initial magnetiza-
tion curve for unannealed steel (curve /, Fig. 1) is con-
sidered to be the reference, for the saturation point,
when intensity is H = 741.861 A/m, magnetic induc-
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Fig. 1. Technical magnetization curves B, = f(H)
of 1211 type steel
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tion decreases by 2.57 and 5.21 %, respectively. After
the third annealing there occurs a sudden change in
properties deterioration (induction decreases by
9.35 % in relation to the initial curve). In this case steel
losses growth occurs in the following way. After the
first and the second annealing normal condition steel
losses (magnetization curve operating point H =
= 741.861 A/m, B,, = 0.824 T) increase by 4.14 and
7.81 %, respectively, and after the third annealing —
only by 5.94 % in relation to the initial value, which is
difficult to provide a logical explanation for.

If supply voltage is constant, in case of annealed
steel, increased current consumption is observed,
which results in the shift of operating point at the mag-
netization curve into the saturation zone. So, for rated
voltage, at which the operating point for unannealed
steel is located on the bend of the magnetization curve
(point A, Fig. 1), due to current growth and, conse-
quently, magnetic intensity, by 4.01, 8.41 and 21.59 %,
respectively, the values of induction, less than the ini-
tial rated one by 1.59, 3.35 and 4.7 %, respectively,
(points B, C and D in Fig. 1) correspond to operating
points for annealed steel. When the values of losses
were corrected in relation to new operating points,
their values exceeding the value of losses in point A by
7.29, 14.72 and 24.86 %, respectively, were obtained
(Fig. 2).

These results can be explained by comparing
them with variation of properties of sheet electrical
steel, which is known from literature. On this ground
the mentioned variations can be accounted for by the
growth of eddy currents in the cores steel due to de-
terioration of the properties of intersheet insulation
covering under thermal action. Besides, the varia-
tion of magnetic circuit saturation rate is evident,
which is to be properly taken into account in calcula-
tion models.

Alongside with this, in particular cases, there can
be observed general slackening of core pressing caused
by both destruction of intersheet insulation and wors-
ening of the core fit on the body or on the shaft. The
mentioned variations result in the growth of the core
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Fig. 2. Curves of losses P, = f(B,,) in 1211 type
steel at successive annealings at the tempera-
ture of 400 °C
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magnetic reluctance, thereby reducing the main flux.
It causes decrease in the moment on IM shaft.

The considered local core damages include crush-
ing of top part of the teeth zone and shorting of electri-
cal steel sheets [4]. All these damages mainly influence
the variation of magnetic and electric parameters of
magnetic system sections in the axial and radial direc-
tions.

Decrease in magnetic induction at such sections
may reach 7—10 %, increase in magnetic intensity —
60—70 %, growth of steel losses — up to 50 %.

The results of EM research by field methods con-
firm the efficiency of the use of application packages
based on the finite element method [5, 6] for solution
of such problems.

To choose the type of the created field model ra-
tionally it is necessary to analyze the kind and loca-
tion of core damages. For the case of uniform varia-
tion of magnetic parameters along the EM core, suf-
ficient accuracy of the analysis results is provided by a
2D model of calculation of the electromagnetic field
in the cross section of the active zone. Variation of pa-
rameters in the axial direction is caused by damages
along the core (pressing slackening, lengthwise teeth
shortening).

To determine integral values of a torque moment,
research of the influence of axial redistribution of vi-
broexitating forces, when vibroparameters are calcu-
lated, as well as winding temperature ununiform dis-
tribution caused by local exceed of steel losses, it is
necessary to use 3D models.

Modeling was performed on the basis of Maxwell
equations supplemented with material properties cou-
pling equations describing its behavior in electromag-
netic field [7]. Simplified coupling equations are of the
form

8., = 1E;
i=5,(B-B)va 2B B)-0, (BB,

—

where 8, is conduction current density; v is material
electric conductivity; E is a vector of electric field
strength; H isavector of magnetic intensity; U, is ve-
locity vector field; B isavector of magnetic induction;

Er is a vector of residual magnetic induction; g,, g, are
dynamic indices of laminated material electrophysical
parameters, that are determined from equations

g1 = (1/12)A%y; (D
q2 = (1/720)A4p’max’yil' (2)

In (1-2) A is steel sheet thickness in cores; L.y 1S
absolute magnetic permeability; v,, is sheet material
conductivity.

The features of modeling include, first of all, the
necessity of taking into consideration all the above
considered phenomena: decrease in magnetic induc-
tion B, growth of magnetic intensity A, increase in
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steel losses P, rise of magnetic system saturation
rate.

As a first approximation, it is rather simple to solve
this problem. With this purpose in view, it is necessary
to take into account the fact that the considered varia-
tions of magnetic system properties will cause the de-
crease in active resistance r, and reactance x,, of mag-
netization circuit. It will result in the increase in IM
consumed current. Thus, current cannot be the main
invariable parameter in calculations, the value of IM
supply voltage is to be used instead, which is easily
done in [6].

Then it is necessary to single out the damaged sec-
tions in the volume of laminated cores and determine
their geometry in the form of closed figures. Variations
of magnetic properties are assigned for these sections
through real magnetization curves corresponding to
the form and rate of damage.

When electric steel sheets of EM laminated cores
are short-circuited, the calculation of eddy currents
circuits was made on the basis of the analysis of vector
magnetic potential distribution

—

0%—‘3+Vx(u0"ur" xA)=1J.

Here o is electric conductivity of the analyzed area;
uo — permeability of free space; p, is core steel relative

permeability; A is vector magnetic potential; J is
external source current density.

Variation of cores electric properties due to eddy
currents growth was taken into consideration by steel
electric conduction reduction equivalent to eddy EMF
growth. Steel losses P, at magnetic circuit sections
were determined according to modified Steinmetz
equations [6]

P,=P,+P+P =K B+ KB
K=k, f+k.f* Ky=kJf",

where P, P,, P, are hysteresis, eddy currents and ad-
ditional losses components, respectively; B,, is am-
plitude value of magnetic induction component at
the alternating current; f is frequency; k, is coeffi-
cient of hysteresis losses; k. is coefficient of eddy cur-
rents losses; k, is coefficient of additional losses in
the core.

Coefficients K| and K, were calculated according
to the losses curve P, =f(B,,) using quadratic minimi-
zation function

err(K,,K,) = Y[ P~ (K, B}, + K,B))) ] =min,

where P, stands for losses in the i-th point of the
curve; B,,; — magnetic induction in this point.

With the aim of experimental verification of the
above stated provisions, a P—31U4 type direct current
motor (DCM) with nominal power of P, =700 W and
nominal rotation frequency of #,, = 1000 rpm was taken
as the object of modeling.
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The influence of four contiguous partially short-
ened armature teeth was investigated. The teeth were
shortened in their upper part along the height of the
top from the external end of the core along its full
length. The area of shortening across the external sur-
face of the teeth was changed from 25 to 100 % of their
total area with 25 % pitch (Fig. 3).

Variation of steel properties was assigned in accor-
dance with the results obtained during local testing of
laminated cores in the course of repairs [4] with the
help of corrected material magnetization curves and
for the whole core — in accordance with the data in
Figs. 1-2.

Fig. 3. Model of direct current motor with dam-
aged armature tooth steel

Time =0.01999599999999995
Speed =1500.0000007pm
Position =180.000000deg
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Fig. 4. Distribution of magnetic induction vector

E,T in DCM with an armature core in normal
condition (a) and when 25 % of the upper part
of a four armature tooth area is shortened (b)
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Modeling results shown in Fig. 4, a, b demonstrat-
ed that even insignificant (as to its depth and area)
shortening of the armature tooth zone causes reduc-
tion of magnetic induction value in the area of dam-
aged teeth by 17—23 %.

This range of magnetic induction variation practi-
cally corresponds to the one obtained experimentally
for a stalled armature of the investigated DCM (Fig. 5).

The value of magnetic induction was calculated ac-
cording to the EMF level of the magnetic-test coils put
on the investigated armature teeth. The teeth were
shortened artificially by grinding. Difference between
experimental and calculated data was from 5 to 8 %
depending on the area of teeth shortening across the
external surface, which confirms the adequacy of the
proposed approach to modeling EM core defects.

In addition, the considered armature defects,
mainly due to eddy currents from rotary magnetiza-
tion, cause decrease in torque mean value and its fluc-
tuation at the level of 5—12 % depending on the arma-
ture tooth damage rate. Such irregularity of torque
distribution may result in deterioration of loaded
DCM operation stability, especially in transient con-
ditions.

Distribution of normal component of electromag-
netic force (Fig. 6) and variation of torque instanta-
neous value (Fig. 7), obtained in a different position of
the defect area in relation to the main poles of DCM,
were investigated on the basis of the developed DCM
model with damaged armature core steel.

The obtained results point out a considerable vari-
ation (from 20 to 45 %) of the value of electromagnetic
force normal component in the area of laminated core
defects, which will result in nonuniformity of efforts
distribution and growth of vibration electromagnetic
component.

Taking into account the calculation features ac-
cording to [6], similar results can be obtained for the
main parameters of any type IM in static and dynamic
conditions. There is also a possibility to estimate the

g /“<

| // //2
0.8 / %
|
Ny

Fig. 5. Magnetic induction B,,, T experimental de-
pendences on the armature current 1, A:

1 — normal condition of the core; 2—5 — shortening
of 25, 50, 75 and 100 % of the tooth surface
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XY Plot 24

Airgap 0.25 mm damages of steel number tooth
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Fig. 6. Distribution of the normal component F,, N of electromagnetic force in DCM in the function of time

t, ms:

1 — with normal condition of the core; 2 — when the upper part of four teeth is shortened
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Fig. 7. Variation of the instantaneous value M, Nm of the torque in the function of time t, ms when the ar-

mature turns:

1 — with normal condition of the core; 2 — when the upper part of four teeth is shortened

rate of laminated core damage influence on the main
IM operating characteristics.

Conclusions. The particular features of modeling
electromagnetic field in EMs with magnetic system
damages characterized by considerable error-free run-
ning time and subjected to a number of overhauls have
been determined. As a result, the necessity of the use of
models of various types for calculating electromagnetic
field, depending on the presence and localization of
the main types of magnetic system damages, has been
substantiated. The adequacy of the proposed approach
to modeling EM cores defects has been confirmed.
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Meta. BuzHayeHHsT 0co0JIMBOCTEl MOIETIOBAaH-
HsI €JeKTPOMATrHITHOIO TOJSI €JIeKTPUYHUX MAaIlUH
MpU 3MiHi BJIACTUBOCTEll MarHiTHOI CUCTEeMU, OOYy-
MOBJIEHOMY HAasIBHICTIO OCHOBHMX BMIiB IIOIIKO-
JIXKEHb, 1110 BUHUKAIOTh MPU TpUBadili eKCIuTyaTalii
Ta peMOHTAaX eJICKTPUIHNUX MAIIINH.

Metonuka. IlopiBHSJIbHUI eKCHEepUMEHTATb-
HUI aHaji3 3MiH BJACTUBOCTEM MarHiTHUX CUCTEM
eJICKTPUYHUX MAIIWH, 10 BUHUKAIOThH y TIPOIIECi iX
PEMOHTY I TpMBaJIO1 eKcrtyaraliii. MaremMaTuuHe 00-
IPYHTYBaHHS BIUIMBY OCHOBHMX BHIiB Ie(MEKTiB Mar-
HITHOI CUCTeMM Ha eJIEKTPOMAarHiTHe moJje, 110 OMu-
CyeTbesl piBHIHHsIMU MakcBesa. YucenbHe Moento-
BaHHS €JICKTPOMArHiTHOTO IIOJISI B €IEKTPUYHUX Ma-
IIMHAX i3 TTOIIKOMKEHHSIMM MarHiTHUX CUCTEM METO-
JIOM CKiHYEHUX €JIEMEHTIB.

PesyabraTii. OOrpyHTOBaHI NPUHILIMIIA MOAECIIIO-
BaHHS €JICKTPOMATHITHOTO TIOJISI B €JIEKTPUYHUX Ma-
IIMHAX 3 TMOLIKOMKEHHIMHN MAaTrHITHUX CUCTEM, IO
XapaKTepu3ylThCsd 3HAYHMM YacoOM HapoOiTKy Ha
BiZIMOBY Ta psSIIOM MPOBEICHNX KaliTAIbBHUX PEMOH-
TiB. Y pe3yabTaTri AoBeleHa HeOOXiTHICTb BUKOPUC-
TaHHS Pi3HUX TUIIIB MOAeeH IJIsl pO3paxXyHKiB eJIeK-
TPOMATHITHOTO IT0JIsI 3aJIeXKHO BiJ HAsIBHOCTI I JToKa-
JIi3a1il OCHOBHUX BUIIB MOIIKOIXKEHb MAarHiTHOI CUC-
TeMu. [linTBepaKeHa aneKBaTHICTh 3alIPOITIOHOBAHO-
ro MigXomy 10 MOJEIOBaHHS Ae(EKTiB Ocepab IBUTY-
HiB TOCTiiTHOTO CTPyMY.

HaykoBa HoBu3HA. Po3misiHyTi 0COOJIMBOCTI i1 3a-
MPOMOHOBAHI CIOCOOM ypaxyBaHHS Pi3HUX BUIIB MO-
IIKOMKEHb IMNXTOBAHUX OCEepAb IMPH MOIETIOBAaHHI
€JIEKTPOMAarHiTHOIO TOJIsI €JIEKTPUYHUX MallluH. Po3-
KPUTi MiAXOAM OO PO3B’SI3KY TAKOTO 3aBHAaHHSI METO-
JIOM CKiHUEHHMX €JIEMEHTIB Ha MPUKJIali pO3paxyHKiB
3MiHU BiOpO30YIKYIOUMX CUJI €JIEKTPOMArHiTHOIO Xa-
paKTepy B eJICKTPUIHNX MAIIIMHAX ITOCTITHOTO CTPYMY.

IIpakTuyna 3HaUMMicTb. OTpuMaHi pe3yabTaTi
JIO3BOJISIIOTH TIPOTHO3YBAaTH 3MiHY €JIeKTPOMAarHiTHOL
CKJIQAOBOI BiOpalii Ta HEpPiBHOMIpPHICTh PO3IIOILTY
00epTOBOr0 MOMEHTY ABUIYHA IOCTIHHOIO CTpyMmy,
BUKJIMKAHI YIIKOIXKEHHSIMM IIUXTOBAHUX OCEPIb.
Takox iCHYe MOXJIMBICTh OLIIHKM CTYIIEHSI BILIUBY
MOLIKOJKEeHb IIIMXTOBAHUX OCEPAb HA OCHOBHI po00-
Yi XapaKTEPUCTUKM €JICKTPUIHUX MaIIH.
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KimouoBi caoBa: deéucyn nocmiitnoeo cmpymy,
NOWKOOINCCHHSI, WIUXMOBAHE 0CepPOsi, eNeKmpomae-
HImMHe noae

IHennb. OnpeneneHue ocoOEHHOCTEN MOAEIUPO-
BaHUS DJIEKTPOMATHUTHOIO TIONST DJIEKTPUYECKUX
MalllMH Py U3MEHEHUM CBOMCTB MAarHUTHOM CUCTE-
MbI, OOYCJIOBJIEHHOM HaJIMYUEM OCHOBHBIX BUIOB
MOBPEXASHUI, BOZHUKAIOIIUX TIPU MPOSOIKUTENb-
HOM 9KCIIyaTalliy U PEeMOHTAaX 3JeKTPUUECKUX Ma-
LIIMH.

Metoauka. CpaBHUTEIbHBIN 3KCTIEPUMEHTAIb-
HbIA aHaJIU3 M3MEHEHMII CBOWCTB MArHUTHBIX CU-
CTeM DJIEKTPUICCKUX MAIIIMH, BO3HUKAIOIINX B TIPO-
Iecce X peMOHTA U TIPOJOJIKUTEILHOM SKCITyaTa-
nuu. MateMaTuyeckoe 0OOCHOBAHUE BIUSIHUSI OC-
HOBHBIX BUIOB Ne(EKTOB MAarHUTHOM CHUCTEMBbI Ha
3JIEKTPOMArHUTHOE MOJIe, OIMChIBAeMOE YpaBHECHM -
amu MaxkcBemna. YuciieHHOe MoAenpoBaHUe DJIeK-
TPOMArHUTHOIO MOJSI B 3JEKTPUUECKUX MalllMHaX C
MOBPEXASHUSIMU MarHUTHBIX CUCTEM METOIOM KO-
HEYHBIX 3JIEMEHTOB.

PesyasraTbl. OG0CHOBaHbI MPUHLIMITBI MOJEJIM-
pOBaHUSl BJIEKTPOMArHUTHOTO TIOJISI B BJIEKTpUYE-
CKMX MalllMHax C TMOBPEXIEHUSIMU MarHUTHBIX CU-
CTeM, XapaKTepM3YIOIINUXCS 3HAUMTEIbHBIM BpeMe-
HeM HapabOTKM Ha OTKa3 M MPOINEAIINX P KaIlr-
TaJabHBIX peMOHTOB. B pe3ynbrate moka3aHa He0OX0-
JMMOCTb MCIOJb30BaHUS Pa3IMYHBLIX TUIIOB MOJIE-
JIel UIST pacueTa 3JIEKTPOMArHUTHOTO TI0JIsI B 3aBU-
CHUMOCTH OT HaJIMYUs U JOKaIU3allM1i OCHOBHBIX BU-
JIOB MOBPEXAEHUI MAarHUTHOM cucTeMbl. [ToaTBepxK-
JieHa aJleKBaTHOCTb MPEAI0XKEHHOTOo TMoaxoaa K Mo-
JeIMpOBaHNI0 Ne(EeKTOB CEepIeYHUKOB ABUraresei
MOCTOSIHHOTO TOKA.

Hayunas HoBu3zHa. PaccMoTpeHbl 0COOEHHOCTU
U TIPEJIOKEeHbI CIOCOObI yyeTa pa3jiuyHbIX BUIOB
TMOBPEXICHUN IMIMXTOBAHHBIX CEPACYHUKOB IIPU MO-
JeIMPOBAHUM 2JIEKTPOMATHUTHOTO TTOJIS JIeKTpUJe-
CKUX MamIH. PacKpBIThI MOIXOIBI K PEIIEHUIO TAKOMU
3a/a4M METOAOM KOHEUHBIX DJIEMEHTOB Ha IIpUMepe
pacueta U3MEHEHMs BHUOPOBO30OYXKIAIOIMINX CHII
9JEKTPOMArHUTHOIO XapakTepa B 3JIEKTPUYECKUX
MallluHaxX HOCTOSIHHOTIO TOKa.

IIpakTHyeckasi 3HAYUMOCTb. [lonyyeHHbBIE pe-
3yJbTaThl MO3BOJISIIOT TPOTHO3UPOBATh U3MEHEHUE
3JIEKTPOMATrHUTHOI COCTaBJIsIIOLIel BUOpALlMU U He-
PaBHOMEPHOCTb pacrpeie/ieHusl Bpallalollero Mo-
MEHTa JBUTATEJIsI TMOCTOSIHHOIO TOKA, BbI3BAHHBIE
MOBPEXKICHUSIMU IIMXTOBAHHBIX CEPICUHNKOB. Tak-
JKe CYIIIECTBYET BO3MOXHOCTh OLICHKHU CTEIIEHU BIIUSI-
HUS TIOBPEXIEHWI IIMXTOBAHHBIX CEpPISYHUKOB Ha
OCHOBHBIE paboune XapaKTepUCTUKU DJIEKTPUIECKUX
MallH.

KiaroueBble cjoBa: deuzamenv NOCMOSHHO20
moKa, noepexcoeHUsi, WUXMOBAHHbLI CepOeHHUK,
2NeKMPOMACHUMHOE Noae

Pexomendosano 0o nyoéaikauyii dokm. mexH.

nayk B. I1. Jlawenxom. JJama Hao0xo0xceHHs: pyKo-
nucy 03.07.15.
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Purpose. To propose a method for determining the additional losses in the stator windings of electrical ma-
chines, in which the current frequency is significantly higher than the mains frequency.

Methodology. The numerical methods for solving differential equations of mathematical physics are applied
for the study. The Finite Element Method is used for algebraization of partial derivatives; an implicit method of
backward differentiation formula is used for algebraization of time derivatives while the Newton-Raphson method
is applied for solving nonlinear algebraic equations.

Findings. A mathematical model, which allows counting the total losses caused by skin effect in the slot of the
stator winding of a high-speed electrical machine, was created. The model takes into account: its own slot leakage
flux, the main magnetic flux, a saturation of the magnetic core, various slot forms and the method of electrical
connection of conductor strands in the slot. The mathematical formulation and the boundary condition of this
problem are offered.

The results of mathematical experiments of defining additional and total losses in the windings located in the
half-closed and open slots for high-speed generator with permanent magnet excitation of 200 kW, 50000 rpm, are
presented. The cause-and-effect relationships are analyzed. Findings can help while designing such machines.

Originality. The problem of calculating losses is formulated as a 2-dimensional boundary problem of electro-
dynamics, which allows us to take into account an interference of the above factors.

Practical value. The necessity for accurate determination of the losses in the phase windings of high-speed
machines occurs not only when designing the windings, but also while assessing the thermal condition of such
machines.

Keywords: additional losses, current displacement, skin effect, FEM-analysis, boundary condition, high-

speed electrical machine

If high-speed electrical machines are considered as
machines of ultimate power, they may be a sort of pro-
duction indicators. Therefore, they have been the fo-
cus of attention for many researchers, and tasks, asso-
ciated with their development, are still relevant.

Objectives of the article. The slot effect in stator
windings of high-speed permanent magnet electrical
machines (HSPMEM) is considerably stronger than
that in machines, operating at industrial frequency. Fac-

© Makarchuk O.V., 2016
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tors, ignored by classical analytical theory for determi-
nation of this phenomenon that was developed by Edme
in 1922, have become more critical and change entire
picture of nonuniform distribution of current density in
the cross section of embedded coil side not only quanti-
tatively but also qualitatively. Increasing losses in the
stator winding appear to be a negative consequence of
this phenomenon that can challenge the implementa-
tion of the project for developing HSPMEM.

Analysis of the recent research. The review of
available recent research studies in this field gives evi-
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dence of a small number of publications devoted to re-
search of losses in machine stator windings that oper-
ate at frequencies that are considerably higher than
industrial frequency [1]. Most research studies focus
on improvement of the methods for calculation of ad-
ditional losses in convenient machines of BLDC or
PMSM types [2, 3] and asynchronous machines [4, 5].
Some interesting approaches were proposed for calcu-
lation of slot effect in transformers and choke coils
[6, 7].

Analysis of literature sources allowed distinguishing
study methods that are used most frequently for solu-
tion of similar tasks on calculation of additional losses
in transformers and asynchronous machines. Non-
linearity of this task and the need to consider addition-
al critical factors suggests the usefulness of applying
numerical methods. The most suitable method for this
purpose is the finite element method, used in combi-
nation with numerical time integration methods.

Unsolved aspects of the problem. Local satura-
tion of tooth area is caused by the current of the con-
ductor and magnetic field of dissipation as a prime
cause of slot effect and the first harmonic field. The
higher saturation level is, the larger share of magnetic
flow penetrates from the tooth into the slot changing
current density redistribution and increasing slot losses.

Considering this fact, we can speak of availability
of additional influencing factors such as saturation of
the magnetic core and the form of the slot, namely its
“opening”. The factor of increasing armature resis-
tance (Field’s factor) is conventionally determined by
Edme’s functions obtained due to absence of satura-
tion of tooth area and for open rectangular slots.
Moreover, the influence of the first harmonic field is
not taken into account.

It should be mentioned that classical approach
provides for tandem coupling of coils, but phase coils
of HSPMEM are similar as a rule. Therefore, one (for
one-layer coils) or two (for two-layer coils) effective
conductors, which consist of multiple strands con-
nected in parallel, are located in the slot.

We state that additional losses in armature coils of
HSPMEM exceed the main losses. Therefore, a spe-
cial attention should be paid to their calculation while
designing such machines.

Purpose of the study. The aim of this study is to
develop methods for calculating additional losses that
would consider the main factors influencing slot effect
process in their interrelation.

Study object is phase coil, located in the slots of
non-salient pole laminated stator of HSPMEM.

Presentation of the main research. We have de-
veloped a mathematical model for calculation of ad-
ditional losses in HSPMEM coil that considers actual
distribution of current density vector field in coil con-
ductors, located in ferromagnetic slot of free form and
penetrated by external magnetic field of set amplitude.
The mode provides for the actual method for coupling
of effective conductors and strands in a slot and satu-
ration of the magnetic core. The task is defined in two
planes.
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The need in determination of the actual current
density vector field, induced by this or that method,
results in necessity for solving the dynamical problem
in terms of field theory.

Poisson’s invariant equation in coulomb calibra-

tion for magnetic vector potential is (V- A=0)
vzzzoVUmaa—f—Zxc VXA, (1)

where V is a differential Hamiltonian operator; ¢ is a

matrix of electrical conductivity of the medium; v is
medium velocity vector; U is electrostatic scalar po-
tential of external field.

Current density field will be determined by the fol-
lowing formula

7=c(—VU—%—f+[vxE]} 2)

on the basis of which it is possible to state that total
current density vector specified in formula (2), con-
sists of three components: the 1st component is condi-
tioned by the external electrical field, the 2nd compo-
nent is conditioned by the magnetic field that changes
in time and the 34 element is conditioned by move-

ment of the conductor at v speed in the magnetic field

with B amplitude.

The equation (1) itself is used for further conver-
sion. Together with boundary conditions, it forms the
basis of mathematical formulation of the problem of
calculating the dynamic magnetic field, considering
electromagnetic and mechanic loads.

It is clear that solution of equation (1) requires in-
tegration on the basis of spatial and time coordinates.

The computational domain of this model is repre-
sented by tooth separation of the stator core (Fig. 1).

You can see symbols and dimensions of the figure,
Boundary conditions are represented by expressions that
allow configuring the external magnetic field (the induc-
tor field) so that it corresponds to the vision of possible
routes of the field passing through the stator core. The
excitation field is determined by linear distribution of
vector potential along the upper horizontal line

Alxr|, = 5sin(oot +Bx+v), 3)

B

where § =/t is a factor of proportionality between co-
ordinates of the point, expressed in angular and linear
measurement units; v is phase shift between the cur-
rent of the effective conductor and redial component

of the vector Ea .
Lines that limit the left and the right edges of compu-
tational domain are determined by Dirichlet condition

Al =5sm(mt—o,5t B+v);
z x=-0,5¢, B z
)
Alr ., = %sin(mt +0,5¢.B+v).
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Fig. 1. Computational domain of the model and
boundary condition

Lines and outer generating lines of the stator are

determined by Neumann condition

0A,
ox |
-

=0. )

h—h

Driving forces in this formulation are represented
by current of the conductors that are located in the slot
and the inductance amplitude is in the air gap.

The equation is written in accordance with the 1st
Kirchhoff’s law (Fig. 2) in order to determine a meth-
od for coupling of strands and effective conductors in
the slot before formulating the problem (1)

Iy = iijn’ (6)
n=1

where n=1,n, isa current number of the strand (#,, is
a number of strands in effective conductor); iy, i;, are
current of effective conductor (set) and strand (initial)
that relate to j effective conductor. Thus

) _ E SIEI K .
i = ! JdsS = Lj]z[x,y]dxdy=§ o ;Jikl, (7)

where e=LFE isa consecutive number of the finite el-
ement (FE); k=LK is a consecutive number of the

FE node; S'° is FE area with number [e]; J1{ is a
nodal value of z projection of the current density vec-
tor.

Expression (1) along with the circular equation (6)
and boundary condition (3—5) expresses the nature of
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i (1)=k, sin(or)

Fig. 2. Electrical diagram of connection of strands
in a slot

mathematical formulation of the problem of calculat-
ing the current density field in computational area.

We have carried out a series of topic experiments
with use of this model. The purpose of these experi-
ments was to study the effect of its own dispersion flux,
the main magnetic flux, saturation of the magnetic
core and slot shape on distribution of the current den-
sity vector in slot area of the coil considering the inter-
relation of all these factors.

Program-based realization of the algorithm of this
model is made with package ANSYS Multiphysics by
means of APDL programming.

Fragments of the grid of finite element models for
slot elements of different shape are shown in Fig. 3. To-
tal number of CE is 3010. Total number of nodes is 8670.

L SOSRSR
=

S

a b
Fig. 3. Fragment of FE grids:

a — for semiclosed slot; b — for opened slot

109




TEXHOJIOTIT EHEPTO3ABE3NMEYEHHSA

The output data for modeling were presented by di-
mensions, coil data and characteristics of magnetizing
of the core of high-speed generator of 200 kW, operat-
ing at the speed of 50000 rpm (2p = 2).

The dimensions of computational domain are as
follows:

- slot width ;= 7.8 mm;

- full height of slot 4, = 16.8 mm;

- area height 4 =63.8;

- spline width b, = 2.2 mm;

- spline height Ay, = 1.5 mm;

- airgap 6 =6 mm;

- area width (tooth separation) 7, = 15.6 mm;

- area length in z direction /, = 240.0 mm;

- width of strand b, = 1.0 mmy;

- height of strand 4, = 1.0 mm,;

- thickness of frame insulation 7, = 0.4 mm;

- thickness of insulation between conductors A, =
=0.2 mm.

Winding data:

- the number of effective conductors in a slot u,=2;

- the number of strands in effective n,, = 30;

- the number of strands along the slot width m2,. = 6;

- the number of strands along the slot height m2,.= 5.

Driving forces of the problem:

- RMS current of the effective conductor 75 =
=1754 A;

- current frequency f,, = 833.3 Hz;

- amplitude of radial component of induction of
the main field B;=0.72 T;

- phase shift between current and the radial ele-
ment of induction v = t/2 rad;

- proportionality factor between angular and metri-
cal coordinates § = 14.54 rad/m.

Specific resistance of the conductor material was
pcy = 1.75 - 108 Oh - m. This value corresponds to spe-
cific resistance of copper at temperature of 20 °C.
Magnetization characteristics of the magnetic core
correspond to properties of electric steel of 2411 type
(GOST21427.2-83).

The calculation is performed within 6 periods of
feed current, time increment was 1/80 of the period.

Fig. 4 shows the results of calculations of vector
magnetic potential fields, magnetic field induction
and current density at the time 7= 7.05 ms.

Fig. 5 shows dependence of the voltage on the time,
calculated by (7) at the last computational period.

The diagrams, shown in Figure 5 a, ¢, correspond
to the currents of strands in the 3d left column of the
effective conductor, located near the spline.

Valid values of these currents, losses and Field’s fac-
tors K5 for two conducted studies are recorded in Table.

It should be mentioned that Field's factor, calcu-
lated by classical method for opened rectangular slot
of specified dimensions is equal to Kz = 3.8, and its
value, calculated upon the absence of external field
and in linear arrangement, is K =6.3.

Conclusions. Mathematical model for calculation
of additional losses in slot area of the stator winding of
a permanent magnet electrical machine is developed
on the basis of Poisson’s numerical solution for quasi-
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Table
The influence of the slot shape on the skin effect
Index name Semiclosed slot | Opened slot
Effective conductor at the bottom of the slot
15, A 4.001 3.948
14, A 4.306 4.212
15, A 5.327 5.322
1, A 7.602 7.878
17, A 11.602 12.259
Main losses (DC), W 4.318 4.318
Full losses (AC), W 9.417 9.695
Effective conductor near the spline
L3, A 14.948 16.666
Lo, A 7.471 8.960
L5, A 5.434 5.656
L, A 14.141 10.830
Loy A 26.889 19.815
Main losses (DC), W 4.318 4.318
Full losses (AC), W 37.367 64.346
For all conductors in the slot
Main losses (DC), W 8.636 8.636
Full losses (AC), W 46.785 74.041
Field's factor 5.418 8.574

steady approximation of electromagnetic field within
2-dimentional formulations. The model considers the
actual shape of stator slot, the influence of the excita-
tion field and saturation of the magnetic core.

Analysis of the obtained results suggests the follow-
ing conclusions that can help in developing high-speed
permanent magnet electrical machines:

Classical method for calculation of additional loss-
es in the slot area of machine stators, operating at fre-
quencies that are considerably higher than industrial
frequency, on the basis of Edme’s functions is in sig-
nificant error.

The first harmonic field induces eddy currents in
upper layers of the stator winding while saturating
tooth area. This results in increasing losses in it.

Opening of the slot considerably increases penetra-
tion of the excitation field into the slot and the value of
additional losses in the stator winding.

The excitation filed in semiclosed slots does not af-
fect redistribution of the current density vector field
and currents in electromagnetic conductors of the coil.

Saturation of the magnetic core reduces the value
of additional losses in the stator winding and makes
current distribution more even due to reduction of
magnetic conductivity of the slot dissipation flux path.
It is necessary to remember that excessive saturation of
tooth area increases the main losses in the magnetic
core of the stator core.
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Fig. 4. Results of calculation:

a, b and c — for semiclosed slot; d, e, f — for opened slot; a, d — field of vector magnetic potential, Vs/m; b, e — mag-
netic induction vector field, T: c, d — current density vector field, A/m>
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Fig. 5. Dependency of currents of electromagnetic conductors on time, A:

a, b — for semiclosed slot; ¢, d — for opened slot; a, ¢ — effective conductor at the bottom of the slot; c, d — effective
conductor near the spline
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Meta. 3anporoHyBaTi CHocid0 BU3HAYEHHS J0-
IaTKOBUX BTpaT B OOMOTKaX CTaTOPIB €JIEKTPUIHUX
MaIllMH, 9acTOTa CTPYMY B SIKMX 3HAYHO IEPEBUIILYE
TIPOMMUCJIOBY.

Metonuka. JInsg AOCHiIXKEHHSI BUKOPUCTOBY-
FOTHCSI YMCEJIbHI METOIM PO3B’SI3yBaHHSI PiBHSIHb Ma-
TeMaTU4HOI (hi3nKM, a came: I aaredpu3aiii yac-
TUHHHUX TOXiIHUX — METON CKiHYEHHUX €JIEMEHTIB,
JITST anreOpu3ailii mMoXiZfHUX 3a 4YacoM — MeTol (pop-
MyJa1 gudepeHLiloBaHHS Ha3al, IS pO3B’SI3yBaHHS
HEeTiHIMHUX CUCTEM aJireOpUYHUX PiBHSIHb — METOJ,
HplotoHna-Pagcona.

Pesyabratn. CTBOpeHa MaTeMaTUYHA MOIEHb,
1110 JO3BOJISIE pO3paxOBYBaTH MOBHi BTpaTH B Ma30Bili
YacTUHi OOMOTKHU CTaTOpPa BUCOKOIIBUIKICHOI €1eK-
TPUYHOI MAallIUHU, 0OYMOBJIEHi €(DEKTOM BUTICHEHHS
CTpyMy, Ta 3 ypaxyBaHHSIM UMHHMWKIB, IO 3OiliCHIO-
[OTh BU3HAYAJIbHUI BIUIUB Ha MepeOir bOTro SIBUIIA:
BJIACHOTO TIOTOKY ITa30BOTO PO3CiIOBaHHSI, OCHOBHO-
ro MarHiTHOIro MOTOKY, HACUYE€HHSI MarHiTOIIPOBO/LY,
¢dopMHU T1a3a Ta Croco0y eIeKTPUUHOTO CITOJIyYEeHHS
eJlIeMEeHTapHUX MPOBITHUKIB KOTYyLIKU. [TomaHe ma-
TeMaTUu4He (OPMYJIIOBAHHS Ta Kpa€Ba yMoBa JaHOI
3ajayi.

J1J1s1 BUCOKOIIBUIKICHOTO TeHepaTopa 3i 30y1KeH-
HsIM Bin mocTiitHux MarHiTiB 200 kBT, 50 000 06/xB,
HaBeIeHI pe3yJIbTaT MaTeMaTUYHUX eKCIICPUMEHTIB
i3 BUBHAUYCHHS TOOATKOBUX Ta TOBHUX BTPAT B OOMOT-
Kax, IO JIEXKATh Y HaITiB3aKPUTHUX Ta BITKPUTHX Ma3ax.
AHaJTi3yI0TbCSI MIPUUYUHHO-HACTIAKOBI 3B’I3KM, HaBe-
JIeHI BUCHOBKU, 1110 MOXYTb TOIIOMOTTH y CTBOPEHHI
TaKUX MaIllH.

Haykosa HoBu3Ha. [Ipo6iiema po3paxyHKy BTpat
(GOpMYITIOETLCS SIK 2-BUMipHa Kpa€eBa 3ajada eleK-
TPOAMHAMIiKH1, 110 JO3BOJSIE BpaXyBaTU BIUTUB YCiX
BUILIE3rafaHUX YUHHUKIB Y B3aEMO3B’SI3KY.

IIpakTuyna 3HauuMmicTh. [loTpeba B TOUHOMY
BU3HAUYEHHI BTpaT y (pa3HUX 0OMOTKaX BUCOKOIIBU/I-
KiCHUX MalllUH BUHUKAE HE JIMIIE TIiJ 9ac IMPOEKTY-
BaHHSI OOMOTOK, ajic ¥ 3a OLIIHKM TEIUIOBOTO CTaHY
TaK1X MaIlWH.

KiouoBi cioBa: dodamkosi empamu, sumic-
HeHHs1 cmpymy, cKin-epekm, FEM-ananiz, kpa-
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uosa ymoea, 8UCOKOWBUOIKICHA enreKkmpuvuHa ma-
wuHa

Ieab. [MpennoxuTs cnocod omnpeneseHus no6a-
BOYHBIX ITOTEPh B OOMOTKAxX CTAaTOPOB 3JICKTpUUC-
CKMX MAIllMH, YaCTOTa TOKa B KOTOPBIX CYIIIECTBEHHO
BBIIIIE TIPOMBIIIJIEHHON YaCTOTHI.

Metonuka. 1 uccieqoBaHus IPUMEHSIIOTCS
YUCJIEHHbIE METOAbI pelleHus nuddepeHIaIbHbIX
ypaBHEHMI MaTeMaTMYeCKOi (U3MKHU, a MMEHHO:
JUIST ajreOpan3aliy YaCTHBIX TIPOM3BOIHBIX — METO]I
KOHEUHBIX 2JIEMEHTOB, IJIs ajireOpau3aiuy Mmpou3-
BOOHBIX IT0 BPeMEHU — HESIBHBIM MeTOm (DopMyI
g depeHINPOBaHUS Ha3amd, UL PELICHHUsS HEH-
HEWHBIX CUCTEM aJlfeOpandecKuX ypaBHCHUI — Me-
ton Heiotona-Padcona.

PesynbraTtei. Co3gaHa MaTeMaTUIeCKasi MOIECTb,
MO3BOJISIONIAs PACCYNUTHIBATH MOJHBIC ITOTEPHU B T1a-
30BOI 4aCTM OOMOTKM CTaTOpa BBICOKOCKOPOCTHOM
BJIEKTPUYECKON MaIlMHBI, BbI3BaHHBIE 3((eKTOM
BBITECHEHUSI TOKa U C YYeTOM IPUYMH, OKa3bIBalO-
LIMX OIpeesoliee BIMSIHUE: COOCTBEHHOTO MOTO-
Ka IMa30BOT0 paccerMBaHMsI, OCHOBHOIO MarHUTHOTO
TOTOKa, HACKIIIIEHUSI MAaTHUTOIIPOBOIA, (DOPMBI Ma3a
U CIoco0a 3JIEKTPUIECKOTO COSNMHEHUS 2JIeMEHTap-
HBIX IIPOBOTHUKOB B 11a3y. [IpuBeneHbI MaTeMaTIIe-
cKast hopMyIUPOBKA M KpaeBOE YCIIOBUE TaHHOM 3a-
JTaum.

J11s1 BBICOKOCKOPOCTHOI'O IreHepaTtopa ¢ BO30yXK-
nIeHueM oT mocTossHHBIX MarHUTOB 200 kBT, 50 000 06/
MUH, TIPUBOASTCS Pe3yIbTaThl MAaTEMAaTUIECKUX IKC-
MEPUMEHTOB MO OMNpeneJeHUIO MOMOJHUTEIbHBIX U
MOJIHBIX TTOTePbh B 0OMOTKAX, PACMOJIOKEHHBIX B MO~
JIy3aKPBITBIX W OTKPBITBIX Ma3ax. AHaIU3UPYIOTCS
MMPUYMHHO-CJIENCTBEHHBIE CBsI3U. CaeaHHble BHIBO-
JIBI MOTYT TTOMOYb IIPY CO3TAHUM TaKWUX MAIIIH.

Hayunas noBusHa. [IpoGiema pacyera norepb
dopMmynupyeTcs Kak 2-MepHasl KpaeBast 3a1ada dJIeK-
TPOOWHAMUKM, UYTO U TTO3BOJISIET YIECTh BCE BHIIIICY-
MMOMSIHYTBIE (PaKTOPHI B MX B3aUMOCBSI3U.

IIpakTnyeckas 3HauuMocTb. HeoOxonuMocTs B
TOYHOM OIIpeNe/IeHUN IoTeph B (ha3HBIX 0OMOTKaX
BBICOKOCKOPOCTHBIX MAIlIMH BO3HUKAET HE TOJIBKO BO
BpeMsI MPOEKTUPOBAHUSI OOMOTOK, HO U IIPU OLIEHKE
TETJIOBOTO COCTOSTHUSI TAKMX MalllMH.

KmioueBbie ciaoBa: dobasounvie nomepu, 8bl-
mecHeHue moka, ckun-3pgpexkm, FEM-anaaus,
Kpaeeoe yciaogue, 8biICOKOCKOPOCMHA d1eKmpuye-
cKasa mawuHa

Pexomendosarno 0o nybaikauyii dokm. mexH.

nayk 1. 3. Illypom. Jlama HaoxoodixceHHst pyKonucy
18.12.15.
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DEVELOPING METHODS FOR INCREASING READINESS
OF THE MANAGERS OF COAL MINE DIVISIONS
TO ACCIDENT-FREE OPERATION ACCORDING
TO QUANTITATIVE ESTIMATIONS OF THEIR PERSONALITY

CHARACTERISTICS
B.TI.IIleByeHKO, I-p TEXH. HAYK, CTAPII. HAYK. IHcTuTyT reorexniuHoi mexaHiku iM. M. C. TTonsikosa HAH
CcmiBpoo. Vkpainu, m. Hinpo, Ykpaina

PO3POBKA METOAMKMU IITABUINNEHHA 'OTOBHOCTI
KEPIBHUKIB AIJIBHUIIb BYTUIBHOI IITAXTHA
10 BE3ABAPIMHOI POBOTU 3A KIJIBKICHMUMMU OILIIHKAMMU
IX OCOBUMCTICHUX XAPAKTEPUCTHUK

Purpose. To perform a quantitative estimation of the personal characteristics of managers of coal mine divi-
sions and to develop a methods for increasing their readiness for trouble-free work.

Methodology. A complex method of research with methods of mathematical modeling, system, factor, ma-
thematical, and information analysis, mathematical statistics, probability theory, reliability theory, psychophysio-
logy methods, engineering psychology with the use of statistical data on injuries and accidents.

Findings. The dependence of the deviations on the regulatory decisions in a series of professional training on
the specific number of experienced managers was established; an exponential dependence of the growth of profes-
sional knowledge of managers on the amount of information that received in the course of professional training
was found; conditions under which managers’ emergency actions approach to being automatic were defined. The
criterion of professional readiness of a team of managers to control work in areas in an accident-free mode was
proposed and substantiated. The criterion is directly proportional to their self-discipline when issuing directives to
subordinates and in monitoring performance, vigilance in the analysis of situations and inversely proportional to
blenching safety work breaches. A direct correlation between the frequency of accidents and the criteria of profes-
sional readiness of the team of managers to work without accidents was established.

Originality. For the first time, the relationship between personal psychophysiological characteristics of man-
agers, their work experience, age and incidence of injuries at the mine as a result of emergency situations was de-
fined.

Practical value. Methods for increasing the readiness of managers of coal mine sections for accident-free
work according to the quantitative estimation of their personal characteristics were developed.

Keywords: managers of a coal mine divisions, accident-free work, methods for increasing the readiness,
quantitative estimation of personal characteristics

Introduction. Working in high hazard environ- cause of accidents. To avoid them, it is necessary to
ment in coal mines, miners often work overextending increase their personal readiness to work without ac-
themselves physiologically. This leads to difficulties in cidents. The professional training of managers of the
predicting their behavior and in many cases is the main mine divisions is an effective measure in this

context. Scientific substantiation and application of
© Shevchenko V.G., 2016 such training in production activities is an urgent so-

114 ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6




EKOJIOTIYHA BE3NMEKA, OXOPOHA NPALI

cial task aimed at saving people who are the most pre-
cious national resource.

Currently, there are only general statements of the
possible directions of solving emergent problems.
Theoretical basis which is suitable for analysis and
quantitative estimation of miner personal characteris-
tics is still under development. Regarding investiga-
tions of accidents, analyzing their circumstances and
causes, it has been established that human actions are
determined, above all, by their mental temperament,
then by the level of their professionalism and physical
capabilities.

Analysis of recent research and publications.
Significant contribution to the development of re-
search studies on the specific aspects and solution of
the problem as a whole has been made by foreign and
Ukrainian scholars and experts and mine associations
workers. Thus, University of Wyoming scientists
(USA) has been analyzing the influence of production
organization level on accidents at coal mines, estimat-
ing the mine safety with different infrastructure [1].
Scientists of the National Institute of Health and Safe-
ty (USA) perform a statistical evaluation of data on
disability to develop methods for the hazard assess-
ment of technological operations carried out in the
mines [2]. Scholars’ papers [3] analyze accidents in
underground coal mines in Turkey, give the statistical
relationship between the post, age and probability of
accident occurrence as well as formulas to determine
the total probability of an accident at a mine taking
into account the number of miners; also the statistical
model of analyzing risk factors, accidents and injuries
at coal mines are given. In [4] the issues of participa-
tion and role of the employee and supervisor are re-
flected, behavioral negatives, a person’s attitude to
safety and the importance of workers’ training are an-
alyzed, causes and factors of injuries are given, the fea-
tures and effectiveness of state supervision of safety
and its influence on the industrial injuries are consi-
dered.

As a result of studying the problem, the modern ap-
proaches and investigation methods for studying mi-
ners’ labor by certain sciences and disciplines are iden-
tified. They consist in determining the physiological,
sanitary, psychological, sociological, economic, orga-
nizational and other characteristics and requirements
to ensure labor regulatory conditions as well as miners’
personal characteristics [5].

Unsolved aspects of the problem. However, in
scientific aspect the methodology of quantitative esti-
mation of personal physiological characteristics of
managers and workers has not been developed yet.
The scientific and methodological support of profes-
sional training for safety is also lacking. The system of
professional training of division managers should be
developed in such a way that their actions at work in an
accident-free mode and in emergency cases are
brought to a certain level of automaticity. Moreover,
managers’ actions are to satisfy all requirements of
normative and legislative acts which allows eliminating
the original cause and conditions of emergencies.
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Thus, quantitative estimation of personal characteris-
tics of division managers and their relation to the abil-
ity to prevent emergency situations, which is used as
methods, allows increasing the readiness of personnel
to work without accidents is an urgent scientific task
that is essential in ensuring safety in coal mines.

Objectives of the article. The purpose of the ar-
ticle is to perform a quantitative estimation of personal
characteristics of coal mine division managers and to
develop a method to increase their readiness for acci-
dent-free work.

Presentation of the main research. Based on the
conceptual foundations of accident-free coalmining,
the periodic assessment of readiness of the main divi-
sion managers is proposed. The basis of their profes-
sional training involves the following scientific and
methodological principles.

1. The action estimation principle

+i k., i=i
. * in"v1° n
i(t) ={ e
LKyl =1

where i(¢)" is value of knowledge obtaining function in
the implementation of a game situation with the an-
swers to questions; i;,k,, i;,k, are the amount of new
knowledge obtained during training and the number of
errors removed in, correspondingly; k,, k, are the abil-
ity to assimilate knowledge or eliminate errors in the
game situation.

2. The consolidation of collective desire principle
(the group unity principle)

Y (m+x+d)+W =(mx)N +dN +TC,

i=1

where N is the number of employees in the group who:
m — can escape; x — want to do it and know that it is
their duty (d); Wis a manager’s will — a special com-
bination of their m, x and d; (mx)N is a qualitatively
new collective desire to escape, based on the realiza-
tion that everybody can and wants to do it; d/V is a col-
lective support and assistance; 7°C is the concern of
one for all and all for one (total concern).

3. The principle of necessity to bring the actions of
managers in an emergency situation to the reflex level

R = Roen,

where R, is the basic level of reflexive action according
to hesitation time and doubts before making a deci-
sion; # is the number of trainings.

4. The system assessment hierarchy principle.

As a result of the training, the growth of know-
ledge is

IT:1N+1E+IG3

where 7y is the knowledge that comes from a facilita-
tor; I the a knowledge that comes from an expert; /;
is the knowledge generated in the process of making
independent and collective decisions.

Probability (according to the level of deviations
from regulatory decisions) is
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D=1-(1-D,,)(1-D)(1-D,)=1-][1-D),

where D,,is the probability of a manager’s knowledge;
D is the probability of collective knowledge; Dy is the
probability of an expert’s knowledge; # is the rank of
organizational structure of the training (n = 3).

5. The principle of developing innovative solutions

1T=f(C, SO: T7 D: Det)a

where C is the completeness of information; SO is the
subject orientation of information; 7"is the timeliness
of information; D is the probability of information;
Det is the level of the information details.

The growth of intensity of synthesis of ideas is

I(n, m)=Iz+ Iym + (ik,)(m + n),

where [/ is basic knowledge on education and life ex-
perience; I is new knowledge of the work practice at
a mine; m is the number of descendings into the mine
(work experience); n is the number of repetitions of
information (the number of trainings).

Conditions for innovative solutions occurrence are

P=1limI(n, m) — I(n, m) + Ai.

Mathematical modeling of prevention of emergen-
cy situations allowing for the psychophysiology futures
of miners and their leader was as follows.

Relation of miners’ characteristics to the final re-
sult of their work

A=Y qk,=3(n-m)qk,
i1

where A is output per face, t/day; g4 is a productivity

per employee, t/person; Zqi is a collective produc-
i=l1

tivity of mining, t/day; 3 is the number of shifts of coal
mining per day; k, is integrated face readiness for coal
mining in quantity A4, t/day.

Relation of psychophysiological characteristics of
an employee to the labor parameters:

- the pursuit of material wealth

e ZP+AZPS
- zr,
- sense of responsibility
A T -t
10205
q I, ;
d,=TR-AT,S,
- psychophysiological capabilities and experience
T, N+ANS,

where x is the aspiration expressed in relative currency

to earn more, to get other benefits which can be mea-
sured with money, UAH; ZP is payment, such as wage
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rate UAH; AZP is a desirable premium, UAH; S, is an
indicator that characterizes the “self-adjustment” for
AZP, d; is a call of duty of an employee to themselves
and to the team expressed in terms of relative produc-
tivity units; 7R is the number of accidents at while re-
alizing g; .S, is the commitment to safe work; AgS, is
the implementation of an employee’s desire to con-
tribute to a common cause more efforts when neces-
sary (q); S, is “self-adjustment” for additional help
(advice, labor) to those who need it on the analogy of
S,p; m stands for an employee’s professional opportu-
nities expressed in terms of relative power units N,
ANS,, is implementation of additional capacity; .S, is
“self-adjustment” for implementation AN; 7, is effec-
tive time during the shift 7;; U is the ability to spend
less effort than others while performing activities; 7, is
duration of breaks.

The scientific methods of training has been devel-
oped and for the first time dependence of a manager’s
readiness for successful actions in an emergency situa-
tion on the total new knowledge obtained during the
training. Moreover, scientific foundation to create
conditions for generating innovative solutions has been
elaborated.

The results of professional training of the main
mine division managers of one of the mining enter-
prises are presented. During the training, certain
emergency situations such as “Fire within the divi-
sion”, “Sudden eboulement” in the workspace tun-
neling, cleaning excavation and their conjugation were
simulated. In these situations, leaders of the divisions
were operating characters on the posts of a “manager”,
an “underground miner”, a “division mechanic”, a
“machinist of the underground facilities” and others
on the staff. Four of the leaders in the training period
formed a small integral group of professionals with dif-
ferent levels of experience, knowledge, skills, aspira-
tions and other qualities typical of each individual.
However, under conditions of training every leader
had to make specific decisions to save each group
member’s life as well as their own lives. The solution
was to be made quickly, but professionally, taking into
account the situation, which conventionally prevented
any error. Professional, civil and personal qualities
were revealed individually for each manager. However,
common features of group leaders were revealed that
differed according to the mine where they work, their
age and experience.

During the professional training, the leaders’ ac-
tion process in an emergency situation was considered
as consisting of elementary operating acts: identifica-
tion of an emergency situation, guidance by standards
when making decisions as the situation progresses, in-
forming other officials and miners about the situation,
determining the order of leaving the workings, se-
quence of following the route, sorting miners into
groups according to their age, experience, physical
condition, etc.

The trends of changing personal characteristics of
managers depending on their work experience were
obtained for a mine of one of the production coalmin-
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ing enterprises. It was established that the readiness of
the team for each of the main mine divisions for the
high-performance and safe work is determined by the
amount of positive work experience, the features of the
structure and dynamics of relationships in the “man-
agers-workers” system. While preventing emergencies,
the coefficient of readiness is estimated by positive dy-
namic of criteria of authoritarian-collaborating quali-
ties of the chief, which is directly proportional to the
level of their qualifications and varies polynomially
with increasing work experience, and reaches extreme
values at the stages of formation and stable tenure,
equal, respectively, to 1/3 and 2/3 of the total experi-
ence.

The dependence of the decreasing frequency of ac-
cidents on increasing criterion of professional readi-
ness of a team of managers to control the work at divi-
sions in an accident-free mode was established.

The criterion is determined by the following equa-
tion

TP+V
B b
where TP is the demand for making personal deci-
sions and monitoring the implementation of direc-
tives, %; V'is the vigilance to reports on threat to sub-
ordinates’ health or loss of the division asset; B is
blenching safety rule violations and other standards
requirements.

The values of the criteria are listed in the Table.

The method for increasing the readiness of manag-
ers coal mine divisions for accident-free work includes:
developing and approving a plan of professional train-
ing; determining general rules for professional train-
ing; formulating the open monologue thesis (conver-
sations, dialogues); determining the questions of the
facilitator during the game situation; determining the
order of group organization, testing and professional
training; developing the game situation scenarios for
professional training; assessing the readiness of the
main division managers of a coal mine for actions to
prevent accidents; giving recommendations for im-
proving the management of teams; calculating the
economic efficiency of testing and professional train-
ing

K=

Based on the experience of professional training on
labor safety of division managers, their deputies, as-

Table

The values of criteria of professional readiness
of division managers

Changing criteria of professional readiness
Coalmines of division managers
minimum average maximum
Mine 1 1.113 1.14 1.2
Mine 2 1.26 1.42 1.68
Mine 3 1.34 1.45 1.49
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sistants and mining masters, it follows: all trainees
without any exception consider that the idea and its
implementation are appropriate and such training
should be definitely organized and conducted in Cen-
ters for Professional Advancement and mines; more-
over, it is advisable to discuss, legitimize, refine or re-
ject the technical proposals made by participants of
professional training during meetings on safety issues.

Decreasing occupational injuries confirm the fea-
sibility of professional training for safety.

Working methods for ranking mines according to
the state of their mining economy, technical equip-
ment and the staff’s professional level were developed.
Probability of trouble-free performance in a given time
interval P(z) is adopted as an indicator of reliability
and the readiness coefficient &, at a given time is ad-
opted for integrated assessment of reliability. To deter-
mine the performances of the systems with branched
structure, formulas for systems of zero and first order
were obtained.

Blocking unprofessional actions of an individual
has to be ensured by special technical means of con-
trol, security, alarm and warning communication, sys-
tems of environment monitoring and equipment diag-
nostic with elements of forecasting and organizational
measures. However, first and foremost the measure-
ments to improve the technical and professional level
by performers of all ranks should be introduced in the
industry.

The calculations confirm quantitatively that eco-
nomic losses from adopting incorrect decisions on ap-
pointing the management of mining or tunneling divi-
sions can be hundreds of thousand UAH per day.
A hour of face downtime due to a manager’s error
makes 16,111.00 USD for the mine with an average
productivity of 2,000 tons, a price of raw coal of
700 UAH/t and production cost of 555 UAH/t; this is
equal to the sum of the manager and his deputy sala-
ries. The price of the same risk, but for a day face
downtime is almost 20 times as much, i.e. 290 thou-
sand UAH. To compare, up to 1000 m?® of wood mate-
rials or 30—35 tons of fuel for vehicles can be purchased
for the requirements of the mine using these finances.
To produce 1 million tons of coal per year, it is neces-
sary to pass 7—8 km of opening and tunneling work-
ings of the mine. Delays in tunneling work are failures
of the strategic level that are not corrected quickly. The
rate of tunneling work is the main factor of stabilizing
coalmining for a long time. The manager of a tunnel-
ing division must comply with the planned values of
this indicator. Shortfall in tunneling volumes, for ex-
ample, 100 m per year, will result in losses of the whole
enterprise in the range of 1.8 to 2.1 million UAH. The
planned rate of preparing reserves to slot considering
raising production, for example, by 10 %, is 128—
144 days. If there are 20 brigades of tunneling workers,
each of them is to ensure the average rate of 6.4—
7.2 m/day. The brigade should tunnel 100 m for 13.8—
15.6 days. Losses due to poor performance versus
plan will be 128—165 thousand UAH. With an aver-
age duration of downtime in the industry due to the
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elimination of accidents of 1,500 hours or 62.5 days
per year, the annual economic effect will be of
8006.25 to 10333.125 thousand UAH, i.e. an average
0f 9156.25 thousand UAH per year for a mine.

Conclusions.

1. Readiness to work in an accident-free mode of
each team of divisions of high production mine is de-
termined by the volume of production experience, fea-
tures of the structure and dynamics of relationships in
the “managers-workers” system. The increase of read-
iness to work in an accident-free mode is determined
by the positive dynamics of criteria of professional
readiness of the team leaders that increases with their
work experience.

2. According to the professional training results, it
was found that the efficiency of collective action of
each working division, which is necessary for work
without accidents, depends on the level of automatic-
ity of managers’ professional activities. As a result of
production and regular training, this level is based on
the uniqueness of their directives and correctness of
solutions. Correctness of decisions and directives is
determined by insistence on personal decisions and
implementation of directives by subordinates, dili-
gence while analyzing situations and rigidity to viola-
tions of safety rules that reach rational values in the last
third of the working experience. In other words, it is
necessary to speed up the improvement of professional
readiness of young division managers, including their
training.

3. Division managers’ readiness to control works in
an accident-free mode is determined by personal char-
acteristics apart from knowledge and professional ex-
perience that is measured by length of service on duty.
The most significant of these are: demand (7P) for
completeness and quality performance of the work by
themselves and subordinates, vigilance (V) to mes-
sages about the threat of loss of health and division as-
set and blenching (B) violations of safety rules.

For each team of medium-Ilevel managers in a coal
mine, there are specific and generalized trends of
change TP, V, B and other characteristics over time.

TP+V
The ratio

may be characterized as a vector of

professional commitment and availability or as a crite-
rion of readiness of team leaders to work without ac-

TP+V
cidents, that is K =———.

4. The relationship between frequency of injuries

for several years of the mine work and the crite-

N
1000
rion of professional readiness of the team leaders to
work in an accident-free mode, which is inversely pro-

; TP+V
1000 ° B
it was established that with increasing levels of profes-
sional readiness of leaders to work in an accident-free
mode from 1.113 to 1.68, the relative number of injuries
decreased accordingly from 14—16 to 4—11.

portional, is determined. Comparing
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5. Increase in knowledge depends on the amount
of new data which comes from the facilitator, experts
or is generated by those who are trained to make inde-
pendent and collective decisions. Their compliance
with standards depends on the objective evaluation
system, based on its collective and expert components
which are embedded in the organizational structure of
the training.

6. On the basis of new scientific results, the meth-
ods for increasing the readiness of coal mine managers
for accident-free work according to quantitative esti-
mation of their personal characteristics, scenarios and
methods of professional training managers of the main
divisions of coal mines were obtained. Methods have
been approved at the industrial level, implemented in a
number of coal mines with the expected economic ef-
fect 0of 9,156.25 thousand UAH per year for a mine.
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Meta. BukoHaTu KiJbKiCHY OILIIHKY OCOOHUCTIC-
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Metoauka. BukopucraHo KOMIUIGKCHUIA METO/I
JIOCTiIKEHHS i3 3aCTOCYBAaHHSIM METOIiB MaTeMaTHUu-
HOTO MOJEC/IIOBaHHS, CUCTEMHOT0, (haKTOPHOTO, Ma-
TeMaTUYHOTO, iHdopMaliiiHOro aHamizy, MaTema-
TUYHOI CTaTUCTUKU, TEOPii MIMOBIpHOCTEM, TeOpil Ha-
NiAHOCTI, MeTomiB Ticuxo(izioiorii, iHXKEeHEepHOI
TMCUXOJIOTii 3 BUKOPUCTAHHSIM CTaTUCTUYHUX TaHUX
Mpo TpaBMaTU3M i aBapil.
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PesyasraTn. BcTaHoOBeHA 3a/leXHICTh BiaXxu-
JICHHSI IPUUHSATUX PillIeHb Bil HOPMAaTUBHUX Y LIUKJIi
npogeciiHMX TPEHIHTIB Bil IMUTOMOI KiJIBKOCTi J0-
CBiIUEHUX KEpPiBHUKIB; 3HaleHa €KCITOHEHILliaJIbHa
3aJIEXKHICTh pOCTy MNpodeciiHuX 3HaHb KepiBHUKIB
Bi KijbKOCTi iH(opMmallii, oTpyMaHOi HUMU Y TIPO-
1eci npodeciiiHOro TpeHiHTy; BU3HAUYeHiI YMOBHU, 3a
SIKUX Oii KepiBHUKIB B aBapiliHiil cuTyalii Habavxka-
IOThCS A0 aBTOMAaTWMYHUX. 3ampoOroOHOBaHUIl i 00-
I'PYHTOBAHUI KpUTEPiii mpodeciiiHOol TOTOBHOCTI KO-
JICKTUBY KEpiBHUKIB JO YIpaBiiHHS poOoTaMM Ha
NUTbHULSIX Yy Oe3aBapiiHOMY peXuMmi, 110 TPSIMO
OPOMOPUINHUI iXHiii BUMOIJIMBOCTI O cebe mpu
po3poOILi AUPEKTHUB i 10 MiJIETIUX TPU KOHTPOJTi BU-
KOHaHH$, MAJILHOCTI MPUY aHasi3i cuTyauiil Ta ooep-
HEHO MPOIOPUIMHMUIA JIOSUIBHOCTI A0 MOpYILIeHb 0e3-
TMIEYHOTO PEeXUMY poOOTH; BCTAaHOBJIICHA IIpsMa 3a-
JIEXKHICTh MiK 4YaCTOTOIO TPaBMAaTU3MY TIPALIIOIOUMX i
KpuUTepieM TIpodeciiiHOi TOTOBHOCTI KOJIEKTUBY Ke-
PiBHUKIB 10 Mpaili 6e3 aBapiii.

HaykoBa HOBH3HA. Ymneplie BU3HAUEHi 3ajex-
HOCTi MiX OCOOMCTICHUMM TCUXO(i3i0N0riuHUMU
XapaKTepUCTUKaAMU KEPiBHUKIB, CTaxXeM iX poOOTH,
BiKOM i 4YacTOTOIO BUMAAKiB TpaBMYBaHHS Ha IIaXTi
BHACJIIIOK aBapiiHUX CUTYyaLlill.

IIpakTuyna 3HauumMicTs. Po3pobiieHa Metoguka
MiABUILIEHHSI TOTOBHOCTI KE€PiBHUKIB AiJbHULL BY-
TUILHOI 1IaXTU A0 Oe3aBapiiitHOI poOOTHU 3a KiJlbKic-
HUMMU OLIIHKAMHU 1X OCOOMCTICHUX XapaKTEPUCTUK.

KimouoBi cioBa: xepienuxu dinbHUyb 8y2inbHOI
waxmu, o6ezasapiiina poboma, mMemoouka niosu-
UleHHS 20MOBHOCMI, KINbKICHI OUIHKU ocobucmic-
HUX XapaKkmepucmuk

Ilenb. BBINOIHUTHL KOJUYECTBEHHYIO OLEHKY
JIMYHOCTHBIX XapaKTepUCTUK PYKOBOAUTEJE ydacT-
KOB yTOJIbHOW 11aXThl U pa3dpaboTaTh METOAUKY MO-
BBILLIEHUST UX TOTOBHOCTHU K Oe3aBapuiiHOIi paboTe.

Metoauka. Mcrnosib30BaH KOMIJIEKCHBINA METOJ,
WCCIeNOBAaHUI C MPUMEHEHEM METOIOB MaTeMaTH -
YeCKOTr0 MOICITMPOBAHUSI, CUCTEMHOTO, (DaKTOPHO-
ro, MaTeMaTUIeCKOro, MH(GOPMAIIMOHHOTO aHaJIN3a,
MaTeMaTUYeCKON CTAaTMCTUKU, TEOPUU BEPOSITHO-
CTeil, TeOpUU HAIEKHOCTU, METOIOB ICUXO(MU3NO-
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JIOTUU, UHXEHEPHOU MCUXOJOTUU C UCTIOIb30BaAHU -
€M CTaTUCTHUYCCKMX JAHHBIX O TpaBMaTH3ME W aBa-
pHSIX.

Pe3ynabraTthl. YcTaHOBJIEHA 3aBUCUMOCTD OTKJIO-
HEHUSI TIPUHSITHIX PEIICHUII OT HOPMATUBHBIX B ITH-
KJIe TpOo(ecCuOHAIBHBIX TPEHUHIOB OT YIEJIbHOIO
KOJIMYECTBA ONBITHBIX PYKOBOOUTEJIEN; HAIEHA 9KC-
IMOHEHIIMAaJIbHAsl 3aBUCUMOCTbh pOCTa Tpodeccruo-
HaJIbHbIX 3HAHUI PYKOBOIUTENEN OT KOJIMYECTBA UH-
dopmanmuy, MojiydeHHOI UMU B mpoliecce mpodec-
CUOHAJIBHOTO TPEHUHTA; ONpeneaeHbl YCI0BUS, MpHU
KOTOPBIX IEACTBUS PYKOBOAUTENIEH B aBApUIHOMN CU-
Tyauuu npubIrxKalTcsd K aBToMatudeckuM. [peno-
KeH M O0OCHOBaH KpuUTepuil NpodeccuoHaabHOMI
TOTOBHOCTHU KOJIJICKTUBA PYKOBOIMTENIECH K YIIpaBIIe-
HUIO paboTaMM Ha yJacTKaxX B Oe3aBapHiTHOM PeXU-
M€, KOTOPBIA TIPSIMO TIPOITOPIIMOHANICH UX TpeboBa-
TEJIbHOCTH K ce0e MpU BbIIaye TUPEKTUB U K TTOMUM -
HEHHBIM MpPU KOHTPOJIE BBHIMOJHEHUSI, BHUMATEb-
HOCTH IIPU aHAJIU3€ CUTYaIlMil 1 00paTHO MPOITOPIIN-
OHAaJIeH JIOSUIbHOCTU K HapylIeHUsIM 0e30MacHOro
pexXuMa paboThl; yCTaHOBJIEHA MpsiMasl 3aBUCUMOCTh
MEXIy YacTOTOU TpaBMaTH3Ma pabOTarolIuX U KpU-
TepueM npoheCcCUOHAIbHON TOTOBHOCTH KOJIJIEKTU -
Ba pyKOBOJUTEIEH K paboTe 6e3 aBapuii.

Hayuynas noBu3Ha. BriepBbie onpeesieHbl 3aBU-
CUMOCTHU MEXIY IMIHOCTHBIMHU IICUXO(DU3NOIOTHYE -
CKMMM XapaKTepPUCTUKAMU PYKOBOIUTENICH, CTaxkeM
nX pabOTHI, BO3PACTOM M YaCTOTOM CIIy9aeB TPaBMU-
pOBaHUS Ha IIaXTe BCJCACTBUE aBapUHHBIX CUTYya-
LU,

IIpakTuyeckas 3HauuMocTb. PazpaboraHa me-
TOAMKA TIOBBIIIEHWSI TOTOBHOCTU PYKOBOIMUTENEH
Y4YacTKOB yTOJIbHOI 1IaXThl K Oe3aBapuiiHoOil padoTe
M0 KOJWYECTBEHHBIM OILIEHKaM MX JIMYHOCTHBIX Xa-
PaKTEPUCTHUK.

KioueBbie cjioBa: pyxogooumenu Yy4acmrkos
Y20AbHOU waxmol, be3asapuiinas paboma, mMemo-
OUKa NOBbIUEHUSI 20MOBHOCMU, KOAUYECHECHHbLE
OUCHKU NUYHOCIMHBIX XAPAKMEPUCIMUK

Pexomenodosarno 0o nybaikayii doxkm. mexH.

nHayk B. 1. lupdoro. lama nadxo0xcenHs pykonucy
13.11.15.
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OF PERFORATED AREA OF PARTITIONS IN AN IMPROVED
MINE WATER SETTLING BASIN

B. €. KosecHUK, I-p TeXH. HAYK, npod.,
JI. B. KynikoBa, KaH/Il. TEXH. HAYK,
A.B.I1aBiu4eHKO, KaH. 0i0JI. HAYK, JOII.

JlepkaBHUI BUIIMIT HaBYaJbHUI 3aKkian ,,HamioHanbHUI
rippnumnii  yHiBepcurter”, M. [Hinpo, YkpaiHa, e-mail:
kafedra_ecology@ukr.net

OBIPYHTYBAHHSA PAIIIOHAJIBHUX ITAPAMETPIB
ITIEP®OPOBAHOI OBJIACTI IIEPETOPO/IOK
B YIOCKOHAJIEHOMY BIICTIMHUKY IIIAXTHOI BOAU

Purpose. Scientific substantiation of the most rational geometrical parameters of the perforated area (shape
and configuration of holes relative to each other) of vertical cross partitions placed in an improved mine water set-
tling basin in order to increase their flow factor and, consequently, the efficiency of treatment (clearing) of water

through removal of suspended particles.

Methodology. Selection of a partition perforation pattern is carried out on the basis of study and comparison
of perforated area geometrical parameters, namely shape, size of holes and their configuration relative to each
other; a correction factor that allows determining a distance between hole centers (perforation pitch); partition

perforated area flow factor.

Findings. The partition perforated area flow factors have been determined for various perforation patterns.
Analytical dependences of a partition perforated area flow factor change on the distance between hole centers have

been obtained.

Originality. Revealed regularities of the partition perforated area flow factor change with a correction factor
value allow determining a distance between hole centers for various perforation patterns. The dependencies (in the
form of graphs and regression equations) between suspended particles settling depth in the improved settling basin
and mine water treatment efficiency have been first identified for various perforation patterns.

Practical value. The research findings allowed justifying rational geometrical parameters of the perforated
area of vertical cross partitions placed in an improved mine water settling basin. Implementation of findings will
allow increasing efficiency of mine waters cleaning from suspended particles, as well as decreasing the level of

surface waters contamination in coal mining regions.

Keywords: mine waters, suspended particles, water body pollution, horizontal settling basin, perforated

partitions, treatment efficiency

The problem substantiation. Mine waters are
distinguished by a wide variety of chemical composi-
tion and exhibit properties, which exclude their usage
for engineering purposes or their discharge into the
neighboring bodies of water without pretreatment [1].
Opening of coal deposits under complicated geologi-
cal and hydrological conditions, as well as carrying out
of mining operations at deeper levels result in increased
volume of mine waters pumped away to the surface
and increased level of their pollution by various chem-
ical substances [2]. Subsequently, the discharge of
contaminated mine waters poses an environmental
hazard to the components of the environment, partic-
ularly for the neighboring surface bodies of water, in
which the quality of water changes for the worse in re-
spect of pollution content level [3].

© Kolesnyk V. Ye., Kulikova D. V., Pavlychenko A. V., 2016
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The quality of water in surface bodies of water lo-
cated in coal mining regions does not comply with the
environmental safety standards in respect of the level
of maximum permissible concentration of pollutants
as a consequence of mine water discharge. The wors-
ening of ecological condition of surface bodies of water
is observed after the discharge of mine waters from op-
erational storage ponds [4]. Mine waters also have a
significant negative impact on underground waters, in
this case deterioration of conditions of providing pop-
ulation with qualitative drinking-water is observed [5].

Mine waters pumped away to the surface in the
course of coal mining contain a significant amount of
pollutants including heavy metal compounds with tox-
ic properties [6]. The distinctive feature of their behav-
ior in the hydrologic system is absorbability on the sur-
face of water-suspended particles of coal and rock with
different particle-size distribution, which contribute to
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accumulation of toxic substances in the settling gravi-
tating to the bottom of a body of water. The abovemen-
tioned issues become front most during coal mine
abandonment [7].

Horizontal settling basins are widely used by col-
lieries of Ukraine for increase of the environmental
safety level of mine water discharge into the surface
bodies of water by removing suspended particles from
it (clearing). Their operating efficiency on the disperse
phase removal is around 30 %. It should be noted that
only coarse fractions are mainly removed, and almost
all fine particles are discharged with water into the
neighboring bodies of water, the level of contamina-
tion of which exceeds the level of maximum permissi-
ble concentration. In view of this, the existing settling
basins do not comply with the requirements of the cur-
rent Regulations on Surface Water Protection
against Recirculated Water Pollution providing for
the discharge of pollutants into the bodies of water in
quantities that should not exceed their MPC value. It
is evident that the further increase of the efficiency of
treatment of contaminated mine waters and thus the
increase of the environmental safety level of their dis-
charge should be associated with the efficient removal
of fine particles. This is precisely why the existing hor-
izontal settling basin constructions are required to be
improved in respect of enhancement of the process of
settlement of the finest suspended particles and, as a
consequence, increase of the environmental safety
level due to the discharge of highly clarified mine wa-
ters into the surface bodies of water.

The mine water treatment process improvement
will allow ensuring coal comprehensive use [8], as well
as sustainable development and further reorganisation
of mining industry [9].

Review of the related researches. Papers by
A.l.Bereza, K.V.Gnedin, V.A. Gorshkov, M.V.De-
mura, L. F. Dolina, A. A. Kroik, I. 1. Levi, D. M. Mints,
1. L. Mongayt, G. 1. Nikoladze, P.1. Piskunov,
D. G. Sukhorukov, K.D.Tekinidi, A.A.Kharionovs-
kiy, S. M. Shyphrin, S. M. Epoyan, etc. are focused on
solution of the issue of enhancement of mine water
treatment efficiency at mining enterprises.

The analysis of published findings of research of
the existing industrial horizontal settling basins allows
coming sufficiently to improvement of their construc-
tions. It was found that a necessary condition for ef-
fective operation of settling structures, as well as con-
sistency of the clarified water is the existence of its
laminar flow regime. With regard to the above men-
tioned, it is important to maintain its stability as turbu-
lence increases the transporting capacity of suspended
matter in the flow, and water clarification efficiency is
lowered. Consequently, a settling basin design should
ensure the maximum uniform flow rate distribution
over its cross-section and possibly more complete uti-
lization of its volume by removal of stagnation areas
[10].

It is believed that the best condition for settling in-
dustrial waste waters is a horizontal movement of the
main water flow, which is perpendicular to the motion
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of settling suspended particles. In such event, settling
rate is not increased, but only the reduction of distur-
bance of flow motion of liquid is achieved during the
process of its clarification.

The improvement of conditions of the suspended
matter settling process in the presence of a free surface
in the flow can be achieved by creating a stable hydro-
dynamic flow pattern, i.e. by means of reducing the
intensity of highly turbid bottom flows and the elimi-
nation of large-scale vortexes in the upper part of the
flow. This may be achieved by placing along the length
of a settling basin some intermediate perforated verti-
cal partitions covering almost the whole vertical cross-
section of the settling basin body. Meanwhile, the par-
tition holes divide the flow of the liquid to be treated
into a great number of individual layers (streams) of
small height (size).

The effect of partitions consists in a change of a
longitudinal velocity diagram, at which flow velocity
vertical components directed to the settling basin bot-
tom occur under the effect of viscosity forces. The
value of these velocities exceeds significantly the set-
tling rate (median fall diameter) of suspended particles
retained in the settling basin. Meanwhile, the direc-
tion of transport force effecting a particle is the same
as the direction of gravity force, that leads to the en-
hancement of the efficiency of suspended particles set-
tling upstream of each partition.

The intermediate perforated partitions covering the
settling basin cross-section contribute to dissipation of
energy of bottom and surface flows, adjustment of hor-
izontal velocity profile in all cross-sections of the
structure, as well as make for increase in the factor of
its volume utilization and enhancement of settling in-
tensity of particles in the water to be clarified.

Experimental research of the functional mock-up
of the settling basin with intermediate perforated par-
titions [10] showed that its structural volume is used
completely enough (about 70 %) and, thus, the actual
time of waste water settling and the flow rate approxi-
mate to the calculated values. Furthermore, the set-
tling capacity of the settling basin having partitions
increases significantly (by 30—50 %) compared to typ-
ical horizontal settling basins at the same degree of
clarification (treatment) of water.

The allocation of unsolved issues. A horizontal
settling basin of a unique design for waste water treat-
ment from mechanical impurities (suspended parti-
cles) with polydisperse composition by means of grav-
ity settling in a flow has been proposed for the purpose
of ensuring environmental safety conditions where
mine water discharge into surface bodies of water takes
place [10]. This treatment plant can be used in various
industrial sectors, including coal mining, for waste
water treatment from undissolved solids with mainly
homogeneous chemical composition and specific
density exceeding water density.

The main difference between the proposed settling
basin design and the traditional structures for me-
chanical treatment of waste waters from suspended
particles (matters) is that the body of the first is made
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in the shape of a trough, which tapers towards the
drain with increase of its depth.

The perforated vertical cross partitions with cross-
sections conforming to the settling basin body variable
cross-section have been sequentially installed inside
the settling basin (Fig. 1). The perforation shall mean
punching of holes in various shapes and sizes in the
partition material, generally, in a metal plate. The pri-
mary purpose of partitions is an adjustment of profile
of horizontal velocity of movement of water to be
treated along the depth when its level is gradually de-
creased along the length of the settling basin rather
than solids retention. This significantly improves the
hydraulic operation of the settling structure, and,
therefore, increases the efficiency of treatment (clear-
ing) of contaminated water.

Available perforated partitions, installed in differ-
ent settling areas having variable shapes, allow a
change of liquid flow trajectory and make an unidirec-
tional laminar behavior of the flow, that in turn, con-
tributes to more efficient precipitation of mechanical

Outlet flow

\ a : A-A
A
e
/ﬁ :
b

Fig. 1. The improved settling basin structural dia-
gram:
a — side view; b — A-A sectional view of settling ba-
sin: 1 — settling basin body; 2 — pipeline for supply of
polluted water; 3 — tank for distribution of streams;
4 — perforated holes at the tank bottom; 5 — water-
collecting tank; 6 — pipeline for clarified water drain
away; 7 — receiving hopper for collection and com-
paction of sludge; 8§ — pipeline for compacted sludge
drain away; 9 — perforated partitions; 10— clarified
water drain; 11 — sludge drain; o. — slope of settling
basin bottom towards horizontal area;  — settling
basin contraction angles
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impurities (suspended particles) at the bottom of the
settling structure. Laminar water flow regime in im-
proved horizontal settling basin accelerates the settle-
ment and precipitation process of fine particles. In ad-
dition, it eliminates the destruction of sludge bed, slid-
ing down the inclined bottom, i.e. essentially elimi-
nates the “effect of repeated sludge breaking” in the
bottom water.

The flow structure is also significantly affected by
hole shapes in partitions. Most commonly the two
types of distributive partitions such as perforated and
slotted ones are installed in settling basins, where the
slits may be horizontal or vertical. In paper [10] it is
noted that coefficient of efficiency of horizontal set-
tling basins having cross partitions with vertical slits is
somewhat higher, than those with horizontal ones,
and is only slightly different from the efficiency coef-
ficient of settling basin having perforated partitions.
However, the scientific literature gives no unambigu-
ous answer to the question on what shape the holes
shall have and on their configuration relative to each
other.

The purpose formulation. The objective of the
paper is scientific justification of the most rational
geometrical parameters of a perforated area (shape
and configuration of holes relative to each other) of
vertical cross partitions placed in an improved settling
basin in order to increase efficiency of cleaning mine
waters of suspended particles (substances).

The main part. For practical perforation of a set-
tling basin partition it is important to calculate param-
eters of the perforated area, namely, to determine the
partition flow factor (k) and select the required dis-
tance between the centers of holes (p). In addition, the
main geometric parameters of the perforated area to be
considered in the calculation are shape and configura-
tion of the holes relative to each other, their size and
the correction factor (K,,) which allows the distance
between the centers of holes (perforation pitch) to be
determined.

The choice of a partition perforation pattern de-
pends on the flow factor of the perforated area, which
is determined from the formula

k=2,
s

total

where fis area with perforated holes, cm?; S,,,,, is total
area on which the holes are placed, cm?.

For the purpose of justification of rational geomet-
ric parameters for a perforated area of partitions placed
in an improved mine water settling basin, the most
common shape of holes in settling basin partitions and
their configuration relative to each other were ana-
lyzed. The obtained values of factor k£ were compared
to each other. When choosing the perforation pattern,
the preference was given to that one with which factor
k would be maximum and the efficiency of suspended
particles removal from mine waters should also in-
crease.

To calculate the factor k£ the following parameters
of a perforated area were taken:
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- hole shape: round, square, rectangular, hexago-

nal;

- configuration of holes relative to each other:
square pattern, rectangular pattern, hexagon pattern,
with offset;

- hole size (w, cm): diameter and side length for
square and hexagonal holes or width (@) and length (b)
for rectangular holes. In calculation the values w and
width a ranged from 1 to 10 cm, and value b from 0.1
to (a—0.1) cm;

- correction factor, which allows the distance be-
tween the centers of holes (K,,) determination.

Since the perforation pitch (p) should not be less
than the size of a hole itself, in calculation the factor

K, ranged from 1.1 to 1.3.

Table 1 gives a systematized description for the type
of perforation holes of different shape showing the key

formulas for factor & calculation.

Using design ratio given in Table 1 (columns 1—4),
the coefficient k& values were determined for various
holes patterns and their types in partitions with varying
the preset geometric parameters of perforated area.

The obtained calculation data showed that with the
same area of different types of the holes (like circle,

Table 1

Determination of partition flow coefficient (k) with various hole shapes and their configurations relative to each other

Pos o(f:(r)élvf:sgl;;a}tt)cilels Design ratio to calculate Description and permissible varia- forIZernglﬁZon

. " coefficient k& tions of design ratio parameters _
in the partitions of coefficient k&
1. For round holes
1.1 straight rows as 2 S, is area of the hole part (sector),
square pattern f=4‘SY=4'%‘Sw=n;U ; sz; k=0785%
, S, is hole area, cm?; (Kp)
S uare —p% k= “'wz w is hole diameter, cm
4-p (w=1-10 cm);
12 | offset rows as ) p is distance between centers of :
: 1 n-w the holes, cm;
=3.5 =3.—-.5 = : > CHL k =0.9064-
hexagon pattern | /' B (p=K, - w, with K, = 1.1-1.3) (K )2
P
1 (p P,
Striang[e = 5 p : (EJ tg60 = 4 >
P w’
273
1.3 | straight rows as . p, is vertical distance between
1 T-w 1
rectangular f=4S5 = 4'2'5,,, =7 centers of the holes, cm; k=0.7144-——5,
pattern , (p1 =K, - w, with K, = 1.1-1.3); K,
S eune = Py Do k= nw P, is horizontal distance between atp,=K,+0.1
4-p,-p, centers of the holes, cm
(p=p,+0.1... p=p,;+0.4)

1.4 | diagonally-offset 1 rw? |P=0.7071p,at R®=1; 1
rows as square f=5,+4.5 =S, +4'Z'S,,, = ) > | p4is diagonal distance between k=0.785—-=
pattern, rotated 5 centers of the holes, cm; (Kp)
by 45° Suare =P k:’;wz (a=K, 2w, at K, = 1.1-1.3)

P
2. For square-shaped holes
2.1 | straight rows as 1 s , |w is square side, cm (w = 1
square pattern f=4‘5s=4‘z‘5wzw 5 Ssquare =P | = 1-10 cm); k= )
p is distance between centers of (K p)
k= w72 the holes, cm;
p (p=K, w,at K,=11-1.3)

2.2 | straight rows as 1 R see description to point 1.3 1
rectangular f=4‘5s=4'z‘5w=“’ ; k=0.9101 ——55,
pattern o (%,)

k=
Sreclangzpl.pZ; pl‘pZ ath:Kp+O.l

2.3 | diagonally-offset S5 145 =5 14 1 S 220 see description to point 1.4 X 1
rows as square =0, T4 0, =0,+ g Pe =AW = 2
pattern, rotated 9w (K p)
by 45° Ssquare :p2; k= w
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The end of the Table 1

Configuration Design ratio to calculate Description and permissible varia- Formulq
Pos. | of rows of holes coefficient k& tions of design ratio parameters for calculation
in the partitions g P of coefficient k&
2.4 | offset rows as 1 , | see description to point 1.1 and 1.3 1
hexagon pattern f:Sw+4'Ss:Sw+4'Z'Sw:2'w > k= )
i (%))
Sreclang = pl pZ’ k =
p] : pz
3. For rectangular-shaped holes
3.1 |straight rows as 1 a is hole width, cm (a = 1— 10 cm); 1
rectangular S=45 =4'1‘Sw =a-b; b is hole length, cm (b =0,1... k= 2
pattern a-0.1cm); (Kp)
] a-b p, is horizontal distance between
Srectng = Py Pos k= P centers of the holes, cm; (p; =
b =K, a,atK,=11-13);
D, is vertical distance between
centers of the holes, cm
(p=K,-b,at K,=1.1-1.3)
3.2 | offset rows 1 the range of selected values a, b, 1
f=5,+4-5,=S8, +4'Z'Sw =2-a-b;| p, is given in description to p. 3.1; | k= 2
pr=K, - 2b, at K, = 1.1-1.3) ()
. 2-a-b
Sreclang = pl : pZ’ k =
pl : pz
4. For hexagon-shaped holes
4.1 | offset rows as 1 11, . 360° w is hexagon side, cm 1
hexagon pattern f=5~Sw =5'E‘w ‘n-sim n (w=1-10 ¢cm); n is number of k=0.9999-——
Bow? regular polygon sides (# = 6); Kp)
:ﬂ; S, 1 p.(ﬁ).tgﬁo" = | p is distance between centers of
4 w2 2 the holes, cm;
_,,z.\/g' k_3.w2 p=17321-K, - w,at K,=1.1-1.3)
= k=
4.2 | straight rows as 1 P=K, 2w,at K,=1.1-1.3 1
square pattern f:4'Ss:4'Z'Sw: ? ! k:0‘25'(1(72
P
1, . 3600 343w’
—w’-n-sin ==
2 n 2
2
Ss‘quare :pz; k =3.\/—;§U
2-p

square, hexagon and rectangle) the coefficient & de-
pends only on the perforation pitch, i.e. the correction
factor K, Therefore, the coefficient k£ value can be de-
termined by the formulas shown in column 5 of Ta-
ble 1.

At the end of the analysis we determine the settling
depth of suspended particles of different settling veloc-
ity for various types of partition perforated areas and
for their related flow coefficient (k), calculated from
the formulas obtained. The calculations are performed
with assigning the specific values of effect of suspend-
ed particles removal from mine waters (P, %), by the
method described in [10].

For the calculation of initial data we select the fol-
lowing geometric parameters of the settling basin: ini-
tial width B,=10 m, slope of bottom o ~ 30°, plan view
of the contraction angles = 84° and the length of the
settling basin L =20 m, finite width B,=6 m and max-
imum depth A, = 11.5m.
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The calculation data for six hole types and their
configuration in partitions are given in Fig. 2 with re-
lated curve fitting equations provided below:

- first perforation pattern — offset, diagonally-off-
set and straight rows of square and rectangular holes as
square pattern; offset rows of hexagon holes: 4, =
=-0.0017 - P2+0.0396 - P+ 10.728, at R*=10.992;

- second perforation pattern — offset rows of round
holes: 4,,=—0.0022 - P? + 0.058 - P + 10.55, at R’ =
=0.989;

- third perforation pattern — diagonally-offset and
straight rows of round holes as square pattern: /,, =
=-0.0032- P2+ 0.0961 - P+ 10.178, at R*=0.984;

- fourth perforation pattern — straight rows of hexa-
gon holes: 41,,=-0.00146 - P> +0.03566 - P+ 8.2592, at
R=1;

- fifth perforation pattern —straight rows of square
holes as rectangular pattern: A, = —0.002 - P? +
=0.0508 - P +10.624, at R* =0.992;
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Fig. 2. Settling depth of suspended particles versus

efficiency level of mine waters treatment for
various perforation patterns:
1 — offset, diagonally-offset and straight rows of
square and rectangular holes as square pattern; off-
set rows of hexagon holes; 2 — offset rows of round
holes; 3 — diagonally-offset and straight rows of
round holes as square pattern; 4 — straight rows of
hexagon holes; 5 — straight rows of square holes as
rectangular pattern; 6 — straight rows of round holes
as rectangular pattern

- sixth perforation pattern — straight rows of round
holes as rectangular pattern: A, = —0.0037 - P? +
+0.1108 - P+10.09, at R? =0.988.

Some of the expected process parameters of hori-
zontal settling basin as per partition perforation pat-
terns are shown in the Table 2.

Presented relationships and values illustrate obvi-
ously the effect of removal of particles of different set-
tling velocity from mine waters. As we can see, the
maximum effect of mine water treatment is provided
by the perforation pattern 1.

Table 2

Values of the expected process parameters
of a horizontal settling basin as per patterns

_ 558 | 22, | B
— -~ < Q 172} 172}
ge | 33T | E&se | 33¢
g & 825 AR w & E
=1 SEE £S 22 E&F
o &< 5 g3 ) =)
M o E 73] (%
1 91.0 0.25 0.073
2 83.0 0.21 0.120
3 73.0 0.14 0.228
4 38.0 0.73 2.070
5 86.0 0.20 0.100
6 69.0 0.12 0.292
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Therefore, the vertical cross partitions with square,
rectangular or hexagonal holes are recommended to
set in an improved horizontal settling basin. In this
case their configuration related to each other may be as
follows:

- in case of square perforation pattern — with
straight rows as square pattern, with offset or diagonal-
ly-offset rows;

- in case of rectangular perforation pattern - with
straight or offset rows;

- in case of hexagon perforation pattern — with off-
set Tows.

The conclusions and further development pro-
spectives. Based on the investigations performed, the
following results and parameters have been obtained
and determined:

- flow coefficient of the partition perforated area
for various perforation patterns;

- analytical dependences of variation of flow coef-
ficient of the partition perforated area - on pitch of
holes that allows determining a distance between holes
centers for various perforation patterns;

- characteristic curves and analytical dependences
of suspended particles settling depth on the effect of
mine water treatment for various perforation patterns;

- the most rational geometric parameters of perfo-
rated areas of partitions installed in the improved set-
tling basin to enable obtaining the maximum efficien-
cy of mine waters cleaning of suspended particles with
regard to their settling velocity.

As the future research activity prospective, it is
planned to implement the results obtained and to as-
sess operational efficiency of improved horizontal set-
tling basins in mines of major coal mining regions of
Ukraine.
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Meta. HaykoBe oOrpyHTYBaHHS HaOiIbII paili-
OHAJIbHUX TeOMETPUYHUX MapaMeTpiB nepdopoBaHoOi
obyacti (popMu ¥ poaTalllyBaHHSI OTBOPIB OAUH
11010 OJHOTO) BEPTUKAJbHUX MOIMEPEYHUX Mepero-
POIOK, IO PO3MIIIYIOTECS B YIOCKOHAJIICHOMY Bil-
CTiIHUKY IIaXTHO1 BOAU, ISl MiABUILEHHST Koedilli-
€HTa I1X MOPOIYCKHOI 3MAaTHOCTI Ta, SK HAacCJiJoK,
edeKTUBHOCTI ounIleHHs (OCBITJIEHHST) BOAM Bin 3a-
BUCJINX YaCTOK.

Metomuka. Bubip Bapianty nepdoparii mepero-
POIOK 3[iMCHIOBABCSI HA OCHOBI BUBUEHHSI Ta 3iCTaB-
JIEHHSI TEOMETPUYHUX TTapaMeTpiB nepdopoBaHOi 00-
JacTi, a caMme: popMu, po3Mipy OTBOPIB i iX po3ralry-
BaHHSI OIMH IIOAO OJHOTO; MOIMPaBOYHOIO Koedilli-
€HTA, 1110 J03BOJISIE BUBHAYMTHU BiICTAHb MiX LIEHTpa-
MU OTBOPiB (KpOK Tnepdopaliii); koedilieHTa mpormyc-
KHOI 31aTHOCTI nep(popoBaHO1 00JIaCTi TTePEropoaKH.

Pesynabratii. BusHaueHi koediuieHTH mporyc-
KHOI 31aTHOCTI nepdopoBaHoOi 00JacTi Teperopoaku
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3a pi3HUX BapiaHTiB nepdopauii. OTpumaHi aHami-
TUYHI 3aJIEKHOCTI 3MiHU MPOITYCKHOI 31aTHOCTI Mep-
¢dopoBaHOi 00JIaCTi MEeperopoaky Bil BiICTaHI MiX
IeHTpaMH1 OTBOPIB.

HaykoBa HoBu3Ha. BuspiieHi 3aKOHOMipHOCTI
3MiHM Koedilli€EHTIB MPOIMYCKHOI 3IaTHOCTI nep¢opo-
BaHOI 00JIaCTi TIeperoponKu, y 3aJeXKHOCTi Bil Beau-
YMHU TOIPABOYHOIO KoedillieHTa, TO03BOJSIIOTh BU-
3HAQUUTU BiICTaHb MiX LIEHTPAMU OTBOPIB 3a Pi3HUX
BapiaHTiB nepdopalii. Ynepiie BCTaHOBJIEHI 3aex-
HocTi (y BUIJIs i rpadikiB i piBHSIHb perpecii) MixK u-
OMHOIO OCiTaHHS 3aBUCIMX YaCTOK B YIOCKOHAJIEHOMY
BiICTIHHUKY Ta €(MEKTUBHICTIO OYMILEHHS IIaXTHOI
BOIU T Pi3HUX BapiaHTiB nepdopallii neperoponok.

IIpakTtuyna 3HaumMicTb. PesyabraT nocii-
JIXKEHHSI I03BOJIMJIA OOTPYHTYBATHU pallioHaJIbHI Teo-
METPUYHI TTapaMeTpu Tep@opoBaHOi 00J1acTi More-
PEUHUX BEPTUKAIBHUX IEPErOpOaOK, IO PO3MIIITy-
IOTbCSI B YIOCKOHAJ€HOMY BiACTIMHUKY IIAXTHOI
Boau. BripoBamkeHHsI OTpUMaHUX pPe3yJbTaTiB H0-
3BOJIUTh MiABUILIUTU €(heKTUBHICTh OUMIIEHHS 11ax-
THUX BOJ BiI 3aBUCJIMX PEYOBUH i 3HUBUTU PiBEHb
3a0pyIHEHHs TOBEPXHEBUX BOJI Y BYIJIENOOYBHUX pe-
rioHax.

KimouoBi ciioBa: waxmrui 6oou, 3aeuciai pewosu -
HU, 3a0pyOHeHHsI 8000UM, 20PUZOHMANbHUL GI0-
cmitinuk, nepgoposani nepezcopooxku, egexmue-
HICMb OYUULCHHS

ITean. HayuHoe o60ocHOBaHMe HanboJee pauuo-
HaJbHBIX TEOMETPUYECKMX TTapaMeTPOB Iepdopupo-
BaHHOI o6nacT ((POpMbI U PACITOJIOXEHUSI OTBEP-
CTUI1 IPYT OTHOCUTENILHO APYTra) BEPTUKAIbHbBIX I10-
MEePEeYHbIX IEePEeropoaok, pa3MellaeMbIX B yCOBEp-
IIIEHCTBOBAHHOM OTCTOWHMKE IIaXTHOW BOIBI, IS
MOBBIIIEHUS KO3(h(dUIIMEHTa UX MPOIMYCKHOM CITO-
COOHOCTHU U, KakK cieAcTBUe, 3(HEKTUBHOCTU OYUCT-
KM (OCBETJICHMS) BOIBI OT B3BCIICHHBIX YACTHII.

Metonuka. Beroop BapuaHTa mepdopaliun 1me-
PETOPOIOK OCYIIECTBIISIICSI HA OCHOBAaHUM U3yYCHUS
W COIOCTaBJICHUS TCOMETPUUCCKUX ITapaMeTPOB
nep@opupoOBaHHON 00JIaCTU, a MMEHHO: (OPMHI,
pa3Mepa OTBEPCTUI U UX PACIIOIOXEHMS IPYT OTHO-
CUTEJIbHO MApyra; IIONpaBOYHOro koadduiireHra,
MO3BOJISIIONIETO OMPENEIMTh PACCTOSIHUE MEXIY 1IEH-
TpaMu OTBepcTuii (1ar nepdopauuun); Koapduum-
€HTa MPOIMYCKHOW CITOCOOHOCTU TTepDOprUPOBaHHOM
00J1aCTH TIePEeTOPOIKU.

PesyasraTel. OnipeneneHbl KO3(GOUUMEHTbI TPO-
MYCKHOW COCOOHOCTU NephOpUpOBAHHOMN 006J1acTH
TIEPETOPOIKH TIPU pa3IMIHBIX BapuaHTax rnepdopa-
nun. [lomydeHBl aHATUTUYECKUE 3aBUCHUMOCTHU M3-
MCHEHMSI TIPOMYCKHOM CITOCOOHOCTU I1epdopupo-
BaHHO 00JIaCTU IEPETOPOIKH OT PACCTOSTHUS MEKITY
LIEHTpaMU OTBEPCTUIA.

Hayuynasa HoBu3Ha. BbIsiBJieHHBIE 3aKOHOMEP-
HOCTM U3MEHEHUsI KO3(GhUIIMEHTOB MPOITYCKHOM
CITOCOOHOCTU mnepdopupoBaHHON 00JIaCTU Tepero-
pPONKM, B 3aBUCUMOCTH OT BEJIMYMHBI TTIOITPABOYHOTO
K02 GUIIMEeHTa, TTO3BOJISIIOT OIPEISIUTh PaCcCTOsI-
HUE MEXIYy LIEHTPaMM OTBEPCTHIA, IIPU Pa3HBIX BapU-
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aHTax nepdopanuu. Brepsbie ycTaHOBJIEHBI 3aBUCH-
MocCTHU (B BUAE rpauKoB U YpaBHEHUI perpeccun)
MeXIy TIyOWMHOI ocemaHusl B3BEIIEHHBIX YAaCTUIl B
YCOBEPIIIEHCTBOBAHHOM OTCTOMHMKE U (D DEeKTUB-
HOCTBIO OUMCTKU IAXTHOUW BOABI IJISI PA3JIMYHBIX Ba-
puaHTOB repdopalu Neperopoiox.
IIpakTnyeckasi 3HaYMMOCTb. Pe3ynbratel uc-
CJIeOBaHUSI TO3BOJIMJIM OOOCHOBATh pallMOHAJIbHbIE
reoMeTpuyeckre mnapaMerpbl MepdoprupoBaHHON
00J1IaCTH MONEPEYHBIX BEPTUKAIBHBIX MTEPETOPOIOK,
pa3MellaeMbIX B yCOBEPILIEHCTBOBAHHOM OTCTOWHMU-
Ke IIaXTHOU Bonbl. BHenpeHre MolydeHHbIX Pe3yib-

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6

TaTOB MTO3BOJIUT MOBBICUTH 3(D(HEKTUBHOCTh OUUCTKHI
IIAXTHBIX BOJ OT B3BEIIICHHBIX BEIIECTB U CHU3UTH
YPOBEHbB 3arpsi3HeHUSI TOBEPXHOCTHBIX BOIL B YIJIEI0-
OBIBAIOIIIMX PErMOHAX.

KunroueBble clioBa: waxmmuvie 600bl, G36CULCH-
Hble geujecmea, 3aepsa3HeHue 8000emM0o8, 20PU30H-
mManvHvLil OMCMOUHUK, Nephopuposantvle nepeeo-
DPOOKU, 3¢hgheKMUBHOCM b OMUCIKU

Pexomenooeano 0o nybaikauii Oooxm. mexH.

nayk B.I. Toarinexom. /lama madxodxncenHss pyko-
nucy 08.12.15.
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The particle size largely determines the properties of dispersed materials. It is a key parameter for equipment
performance evaluation. The measurement process is substantially complicated by the presence of aggregated
structures.

Purpose. To develop complex method for evaluating geometrics of emulsion drops and other dispersed for-
mations of spherical particles considering their aggregation. The method is based on aggregate structure and con-
tours, using marking of analyzed objects.

Methodology. The method includes several steps: image filtering, converting it to a monochrome mode,
evaluating the aggregate contour, correcting the contour, setting particle markers according to glares on particle
surfaces, making the skeleton, determinating connecting points. To decompose aggregate fragments containing
several markers, aggregate’s area is distributed between the particles according to the Voronoi diagram. Parame-
ters of circles corresponding to particles are evaluated from geometrics of corresponding aggregate fragments. The
method is illustrated by the images of real emulsion fragments (type Il emulsions — water in oil).

Findings. The developed method allows realizing segmentation of complex structured aggregates, consisting
of many spherical particles, containing internal objects whose contour is located entirely inside the aggregate. The
number of incoming particles is not limited.

Originality. The developed method of aggregate segmentation (emulsion drops) is noise-resistant and allows
segmenting the aggregates of a complex structure by evaluation of connecting points of its particles, according to
the aggregate structure and by marking the particles when evaluation of connecting points with the necessary pre-
cision is impossible (in case of a small convexity defect or presence of internal particles). The glares on particle
surfaces may serve as markers.

Practical value. The method may be used to evaluate dispersity of emulsions and other finely divided materi-
als at various industries.

Keywords: aggregate, dispersive structures, segmentation, Voronoi diagram, markers, particle connecting
points
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Introduction. The finely divided materials are
used in different branches of activity: in the energy
sector, metallurgy, chemical industry, and food indus-
try. The particle size of used disperse mediums —
emulsions, powders, aerosols and gas-liquid systems
largely determines their physical and chemical proper-
ties and is often a key parameter for evaluating the ef-
fectiveness of the equipment such as dust removal de-
vices, emulsifiers, sprays, centrifuges [1—3]. It should
be noted that the particle size (dust, aerosols, drug in-
gredients and dietary supplements) is the most impor-
tant factor in determining their impact on the human
body [4].

The technology progress has led to development of
a fundamentally new approach to dispersed composi-
tion determination. It is based on measuring sizes of
microparticles by their images. The progress of com-
puter technology has greatly accelerated image analy-
sis process and made it much less labor-intensive. This
method, unfortunately, is not free of problems associ-
ated with noisy images, the heterogeneity of their illu-
mination, the presence of shades on the measured ob-
ject, etc.

Problem statement. A separate problem is the
presence of agglomerated, aggregated particles, which
significantly complicates the process of measurement
and leads to a significant distortion of the results; so
much attention is paid to the solution of this problem
[5—8]. Known approaches to solving the problem of
aggregate formation decomposition are based on the
analysis of object geometry using morphological ap-
proaches, the shades as a source of information about
the study group of overlapping objects, intensity fluc-
tuations in contact area and other approaches. Exces-
sive refinement of objects, sensitivity to noise and sig-
nificant computational cost, as well as the impossibil-
ity to separate units consisting of a large number of
particles with sufficient accuracy — these and other
drawbacks complicate practical application of these
methods. A separate problem is segmentation of units
with low convexity defect consisting of a large number
of particles, and segmentation formations consisting of
objects with a high degree of overlap.

The objective of this study is to provide a research-
based comprehensive method for determining the geo-
metric characteristics of aggregated elements of dis-
persed formations (emulsion drops) which is resistant
to image noises and is able to segment aggregates of
complex configuration, both by determining points of
particle contact, analyzing the aggregate structure and
by marking particles when it is impossible to find con-
tact points with the necessary precision (in the case of
a small convexity defect or presence of internal parti-
cles). Light spots on the drops surfaces can serve as
such markers.

Methodology. At the first stage the image is fil-
tered. It is cleared from high-frequency noises and
transferred to a monochrome mode. The process is
based on threshold segmentation algorithm with a slid-
ing window involving calculation of adaptive bright-
ness threshold 7 for each pixel with coordinates (x;, y,)
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1 y=y+H[2x=x+W /2

T(x,.3,) = g(x,y),

W * H y:)’o—H/z XZXU—W/Z

where Wis width; H is height of a sliding window.

The next step is to determine coordinates of the
aggregate contour points. For correct identification of
objects whose contour is crossed by the image frame
(Fig. 1, a) in order to avoid errors due to the addition
of excess space, the authors propose to consider each
of these figures twice, taking into account the addi-
tional image area between the object contour and
frame — type “B” aggregate (Fig. 1, ¢, d) and without
it — type “A” aggregate (Fig. 1, ) and then select the
image which is the most adequate to the real object.

The main feature of the images of dispersed struc-
tures is uneven lighting, noisiness and low contrast.
Therefore, the method of adaptive threshold selection
is not always useful as well. Sometimes it leads to gaps
in objects’ contours in an obtained monochrome pic-
ture. That is why it is advisable to correct selected con-
tours [9] by clarifying the threshold based on bright-
ness analysis.

The conclusion about the success of correction
may be made by comparing the geometric parameters
of the unit, calculated from the contour on the basis of
previous and new thresholds.

Py < Py; (1

P°|<o,1, IS'"S°|<0,1, ()

1R~
| P, )

where P,, S, are the perimeter and area of the figure
measured by the results of adaptive threshold segmen-
tation; P,, S| are the perimeter and area measured by
the adjusted threshold value.

A common defect of contour segmentation is
“transformation” of the circle (drop contour) (Fig. 2, a)
in the crescent (Fig. 2, b), whose perimeter is much
greater than the perimeter of the respective circle.
Therefore, a decrease in perimeter (1) indicates a suc-
cessful solution of this problem (Fig. 2, ¢). A large in-
crease in the area, on the contrary, indicates overvalued

=
o
=3
=1
o
=]
L
o
L
©
o

a b c d
Fig. 1. Analysis of the aggregates touching the im-
age border:

a — source object; b — type “A” aggregate; ¢, d —
type “B” aggregate. Aggregates markers are indicat-
ed by the dots
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a b c

Fig. 2. Closing the gaps by correcting the contour of
water drop in the oil:
a — the original image; b — monochrome image be-

Jfore contour correction; ¢ — resulting image of a drop
contour

threshold, resulting in a connection of the noises to the
object — unrelated areas. Criteria (2) limit the growth of
the area and perimeter.

The next step is to mark aggregate particles. Light
flares on the surfaces of water-oil emulsion drops can
act as such markers. This marking allows decomposing
aggregates with low defect of convexity if structure
analysis [10] is not effective and/or in the presence of
internal particles.

Heterogeneity of substance of a drop and the inclu-
sion of foreign objects can lead to various optical ef-
fects on the drop surface, leading to fanciful flares
(Fig. 3).

To use the flare as a marker, it is necessary to pre-
vent its decomposition. So we must filter the object in
order to clean flare image from the noise and make it
more uniform. Then we can take flare centers as mar-
kers.

The information about the markers can be used not
only for aggregate decomposition, but also for the cor-
rect identification of objects, whose contour is crossed
by an image frame.

Thus, if the contour of “B” aggregate has more
glares than the corresponding “A” aggregate, this fact
indicates that one or more drops within the aggregate
are cut by frame (Fig. 4). In this case, the “A” unit is
removed and, instead, “B” unit is used for further
analysis. If the connection of an additional field has
not led to an increase in the number of markers, we

Fig. 3. The image of a water-oil emulsion:

1—3 — optical effects when light passes through a
drop
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can say that the added area in “B” unit corresponds to
the background (Fig. 1). In this case, “A” unit is kept
for further analysis.

The skeleton of the aggregate is constructed from
the points of the refined contour. It allows obtaining
general information about the aggregate structure. The
proposed method for skeleton construction includes
the following steps: building a pilot skeleton based on
Zhang-Suen algorithm, removing redundant connec-
tivity, finding reference points and presenting the skel-
eton as a set of branches between reference points, re-
fining the skeleton structure to represent the branch by
line segments, ordering branches according to advanc-
ing from the periphery to the center of the aggregate.

Drop attachment points are defined as the “nar-
rowest” places of the considered aggregate — the isth-

muses QI(I)QZ(U, QI(Z)QZ(Z), Q1(3)Q2(3) — Fig. 5.

To do this, we build perpendicular A B at each point
P of the considered skeleton branch, and find the
point of its intersection P,, P, with the aggregate con-
tour. We call P, P, the inner part of the perpendicular.
Since the isthmuses are the narrowest parts of the ag-
gregate, perpendiculars corresponding to them have
the shortest internal parts.

However, unit nonconvexity complicates the prob-
lem, because in general the line can cross a non-con-
vex object in more than two points. In this case, the
search of isthmus requires a special method. A detailed
description of this method is presented in [10].

For efficient segmentation of internal elements and
aggregate fragments formed by several drops with high
overlapping, when the search of connection points is
not effective, it is advisable to supplement this method

Bl o o

Fig. 4. Analysis of the aggregates, cut with an
image frame:

a — the image of the original object; b — the image
without taking an additional area (“A” type unit);
¢ — the image with an additional area (“B” type
unit). The points indicate markers

Fig. 5. The general scheme of aggregate decompo-
sition:

AB — skeleton branch; P — an arbitrary point of AB
branch; P,, P,— the points of intersection of the con-
tour and perpendicular to AB at point P; OV, O,
0Y — the points where aggregate width function is
minimal; QI(I)QS), Ql(z)Qf), Q1(3)Q2(3) — the point of
drop connection; 1—4 —the number of drops
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with markers [9]. In this case the number of markers
corresponds to the number of drops in the unit. For
example, if the unit or a fragment contains only one
marker, we can say that it contains a single drop, se-
veral glares indicate the presence of several drops and
aggregate area may be distributed between them ac-
cording to Voronoi diagram. Each particle corresponds
to a certain diagram cell. The particle radii can be cal-
culated from the area and the perimeter of the corre-
sponding diagram cell. The method of constructing
Voronoi diagram on the base of marker points in non-
convex area was considered in [9].

Some drops may have no glares, so it is advisable to
combine these two methods. Thus, application of mark-
ing technique to the object in Fig. 6 without analyzing its
structure leads to errors in segmentation of the fragments
1 and 2, which contain no glare, while a combination of
these methods can eliminate this disadvantage.

Analysis of the aggregate structure allows selecting
the point of particle attachment (Fig. 7, ). Decompo-

a b

Fig. 6. Decomposition of the unit by marking drops
without analyzing the structure:
a — the original image; b — the resulting image;
points represent the particles markers; 1, 2 — frag-
ments with segmentation inaccuracy

c d e

Fig. 7. Decomposition of type Il emulsion (water
in oil) image:
a — the original image; b — the image with attach-
ment points; ¢ — segment with low defect of convexi-
ty; d — separation of Fig. 7, ¢ by means of Voronoi
diagram; e — segmentation of Fig. 7, c; square points
represent the particle markers, round points — drop
connections
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sition of the aggregate according to these points pro-
vides adequate segmentation of the drops, including
non-glaring drops. Analysis of this unit is difficult be-
cause of the section with low convexity defect
(Fig. 7, ¢). The use of the marker method followed by
distribution of the area according to Voronoi diagram
(Fig. 7, d) provides adequate segmentation of this ob-
ject (Fig. 7, e). The segmentation of the whole unit
made by the complex method combining the analysis
of the structure with markers placement is shown in
Fig. 8.

The described method of aggregate separation is il-
lustrated by the image of type II emulsion — Fig. 9.

Conclusions. The problems of image processing
are heterogeneity of lighting, noisy background and
low contrast. While measuring microobjects, the pres-
ence of aggregated structures often leads to significant
errors in dispersed composition evaluation.

The authors developed a complex method for eval-
uating geometrics of emulsion drops and other dis-
persed formations of spherical particles considering
their aggregation. The method is based on the aggre-
gate structure and contours, using marking of ana-
lyzed objects.

The method includes several steps: image filtering,
converting it to a monochrome mode, evaluating the
aggregate contour, correcting the contour, setting par-
ticle markers according to glares on particle surfaces,
making the skeleton, introducing the function for each
skeleton branch, which characterizes the width of cor-

Fig. 8. Segmentation of the aggregate shown in
Fig. 7, a by analyzing its structure and marking
particles

c d

Fig. 9. Decomposition of type Il emulsion (water
in oil) images:
a, ¢ — original images; b, d — results of segmentation
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responding aggregate portion, determinating connect-
ing points as local minimums of this function. To de-
compose aggregate fragments containing several
markers, the aggregate’s area is distributed between
the particles according to the Voronoi diagram. Pa-
rameters of circles corresponding to particles are eval-
uated from geometrics of corresponding aggregate
fragments.

The method is illustrated by the images of real
emulsion fragments (type II emulsions — water in oil)

The developed method allows realizing segmenta-
tion of complex structured aggregates consisting of
many spherical particles, containing internal objects
whose contour is located entirely inside the aggregate.
The number of incoming particles is not limited.

The method may be used to evaluate dispersity of
emulsions and other finely divided materials at various
industries.
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Po3mip yacTuHOK, y 3HauHili Mipi, BU3HAYa€ Bac-
TUBOCTI AMCHEPCHUX MaTepialiB i € BuUpillaJbHUM
napamMeTpoM IpU OLliHIOBaHHI €(beKTUBHOCTI 001a1-
HaHHs. HasiBHiCTh arperoBaHux 4aCTMHOK iCTOTHO
YCKJIAAHIOE MPOLIEC BUMipIOBaHb.

Merta. CTBOpeHHSI KOMIUIEKCHOTO METONY BU-
3HAYCHHSI TEOMETPUUYHMX XapaKTePUCTUK Kparmeib
eMYJIbCiii Ta 1HIIMX TUCIEPCHUX YaCTUHOK chepuu-
HOI (bopMU 3 ypaxyBaHHSIM IX arperyBaHHSI, 3aCHO-
BaHMII Ha iH(POpMAaLii MPO CTPYKTYypy Ta KOHTYP
arperary, i3 3aCTOCYBaHHSIM MapKyBaHHS aHaJli30Ba-
HUX 00 €KTIB.

MeTtonuka. MeTton BKJIIOYa€E KiJibKa €TarliB:
dinbTpallis 300paxkeHHsI Ta IepeBeIeHHs MOro no
MOHOXPOMHOTO PEXXNMY, BUSHAUCHHS KOHTYPY arpe-
raTy, KOpeKIlis BUIIJICHOIO KOHTYpY, PO3CTaHOBKa
MapKepiB YaCTUHOK 3a BigOJMCKaMM Ha IXHili mo-
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BEpXHi, MOOYI0Ba CKeJIeTy, BUSHAYEHHsI TOYOK TIpU-
€IHAHHS YacTUHOK. 1 1eKOMITO3ullii (hparMeHTiB
arperary, 110 MICTSTb JeKiJibKa MapKepiB, PO3MOia
TIomli (parMeHTa arperaTy MiX YacTMHKAaMU, IO
BXOISTH IO WOTO CKJIaly, 30iACHIOEThCS NUISIXOM MO-
oynoBu aiarpamu BopoHoro. [TapaMmeTpu oKpy>KHOC-
Teid, BiAMOBIIHUX 300pakeHb YaCTMHOK, BM3Haya-
IOTbCSl 32 TEOMETPUYHUMU XapaKTepUCTUKAMU Bif-
MOBimHUX iM (pparMeHTiB arperaty. MeTton npoiio-
CTpoBaHUll Ha dparMeHTax 300paxkeHb peaJbHUX
eMYJIbCiil Ipyroro poay (Boaa B Macli) .

PesyasraTn. Po3poOieHuii MeTon A03BOJISIE
3MiICHIOBAaTU CErMEHTAILLil0 arperaTiB CKJIagHOI KOH-
dirypartii, 110 CKJIaJalOThCS 3 YACTUHOK C(HEPUUHOI
¢dopMU Ta MICTSITh BHYTPIIIIHI 00’€KTH, KOHTYP SIKIX
pPO3TalllOBYEThHCS LIIKOM yCepeAauHi arperary, 6e3 00-
MEXeHb Ha YMCJIO YaCTUHOK.

Haykosa HoBu3HA. P03p0061eHO MeTOm CerMeH-
Tallil arperoBaHuX eJIeMEHTIB IUCIIEPCHUX YTBOPEHb
(Kparienb eMyJbCiii), 1110 € CTIHKUM JI0 1ITyMiB 300pa-
JKEHHSI Ta T03BOJISIE 3MiliICHIOBATHU CEIrMEHTAllilo arpe-
raTiB cKJaaHoi KOHgIirypaiii sk IIsiXoM BU3HAUYEH-
HSI TOYOK KOHTAaKTYy YaCTMHOK arperaTty 3a JaHUMH
PO MOTO CTPYKTYPY, TaK i IIUITXOM MapKyBaHHS 4ac-
TUHOK Y BUITaAKaX, KOJM 3HAXOMKCHHS TOYOK ITPH-
€HAHHS 3 HEOOXiHOIO TOYHICTIO HEMOXJIUBE (Y pasi
MaJjoro nedeKTy onyKjaoCcTi a00 HassIBHOCTI BHYTpilll-
HiX 9aCTMHOK). TakKuMu MapKepaMi MOXYTb BUCTY-
MaTy CBITJIOBI BiZOJIMCKU HA TIOBEPXHi KpareJb.

IIpakTuyHa 3HaYuMicTb. MeTon Moxe OyTH 3a-
CTOCOBaHMIA [UISI BUBHAYEHHSI CTYIICHSI TUCIIEPCHOCTI
eMYJIbCiil Ta iHIIMX TOHKOMOAPIOHEHUX MaTepiajliB y
Pi3HUX rajay3six IpOMUCIOBOCTI.

KumouoBi ciioBa: azpecam, ducnepcri ymeopen-
Hs, ceemenmauis, diaepama Bopownoeo, mapkepu,
MOoUKU NPUEOHAHHS YACMUHOK

Pasmep gacTull, B 3HAYUTEILHON CTEIIEHU, OIIpE-
JIeJISIeT CBOMCTBA AUCTIEPCHBIX MATECPHAJIOB U SIBJISICTCS
pelIaroIInM ITapaMeTpOM IIpU OLIeHKe 3P (GEKTUBHO-
ctu obopymoBaHus. Hammume arpernpoBaHHBIX 4Ya-
CTHULL CYLLIECTBEHHO 3aTPYIHSIET MPOLIECC U3MEPEHUIA.

IHennb. Co3paHue KOMIUIEKCHOTO METOA OIpee-
JICHUSI TEOMETPUYECKMX XapaKTepUCTUK Karlelb
SMYJIbCUIM U IPYTUX TUCTIEPCHBIX YacTull cepuye-
CKOI (hOpMBI C YIETOM UX arperupoBaHMsI, OCHOBAH-
HOTO Ha MH(MOPMAIIUM O CTPYKTYpPE M KOHTypax arpe-
raTa, ¢ ICIOJIb30BaHNEM MapKUPOBAHUS aHATN3UPY-
€MBbIX OOBEKTOB.
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Metoauka. MeTon BKJIIOYAET CJAEAyIOIIue 3Ta-
bl (hUIIBTpaIMs M300pakeHUsI 1 TIePeBOJL €T0 B MO-
HOXPOMHBIN PEXUM, OMpeneieHre KOHTypa arpera-
Ta, KOPPEKIIMs BbIAEICHHOTO KOHTYpa, PacCTaHOBKA
MapKepoB YacTull Mo OJIMKaM Ha WX MOBEPXHOCTH,
MOCTPOEHUE CKeJeTa, ONpeaeeHre TOUeK IMprcoe-
IUHEeHUs1 yacTull. JIiaa aeKoMno3uuuu (pparMeHTOB
arperara, COJepXKallluX HECKOJIbKO MapKepoB, pac-
npeneneHue IaomaaM dparMeHTa arperata MexXmy
BXOISIIIIMMU B HETO YACTULIAMU OCYILIECTBIISIETCS ITy-
TeM mocTpoeHus auarpammbl Boponoro. Ilapame-
TPBI OKPY>KHOCTEI, COOTBETCTBYIOIIUX U300PaKEHU -
sIM YaCTHLl, OMPENeISIIOTCS MO TeOMETPUYECKUM Xa-
paKTepUCTUKaM COOTBETCTBYIOIIMX UM (hparMeHTOB
arperara. MeToa NMpOWLTIOCTPUPOBAH Ha (parMeH-
Tax M300paxkeHUi SMyJIbCU BTOPOro poaa (Boma B
macie).

Pesynbrarel. PazpaboTaHHBIN METON MO3BOJISIET
OCYILIECTBJISITh CETMEHTAILMIO arperatoB CJIOXHON
KOHMUTYpallMu, COCTOSIIIMX W3 4YacTull chepu-
yecKoil (hopMbl, CoAepKallMX BHYTPEHHUE OOBEKTHI,
KOHTYp KOTOPBIX pacriojaraercsi LEeJIMKOM BHYTPHU
arperata, 6€3 orpaHMYEHU Ha YUCJIO BXOASIIUX Ya-
CTHULI.

Hayunas HoBu3zna. Pa3paGoTaH MeTon cerMeH-
TaIMU arperupOBaHHBIX AJIEMEHTOB AUCIIEPCHBIX 00-
pa3oBaHuii (Kamneiab 3MYJbCU), YCTOMUMBBIN K 11y-
MaM M300pakeHUsT U TMO3BOJISIONINIT OCYIIECTBISITh
CEerMEHTAIMIO arperatoB CJIOXHOW KOHMUTypaumn
Kak TIyTeM OIpEeNesieHUsI TOYEeK KOHTAaKTa 4YacTHI]
arperara o JaHHBIM O €T0 CTPYKType, TaK U IMyTeM
MapKUPOBAHUSI YACTUILL B CITy4yasiX, KOTIa HAaXOXIeHUE
TOYEK COMTPUKOCHOBEHUSI C HEOOXOIMMOI TOUHOCTBIO
HEBO3MOXHO (B Cllydyae Majioro AedekTa BbIIMYKIOCTH
WJIM HAJIMYMST BHYTPEHHUX YacTuil). TaKuMu Mapke-
paMM MOTYT BBICTYIIaTh CBETOBbIE OJMKW Ha TTOBEPX-
HOCTU Kameb.

IIpakTuyeckas 3HAYUMOCTb. MeTOo MOXET
OBbITb MPUMEHEH JIsi ONpeNeNIeHUs] CTeTIeHU IucC-
TIEPCHOCTU SMYJILCUN U IPYTUX TOHKOU3METbYeHHBIX
MaTepUaIoOB B PA3JTUYHBIX OTPACISIX IPOMBIIILIEHHO-
CTH.

KiroueBble cioBa: aepeecam, ducnepcHole oopa-
306anusl, ceemenmauyus, ouazpamma Boporoeo,
Mmapkepul, MO4KU NPUCOEOUHEHUS YACMUL,

Pexomendosarno 0o nybaikauyii dokm. mexH.

nayk B. I. Kopcynom. Jlama nadxoodxicenns pykonu-
cy 16.11.15.
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FAST TIME SEQUENCE DATA MINING ALGORITHM BASED
ON GREY SYSTEM THEORY
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INBUIKWI AJITOPUTM IHTEJIEKTYAJIBHOTO AHAJII3Y
YACOBUX PAIIB HA OCHOBI TEOPII CIPUX CUCTEM

Purpose. With the development of the big data technology, the time sequence data mining has become a hot
spot that attracts the attention of the public. Based on the correlation and cooperativity of the time sequence data,
we propose the fast time sequence data mining model based on the grey system theory.

Methodology. The correlation determination method that is based on the features of the relevant coefficient
of the time shift sequence is obtained. As a result, a kind of fast time sequence data mining model based on the

grey system theory is proposed.

Findings. The correlation determination methodology proposed in this paper is more effective than the Pear-
son linear correlation coefficient, Spearman rank correlation coefficient, Kendall rank correlation coefficient and

Granger causality test.

Originality. In this paper, the double sequence fast correlation determination method and curve alignment
method are provided. So far, we have not found other literature on the related research.
Practical value. The research results can provide theoretical basis for the determination of the correlation of

regression analysis and the time alignment.

Keywords: grey system theory, time warping, correlation, time sequence data, data mining, curve align-

ment, causality test

Introduction. Time series data is one of the most
commonly seen types of data in the data mining, which
is applied in many fields such as the monthly volume
of runoff of a certain river, the local mean monthly
temperature and precipitation, our country’s consum-
er price index (CPI) and the gross domestic product
(GDP), the earthquake wave sequence acquired at
multiple observation points at the time of the occur-
rence of the earthquake, etc. [1]. Through the analysis
on the time sequence data, some useful conclusions
can be drawn, for example: Through studying the his-
tory of flow volume of the river, the temperature, pre-
cipitation and other characteristics, the forecast level
for flood can be effectively improved; through the ap-
plication of CPI and GDP, the degree of inflation and
the momentum of economic development of the
country or region can be analysed; according to the
multiple seismic wave sequence, the seismic source
and seismic magnitude, etc. can be accurately located
[2]. Some of the non-time sequence data can also be
handled through the conversion and application of the
time sequence data mining method for processing, for
example: Through the application of the distance from
the edge of leaf to the center of the mass to describe its
characteristics from different angles, a column of data
can be acquired, which then can further distinguish
the type of the leaf [3].
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In the process of time sequence data mining, if the
time difference of the data is not taken into consider-
ation, it is easy to be influenced by intuition or preju-
dice, and thus cause wrong determination on the cor-
relation; however, it does not make sense if the time
difference of the related time sequence is not taken into
account [4]. That is to say, in the assessment of the cor-
relation of the sequence, it does not only require con-
sidering the time difference, but also requires that the
data is correlated, therefore, the correlation and time
difference between the sequences are mutually re-
strained [5]. At present, the correlation analysis on the
time sequence data is faced with some problems, for ex-
ample, the data relationship is relatively complex, the
data contains noise, there is missing data or abnormal
data, etc. [6]. Homogeneous data (data from the same
source or with the same attributes, such as the earth-
quake seismic data of the same earthquake acquired in
multiple locations) has natural similarity, which does
not require determining the correlation, and there is no
correlation or time difference constraint problem ei-
ther, hence mostly applied for the classification or clus-
tering. For the heterogeneous data (data from different
sources or with different attributes, such as the amount
of precipitation and river runoff volume, CPI and
GDP), its correlation shall be determined, and its rele-
vance and regression analysis etc. shall be conducted
[7—9]. Therefore, the main object of the time sequence
data correlation analysis is the heterogeneous data.

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6



IHOOPMALIWHI TEXHONOTII, CUCTEMHUN AHANI3 TA KEPYBAHHSA

Similar to the binary classification problems or the
two types of errors in hypothesis testing, in correlation
with heterogeneous data mining or data regression to
two types of errors: 1) it is believed that the related data
does not have correlation; 2) it is believed that the irrel-
evant data has correlation and regression analysis is con-
ducted [10]. The former often appears in actual applica-
tion, such as the elevation of the sun and the ground
temperature, precipitation and river runoff, if in accor-
dance with the time control study the correlation of two
groups of data may not be able to get relevant conclu-
sions, but in fact, if both will be in time for translation,
there will be close correlation. The above two types of
errors can occur, for example, in the past 20 years Chi-
na’s GDP and the height of a person can grow before
the age of 20 certainlyhas significant positive correla-
tion, and this is meaningless, illogical regression, which
is called nonsense regression or spurious regression. So,
prior to the analysis of the data, if not considering the
correlation of data, class 1 correlation error will cause
the waste of potential information, data category 2 cor-
relation errors may cause misleading for subsequent
analysis. The correlation of multiple sets of data can be
provided through the correlation of two groups of data.

Homogeneous data has natural similarity and a
curve line can be developed. Constrained for heteroge-
neous time sequence data correlation and the time dif-
ference problem, based on the theory of grey system,
fixed time determine the move sequence correlation, on
the basis of serial correlation, and then through the
curve line refining time function. When making correla-
tion judgment on heterogeneous data, on the one hand,
there is a deviation due to the sample correlation coef-
ficient and the overall correlation coefficient; it studies
the upper and lower bounds of the overall correlation
coefficient. On the other hand, in order to prevent the
two kinds of correlation mistakes, starting from the main
causes, the study of the characteristics of two kinds of
correlation error and corresponding correlation judg-
ment method is put forward. Applicable to the curve of
the heterogeneous data, line method is also applicable
to homogeneous data, but what applies to homogeneous
data (such as AISE) does not apply to heterogeneous
data (dimension is not unified, and negative correlation,
etc.). Therefore, the maximum correlation coefficient
(absolute value) curve standard mainly based on the
characteristics of heterogeneous data is put forward, and
the GQS algorithm is applied for the solution.

Basic concept. Grey Theory Class Set. Custom-
er confidence in businesses depends on many factors,
“complete trust”, “somewhat trust”, “general trust”
and “distrust” and other information can exactly de-
scribe the state. Therefore, we introduce a grey ele-
ment, the concept of grey number, ash content and
ash. Ash element refers to the incomplete information
elements, grey number refers to the volume of incom-
plete information, grey variables refer to incomplete
information, and grey variables of a specific value con-
stitute a grey class. For example, users who evaluate
the quality of products constitute a grey element;
product quality assessment values, such as about 0.40
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points, constitutes a grey number. All the sets of gray
classes are called grey class set, noted as G = {g, |k =1,
2, ..., r}, in which g, is the k-th grey class.

For example, assume that the product quality is the
grey variable, which can be “good”, “general” and
“poor”, etc. Let the grey class set G' = {g), &, &3},
which, respectively, represents the first, second, third
class, in turn, showing good, general, poor product
quality in turn.

Grey class whitening function, weight matrix.
Let us set clustering entity set D = {d)|i =1, 2, ..., m},
the key attributes 4 = {a,|h =1, 2, ..., e}, grey class set
G=1{glk=1,2,..,r}, T(a,) represents the entity d,’s
key attribute a,’s score value, the monotonic function
Jur 1s defined as the grey class whitening function, as
shown in Fig. 1, E(\,, 1) is the turning point,
Ju(TAa,)) = 0.81 represents the rating value. 7T(a,,)
belongs to grey class with the possibility of 0.81.

Weight matrix is defined as W, as shown in Fig. 2,
the matrix elements

Wk: 7\.;,/(/(7\,1k+ 7\‘2k+ ot }\‘hk-"— ot 7\‘8k);

J:

1<i<m, 1£h<e, 1<k<r
w, W, -~ Wy - w,
Wy Wy = Wy - W,

W =
Wy Wy o Wy - Wy,
wel weZ wek wer

Clustering vector. W represents the weight ma-
trix, the whitening matrix of the entity d; is F;, F; and
W are noted as column matrix respectively

Tre()A T:(a ) belongs to gray level &

- X

|
0b Ti(a) Ak 1b,

Fig. 1. Grey class whitening function
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Q
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Sample correlation coefficient

Fig. 2. Overall Correlation Coefficient Bounds
(significance level o. = 0.05)
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F}: (a’lﬂ Qs eeey gy oens a‘r)a

in which
ar=fil(Tha)), T @), ... fu(Tiay)), ..
f;k(ﬂ(ae))); I/I/i: (Bla BZa sy Bka ceey ﬁr);
in which

Bk:(VV]ks VVzk,---, th,---, VVek)-

The clustering vector of the entity d; is defined as o,
s Ojp) =

= (0 X B, 0 X Py ey 0 X By ooy A X By,
in which
Ok = 04 X B = (fi(T(a), fu(TAa2), ..., fu T ap)), -5
Jol(THa,)) X (Wi Wopes oo sWpes ey Wep),  k=1,2,..., 7.

Curve alignment relevant mining method. As in
the solution for the actual problem, only sample data
can be obtained. When using the sample, the overall
estimation may be biased, as a result, this paper uses
the sample correlation coefficient to infer the overall
correlation coefficient with certain level of significance
on the boundary. At the same time, in order to prevent
the two types of error, this paper studies the correla-
tion coefficient of two kinds of error under the move
sequence characteristics to rule out two types of error
correlation accordingly. From the above two aspects,
the correlation determination method of the two sets
of time sequence data can be obtained.

Correlation determination to the related se-
quence with the time warping. In order to determine
the serial correlation, it is necessary to obtain the up-
per and lower bounds of the general correlation coef-
ficient. In this paper, through the two asymptotic dis-
tributions of the sample correlation coefficients, the
upper and lower bounds of the overall correlation co-
efficient at a certain significance level are obtained,
and combined with the characteristics of the correla-
tion errors of the first type, the method of the correla-
tion determination of the correlated sequence with the
time warping is achieved.

Bounds of the correlation coefficient. Pearson
correlation coefficient is the most commonly used
when measuring serial correlation measure. If there are
two sets of corresponding data {(x;, y,),i=1, 2,..., n} (n
is the quantity of the samples) which is from the bivari-
ate normal overall sample (x, y) ~ N(y, Ky, G;’Gi’p)’
the sample correlation coefficient is as follows

6;=(Gi1, Gi2s -5 Oifes -+~

n

R 2(x,=%)(»,-¥)

pX.Y)=—H =

Sto-3 3050

i=1 i=1

DORVEDRIW)
i=1

i=1 i=1

(1)
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In which, X, y are the sample mean of X, Y re-
spectively.

Sample correlation coefficient ﬁ(X Y ) can be
used as the correlation coefficient p of two normal
population (X, Y) of unbiased estimator and consis-
tent, but the correlation coefficient has an obvious
shortcoming, namely the degree that it is close to 1 is
related to the number of # sets of data, it is easy to send
a kind of illusion. When # is small, the absolute value
of the correlation coefficient of some samples is close
to 1, and when #n = 2, the absolute value of correlation
coefficient is 1. When # is bigger, the absolute value of
correlation coefficient is smaller. There are many
scholars who have obtained the distribution results
about the sample correlation coefficient, sample size
and bivariate normal of overall correlation coefficient.

For binary normal population (X, Y) and under the
assumption p = 0, the following distribution is ob-
tained

N2 t(n-2). )

When p = p,, Fisher gives a relatively complexﬁ
probability density function, after proper transform,
the asymptotic distribution can be obtained

o(p)-o(p)"
Z:()ANN(OJ), (3)
2yn-3

1+
where ¢(x) =lnﬁ. When the sample size is large,

the overall correlation coefficient can be estimated
from the sample correlation coefficient.

The literature proves that in binary normal popula-
tion, the extraction of # samples and the asymptotic
distribution can be obtained.

Jn(p-p) "~ N0 1-p))
Jalpo) @

_TFET_NNmU

This paper has estimated the overall correlation co-
efficient based on the above two asymptotic distribu-
tions.

As the ¢(x) in Formula (3) is monotonically in-
creasing, it can be known that:

- When p=p

P{pS(p"{(p(f))+2zla- n—3}}:l—a. (5)

- When psﬁ

P{pZ(p'{(p(f))—Zzla- n—3}}=1—a, (6)

2

that is
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e’ -1
e* +1
standard normal distribution, namely, P(x < Z,) = a;
Random variable x ~ N(0, 1).

In this paper, on the basis of Formula (4) further
inference of the bounds of the overall correlation coef-
ficient can be obtained, namely:

in which, ¢”'(x)=In ; Z, is the a quantile of

- When p=p
—\/;—\/n+4\/;z L ptaz’,
-2 -4
P 2 2 <p<
2117%
(7)
—\/;+\/n+4«/;z L P+,
-4 -4
< 5 2 2i=1-a.
2,
2
- When p<p
x/;—\/n—4\/;z o PHAZ,
-4 _a
P 2 2 <p<
2z17%
(@)
\/;+\/n—4x/2z L Ptz
-4 -4
< 2 2i=1-a.

2z

-
2

Integrate Formulas (5—8), when a = 0.05, the ap-
proximation can be obtained:

- When p2p
inf p=max _f_“nzgﬁ'p+l6,ﬁ,—l )

Sup p=

a=0.05

_Jn-Jn+8/n-o+ R (10)
:min{ n n48\/—p 16,({)“[@(p)+4ﬁ],1}.

- When p<p

Jn—\n-8Jn-p+16
4

inf p=max T (11)

iy o [(p(?’)— Nﬁ},_l
J;.FW 0.1

Pl (12)

sup p=min
0=0.05 4

Fig. 2 provides the upper and lower bounds of the
general correlation coefficient under different sample
size and sample correlation coefficient. As can be seen
from the figure, in this paper, the upper and lower
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bounds of the curve provided are of the following fea-
tures:

1. The larger the sample size is, the more compact
the upper and lower bounds are.

2. With the same sample size, the upper and lower
curve centres are in symmetry.

3. The larger the absolute value of the correlation
coefficient is, the more compact the upper and lower
bounds are.

The above features can easily be proved by formu-
las (9—12).

Correlation determination method. For the
convenience of the description of the relevant charac-
teristics of the sequence, the definition of the time
shift sequence (time-lag series) is first given.

Assume two sequences (X, Y) ={(x;, ), i=1,2,...,
n}, the following time shift sequences are defined

(X,,Y,H,,)={(xi,y,+m),i=1,2,...,n—m},
1<m<n,meN";
(X,,Y,_,,,)={(xi,yi_m),i=m+1,2,...,n},

I<m<n,meN".

(13)

On the first type of regression errors, start the con-
sideration of the initial sequence directly, and their rel-
evance must be relatively small. If considering the
moving time sequence correlation, there must be
my(1 <|my| < n, |my| € N*¥), which makes the correla-
tion coefficient relatively large.

The resulting time sequence correlation methods
are: the sequence correlation coefficient changes with
m, and achieves the maximum at m,, namely, the

graph p= ﬁ(m) presents obvious convex phenomenon,
according to the formulas (9—12) it can estimate the
range of overall correlation coefficient. If |p(mg)| > p
(i.e., more than the given threshold value, such as
0.6), it is believed that the time shift sequence

(X ,,YH,,,O) has correlation, and the curve alignment
and regression analysis, etc. can be conducted.

Curve alignment method based on grey theory.
According to the correlation coefficient analysis of the
time-lag series, we can determine whether there is cor-
relation existing between the series. In the presence of
correlation between two series but with the time bias,
through the curve alignment method, they can be
aligned so as to eliminate the difference on the phase
time axis. For heterogeneous data, when AISE criteri-
on is used, the result will change with the dimensional
change and, therefore, it is necessary to propose a di-
mensionless criterion to align the heterogeneous data.

Curve alignment method based on grey theory.
Pearson correlation coefficient is actually a dimen-
sionless measure, with the inner product to represent
the connectivity of the continuity function, at the
same time, to achieve the inner product value in line
with the norm,; it is then divided by two functions of
the norm. The alignment criteria of curves composed
of heterogeneous data, in fact, can be constructed
through the function correlation coefficient
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lx: (s)x, (s)ds
I a [ o

max ‘p (7 x, )‘ =max
Ho )

> (14)

where x| (f)=x[A(t)] represents the function after
alignment. As the representation is too complicated,
this paper gives the corresponding discretization state.

Let us assume that the two functional data x,(#) and
Xx,(?) at the sampling time point 7= (¢, t,, ..., £,) have
the sample sequence

x((T) = [x(t)), x,(8y), .., x1(Z,)],
and

X(T) = [x5(1)), X5(8), ..., X2(2,)],

the alignment of function x;(¢) in contrast to curve
Xx,(?) is to be performed.

Let A = (8, 0,,..., 8,) be the offset of x,(7) at the
time point 7 relative to x,(7), namely, the time curve
function shall meet A(7T) = T + A, then the temporal
samples are transformed into x;(7 + A) = [x,(¢;, +
+9),..., x1(¢, + §,)] after alignment, the two groups of
functional data sequence of samples will have high
correlation. The curve alignment problem can be con-
verted into solving the following

mAax‘p[x1 (T+A)x, (T)]‘ (15)

General time warping function features the consis-
tent monotonicity, namely, to meet #,_; +0,_; <%+ 9, <
<t;.1+9;,,. However, the offset vector which is chaotic
at bending function does not meet the same time and

will make bndl =t +8) -1, bndr,=t,, +8;, 1,

i+l il

8% represents the value of 8, at the k-th iteration. In

specific implementation, the search interval of 5,’.”' can
be narrowed down as the closed interval
[ bndl, + p-(bndr, - bndl,), bndr, - p-(bndr, — bndl,) ],
in which, p is the constant within (0.05).

Finally, the problem of curve alignment is trans-
formed into solving the following constrained optimi-
zation problem

A :argmAax‘p[xl (T+A),x, (T)]
bndl, + p-(bndr,—bndl,), |- (16)

st.9, €
bndr, - p-(bndr, - bndl,)

At last, the time offset vector A* is transformed into
functional form, and the time offset function d(7) is
obtained, the corresponding time for bending function
ish(®)=d() +1t.

Model solution — gqs algorithm. When Param-
eter has high dimension, it is hard to solve the maximi-
zation problem of function Q. In order to overcome
this problem, in this paper, the problem of the objec-
tive functionis taken as function Q (i.e., the expecta-
tion of the logarithm likelihood function in the EM
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algorithm), the extended EM algorithm (generalized
maximum expectation maximization algorithm
(GEM)) is applied to solve the problem. Due to the
good time-smoothness of the time warping function,
every time the update on A" is performed, spline
smoothing is performed on P for one time, thus the
smoothness of the time difference vector can be in-
creased, but the spline has regular term, which can
prevent the problem of time difference function insta-
bility caused by overoptimization. Therefore, the
smooth generalized expectation maximization method
(S-GEM) for solving the model is obtained. The solv-
ing steps are as follows:

Input: Two sets of correlated time sequence data
TS| and T, with the time warping on time 7} = (¢,
102, -+ Lom);

Step I: Initialization time vector A, = zeros(1, n),
error tolerance for iteration is eps.

Step 2: Time sequence data functions 7.5, 7S, can
be converted into function type data x,;(7) and x,(?),
take n points 7' = (¢, t,,..., t,) in T}, uniformly, the
smooth sequence {x;(#,)} and {x,(#,)} (i=1,2,..., n) can
be obtained, in which 7, = 1, 7, = t,,,,.

Step 3: Using generalized expectation maximiza-
tion for the time difference vector. Record the k-th it-
eration time difference vector as A* = 8{‘,6'2‘,...,6';),
perform n — 2 times of conditional maximization (as-
suming starting point without time difference, namely
8 =8 =0), A" = (8{‘”,8’2‘”,...,8:“) can be obtained.

Step 4: Smooth processing of the time difference
vector: Using P spline function fitting on sequences
A** 1 of function d* * (), and use the fitting value to
replace the original value, namely: A**!'=d**1(¢,) i=1,
2,...,n.

Step 5: Repeat Step 3 and Step 4 until convergence
(A%~ A < eps).

Output: Time difference function d(¢) = d%(¢) or
time warping function (|A**! — A,| < eps).

Similar to many functional data mining methods,
the proposed algorithm can deal with large volume of
data line problems, even if there is missing data or ab-
normal data, the current information can still be fully
used; in addition, through smooth processing, the al-
gorithm can quickly converge to the extreme. It is im-
portant that the running time or time complexity of
the algorithm mainly depends on the number of sam-
pling, and has nothing to do with the number of the
original sample. GQS algorithm complexity analysis is
shown in Table 1, where m is the initial sample size, n
is the uniform sampling volume, d is functional order
(highest number minus 1), fi is the condition of max-
imizing the average time complexity in Step 3, k is the
total number of iterations. As fin and k is related to the
accuracy, parameters, and the problem itself, it is set
out separately. P spline is applied when the data is
functional or smooth, and the most complicated part
in the coefficient vector estimation of the spline func-
tion obtains the inversion in the spline basis function
matrix, and the time complexity and space complexity
are 3 and 2 times of the number of the base function,
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Table 1

GQS Algorithm Complexity Analysis

Steps Time complexity Space complexity

Step 1 O(n) O(n)

Step 2 Function: O[(m + d — 2)7] Function: O[(m + d — 2)?]
P Value: O(nd?) Value: O(n)

Step 3 O[n x fin] O(n)

Step 4 Smooth: O[(m + d - 2)?] Smooth: O[(m + d - 2)?
P Value: O(nd?) Value: O(n)

Overall Ol(m+d-2)°+k((n+d-2)>+nxfin)] Ol(m+d-2)*+(n+d-2)*

respectively. In general, 72° is a limited amount of cal-
culation, relative to the iterative process it can be left
out; when d takes smaller values, in the experiment of
this paper, d = 4, at this point the time complexity and
space complexity of the algorithm is O[k(#n> + n x fin)]
and O[m? + n?] respectively.

Experimental result and analysis. This paper
has validated the proposed correlation determination
method and the curve alignment method based on the
simulated data. And the sensitivity of the parameters is
compared with the existing methods for the time warp-
ing data collected by the curve alignment method and
analytical method as well.

Time warping sequence correlation determi-
nation experiment. Sclect the Sinc function
Sinc (x) = sinnx/nx, § € [-6, 6] with volatility as the
research object for the correlation of simulation data,
and make the following two time functions: d,(¢) =
=0.0172-0.36, d*(?) = 0.005#(¢ — 6)(¢ + 6). In both cas-
es, the trend of variation with the standard Sinc func-
tion and the time shift sequence correlation coefficient
are shown in Fig. 4.

As it can be seen from Fig. 3, b: when two sequence
correlation coefficient curve is on the convex, and the
bounds of the two correlation coefficients are [0.991,
0.996] and [0.914, 0.962] respectively. Thus, it can be
determined that based on the sequence correlation be-
tween the two groups d,(7) and d,(¢), with the standard
Sinc function sequence, the average amount of lag is 0
and 3, respectively.

Curve alignment experiment. This section main-
ly tests on the GQS algorithm performance, and makes
comparison with the classical CMRM algorithm,
maximum likelihood registration (hereinafter referred
to as MLR) and the self-modelling registration (re-
ferred to as SMR) are compared. To be fair, the results
of CMRM algorithm and MLR are 5 times the average
results of operation. The experimental machine is con-
figured as the following: Intel quad-core CPU (fre-
quency of 2.83 GHz), 3G memory.

Align the Sinc function containing noise with the
time difference functions d,(¥) = 0.01#2 — 0.36 and
d,(1) =0.005#(¢ — 6)(¢ + 6) with the standard Sinc func-
tion curve. And the trend of variation with the stan-
dard Sinc function and the time-lag series correlation
coefficient is shown in Fig. 4.
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As shown in Fig. 4: For the time difference func-
tion, MLR alignment effect is poorer, the other three
kinds are close to the actual value; for the time differ-
ence function, the MLR and CMRM alignment effect
is poorer, SMR and S-GEM are very close to the time
difference function.

Tables 2—5 are the alignment results of the Sinc
function, respectively, using CMRM, MLR, SMR,
S-GEM under two kinds of time functions.

As can be seen from Table 5, GQS algorithm ac-
curacy is closely related to the sampling points, and for
more complicated time function, it requires more
sampling points; the run time of GQS algorithm
changes mainly with the increase of the sampling
points.

It can be seen from the results of the comparison of
Tables 2—5: when time difference function is d,(?),

— dw=0
0.8/ —— d(t)=d, ()
| —— d(t)=d,(t)

—— d(t)
—H— dy(1)

Time shifted sequence
correlation coefficient

-10 -6 -2 2 6 10
Time shifting variable m

b

Fig. 3. Sinc Function and Time Shift Sequence
Correlation Coelfficient Variation Diagram

139




IHOOPMALIAHI TEXHONOTIT, CACTEMHUMN

AHANI3 TA KEPYBAHHA

0.40 Table 4
0.35
0.30 Sinc Function SMR Alignment Results
0.25 _ P .
0.20 g arameter 3
2 ) =
giz Time = g N - 2 g
0.05 difference “é‘ E |85 28 g S g RMSE
el function G 2 § £ § = g S
0.00 % Z. 8 z LS 2 g
w s M
4 d\(1) 1 4 7 549 | 0.0606
2 3 8 6.87 0.0118
3 3 8 6.05 0.0133
4 4 7 5.65 0.0632
5 3 7 6.27 0.0512
Mean 34 7.4 6.06 0.0400
dy(?) 1 4 12 21.99 | 0.0208
2 4 11 25.10 | 0.0474
3 5 13 24.56 | 0.0674
4 4 12 23.82 | 0.0611
5 4 15 23.00 | 0.0888
Mean | 42 | 12.6 | 23.69 | 0.0571
b
Fig. 4. Results of 4 Methods of Alignment Table 5
. o Sinc Function GQS Algorithm Alignment Results
CMRM has the highest precision, but also the lowest
efficiency; SMR and S-GEM’s accuracy and efficien- w | e =
cy are about the same, but the SMR results are not as Time difference g8 | £ ; ez
stable as S-GEM; the precision of MLR is the worst, function § 5 g 5 Z % RMSE
and the efficiency is not high; when time difference =35 | &< =
function takes d,(7), the precision of SMR and S-GEM ©
is relatively high, but the SMR efficiency is far worse d(?) 0.01 10 0.15 0.2618
than S-GEM, but not as stable as S-GEM. 30 4.29 0.0293
The above experiments show that, when the time 28 1767562 88};2
diffi function is simple, th isi fCMRM : :
ifference function is simple, the precision o , 100 25.47 0.0169
0.05 10 1.13 0.0835
Table 2 30 3.2 0.0180
Sinc Function CMRM Alignment Results Rl A T I
(mean of 5 Times) 100 | 2487 | 0.0245
Time difference function | Run duration (s) | RMSE 0.1 10 0.15 0.2618
30 3.13 0.0301
d(1) 20.32 0.0038 50 733 | 0.0191
dy(9) 30.74 0.0891 80 15.19 0.0232
100 19.72 0.0298
Table 5 GO i | ooss
Sinc Function MLR Alignment Results 50 3.04 0.0297
(mean of 5 times) 80 16.61 | 0.0269
100 27.82 0.0340
Parameter
0.05 10 0.15 0.2969
Time 5 | . & 30 4.09 0.0337
. 2 Run
difference | 2 © E 3£ X RMSE 50 8.15 0.0224
function | S5 | $E§ | drion® 80 | 1678 | 0.0261
g | == < 100 22.75 0.0288
() 0.1 50 1460 | 0.1086 0.1 ;g 25 8'32%
0.1 100 22.24 0.1462 50 7'09 0'0324
dy(1) 0.1 50 14.51 0.1504 80 14.73 0.0265
0.1 100 21.83 0.1337 100 20.60 0.0374
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SMR and S-GEM is all relatively higher, but the effect
of CMRM is relatively poor; when the time difference
function is relatively complicated, the alignment re-
sults of SMR and S-GEM are good, but S-GEM is
better in the efficiency and stability.

In conclusion, it is noteworthy that in the align-
ment of the leading index contrast consistent process,
compared with CMRM, SMR and MLR, GQS algo-
rithm is superior in alignment effect (the correlation
coefficient and intuitive graphics) to the other meth-
ods, and the computation efficiency is higher than
CMRM and SMR.

Summary and outlook. At a certain significance
level, this paper has proposed that the upper and lower
bounds of the overall correlation coefficient shall be
applied to determine the correlation; there are multi-
ple causes of spurious regression problem, at present a
strict and accurate identification method has not yet
been identified. For the correlation error, this paper
can determine its correlation from the characteristics
of the relevant coefficient of the grey theory time shift
sequence. For the relevant sequences with time warp-
ing, the maximum model based on the grey theory
correlation coefficient and the improved algorithm is
established, with the applicable scope wider than the
AISE standards. The experimental results show that
the correlation determination method proposed in this
paper is more effective than Pearson linear correlation
coefficient, Spearman rank correlation coefficient,
Kendall rank correlation coefficient and the Granger
causality test. In most cases the proposed GQS algo-
rithm is superior to CMRM, SMR and MLR. This
paper has taken the double sequence linear correlation
issue and function type curve alignment method into
consideration, and the results can be used to provide
the theoretical basis for the correlation determination
of the regression analysis and the time alignment, and
can also offer the reference direction for the multiple
sequential correlation mining and curve alignment.
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Merta. I3 po3BUTKOM Tepenadi BEIUKUX 00’eMiB
JaHUX, iIHTEJIEKTYyaJbHUI aHali3 YyacOBUX PsIiB CTaB
BaXXJIMBOIO TEMOIO, 1110 MIPUBEPTAE 10 cede yBary cyc-
nibcTBa. Ha 0CHOBI Kopesidllii Ta CIiJIbHOCTI Yyaco-
BUX PSIiB, PO3IISIHYTA IIBHAKA MOIENb iHTEJICKTY-
aJIbHOTO aHAaJIi3y YaCOBUX ITOCTiIOBHOCTEI.

Metoauka. 3arpoIToHOBAaHO METOI BU3HAYCHHSI
KOpeJisiilii, 3aCHOBaHUM Ha O0COOJIMBOCTSIX BilIlOBia-
HOTo KoedillieHTa 3CYHYTOI YacOBOi MOCTiTOBHOCTI.
VY KiH1LIeBOMY paxXyHKY, 3allpOIIOHOBAaHa IIBUIKA MO-
JIeJIb iHTeJIEKTYyaJIbHOTO aHajli3y 4acCOBUX MOCJIiIOB-
HOCTEM, 3aCHOBaHa Ha Teopil Cipux CUCTEM.

PesynbraTii. Metomosioriss BUSHaU€HHSI KOpeJisi-
11ii, 3aIpoIroOHOBaHa B MaHiil poOOTi, € OiIbII edeK-
TUBHOIO0, Hi3K KoeilLlieHT JiHiitHOT Kopensii [Tipco-
Ha, KoedillieHT paHroBoi Kopesiilii CripMeHa, Koe-
diuieHT panrosoi Kopessilii Kennamra ta tect I'peH-
JKepa Ha IIPUIUHHICTD.

HaykoBa HoBu3Ha. Y poOOTi 3anporoHOBaHE
00’eTHaHHS IIBUIKOTO METONA BU3HAYEHHS KOPEJISLIil
MOCJIIOBHOCTEN i MeTOda BUPiBHIOBAHHSI MO KPUBIA.

IIpakTnyHa 3HaYuMmicTb. Pe3ynbraTu MOXYTb
3a0€3MeYnUTH TEOPEeTUIHY 0a3y ISl BU3HAYCHHS KO-
pensuii perpeciiiHoro aHaji3y Ta 4aCOBOI'O BUPiBHIO-
BaHHSI.

KmouoBi cioBa: meopis cipux cucmem, uacoge
BUPIBHIOBAHHS, KOPeAsaYis, 4aco8a NOCAI00BHICMb
JdaHux, iHmeAeKmyaibHUll AHani3 0AHUX, GUPIGHIO-
BAHHS NO KpUBIll, mecm Ha NPUUUHHICIMb
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Iean. C pazBuTveM TEXHOJIOTUM TTepeaayu 00b-
IMX 00bEeMOB, MHTCJUICKTYAJTBHBIM aHaIN3 BpeMcH-
HBIX PSIIOB CTaJl BAaXKHOM TeMoIf, KOTopasl TIpUBJIeKa-
eT K cebe BHUMaHue oObliectBeHHOocTU. Ha ocHoBa-
HUM KOPPEISIIIUM U OOITHOCTA BPEMEHHBIX DPSIIOB,
paccMoOTpeHa ObICTpasi MOIEIb MHTEIUIEKTYaJIbHOTO
aHaJM3a BPEeMEHHBIX MOCIEN0BaTEIbHOCTE.

Metonuka. IlpeanoxeH MeTon omnpeaeacHUs
KOppeIsIUui, OCHOBAaHHBIM Ha OCOOEHHOCTSIX COOT-
BETCTBYIOIIIEro KoaddureHTa CiBUHYTONH BpEeMeH-
HOI1 TTocJIenoBaTeIbHOCTH. B KoHeUHOM cueTe, Ipe-
JIOKeHa OBICTpasi MOEIb WHTEJUICKTYaJIbHOTO aHa-
JIN3a BPEMEHHBIX ITOCIIEIOBATEILHOCTE, OCHOBAH-
Has Ha TCOPUU CEPBIX CUCTEM.

PesynbraTel. MeTomonorust onpeneieHust Kop-
peaLnU, IPeMIOKeHHAS B JaHHOI paboTe, SIBJISIeT-
cd bosree appeKTUBHOM, YeM KO (PUILIMEHT JIMHEH -
HoMl koppensuuu IupcoHa, kodpGUIIMEHT paHTO-
Boii Koppensiuuu CrimpmeHa, Ko3(@UIMEeHT paHro-
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Mengzi Tang!,
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Boii koppemsimuu Kenmamna m tect I'peHmKepa Ha
MPUINHHOCTD.

Hayuynasa noBu3zHa. B padote npenjioxkeHo o0b-
eNMHEeHNe OBICTPOrO METOIA OTIPEHCICHIS KOPPEs-
1M IIOCIeNOBaTEIbHOCTEI 1 METOIA BEIPAaBHUBAHUS
IO KPUBOM.

IIpakTHyeckas 3HAYMMOCTD. Pe3yabTaTel MOTyT
o0ecrneunTh TeOpeTUUECKyIo 0a3y aJisi onpeaeaeHUs
KOppeJsMy perpecCMOHHOro aHajaru3a U BpeMeHHO-
ro BbIpaBHUBaHUSI.
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Purpose. With the growing demands of image processing on the Internet, image compression and encryption
have been playing an important role in image protection and transfering. In this paper we will investigate deep
learning technology in image compression, and chaotic logistic map in image encryption, to obtain a scheme in
image compression and encryption. We have evaluated this scheme with some performance measures and results
show it is effective.

Methodology. We formulate the scheme using deep learning and chaos. With the deep learning technology,
levels of features are extracted from an image and a certain level of features can be used as a compressed represen-
tation of the image. Chaos is used to encrypt the compressed image.

Findings. We first introduceda five-layer Stacked Auto-Encoder model, which is trained by the Back Pro-
pogration method, and then we obtained the compressed representation of an image. By using the logistic map
method, a pseudo-stochastic sequence is generated to encrypt the compressed image.

Originality. We conducted a study of image compression and encryption. Image characteristics are extracted
from an arbitrary level of our deep learning model, and they are used as the compressed representation of the im-
age. The research on this aspect has not been found at present.

Practical value. We have evaluated this scheme on several randomly selected images. And results show it is
robust and can be widely used for most images.

Keywords: stacked auto-encode, deep learning, image protection, image feature, image compression, im-
age encryption
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Introduction. With the development of multime-
dia technology and communication technology, mul-
timedia entertainment has played an important role in
people’s daily lives. Pictures and videos take up the
main part of multimedia entertainment. It brings aus-
tere challenge to store and transmit those data, and
puts forward higher requirement on the limited-band-
width Internet, especially for large and high-quality
digital images. The limited bandwidth of the Internet
greatly restricts the development of image communi-
cation, and thus the image compression technology
has been attracting more and more people’s attention
[1]. The purpose of image compression is to represent
and transmit the original large image with minimal
bytes, and to restore the image with not-so-bad quali-
ty. Image compression reduced the burden of image
storage and transmission on the network, and achieved
rapid real-time processing on line. The information of
an image is fixed, but the different representations of
the image lead to different changes in the amount of
data stored in the image. So in the representation with
larger amount of data, some data is useless or represent
the information that is represented by other data, they
are irrelevant or redundant. The main purpose of im-
age compression is to compress the image by removing
redundant or irrelevant information, and to store and
transmit digital compressed data on a low bandwidth
network.

Image compression techniques can be traced back
to the digital television signals proposed in the year of
1948. There is almost 70 years of history. During this
period there have been a variety of image compression
coding methods. Especially in the late 1980s, due to
the wavelet transform theory, the fractal theory, the ar-
tificial neural network theory and the visual simula-
tion method, image compression technology was well
developed. Image compression methods can be classi-
fied into two kinds: one may lose information during
compression, and the other one can keep full informa-
tion, that is, lossless coding methods and limited-dis-
tortion coding methods. Lossless coding methods will
not suffer loss of information after compressing imag-
es, yet without a good compression ratio. The basic
principle of this kind of methods is as follows: an im-
age consists of features, using the statistical features of
the image, if a feature appears many times in the im-
age, it will be encoded in shorter bits, and if a feature
appears only once or limited times, it will be encoded
in longer bits. And a complete image is always com-
posed of a large number of repeated features. Accord-
ing to that, the image will be represented by many
short-bits coding features and few long-bits coding
features. On the basis of guaranteeing the image qual-
ity after compression, limited-distortion coding meth-
ods maximize the compression ratio. The original im-
age and the compressed image look very similar though
some information has changed. The normally used
limited-distortion coding methods are: the predictive
coding method, the transform coding method and the
statistical coding method. The limited-distortion cod-
ing method is more frequently used than the lossless
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coding method because the former has a larger com-
pression ratio. Its premises guarantee visual effects,
which remove the information that the human eyes are
not sensitive to.

The features of images can be learned automati-
cally using deep learning models, rather than proposed
manually. Suitable features can improve the perfor-
mance of image recognition. Over the past years, fea-
tures of images were always specified manually that
depended on the designers’ prior knowledge, and the
number of features were very limited. Deep learning
models can learn unlimited number of features auto-
matically. A good feature-extraction method is a pre-
requisite for optimization of image processing. Using
deep learning models, unpredictable features of imag-
es can be learned, and these unpredictable features can
also be used for image protection. In this study, we
proposed a model to compress and encrypt images.
Based on SAE, a multi-layer model is constructed. An
image is put into the first layer and the output data
from a different level of layers reconstruct the original
image at a different level of comprehension. If the size
of the output data from an arbitrary layer is smaller
than the size of the original image, the representation
at this layer is a compression representation. Because
the model has more than one hidden layer whose neu-
rons are smaller than the input layer’s, the model can
achieve multiple levels of features, and each level of
features represents a compressed image. So, multiple
compression ratio can be obtained using this model.
The compressed image is further encrypted using cha-
otic logistic map. This model can be used in tasks that
have certain requirements for image transmission
speed and security.

Analysis of the recent research and publica-
tions. Stacked Auto-Encoder. Auto-Encoder (AE)
is a single hidden layer model, and is an unsupervised
learning neural network, Fig. 1, b. It is actually gener-
ated by two identical Restricted Boltzmann Machine
models (RBMs) [2], Fig. 1, a. A RBM and a reversed
RBM generate an AE model. Stacked Auto-Encoder
(SAE) is a multilayer AE, it is composed of several
AEs. The previous AE’s output is the later AE’s input,
i.e. several AEs’ encoding sections are put together
one by one and their decoding sections are put togeth-
er in reverse order. This is a more complex AE model,
having several hidden layers rather than one. Using
greedy training methods, monolayer AE can be trained
to learn weights directly, however, it is hard for SAE
because several more hidden layers would consume
too much computation time. In order to cut down the
training time, the training process of SAE is divided
into two steps: pre-training and fine-training. At first,
each hidden layer is trained one by one, then the entire
model is trained using the Contrastive Divergence
(CD-k) [3].

In Fig. 2, the left three layers (X, A,, h,) consti-
tute the encoding part of the SAE model. In the pre-
training phase, the input data Xis encoded and yield 4,
and then 4, isdecoded and yield X”, the errore= X" — X,
e is used to adjust the weights between the layer X and
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a — Restricted Boltzmann Machine (RBM); b — Au-
to- Encoder
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Fig. 2. Stacked Auto-encoder

the layer 4,; then the output value of previous AE is set
as the input data of layer 4, it is encoded and yield 4,,
h, is decoded and yield /47, the weights between the lay-
er &, and the layer 4, are adjusted using e = 4 — h,; after
multiple encoding and decoding operations, pre-opti-
mal parameters (W, b) are obtained, and they make the
model easy to train in the fine-training phase.

The encoding part (X, &,, h,) of the SAE model is
flipped to get a decoding part: (4,, A7, XT). The two
parts are combined to form a model that has the func-
tions of encoding and decoding, Fig. 2. In the fine-
training phase, the weights are finely adjusted so that
the optimal solution is closer little by little. Using the
CD-k algorithm and the gradient descent algorithm,
the fine-tuning process gradually approximates the
optimal solution of the model. The detailed fine-train-
ing process is described as the following steps [4]:

1. Feedforward processing is performed by com-
puting the activation for each middle layer.
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2. The grade error for the output layer is

8" = ~(y=a"")- f"("). (1)
3. The grade error for every middle layer is
80 =W ) §) 11", 2)
4. The partial derivatives
T
Vol (W.bx,y) =8 (a") ; 3)
Voo d (W.bix,y) =8, “)

5. The overall cost function is set as the following

J(W,b)={%2’J(W,b;x(i),y(i))}- 5)

SAE has strong representation expression ability
and advantages of deep neural networks. AE can learn
the characteristics of input data, then SAE can learn
multi-level characteristics. In the first hidden layer,
SAE can learn first-order features of the input data; in
the second hidden layer, SAE can learn second-order
features of the input data. E.g. the input data is a set of
images, the first hidden layer may learn a collection of
edges, and the second hidden layers may learn how to
combine a number of edges together to form an out-
line, a higher hidden layer may learn much more vivid,
special and meaningful features. Features of each level
can help us better operate image processing, such as
image classification, information retrieval of images,
and so on. These features can also be used to compress
images. For example, an image with 100 pixels is put
into the input layer, the input layer has 100 neurons,
each pixel is put into a corresponding neuron, then a
hidden layer with only 10 neurons yields a 10-dimen-
sional vector, which owns features of the input data
and can be considered as a reconstruction of the input
image, so this image is compressed and the compres-
sion ratio is 10.

Image encryption schema using chaotic logistic
map. Chaos-based cryptographic algorithms have su-
ggested efficient ways to develop secure image encryp-
tion. These algorithms are sensitive to their initial con-
ditions. Any tiny change can cause greatly different
responses that guarantees the efficiency of encryption
schemas. The logistic map is one of them. It is an iter-
ated logistic map that has proved great importance in
many fields of information processing. Such fields in-
clude but are not limited in the following: population
of biology, chemistry, encryption, communication
and ecology. It also works in modelling the dynamics
of a single species. The stability and bifurcation of the
logistic map has been studied a lot, such as Cohen-
Grossberg neural networks with delays [5] and the
Neimark-Sacker bifurcation with delay [6].

The logistic map is of a non-linear recursive rela-
tion. It can suggest deterministic chaos. Its mathemat-
ical equation is written as

xn+1:rxn(l _xn)> (6)
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where X, is an initial condition which is a float number
between 0 and 1 (exclude 0 or 1), r is a positive con-
stant which is also a float number between 3.5699 and
4 (include 4, and 3.5699 is an approximation). After NV
iterations, a sequence will be obtained. The sequence
is like the form of {x,, x,, X3, ..., x»}. It is a stochastic
sequence which can further be used for encryption
tasks. In this study, the initialized number X, is gener-
ated from the SAE model, and then is used for image
encryption.

Image compression encryption model. The im-
age is compressed using the SAE, and then the com-
pressed image is encrypted using the sequence gener-
ated by the chaotic logistic map.

The diagram in Fig. 3 shows the algorithm of this
model. See the following for detail:

1. Initialization. A five-layer SAE model is con-
structed (Fig. 2). In the model, the second layer has a
smaller number of neurons than the input layer in or-
der to realize the primary image compression, and the
third layer has a smaller number of neurons than the
second layer in order to realize the second-stage image
compression. The rest fourth and fifth layers are sepa-
rately the mirrors for the second and first layers. In the
study of image processing using Convolutional Neural
Networks (CNN), it was supposed and has been
proved by a large number of experiments [7] that an
image could be divided into a number of regions and
the characteristics learned by CNN from different re-
gions are similar or even the same. We use this suppo-
sition in our study. The image is divided into pieces
which have the same size. Every piece is a sample.
A training set consists of all pieces from one single im-
age. For the convenience of handling images in SAE,
values in this data set will be normalized as float num-
bers in the range of 0 to 1 before they are put into the
model. Our model is trained using this normalized
data set. Levels of learned features will be anti-nor-
malized to get the final output, which are values of pix-
els for a compressed image. According to the dense
representation, the image is compressed. The constant
ris initialized.

2. Learning compression representation using the
SAFE model. The activation function f () is a nonlinear
function, and the sigmoid function is used in the ex-
periment. By training the SAE model, we get a com-
pression representation from an arbitrary hidden layer.
This representation then forms a compressed image.
Because the sigmoid function output is a float number
between 0 and 1, which meets the requirements for ini-

Plain Image r

SAE L Chaotic Logistic

Map

[T I

Levels of .
repr:sv:niaotions Chaotic Encrypted
VoL Sequence
Compressed Compressed

Image

Image

Fig. 3. The compression encryption model
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tializing x;, a certain one from the output values is cho-
sen as x,. In the experiment, the first one is chosen.

3. Generating a chaotic sequence. Using chaotic
logistic map with x; and r, a sequence .S'is generated, S'=
={x1,%y, X3 ..., Xy}, where NVis the size of the compressed
image, e.g., a compressed image has 100 = 100 pixels,
N =100 * 100 = 10000.

4. Image encryption and image decryption. The
encryption and decryption functions are described
following, where E is the encrypted image, C is the
plain image (the compressed image), .S'is the sequence
generated in step 3), bitxor(-) is a bit XOR function

E =bitxor(C, S); 7
C =bitxor(E, S). 8)

5. Image reconstruction. The compressed image is
recovered through the SAE model. Fig. 2, if the com-
pressed image came from the layer of 4,, a new model
is reconstructed with only the layers of {X, A,, A,}
which shares the parameters learned in step 2). The
compressed image is normalized and is put into the
layer of 4,, then the output from the layer of X repre-
sent the recovered image.

The practicability of the algorithm will be verified
in the next section.

Experiments. This new model was evaluated on
several images taken from the standard set of images.
They are house, airplane, lake and pepper. They have
the same size as 512 by 512. Images split into pieces
with the same size of 8 by 8. The number of neurons in
the input layer was 64, and the number of neurons in
the hidden layers was adjusted to achieve different
compression ratios (CRs), thatis, 4 : 1 and 16 : 1 for 16
and 4 neurons. In the back part of this section, the
compressed images were encrypted. Correlation Anal-
ysis was performed to evaluate the effect of the encryp-
tion schema.

Compression effects are shown in Fig. 4. In order
to quantitatively verify the effects, Mean Square Error
(MSE) and Peak Signal-to-Noise Ratio (PSNR) are
introduced. MSE [8] is the average of the square of the
difference between the expected response and the ac-
tual output. It is also called squared error loss. PSNR
[9] is the ratio of maximum power of the signal and the
power of noise. It is commonly used to measure the
quality of reconstruction in image compression. Their
mathematical definitions are following equations

1 m=1 n-1
o 2 o=@ DF: )
2
PSNR=101og, | A% (10)
MSE

where MAX; is the maximum possible pixel value of
the image, that is 255 in this experiment, m * n is the
image size, [ is the original image and /y is the recon-
structed image.

MSE and PSNR were computed for three primary
colour channels (Red, Green and Blue, also called
RGB), respectively. And the results at the CRs of 4 : 1
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Fig. 4. Compression effects:

a — original image of house, image reconstructed at
a CRof 4: 1, image reconstructed ata CRof 16 : 1;
b — original image of airplane, image reconstructed
at a CR of 4 : 1, image reconstructed at a CR of
16 : 1; ¢ — original image of lake, image reconstruct-
ed at a CR of 4 : 1, image reconstructed at a CR of
16 : 1; d — original image of pepper, image recon-
structed at a CR of 4 : 1, image reconstructed at a

CRof16: 1
Table 1
MSE and PSNR of the reconstructed images at a CR
of4:1
Images R G B
House MSE 37.7696 51.1280 37.0831
PSNR 32.3594 31.0442 32.4390
Air- MSE 21.4800 32.9829 15.8055
plane
PSNR 34.8105 32.9479 36.1427
Lake MSE 32.2390 101.1015 56.4297
PSNR 33.0470 28.0832 30.6157
Pepper | MSE 48.8470 60.6932 39.5987
PSNR 31.2424 30.2994 32.1540
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Table 2
MSE and PSNR of the reconstructed images at a CR
of 16 : 1
Images R G B
House MSE 110.9180 136.8415 118.2971
PSNR 27.6808 26.7686 27.4011
Air- MSE 119.2817 114.3715 71.0135
plane
PSNR 27.3651 27.5476 29.6174
Lake MSE 62.2023 174.2972 144.9320
PSNR 30.1927 25.7179 26.5192
Pepper MSE 71.5491 149.3480 74.9371
PSNR 29.5848 26.3888 29.3838

and 16 : 1 are listed in Table 1 and Table 2, respec-
tively.

The encrypted images of the compressed ones at
CRsof4:1and 16 : 1 are shown in Fig. 5 and Fig. 6,
respectively. Correlation Analysis was performed to
quantitatively evaluate the effect of the encryption
schema. The correlation coefficient is used to evaluate
the correlation of a pair of adjacent pixels, and it is de-
fined below [10]

r, =(E(w)- E(x) E(»))/[JD(x){D()). (1)
where r,, is the correlation coefficient of the variables
xandy, E(-) isthe mean function, D (-) is the variance
function, x and y are adjacent pixels.

To simplify the processing, colour images were
converted to grayscale before use. Experiments were
repeated ten times, correlation coefficients of each im-
age were averaged. Results for reconstructed images
and encrypted compression images at the CRs of 4 : 1
and 16 : 1 are listed in Table 3.

C d

Fig. 5. Encrypted images of the compressed ones at
aCRof4:1:

a — encrypted house; b — encrypted airplane; ¢ —
encrypted lake; d — encrypted pepper
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c d

Fig. 6. Encrypted images of the compressed at a
CRof16: I:
a — encrypted house; b — encrypted airplane; ¢ —
encrypted lake; d — encrypted pepper

The experimental results show that this new model
is effective and it can be used for image transmission
and image protection on the Internet simultaneously.

Conclusions. A scheme of deep learning in image
compression and encryption was proposed. Based on
SAE neural networks, images are compressed. And
then the compressed ones are encrypted using chaotic
logistic map. This scheme can be used for image trans-
mission and image protection on the Internet simulta-
neously.
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Table 3

Correlation Analysis for reconstructed images and
encrypted compressed images at the CRs of 4 : 1

CRof4:1 CRof16:1
bt bt
Images é '03 a é -03 2
S % g‘ S % g‘
©a = ©a 2
a| 8a|
House 0.9532 -0.0391 0.9369 0.0079
Air- 0.9632 0.0038 0.9745 0.0361
plane
Lake 0.9820 -0.0087 0.9855 0.0267
Pepper 0.9796 0.0488 0.9902 0.0261
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Merta. 3 nocHJIeHHSIM BUMOT 0 0OpOOKU 300pa-
XKeHb B IHTepHeTi, CTUCHEHHSI 300paKeHb Ta nQpy-
BaHHSI TPalOTh BaXKJIMUBY POJIb Y 3aXMCTi 300paXkeHb IpU
nepenadi. 3amisi OTPUMaHHSI HOBOI CXeMUW CTUCHEHHS
Ta muMdpyBaHHS 300paXeHb y il poOOTi JOCTiIXKY-
€TbCSI TEXHOJIOTiSI IMOWMHHOIO HAaBYaHHS TPU CTHC-
HEHHi 300paXeHb i XaOTUYHE JIOTiICTUYHE BiTOOpaKeH-
H# B lMdpyBaHHi 300paxkeHb. Hamu npoBeneHa oliH-
Ka L€l cXeMU 3a JeKiIbKOMa KPUTEpiIMU e(heKTUB-
HOCTI, i pe3y/IbTaTu MiATBEPAUIN 11 €(DEKTUBHICTb.

Meromnuka. Hamu 3ampornoHoBaHa cxeMa 3 BU-
KOPUCTAaHHSIM IJIMOMHHOTO HaBYaHHS Ta Xaocy. 3a
JIOTIOMOTOI0 TEXHOJIOTi1 IMTMOMHHOIO HaBYaHHS i3 30-
OpakeHHST BUJIyYalOTh PiBHi XapaKTepPUCTUK, i MeB-
HUI piBeHb XapaKTEpUCTUK Aajli MOXe OYyTH BUKO-
pUCTaHUI B SIKOCTi CTUCHYTOTO IMPENCTaBICHHS 30-
OpakeHHs1. XaoC BUKOPUCTOBYETHCS IS M pyBaH-
HST CTUCHYTOTO 300pakeHHSI.

PesynasraTii. CriouaTky HamMu BBeAeHA I’ SITUPiB-
HeBa (I’ ATUIIApOBa) MOJEIb KACKaIHOTO aBTOKOMY-
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BaJIbHMKA, IO HABYAETHCS 32 METOHOM OOEpPHEHOTO
PO3IMOBCIOMKEHHS TIOMIJIKH, a TIOTIM MU OTPUMAaJIA
CTHCHEHE TIPEICTaBIICHHS 300pakeHHS. 3a TIOITOMO-
TOI0 METOMY JIOTICTUIHOTO BimoOpaxkeHHS TeHEPYETh-
CsI TICeBIOCTOXAaCTUYHA TOCTITOBHICTD I IMIUGPY-
BaHHSI CTUCHYTOTO 00pasy.

HaykoBa HoBu3Ha. Hamu mpoBeneHe nocii-
JIXKEHHSI CTUCHEHHS Ta IuupyBaHHs 300paxeHb. I3
JIOBiJIbHOTO PiBHSI 3aIllpONOHOBAHOI MO TJu-
OMHHOIO HaBYaHHS BUJIYYalOThCSl XapaKTEPUCTUKU
300paxkeHHsI, IO BUKOPUCTOBYIOTHCSI B SKOCTI
CTUCHYTOTO TIpeACcTaBlieHHsI 300paxeHHs. ocii-
IDKeHHST 3a IIAM acIleKTOM He OyJIiM 3HaWIeHi Ha
CHOTOMHI.

IIpakTuyna 3HAYMMICTb. MU OLIIHWJIN 11}0 CXEMY
Ha JEeKiJIbKOX BHUITAJKOBO OOpaHUX 300pakKeHHSIX.
Pesynsrat mokasyloTh, IO CXeMa CTMCHEHHS Ta
MpyBaHHS € pOOACTHOIO Ta MOXE IITUPOKO BUKO-
PUCTOBYBATUCS JJIsI OiIBIIOCTI 300paKeHb.

KimouoBi cnoBa: xackaduuil aémokodysanv-
HUK, eAubOUHHe HABYAHHA, 3aXUCH 300padiCeHHs,
03HAKa 300pasceHHst, CMUCHEHHS 300paicens, uli-
ppysanns 306pasrceHHs

Iexs. C pocToM TpeboBaHMIT K 00pabOTKe M30-
OpaxeHuii B MHTepHeTe, cxkaTtue M300paxeHU U
murdpoBaHe UTPAIOT BaXKHYIO POJIb B 3aIIUTE U30-
OpaxeHus1 Tipu mnepemade. Jis moiaydyeHUs] HOBOM
CXeMBbI CXKaTus U MG poBaHUS U300pakeHU B 9TOM
paboTe uccienyeTcsl TEXHOJIOTUS ITyOMHHOTO 00yyJe-
HUSI TIPU CKATUX U300paXkKeHU I U XaOTUIECKOE JIOTH-
CTHUYECKOe OTOOpaxKeHue B I pOBaHUU U300pake-
Huil. HamMu npoBeneHa olieHKa 3TOM CXeMBbl MO He-
CKOJIBKUM KpuUTepusiM 3(ppeKTUBHOCTH, U pe3yJibTa-
Thl NOATBEPAUIU €€ dPPEKTUBHOCTD.

Mertoauka. Hamm mipensioxkeHa cxeMa ¢ MCTIONb-
30BaHUEM ITTyOMHHOTro 00ydYeHus 1 Xaoca. C ImoMo-
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11IbIO TEXHOJOTUM IIYOMHHOIO 00yYeHUsT 13 u3o0pa-
KEHHST W3BJICKAIOTCSI YPOBHU XapaKTEPUCTUK, WU
OIIpene/IeHHBIN YPOBEHb XapaKTePUCTUK Hajiee MO-
XKeT OBITh MCIIOJIb30BaH B KauyeCTBE CXKATOTO IIpel-
CTaBJICHUSI M300paXkeHMUs. XaoC MCIIOIb3YeTCsT IS
murGpoBaHUs CXKAaTOTO N300pakKeHUSI.

PesyabraTbl. CHavaja HaMu BBeAeHA ISITUY-
poBHeBas (MATUCIONHAA) MOJENb KACKaJHOTO aB-
TOKOIMPOBIIMKA, KOTOpas oOydaeTcss MO METOMy
0oOpaTHOro pacrnpocTpaHEHUs] OIIMOKMU, a 3aTeM
MBI ITOJIYYMJIM CXaToe€ IpeicTaBieHne u3o0paxke-
Hus. C MOMONIbIO METo/a JIOTMCTUYECKOTO OTO-
OpakeHUs TeHEepUpPYeTCs TIICEeBIOCTOXAaCTUIECKas
MMOCJICIOBATEILHOCTD I IMU(MPOBAHUS CXATOTO
obOpa3sa.

Hayuynas moBu3na. Hamm mpoBeneHoO mcciieno-
BaHUE CxXaTus U 1IudpoBaHUs U300paxeHUin. M3
MIPOM3BOJILHOTO YPOBHS MPEMIOKEHHOMN MOIEN [Ty~
OMHHOIO OOYyYEeHMsI HM3BJICKAIOTCS XapaKTepUCTUKU
M300paxkeHusl, KOTOpble UCIOJb3YIOTCSI B KayecTBe
CXKaToro TpeacTaBieHus nzoopaxkenusi. Mccaenona-
HUS 10 TOMY acCIIeKTy He ObLIM HaliIeHbl B HACTOSI-
1ee BpeMsl.

IIpakTHYecKas 3HAYMMOCTB. MBI OLICHWIN 3Ty
CXeMy Ha HECKOJBKUX CIIyJaiflHO BBIOpAHHBIX M30-
OpaxXeHMSIX. Pe3ymbraThl ITOKa3bIBAIOT, YTO CXeMa
cxatus U I poBaHUS SIBJISIETCS pOOACTHOM U MO-
XeT IMMPOKO WCITOJIb30BAThCS IS OONBIIMHCTBA
U300pakeHU.

KimoueBbie €JI0Ba: KACKAOHbLI aA8MOKOOUPOE-
WUK, 21yOUHHOE 00yUueHue, 3auuma u300paxceHus,
NPUBHAK U300padCeHUs, cocamue U300padceHull,
wugpoeanue uzoobpajiceHus

Pexomenodosarno 0o nybaikauyii doxkm. mexH.
nayk B.B.Inamywenxom. Jlama Haoxo0xucenHs
pykonucy 09.01. 16.
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Purpose. Aiming at solving the fusion issue of surveillance images, a simple and efficient fusion framework
using block compressed sensing sampling (BCSS) is proposed in this paper, which consists of two fusion methods
using basic-BCSS and sliding-BCSS respectively.

Methodology. With the superiority of low sampling ratio and low computational complexity, compressed
sensing (CS) theory is widely used in signal processing. The basic-BCSS is a basic version of block based CS, in
which the source image is divided into distinct blocks, and the sliding-BCSS is a modified version of basic-BCSS
proposed for the first time, in which the image is divided into small sliding blocks for each pixel with appropriate
padding. The basic idea of the fusion framework is to select the blocks or pixels with greater L2-norm of the BCSS
measurement outputs of the divided blocks in spatial domain.

Findings. The fusion framework is tested on three pairs of grayscale surveillance images, including infrared
and visible images, and millimeter-wave and visible images, and compared with several traditional fusion meth-
ods. Experimental results demonstrate that the proposed fusion framework can significantly improve the fusion
quality and speed simultaneously.

Originality. A simple and efficient fusion framework using BCSS in spatial domain is proposed for the first

time.

Practical value. It has a certain practical meaning for real-time surveillance applications.
Keywords: image fusion, spatial domain, surveillance, infrared, block compressed sensing sampling, re-

al-time

Introduction. In surveillance applications, the de-
sign of sensors with better quality or some specific char-
acteristics may be limited by technical constraints [1],
and image fusion can fuse the information across the
electromagnetic spectrum, such as infrared, near-infra-
red, millimeter-wave (MMW) and visible bands [1].

The widely used visible image reflects the charac-
teristics of the targets in the visible band, and it is sen-
sitive to the change of the brightness in the scene and
accord with human visual perception [2, 3]. The infra-
red image is sensitive to the objects which have higher
temperature than the background, which make it able
to see at night without illumination, and the disadvan-
tage is its poor spatial resolution [1]. The MMW image
is widely used to detect objects concealed underneath
a person’s clothing using a form of electromagnetic ra-
diation, and it usually have low contrast and higher
noise. Image fusion can take full advantages of the dif-
ferent and complementary information from those im-
ages to make up for the limitation of one single sensor.
The fusion of infrared and visible images also has been
investigated for other surveillance problems in recent

© Lili Chen, Hongjun Guo, 2016
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years, such as image dehazing, face recognition and
many military reconnaissance [1].

In response to the requirements in real-time sur-
veillance applications, the experts and scholars pay
much attention in proposing more effective fusion
methods. The methods are usually categorized into
two basic groups: the spatial domain methods and the
frequency domain based methods.

In spatial domain, the fusion methods are generally
directly functioned on the pixels. The simplest method
is to take the average of the source images pixel by pix-
el, which is known as spatial average (SA) method. An
often mentioned principal component analysis (PCA)
based fusion method mainly adopts the idea of the so-
called ‘component substitution’, which is not suitable
for fusion of two grayscale images and is usually used
in remote sensing image fusion. The Matlab code of
PCA based fusion method provided by Oliver Rock-
inger [4] is actually a simple spatial weighted average
method, where the weights are determined by the nor-
malized eigenvalues of the corresponding covariance
matrix of the stacked images. However, along with
simplicity there come several undesired side effects in-
cluding contrast reduction.
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In frequency domain, the experts and scholars de-
veloped the multiscale decomposition (MSD) based
fusion methods and achieved better fusion perfor-
mance. The classical MSD methods include the dis-
crete wavelet transform (DWT), the shift-invariant
DWT (SIDWT), the nonsubsampled contourlet trans-
form (NSCT) and the nonsubsampled shearlet trans-
form (NSST) etc. Generally, there are three basic steps
for MSD to fuse: 1) the source images are decomposed
into multiscale representations in different scales and
directions; 2) the multiscale representations are com-
posited according to certain fusion rules; 3) the fused
image is reconstructed using the corresponding in-
verse MSD transform [5]. However, no matter which
one of the MSD is used, fusion cannot be achieved
perfectly since MSD requires downsampling and
upsampling during the decomposition and recon-
struction process, and the original and reliable infor-
mation of the source images may be changed to a cer-
tain degree. Besides, each MSD has its own drawbacks.
For example, a common limitation of the DWT and
SIDWT is that they cannot well represent the curves
and edges of images since they lack directionality; the
curvelet and contourlet transforms are shift-invariant,
which are the same as the DWT [1]; the excellent per-
formance of the NSCT and NSST is achieved at the
cost of increasing computational complexity and
memory, which is not suitable for surveillance image
fusion due to their time-consuming property.

Surveillance applications usually involve continu-
ous real-time monitoring, and the major challenge is
to reduce computational complexity while preserving
the fusion quality. Therefore, the important question
in surveillance applications is how to improve the fu-
sion speed [1].

Nowadays, compressed sensing (CS) is widely used
for simultaneous data sampling and compression [6].
The CS principle provides the potential of dramatic
reduction of samplinxg rates, power consumption and
computational complexity in signal processing [6]. In-
spired by this superiority, a novel surveillance image
fusion method based on CS in spatial domain is pro-
posed.

The rest of this paper is organized as follows. Sec-
tion 2 presents the basic sampling theory of the CS,

distinct block

-

e \

sliding block

and then introduces the block-based sampling meth-
od; at last it proposes a modified version of the block-
based sampling for fusion. In Section 3, a simple spa-
tial domain fusion framework based on the two form of
block-based sampling is proposed. Experimental re-
sults and conclusion are demonstrated in Section 4
and Section 5 respectively.

Block-based CS sampling and a modified ver-
sion. Most existing works of CS are not suitable for
real-time applications since the sampling process re-
quires accessing the entire image at once.

Gan [6] proposed a bock-based CS sampling
(BCSS) technique for fast CS, where the original im-
age is divided into small distinct blocks and each block
is sampled independently using the same measure-
ment matrix in a low sampling rate. For simplicity, we
term this divided block scheme the basic-BCSS or
distinct-BCSS, and its schematic diagram is shown in
Fig. 1. The main advantages of the basic-BCSS in-
clude: 1) measurement operator can be easily stored
and implemented through a random undersampled
filter bank; 2) block-based measurement is more ad-
vantageous for real-time applications since the encod-
er does not need to send the sampled data until the
whole image is measured; 3) each block is processed
independently.

Let us consider an /. x [, image X with N =1, x I,
pixels in total and suppose we want to take n» CS mea-
surements. In the basic-BCSS, the image is divided
into small distinct blocks with size of B x B each and
sampled with the same operator. Let x; represent the
vectorized signal of the i-th block through raster scan-
ning, the corresponding output CS vector y; can be
written as

Yi= (I)Bxi’
where @5 is an nz x B? orthonormalized i.i.d matrix

B2
with #, :{n J

N
On the basis of the basic-BCSS, a modified BCSS
is proposed in this paper, which is termed sliding-BC-
SS and shown in Fig. 1. In the sliding-BCSS, the im-
age Xis divided into small sliding blocks instead, where
Xis appropriately padded by repeating border elements

Fig. 1. The schematic diagram of distinct block and sliding block
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in advance. Let us suppose that Xx; ; is a vector repre-
senting the sliding block centered on the location (x, y),
then the measurement result can be written as

Vi ;j=Dpx; ;.

The other parameters are the same as before.

The advantages are: 1) the measurement result of
each sliding block can be utilized to describe the fea-
ture of the specific pixel quantitatively since each pixel
is correlative to its surrounding; 2) the measurement
matrix is conveniently stored and employed because of
its compact size [7].

Fusion framework. In this section, a simple and
efficient spatial domain fusion framework is proposed
for surveillance images. A fused image F'is assumed to
be composed of a pair of the original source images A
and B that have already been registered perfectly. The
fusion framework consists of the following essential
stages.

1. Obtaining the measurements of 4 and B using
the basic-BCSS or sliding-BCSS.

2. Calculating the L,-norm of the measurement for
each block or pixel as the significance.

3. Generating a decision map through comparing
the significances with the same location to form the
fused image F'in spatial domain.

This fusion framework is essentially presented by
two proposed fusion methods.

Experimental results. In this section, three pairs
of grayscale surveillance images shown in Fig. 2, a, b,
Fig. 4, a, b and Fig. 5, a, b are provided to demon-
strate the validity and effectiveness of the two pro-
posed fusion methods. All the images to be fused have
been geometrically registered, which can be down-
loaded on the websites http://imagefusion.org and
http://www.ece.lehigh.edu/SPCRL/IF/cwd.htm.
These images have 256 grayscales and have different
sizes. All the experiments are conducted in Matlab 8.5
on a PC with Intel Core 2.4GHz i3-4000M CPU and
4.00GB RAM.

Apart from the proposed fusion methods, several
different traditional methods are also used in this pa-
per. All the fusion methods are listed as follows.

(M1) SA fusion method [4].

(M2) PCA based fusion method [4].

(M3) DWT based fusion method [4].

(M4) SIDWT based fusion method [4].

(M5) NSCT based fusion method.

(M6) NSST based fusion method.

(M7) The proposed fusion method based on basic-
BCSS.

(MS8) The proposed fusion method based on slid-
ing-BCSS.

In the above DWT, SIDWT, NSCT and NSST
based fusion methods, all the decomposition levels are
3, and all the fusion rules are the average scheme for
lowpass subbands and the maximum choosing scheme
for highpass subbands. The wavelets used in DWT, SID-
WT and NSST are DBSS(2, 2), Haar and ‘maxflat’, re-
spectively, and the wavelets in NSCT are ‘9-7’ for the
pyramid filter and ‘pkva’ for the directional filter.

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6

Fig. 2. ‘Quad’ infrared and visible images and the
Jused images:
a — infrared image; b — visible image; c—j — the
Sfused images using M 1—MS$&, respectively

For evaluating the performance of the proposed fu-
sion methods, several experiments are designed and
the computed fusion results are compared by visual ef-
fect subjectively and quantitative image criteria objec-
tively.

The visual effect analysis mainly focuses on the
quality of the preservations and improvements of im-
portant image features and the overall image contrast,
brightness and saturation.
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The first experiment is performed on ‘quad’ infra-
red and visible images with a size 0f 496 x 632 shown in
Fig. 2, a, b. From the source images, one can see that
the images contain much complementary informa-
tion. The visible image is only sensitive to the light,
and almost all objects are invisible in the image. The
entire image looks dark so that the image lacks bright-
ness and contrast. The infrared image is sensitive to
the difference of temperature, the pedestrians, the cars
and the traffic lights have great contrast in the images.
The resultant fused images based on M1—MS& are
shown in Fig. 2, c—j. From the fused images, we can
easily find that: 1) Fig. 2, ¢ obtained by M1 has the
lowest contrast without suspense; 2) Fig. 2, d obtained
by M2 has pretty much the same appearance as the
source infrared image, and the information of the
source visible image is not transferred to the fused im-
age at all, which indicates that M2 is with the worst
fusion performance in this experiment; 3) Fig. 2, e—A
obtain almost the same fusion effect, which are obvi-
ously better than Fig. 2, ¢, d. However, the images
have low brightness and saturation, and the contrast is
reduced to a certain extent, which are not suitable for
human to perceive; 4) Fig. 2, i, j have approximately
the equivalent results, where the most image features
are conducted, and the images have the same bright-
ness and saturation as the source infrared image.

For a clearer comparison, Fig. 3 depicts the details
of the enlarged areas extracted from the images of
Fig. 2, where the extracted area is shown in Fig. 2, a,
b. It can be seen that the fused image obtained by M8
is with the best visual quality since almost all the useful
information of the source images has been transferred
to it, and it preserves the high contrast and brightness,
which makes the objects very prominent for human
observation. The fused image obtained by M7 is with
the second best quality because it has certain block ef-
fects. Obviously, the block effects will become more
serious as the block size increases. The block size used
in M7 is 5 x 5. The performances of the other fused
images are relatively poor, which is consistent with the
previous discussion.

The second experiment is also performed on infra-
red and visible images. The source images ‘kayak’ are
shown in Fig. 4, a, b with size of 510 x 505. Fig. 4, a is
an AMB image captured by a Radiance HS infrared
camera (Raytheon), and Fig. 4, b is a CCD image cap-
tured by Philips LTC500 CCD camera. Fig. 4, c—j
show the fused images. Through visual observation,
similar conclusion can be obtained, that is, the pro-
posed two fusion methods provide the higher fusion
performances.

The third experiment is performed on ‘gun’ MMW
and visible images with size of 200 x 256 shown in
Fig. 5, a, b. The MMW image is captured under
94 GHz millimeter-wave. As seen from the images, a
concealed gun underneath the right person’s clothing.
The fused images are shown in Fig. 5, ¢—j, and
Fig. 5, i, j provide the relative better performances
with high contrast and brightness, which make it easy
to identify the gun. The other images still have the sim-
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Fig. 3. Detail of the enlarged areas:

a—j — the enlarged areas extracted from Fig. 2, a—j,
respectively
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Fig. 4. ‘Kayak’ AMB and CCD images and the
Jused images:

a — AMB image; b — CCD image; c—j the fused im-
ages using M 1- M8, respectively
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Fig. 5. ‘Gun” MMW and visible images and the
fused images:
a — MMW image; b — visible image; c—j the fused
images using M 1—MS$, respectively

ilar poor characteristics as in the first and second ex-
periments.

To provide quantitative comparison of different fu-
sion methods, the following image quality metrics are
used in this paper: 1) standard deviation (SD), average
gradient (AQG), spatial frequency (SF) and information
entropy (IE) are used to evaluate the spatial quality of
the fused image; 2) correlation coefficient (CC), aver-
age error (AE) and mutual information (MI) are used
to evaluate the relativity or difference between the
fused image and one informative source image; 3) fea-
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tured mutual information (FMI) [8], structural simi-
larity image metric (SSIM) [9] and quality metric
based on gradient (QAB/F) [10] are used to measure
the degree of information transferred from the source
images to the fused image. In addition, to measure the
computational complexity of the fusion methods, the
runtime (in seconds) of the corresponding Matlab fu-
sion procedures is adopted as one fusion criterion,
which is acquired by averaging the results of 10 times
fusion procedure. Generally speaking, the larger the
metrics values are, the better the fusion performance
is, except for AE and the runtime.

The performance results of the three experiments
are listed in Tables 1, 2, 3, respectively, where the best
values are indicated in bold. As seen from the tables,
there are two values shown in bold for each criterion
because this paper refers to two proposed fusion meth-
ods. And according to the previous discussion of visual
effect, M1 and M2 provide the poor fusion perfor-
mance, so the corresponding data are not displayed in

the tables. In the aspects of SD, CC, AE, AG, MI,
SSIM and QAB/F metrics, the comparative perfor-
mance of all the fusion methods is stable, and the two
proposed fusion methods provide the best quality (the
two methods have roughly the same performance). On
the other hand, in the aspects of SF, IE and FMI met-
rics, despite the poor values occasionally, the two pro-
posed methods still provide the best quality with larger
probability. In the aspect of runtime metric, the DWT
based fusion method is with the best values, and M7,
one of the proposed methods, is with the second best
values. The runtimes of M8 procedure are approxi-
mately the two times of that of M7, which results from
the more blocks divided from the images and more
computations to cost.

Overall, the fusion framework can provide the rela-
tively perfect performance.

Conclusion. In this paper, a simple, effective and
fast fusion framework using the basic-BCSS and the
sliding-BCSS in spatial domain is proposed. Motivat-

Table 1
Quantitative results of fusion performance of the first ‘quad’ experiment
Method SD AG SF IE CcC AE MI FMI SSIM | QAB/F | runtime
M3 0.0919 | 0.0296 | 0.0490 | 6.0317 | 0.7033 | 0.1282 1.0211 0.9190 | 0.7682 | 0.5290 | 0.0891
M4 0.0952 | 0.0307 | 0.0488 | 6.0780 | 0.7193 | 0.1284 1.1198 | 0.9210 | 0.7867 | 0.6062 0.3013
M5 0.0908 | 0.0292 | 0.0482 | 6.0054 | 0.7057 | 0.1281 1.0833 | 0.9211 | 0.7778 | 0.5588 | 147.4756
M6 0.0903 | 0.0291 | 0.0482 | 6.0018 | 0.7063 | 0.1280 1.0915 | 0.9209 | 0.7778 | 0.5525 | 6.9346
M7 0.1411 | 0.0479 | 0.0508 | 6.7898 | 0.8425 | 0.0138 | 4.3262 | 0.9163 | 0.9428 | 0.7002 | 0.2023
M8 0.1409 | 0.0479 | 0.0533 | 6.7835 | 0.8455 | 0.0135 | 4.3263 | 0.9157 | 0.9429 | 0.7002 | 0.4375
Table 2
Quantitative results of fusion performance of the second ‘kayak’ experiment
Method SD AG SF IE CC AE MI FMI SSIM | QAB/F | runtime
M3 0.1317 0.0474 | 0.0501 | 6.9531 | 0.6906 | 0.0898 | 0.7922 | 0.8797 | 0.8050 | 0.5816 | 0.0739
M4 0.1335 | 0.0481 | 0.0498 | 6.9620 | 0.6928 | 0.0905 | 0.8601 | 0.8843 | 0.8168 | 0.6389 | 0.2494
M5 0.1297 | 0.0466 | 0.0484 | 6.9281 | 0.6943 | 0.0890 | 0.8289 | 0.8826 | 0.8197 | 0.6080 | 121.5679
M6 0.1293 | 0.0465 | 0.0484 | 6.9241 | 0.6940 | 0.0889 | 0.8285 | 0.8818 | 0.8183 | 0.6015 | 5.9640
M7 0.1692 | 0.0617 | 0.0516 | 7.2599 | 0.7212 | 0.0452 | 3.4752 | 0.8820 | 0.8209 | 0.6704 | 0.1785
M8 0.1687 | 0.0615 | 0.0509 | 7.2501 | 0.7208 | 0.0453 | 3.4798 | 0.8867 | 0.8253 | 0.6730 | 0.3624
Table 3
Quantitative results of fusion performance of the third ‘gun’ experiment
Method SD AG SF IE CC AE MI FMI SSIM | QAB/F | runtime
M3 0.1113 0.0433 | 0.1374 | 5.8432 | 0.6999 | 0.0835 | 0.4082 | 0.7990 | 0.3262 | 0.5906 | 0.0160
M4 0.1115 0.0435 | 0.1349 | 5.7846 | 0.7234 | 0.0809 | 0.4635 | 0.8063 | 0.3395 | 0.6471 | 0.0305
M5 0.1076 | 0.0421 | 0.1323 | 5.8564 | 0.7133 | 0.0814 | 0.4419 | 0.8058 | 0.3489 | 0.6302 | 24.2515
M6 0.1072 | 0.0419 | 0.1329 | 5.8626 | 0.7121 0.0815 | 0.4399 | 0.8064 | 0.3499 | 0.6252 | 0.8689
M7 0.1461 | 0.0557 | 0.1315 4.3700 | 0.7485 | 0.0806 | 1.1523 | 0.8152 | 0.3845 | 0.7408 | 0.0862
M8 0.1458 | 0.0556 | 0.1322 | 4.3734 | 0.7488 | 0.0807 | 1.1580 | 0.8203 | 0.3800 | 0.7297 | 0.1221
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ed by the real-time requirement of surveillance appli-
cations and the superiority of low sampling basic-BC-
SS technique is firstly investigated, and then a modi-
fied version, namely sliding-BCSS, is put forward.
The fusion framework mainly adopts the idea of selec-
tion scheme which is widely used in a fusion process.
The experiments are performed on three pairs of sur-
veillance images. Compared with traditional SA, PCA,
DWT, SIDWT, NSCT and NSSCT based fusion me-
thods; the fusion framework provides the relatively
perfect performance with high contrast and brightness
in visual effect and better values in quantitative crite-
ria. Moreover, the fusion framework has low computa-
tional complexity, and it has a certain practical mean-
ing for real-time surveillance applications.
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Meta. 3 MmeTor0 BUpILIEHHSI MPOOAEMU 3JUTTS
300pakeHb CIOCTEPEXKEeHHS B JAaHiii poOOTi mpono-
HYETbHCSI MPOCTUI Ta €(EKTUBHUMN (PperiMBOPK 3JIUT-
TSI 3 BUKOPUCTaHHSIM OJIOUHOTO CTUCHEHHSI BUMIpIO-
BaHb (BCSS), mo ckimamaeTbest 3 TBOX METOMIB CHH-
Te3y 3 BUKOpUcTaHHsSIM 6a3oBoro BCSS i koB3aiouoro
BCSS BinnosinHo.

Metoauka. 3a nepeBaru HU3bKOI YaCTOTH AUC-
KpeTu3allii Ta HU3bKO1 BUMipIOBaJIbHOI CKJIaJHOCTI, B
00pOOLIi CUTHAJIIB LIMPOKO BUKOPUCTOBYETHCS TE€O-
pis ctuckyBaHHs BUMipiB (CS). OCHOBHUIA arOpUTM
BCSS npencrasiisie co6o10 6a30BUii BapiaHT 0J104HO-
ro CS, B dkoMy BUXiHE 300pa>k€HHSI PO3iISETHCS
Ha okpeMi 6;10ku, a koB3arounii BCSS € monudiko-
BaHOIO Bepciero 6azoBoro BCSS, 3anponoHoBaHOro
paHililie, B IKOMY 300paKeHHsI TiIUThCSl HA HEBEJIUKI
KOB3aro4i OJIOKM AJISI KOXXHOTO ITiKCelasI 3 BIOITOBig-
HuM Binctyrnom. OcHOBHaA ines ppeiiMBOpKa 3ITUTTS
rnoisirae 'y BUOOpPI OJIOKIB YU ITKCENiB 3 BEIUKOIO
L2-HopMmoio BCSS pesynbraTiB BUMipioBaHb PO3Ii-
JIEHUX OJIOKiB y MPOCTOPOBiii 001aCTi.

PesyabraTn. @peiiMBOPK 3JIUTTSI IIPOTECTOBAHO
Ha TPbOX IMapax 300pakeHb y BilTiHKaX Ciporo, y Tomy
yucii iHbpauepBOHOMY Ta BUAUMOMY 300paKeHHSIX,
MiJTiMETPOBOMY Ta BUAMMOMY 300pakeHHSIX, i MpOBe-
JIeHe TOPiBHSIHHS 3 JAeKiJIbKOMa TpaauLiiHUMU Me-
TomaMM cHHTe3y. EKcIiepuMeHTallbHI pe3yIbTaT! 10~
Ka3yIoTh, IO 3aIlIPONIOHOBAHUI (DPEUMBOPK 3TUTTSI
MOXe OTHOYACHO 3HAYHO MOKPAIIUTHU SIKiCTh 3JTUTTS
Ta WBUIKICTb.

HaykoBa HoOBHM3HA. VYIeplile 3alpoOIIOHOBAaHO
npocTuit Ta epeKTUBHUN DpPeiiMBOPK 3JIUTTS 3 BU-
kopuctaHHsiMm BCSS y npoctopogiii oonacri.

ITpakTuyna 3HayumicTh. Pe3ynbrar mae mpak-
TUYHE 3HAYSHHSI JUTSI BiZICOCITIOCTEPEKEHHSI B PEKUMI
peajbHOro yacy.

KumouoBi cioBa: 31umms 306pascens, npocmo-
posa obaacmo, cnocmepedicentsi, IHppauepsoHuil,
6104He CMUCKYBAHHS GUMIPDIOBAHDb, PENCUM pPeanb-
HO20 uacy

IHenb. C nenbio pelieHus: MpoOaeMbl CIUSIHUS
n3o0paxkeHuil HaOJIIoAeHWsI B TaHHOU paboTe mpen-
naraercst TpocToit u 3(p@EKTUBHBIN (peliMBOPK
CJIUSIHUSI C MCTOJIb30BaHUEeM OJIOYHOTO CXKaTusl M3-
mepeHuii (BCSS), KoTophblii COCTOUT U3 ABYX METO-
JIOB CMHTe3a ¢ ucrnojab3oBaHueM O6azoBoro BCSS u
ckonb3sero BCSS cooTBeTCTBEHHO.

Metoauka. [1pu nepeBece HU3KOM YaCTOTHI IHC-
KpeTU3allui U HU3KOW BBIYUCIUTEIBHON CIIOKHO-
CTH, B 00pabOTKE CHUTHAJIOB IIMPOKO MCITOJIB3YeTCS
Teopus cxkatus ndmepeHuii (CS). OcHOBHOIT anro-
putMm BCSS mipencraBnsger co6oii 6a30BBIN BapuaHT
o6mouHoro CS, B KOTOPOM MCXOAHOE M300pakeHUe
pazaenseTcs Ha OTAeJbHBbIC OJIOKM, a CKOJb3SIIUIA
BCSS gaBnsgercs moguduumpoBaHHO Bepcueil 6azo-
Boro BCSS, npenjioxkeHHOro paHee, B KOTOPOM M30-
OpaxXeHue NeJUTCsl Ha HEOOJIbIIKE CKOJIb3SII1e 010~
KM JJI1 KaXKIOTO IMUKCEJSI ¢ COOTBETCTBYIOIINM OT-
cryroM. OcHOBHag uaes (ppeiiMBOpKa CIUSTHUS 3a-
KJII0YaeTcsl B BbIOOpe OJJOKOB UJIU MUKCEIOB ¢ O0Ib-
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mwoit L2-nopmoit BCSS pesynbraToB u3MepeHUM
pa3aeeHHbIX OJIOKOB B IPOCTPAHCTBEHHOM 00JIaCTH.
Pesynabrarsl. OpeiiMBOPK CIUSHUS TIPOTECTUPO-
BaH Ha TpeX Mmapax u300paxeHui B OTTEHKaX Ceporo,
B TOM uuciie "H(GPAKPACHOM U BUAUMOM M300paxe-
HUSIX, MAJJIMMETPOBOM U BUIUMOM U300PaXKECHUSIX,
U TIPOBENEHO CpaBHEHME C HECKOJbKUMU TPaTUIU-
OHHBIMM METOAMU CHUHTEe3a. DKCIIEPUMEHTAIbHbIE
pe3yibrathl  MOKa3blBalOT, YTO  MpeiaraeMblil
(bpeliMBOpK CIUSTHUSI MOXET OMHOBPEMEHHO 3HAYU-
TEJIbHO YIYYIIUTh KAa4eCTBO CIUSTHUS U CKOPOCTb.
Hayunas HoBu3Ha. BriepBble mpemyioxeH mpo-
cToil U 2D deKTUBHBIA DPEUMBOPK CIUSIHUSI C UC-

156

noab3oBaHueM BCSS B mpocTpaHCTBeHHOIT o0ia-
CTH.

IIpakTHYecKass 3HAYMMOCTh. Pe3ynbrar mmeer
MpaKTUIECKOe 3HAYCHME IJIs BUIOCOHAOIONCHUS B
pEeXMMeE peaTbHOTO BPEMEHMU.

KimoueBble cioBa: ciausHue u300padceHuUil,
npocmpaHcmeeHHnast obaacms, HabawdeHue, UH-
@dpakpacHslil, 6a04HOe cocamue UMepeHull, pe-
HCUM PEeanbHO20 8peMeHU
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Purpose. The purpose of the article is the grounding and choice of generalizing index which describes the
corporate management quality and effectiveness, as well as the development of the analytical model of index de-
composition in accordance with stages of capital transformation.

Methodology. The results were obtained by applying the method of scientific generalization to formulate of
scientific problems and general conclusions; statistical method to calculate dynamic indexes of basic indicators of
mining enterprises’ activities; method of simulation to develop an indicator of corporate management quality and
effectiveness; analysis and synthesis were used to construct the analytical decomposition of generalizing index and
determine the influence factors.

Findings. Index of quality and efficiency of corporate management was grounded and selected. An analytical
model of decomposition of this index considering certain basic economic factors of company operations and de-
pendencies of their dynamics was developed.

The proposed expanded (compared with the “golden rule of economics”) model of the dynamics of basic in-
dicators of activity of the company describes stages of transformation processes taking place at the company — the
conversion of an enterprise’s investment (physical) capital into the market capital.

The dynamics of the market value of PJISC “Pivnichnyi GZK”, and the basic economic indicators of its ac-
tivities during the period from 2007 to 2015 was analyzed. It was determined that only in 2010 the dynamics of
indicators corresponded to the model offered for companies with corporate management.

Indicators of the analytical decomposition index of the corporate management quality and efficiency of the
PJSC “Pivnichnyi GZK” were analyzed, the dynamics tendencies and influence on the ratio of the market value
of the enterprise and the value of assets were determined.

Originality. For the first time, an analytical decomposition model of the quality and the effectiveness of cor-
porate management indicator was proposed, management was calculated as the ratio of the market value of the
enterprise to the value of its assets and can be represented as the product of four factors, which consistently de-
scribe stages of capital transformation: asset turnover, the share of value added in the income, part of the profit in
the value added, ratio of the market value to the enterprise profit.

© Vagonova O. H., Vakulchyk O. M., Protasova Ye. V., 2016

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2016, N2 6 157




EKOHOMIKA TA YNPABJIIHHA

The “golden rule of economics” has been further developed by additional indicators: the market value of the
company which characterizes the enterprise management efficiency, and added value, which is created at the en-
terprise and is distributed among all the participants of corporate management.

Practical value. The presented methodical developments allow the management of joint stock companies to
apply the mechanism of managing change of the value of enterprise capital based on the generalizing index which
displays the ratio of the enterprise’s market value and the value of its assets and can be decomposed on separate
financing ratios, forming information and analytical support of the management process to determine the trends
of effectiveness development, searching for opportunities for growth and influence factors.

Keywords: corporate management, analytical model, the market value, value added

Introduction. The peculiarity of the joint-stock
company performance is the isolation of capital own-
ers from the possibility of direct participation in the
daily management of the enterprise economic activity.
It requires the special control over the process of at-
tracting resources, their transformation into the final
product, sales and distribution of created value added
among all participants of corporate management.

Corporate management requires the development
of appropriate evaluation criteria which would allow
not only determining the results and financial state of
the company, but also performing the strategic analy-
sis of related economic factors of the enterprise by us-
ing the model of analytical decomposition of index
which describes the quality and efficiency of enterprise
management.

Analysis of recent research and publications.
Theoretical and methodological principles of corpo-
rate management are constantly in sight of both do-
mestic and foreign scientists. The necessity of protect-
ing the interests of capital owners and coordination of
the rights of all stakeholders resulted in the research on
finding relevant economic indicators of the quality
and effectiveness of corporate management which re-
flect achieving the main financial purpose of Joint
Stock Company’s activity — the increase of sharehold-
ers’ capital. Thus, the most well-known foreign ex-
perts in analyzing the effectiveness of corporate man-
agement are Richard A.Brealey, Eugene Brigham,
James C. Van Horne, Randolph Westerfield, Bradford
D.Jordan, Steven D. Levitt, William Stanley Jevons,
Stewart C. Myers, and Stephen Ross. Considering the
current state of corporate management in Ukraine, the
implementation of developments of foreign authors
without any changes and additional research is prob-
lematic, as they relate to established corporate and fi-
nancial relations when the effectiveness of the corpo-
rate management is measured by traditional market
indicators such as earnings per share (EPS), Market-
to-Book Ratio (MV / BV), share rendit (R), total sha-
reholder return ratio (TSR) and others.

A classic representative of the integrated model of
measuring and evaluation activity of the companies is
the multiplicative DuPont model of financial decom-
position that analyzes the rate of return on equity,
ROE.

In recent years, other conceptions of valuation and
the effectiveness of the company have appeared,
among which the most popular are balanced score-
card — BSC and economic value added — EVA. Most
analysts do not doubt about necessity of using certain
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financial indicators, but proposals for the use of a
non-financial factors and dynamic indicators are also
quite topical. Developers of the Balanced Scorecard
Robert Caplan and D. Norton proposed the system of
indicators, which alongside with traditional financial
indicators, uses a number of new ones which take into
account four important aspects of the company: fi-
nance, customers, internal business processes, train-
ing and development of personnel. Many experts in
economics tend to believe that one of the most correct
indicators of dynamics of the company’s development
is the ratio of the rate of changes of some of its charac-
teristics. In particular, one of the leading analysis and
financial management researchers V.Kovalev argues
that the effectiveness of the company and its develop-
ment are characterized by the ratio of pace of changes
of the capital, sales and profits. V. Kovalev stresses the
fundamental importance of the proposed ratio and
called it “the golden rule of economics”. The truth of
this rule is recognized by many Russian experts:
P. Alekseev, V. Bykadorov, A. Grishchenko, A. Tarush-
kin, L. Romanov, S.Chornohorskyi et al., as well as
Ukrainian scientists: A.Bandurka, P.Buriak, N.Ry-
mar, V. Mets, N. Prytuliak, N. Nevmerzhytska. At the
same time, S.Chornohorskyi, A. Tarushkin, V. Byka-
dorov. and P. Alekseev propose consider the dynamics
of sales proceeds instead the dynamics of sales index,
while Professor V. Belolypetskyi claims that each of the
three parameters of the general model of the “golden
rule of economics” reflects the value of the company.
A.Chernova offers her own interpretation of the
“golden rule of economics”, and adapts it for joint
stock companies by adding the following indicators to
the dynamic range: the growth rate of the market value
of stocks and the growth rate of the staff number [1],
which, in her opinion, will allow analyzing the pro-
ductivity.

Issues of corporate management have been consid-
ered in the works of national experts, such as: D. Baiu-
ra, L. Ptashchenko, N. Rekova, A. Manoilenko, N. Su-
prun and others. Works of these researchers have been
devoted mainly to the research and improvement of
corporate management, namely, features of crisis
management, the balance of economic interests of
participants, institutional and evolutionary analysis.
At the same time, researchers have not proposed spe-
cific indicators that, unlike the existing traditional
economic factors, would allow evaluating the effec-
tiveness and efficiency of corporate management.

Particular attention to the value indicators of the
enterprise management efficiency is given in the works
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of O.Vakulchyk, T.Momot, T.Hovorushko, N.KIi-
mash, Y.Kamarytskyi, A.Kovalenko and others.
However, most researchers propose to use the market
value of the company [2—6] that is not always possible
in terms of underdeveloped stock market in Ukraine
[7]; there are proposals to use the indicator of value
added as a criterion of effectiveness of corporate man-
agement and to integrate it into the system of balanced
scorecard of the company; the scientists have also de-
veloped the rate of dividend potential of the joint stock
company, which evaluates the effectiveness of corpo-
rate management [8].

Undoubtedly, the proposed specific factors provide
additional information that can be useful in decision-
making in the system of corporate management, but
the issue of searching indicators that reflect the pro-
cesses of transformation of capital value and, at the
same time, can be integrated into the synthesis factor
which is to reflect the quality and effectiveness of cor-
porate management and create the information and
analytical support of the management process, still re-
mains relevant.

Presentation of the main research. The effec-
tiveness of business management is determined by in-
creasing business value rather than by its liquidity or
profitability, profit margins; thus, this is the value of
the share capital which should be the subject of strate-
gic management. The growth of the value is an impor-
tant integrated feature of the joint stock company’s
effective activity which reflects the quality of corporate
management. So it is traditionally considered that the
summary criterion for the quality of enterprise man-
agement is its value and the positive dynamics of effi-
ciency is determined by increasing business value,
while well-known analytical indicators such as in-
come, liquidity or profitability, describe only the indi-
vidual properties of the company. In this regard, enter-
prise value becomes the object of strategic manage-
ment, and, therefore, the subject of analysis, planning
and control. The volume and proportions of distribu-
tion of created value added that is distributed among
all stakeholders in the form of net income and fee on
borrowed capital, wages and taxes is of particular im-
portance for the successful operation of the company
and making informed management decisions. If man-
agement focuses on increasing value added, enterpris-
es create more value for all stakeholders owners of
capital, customers, employees as well as for the gov-
ernment and the society in general (through taxes paid
and distributed). Thus, the owners of capital, worrying
about maximizing their profits at the same time help to
increase the welfare of other subjects of economic re-
lations.

It should be mentioned that evaluation criteria only
fix the level of effectiveness or efficiency of the busi-
ness over a particular period of time. Dynamic factors
that describe development trends of the company are
more informative and convenient in terms of manage-
ment

The so-called “golden rule of economy” is based
precisely on the comparison of dynamic characteris-
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tics — indexes (/) of indicators such as profit (P), in-
come (/NC) and the assets (4) and points out the ne-
cessity to observe the following relation that provides
effective and promising development of the business

Ip>Ine> 1y (D

As noted above, particular role for achieving the
goals of joint stock company is played by the volume of
value-added (VA) that is distributed among all partici-
pants of corporate management. On the other hand,
the market value of business (MV) is traditionally
considered to be the summary criterion of business
management effectiveness and positive trend of effi-
ciency is determined by the increase in business value.

Thus, the further development of the “golden rule
economy” can be presented as the following model

Lyy> Ip> Tyy> Iiye> 1y (2)

Let us analyze the correspondence of basic eco-
nomic indicators of the company to the proposed
model. Fig. 1 shows the chain indexes of the key finan-
cial indicators of Northern Iron Ore Enrichment
Works (or Pivnichnyi GZK,) for 9 years.

Thus, in 2009, 2011—-2012 and 2015, almost all in-
dicators decrease, except insignificant assets increas-
ing in 2012. In 2010, certain economic growth occurs,
indexes of all indicators are greater than one and the
market value growth is the fastest, while asset growth
was the slowest. It means that the investment attrac-
tiveness of the company significantly increased in this
period that marked on market quotations of its shares
immediately in subsequent periods.

The actual model of business development was
close to the desired type I,,> Ip> 110> I;nc> 14 Oonly
in 2010 that, of course, was a positive factor. In 2012
and 2014 within the analyzed period, assets increased,
but this did not lead to the expected increasing of their
return — the income and the net profit reduced (in
2012 by 39 and 38 %, respectively and in 2014 by 6 and
65 %). This indicates decrease in efficiency of assets —
the asset turnover and the asset profitability decreased.
Such a model of the main economic indicators de-
scribes the inefficient management of the process of
the capital transformation at the company.

In terms of market relations, the center of the eco-
nomic activity is the enterprise that is created on the
basis of capital investment, and together with other
enterprises multiplies the total capital of the economic
complex. At the enterprise level, the main task of the
economy is solved, that is the consumer satisfaction,
namely, products needed by the society are created,
works are done, necessary services are provided. At the
same time, these processes are accompanied by the
transformation of the investment capital into its mon-
etary, productive and commodity form that leads to
permanent changes in the capital structure, its quality
characteristics and volume.

Basically, the developed model of the main indica-
tors of the company (2), that was presented, describes
step by step the sequence of transformation processes
happening to the capital of the company (Fig. 2).
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Fig. 1. Dynamic parameters (indexes) of key indicators of PJSC “ Pivnichnyi GZK” effectiveness
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Fig. 2. The process of the transformation of the investment capital of the company in the market capital,
taking into account the dynamics of the main economic indicators

Step 1: (A —> MV) — the objective function that is
actually carried out through the consistent implemen-
tation of stages 2—5. The transformation process of
investment capital (of assets) in the market value of the
company is a key economic function of the company.

Step 2: (A — INC) — there occurs “the return” of
assets during the creation of products and the transfer
of the share of their value to the cost of outcomes that
form the income.

Step 3: (INC — VA) — the value added is formed
due to effective use of the value of the materialized
past labor — material costs and the depreciation.

Step 4: (VA — P) the profit is formed by reducing
the expenditure share in the value added — namely,
wages, interest on loans and etc.

Step 5: (P - MV) — the capitalization of profits
in the market value of the company occurs. In this
case, the market value is also influenced by market
factors that contribute to accelerating the growth rate
of the market value compared to the growth rate of
profit.

The proposed developed model for the relation of
financial indexes of joint stock company presupposes
the following:
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- firstly, higher rates of growth of the total value of
the company compared with the increase in the profit
achieved by the formation of the intellectual capital
(goodwill);

- secondly, there are certain requirements regard-
ing changes in the value structure of sales, namely, the
share of the created value added in the volume of in-
come must increase and the share of the profit in the
value added should increase as well;

- thirdly, increasing intensity of using assets due to
their turnover which can be achieved both by improv-
ing qualitative composition of the assets, optimizing
their volume and structure, and by using quantitative
or price factors of production revenue and sales.

Thus, the specified structure of the key economic
factors of the company with corporate management
and grounded laws of dynamics give an opportunity to
present the model as the decomposition of the quality
and the effectiveness of corporate management indi-
cator.

As for the selection of such a generalizing index,
the analysis of profitability indicators of market shares
showed that foreign corporate management tradition-
ally refers to the following indexes:
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- earnings per share (£PS'), which are calculated as
the ratio of net income to the weighted average num-
ber of shares and display the potential profitability of a
share;

- the ratio of the market value of shares (P/E),
which is defined as the ratio of the market share price
(P — price) to the value of annual income per share
(E — earning per share) and describes the payback pe-
riod of the capital;

- share rendit (R), which reflects the possibility of
dividend payments to shareholders, is calculated as the
ratio of the annual amount of dividends paid per share
(D) to its market value (R);

- market-to-Book Ratio (MV/BV'), which is deter-
mined as a ratio of the market (Market price per share)
and the accounting price of shares (Book value per
share), the indicator allows estimating the quality of
shares on the stock market — it shows how much the
company is protected from shares buying up and what
is the degree of the shareholder’s wealth.

In our opinion, this is the Market-to-Book Ratio
built on comparing the market value of the company
and the book value of the investment capital, which is
the best to reflect the level of achieving the goal of cor-
porate management — the welfare of shareholders.

In its turn, the effectiveness of Phase 1 in Fig. 2,
that describes the target process of transformation of
physical (investment) capital (assets) in the market
value of the company, which is the basic economic
function of the enterprise, is characterized by a ratio of
similar indicators — the market value of the company
and its assets value(MV/A).

Thus, the decomposition model of the indicator of
the quality and the effectiveness of corporate manage-
ment considering the key economic factors of the
company with corporate management and grounded
laws of dynamics can be presented as follows

MV/A=INC/A* VA/INC * P/VA* MV/P,

where INC/A is assets turnover ratio; VA/INC is the
share of value added in revenues from sales of prod-
ucts; P/VA is the share of profit in the value added;
MYV P is the payback period for shares.

Table shows the decomposition results of the indi-
cator of the management quality and effectiveness of
PJSC “Pivnichnyi GZK”. In the analyzed period, the
target indicator got its maximum in 2007, 2008 and
2011 that was caused by substantial increase in the
market value compared to the value of assets. The
highest excess of the market value of the company over
its assets was observed in 2007 (2.45), but the decrease
in asset turnover (from 1.45 to 0.56), the share of prof-
it in the value added (from 0.44 to 0.26) in 2009 led to
a sharp decrease in the market value and its relation
with assets of the company (from 2.45 to 0.28). MV/A
Index in 2010 was almost 1.00, this means the equality
of accounting and the market value of assets; however,
the positive dynamics of all indicators in the developed
model of “the golden rule of economy” and the ap-
proaching of the actual model of business develop-
ment in 2010 to a desired form ((2); Fig. 1) yielded the
following results — in 2011, the market value exceeded
value of assets by 1.28 times (Table). The gradual de-
crease in MV/A parameter since 2012 occurred due to
reducing of all coefficients of the model of analytical
decomposition, asset turnover ratio decreased from
1.24 to 0.55; the share of profit in the value added —
from 0.45 to 0.10 in 2014, and in 2015 — because of a
loss-making activity — even to negative value; while
the share of the value added in the income was quite
stable for almost all years of the analyzed period and
ranged from 0.53—0.64, but last year’s sharp decline in
income led to losses and to reduction down to 0.31.
Regarding the MV/P, even with its significant growth
to 17.74 in 2014, there was a decrease in the generaliz-
ing parameter of quality and effectiveness of corporate
management — from 0.60 to 0.52. Although formally
the RV/A indicator is positive, unprofitable activities
can significantly affect the further dynamic of the
market value of the company and all factors of analyti-
cal decomposition.

Conclusions.

1. The effective management of corporations re-
quires not only the appropriate level of managers’
skills, but also the application of specific analytical
methods and evaluation criteria. The market value of

Table
Decomposition factors of the quality and management effectiveness indicator for PJSC “Pivnichnyi GZK”
Year INC/A VA/INC P/VA MV/P MV/A
2007 1.45 0.53 0.44 7.25 2.45
2008 0.99 0.64 0.45 5.40 1.54
2009 0.56 0.54 0.26 3.49 0.28
2010 0.86 0.59 0.34 5.77 0.99
2011 1.24 0.60 0.43 3.95 1.28
2012 0.68 0.58 0.45 5.29 0.96
2013 0.79 0.63 0.39 4.40 0.86
2014 0.51 0.64 0.10 17.74 0.60
2015 0.55 0.31 -0.24 -12.67 0.52
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an enterprise has traditionally been considered as syn-
thesis criterion of management effectiveness, whereas
the volume of created value added that is distributed
among all participants of corporate management in
the form of salaries, interest on loans, dividends, taxes,
etc., is of particular importance for achieving the goals
of the company as well.

Evaluation criteria that were selected only fix a lev-
el of effectiveness or efficiency of the business over a
time period, and dynamic factors that characterize the
development trends of the company are more infor-
mative and convenient in terms of the management.
The proposed further development of the “the golden
rule of economy” for conditions of corporate manage-
ment uses not three but five indicators and includes: a
higher rate of growth of the market value compared
with the increase in income; excess of profit growth
rate over the growth of the value added; excess of the
growth of value added over the growth of income; a
more rapid income growth compared to the growth of
assets.

The model of the dynamics of basic indicators of
the joint stock company describes the sequence of
stages of transformation processes that happen to the
capital at the company — the transformation of invest-
ment capital of the company into the market capital,
taking into account the dynamics of basic economic
indicators.

As a summary measure that describes the quality
and effectiveness of corporate governance, it is appro-
priate to use the factor, which is calculated as the ratio
of the market value of the company to the value of its
assets and can be represented as an analytical decom-
position of four factors: assets turnover ratio, the share
of the value added in the income, the share of the prof-
it in value added, the ratio of market value to company
profits. The value of factors that were proposed should
be formed in the process of the strategic corporate
management and should be based on planning values
under the proposed model.
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Meta. OOrpyHTYyBaHHS Ta BUOiIp y3arajJbHIOIOUO-
ro MoKa3HUKa, 110 XapaKTepU3YeE SIKICThb i pe3yabTa-
TUBHICTh KOPITOPATUBHOTO YIIPaBJIiHHS, Ta PpO3pO0OKa
aHaJIITUYHOI MOJei oro 1eKOMITO3Ml1il Y BiIMOBII-
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HOCTI 0 eTaniB TpaHcdhopMallii KamiTany HiaAmpueM-
CTBa.

Metonuka. Pe3dyabratu oTpuMaHi 3a paxyHOK
3aCTOCYBAaHHSI METOMIB: HAYKOBOTO y3arajJbHECHHS —
I71st GOPMYJTIOBaHHSI HAYKOBMX 3aBIAHb i 3arajlbHUX
BUCHOBKIB; CTATUCTUYHUI — MIPU pO3PaXyHKY OUHA-
MIYHUX iHIEKCiB OCHOBHUMX IMOKAa3HUKIB MisITbHOCTI
TripHU40-30aradyyBajbHOr0 KOMOIHATY;, MOJETIOBAaH-
Hsl — TIpY pO3poOI1li TTOKa3HUKA SIKOCTi i pe3yabTa-
TUBHOCTI KOPIOPAaTUBHOTO YMpaBJIiHHS, aHai3y i
CUHTEe3y — MPU MOoOYA0Bi aHAJTITUYHOTO PO3KJIaAaHHST
y3araJibHIOI0UOro MOKa3HUKa Ta BU3HAUEHHIi (haKTo-
PiB BIUIMBY Ha HbOTO.

Pesynsratii. OOrpyHTOBaHO Ta OOpaHO MOKa3-
HUK SIKOCTi i1 €(heKTMBHOCTi KOPIIOPATUBHOTO YIpaB-
JIiIHHSI, po3p0o0JIeHa aHAIITUYHA MOJIEJIb IOro IEKOM-
MO3UIIi1l 3 ypaxXyBaHHSIM BU3HAYCHUX OCHOBHUX €KO-
HOMIUYHMX YMHHUKIB JIiSUIbHOCTI aKL[iOHEPHOTIO TOBA-
pUCTBaA Ta 3aJICXKHOCTEH iX TMHAMIKU.

3anporioHoBaHa po3lrpeHa (y MOpPiBHSIHHI i3
,,30JIOTUM MPABUJIOM €KOHOMIKH ) MOAEb IMHAMIKH
OCHOBHMX IMOKAa3HMKIB MisIZTbHOCTI aKI[iOHEPHOTO TO-
BapuCTBa, sIKa MOETarlHO OITMCYE IOCJiTOBHICTh
TpaHcdoOpMaliiiHUX TPOILIECiB, 110 BinOyBarOTbCS 3
KamiTajJloM Ha MiANpUEMCTBI — NTEPETBOPEHHS iHBEC-
TUliiHOTO ((bi3MYHOro) KamiTany MHiAIPUEMCTBA B
PUHKOBMI KarliTall.

IlpoananizoBaHa auHaMika PMHKOBOI BapTOCTi
IAT , ITiBHiuamii '3K“ i 0OCHOBHUX €KOHOMIUHMX
MOKAa3HMKIB oro misybHOCTI 3a mepiox 3 2007 1o
2015 pp. BusnaueHno, 1o Tinbku y 2010 porri nuHami-
Ka MOKAa3HMKIB BiAMoBimaza Moaesi, 10 MPOMOHY-
€TbCS UISI TANPUEMCTB 3 KOPIIOPATUBHUM YIIpaB-
JIIHHSIM.

IIpoaHanizoBaHi YUHHUKKW TEKOMITO3MIIil MOKa3-
HUKaA $KOCTi Ta e(EeKTUBHOCTI KOPHOPaTUBHOIO
ynpapiaiHHsa TIAT IliBHiunuit I'3K“, Bu3HaueHi
TEHIEHIII] IX IMHAMIiK/ Ta BIJIMB Ha CHiBBIITHOIIEHHS
PUHKOBOI BapTOCTI MiANPUEMCTBA I BapTOCTI HOTO
AKTUBIB.

HaykoBa HOBHM3HA. YIieplle 3anpolioHOBaHa
aHaJTITUYHA MOJIEJIb IEKOMITO3MI11i1 MOKa3HUKa SIKOCTI
Ta e(peKTUBHOCTI KOPIOPATUBHOIO YIIPaBJIiHHS, IO
pPO3PaxoOBYETHCS SIK BiZHOIIEHHSI PUHKOBOI BapTOCTi
MiANPUEMCTBA 10 BAPTOCTI IOT0 aKTUBIB i MOXe OyTU
MpeACTaBJIEHUI SIK 10OYTOK YOTUPHOX KOE(illiEHTIB,
sIKi MOCJIIIOBHO BinoOpaxawTh eTanu TpaHchopMa-
Lii Kamitajay MiArnpueMcTBa: 0OOPOTHOCTI aKTUBIB,
MUTOMOI Baru A0AAHOI BapTOCTi B JOXOMdi, YaCTKU
NpuOyTKY B J0OAAHI BapTOCTi, BiTHOILLIEHHSI PUHKO-
BOI BapTOCTI 10 MPUOYTKY IMiANIPUEMCTBA.

IMomanpImit pO3BUTOK OTPUMAJIO ,,30JI0TE TIPABH-
JIO EKOHOMIKM“ 3a paxXyHOK BKJIIOUEHHS IO HepiBHO-
CTi iHAEKCiB 10AATKOBUX IMOKA3HUKIB: pPUHKOBOI Bap-
TOCTi MiANIPUMEMCTBA, IO Yy3arajbHIOIYUM YUHOM
XapaKTepu3ye pe3yJbTaTUBHICTh YIIPaBIiHHS TIilI-
MPUEMCTBOM, Ta JOAAHOI BapTOCTi, IKa CTBOPIOETHCS
Ha IMiANPUEMCTBI Ta pO3MOAIISIETLCI MixX yciMa yJac-
HUKaMU KOPITIOPATUBHOTO YIPaBJIiHHS.

IIpakTuyHa 3HAYMMICTb. 3AiliICHEHI METOAMYHI
PO3pPOOKM J03BOJISITh MEHEMKMEHTY aKILiOHEPHUX
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TOBapUCTB 3aCTOCYBAaTU MeXaHi3M YIpaBIiHHS MPO-
1IECOM MEPETBOPEHHSI BAPTOCTi KamiTally MiAITPUEM-
CTBa Ha OCHOBI y3arajbHIOIOYOTO MOKa3HMKa, 1110 Bi-
noOpaxa€e CHiBBIZHOIIEHHSI pPUHKOBOI BApTOCTI M-
MPUEMCTBA I BAPTOCTI 1OT0 aKTHBIB Ta PO3KIATAETh-
cs1 Ha oKpeMi (piHaHCOBI KoeilieHTH, SIKi POopMYIOTH
iH¢opMalliliHO-aHAMITUYHE 3a0e3MeYeHHs YIpaB-
JIIHCBKOTO TIpoliecy IJisl BU3HAYEHHS TEHACHIIIN po3-
BUTKY e(PEKTUBHOCTI, TTOIIYKY MOXJIUBOCTEM i1 pOCTy
Ta (paKTOPiB BILIUBY.

KnrouoBi cioBa: xopnopamuseHne ynpaeaiHHs,
aHanimuunHa moodensb, pUHKO8a eapmicms, dodana
eapmicmo

IHeas. O6ocHOBaHME M BBEIOOP 00OOIIAIOIIETO
ToKa3areJisi, KOTOPBIi XapaKTepu3yeT KaueCTBO U pe-
3yJIBTaTUBHOCTh KOPIIOPATUBHOIO YIIpaBICHUS, U
pa3paboTKa aHAIMTUYECKON MOMIESIN €TI0 TeKOMITO3M -
IIMM B COOTBETCTBUU C 3TallaMU TpaHCc(hOpMaIK Ka-
uTaga MpeanpusiTUs.

MeTtoauka. Pe3yabraThl MoJaydeHbl 3a CYET MPU-
MEHEHMsI METOIOB: HayyHOro oOOOIIeHUs — IS
dopMynTMpoBaHUST HAayYHBIX 3adad W OOIIMX BBIBO-
JIOB; CTATUCTUYECKUI — TIPH pacueTe JMHAMUIECKIX
WHIEKCOB OCHOBHBIX ITOKa3aTeleil OesITeIbHOCTU
TOPHO-00OTaTUTETEIILHOTO KOMOWHATA; MOIEITNPO-
BaHUS — IIPU pa3pabOTKe MOKa3aTesIs KauecTBa U pe-
3YJILTAaTUBHOCTU KOPIIOPATUBHOTO YIIPABJICHUS; aHa-
JIM3a U CUHTE3a — MPU IIOCTPOCHUU aHATTUTUISCKOTO
pasJioxkeHus: 0000IIalIIero rmokasareias U omnpese-
JieHuU (haKTOPOB BJIMSTHUS HA HETO.

Pe3syasraThi. OOOCHOBaH 1 BbIOpaH IoKa3aTellb
KauecTBa U 3 HEeKTUBHOCTU KOPITOPATUBHOIO YIIpaB-
JIeHUs1, pa3paboTaHa aHaJIUTUYECKasi MOJEb €To Je-
KOMIIO3ULIMA C YYETOM OIpPENEICHHBIX OCHOBHBIX
SKOHOMMYECKNX (PAKTOPOB HEITEIbHOCTH aKIIHO-
HEPHOTO O0IIeCTBa M 3aBUCUMOCTEI X TMHAMUKMH.

IMpemwroxena pacmmpeHHass (110 CPaBHEHUIO C
,,30JIOTBIM TIPAaBUJIOM 3KOHOMHMKHK“) MOIEIb IMHA-
MUWKM OCHOBHBIX TTOKa3aTeleii AeITeIbHOCTH aKITHO-
HEPHOTO OOIIEeCTBA, YTO MO3TAITHO OIMCHIBACT IT0-
CIIeIOBATEIBHOCTb TpaHC(OPMAIIMOHHBIX IIPOIIEC-
COB, KOTOPBIE ITPOUCXO/IST C KAITMTAJIOM Ha MIPEeNnpu-
SITUU — MpeoOpa3oBaHUe UHBECTUILIMOHHOTO ((pu3n-
YeCcKOro) KamuTaja NpearpusiTUs B PbIHOYHBIN Ka-
MuTal.

IpoaHaym3upoBaHa TMHAMWKA PBIHOYHOM CTOM -
moctu HAO ,,CeBepHblit TOK*“ 1 OCHOBHBIX 3KOHO-
MUYECKUX ITOKa3aTesIe ero AesITeIbHOCTH 3a TTIePUO]I
¢ 2007 mo 2015 rr. OmpenejieHO, 4YTO TOJBKO B
2010 rooy muHaMMKa IToKa3arteJieil oTBedaaa MOJIEIIH,
KOTOpast mpemIaraeTcsI IjIsl IPEeanpUsITUIA C KOopItopa-
TUBHBIM YIIPABJICHUCM.

INpoananu3npoBaHbI ITOKA3aTEIN aHATUTUIECKO-
ro pa3yIoXKeHUs MoKa3aTesist KadecTBa U 3P(PeKTUB-
HoCTU KopriopatuBHoro ymnpasieHuss YAO ,,CeBep-
Hbiii FOK*, onpeneneHbl TeHASHIMY UX TMHAMUKU U
BJIMSIHME Ha COOTHOIIIEHUE PBIHOYHON CTOMMOCTU
TIPEOITPUSITUS 1 CTOUMOCTH €TO aKTHBOB.

Hayunas HoBu3Ha. BriepBble npemioxkeHa aHa-
JIMTAYECKast MOIETb TeKOMITO3UIINU TTOKa3aTeIsT Ka-
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EKOHOMIKA TA YNPABJIIHHA

yecTBa U 3P (HEKTUBHOCTA KOPIIOPATUBHOTO YIIPaB-
JICHWsSI, KOTOPBIA PAcCCUMTHIBACTCSI KaK OTHOIICHUE
PBIHOYHOM CTOMMOCTHU TIPENNPUATAS K CTOMMOCTH
€ro aKTUBOB M MOXKET OBITh IIPEACTABJIEH KaK IIPON3-
BelleHHE YeThIpeX KOI(PPUIIMEHTOB, KOTOPHIE TTOCIIE-
IOBATeJIbHO OTOOpaXarT 3Tarbl TpaHCcHOpPMAaLIMKA
Kanuraja TpeanpusaTs: 000payMBaeMOCTH aKTH-
BOB, YIEJIbHOTO Beca J00aBJICHHON CTOMMOCTH B 10-
XOJle, 4YacTU TPUObUIM B A00aBJIEHHON CTOMMOCTH,
OTHOIIIEHUSI PBIHOYHOM CTOMMOCTM K TIPUOBUIN
MIPEIIPUSITHSI.

JanpHelilnee pa3BUTHE MOJIYIUIIO ,,30JI0TOE TIpa-
BUJIO SKOHOMUKHM 3a CYET BKIIIOUCHUSI B HEepaBEeH-
CTBO WHACKCOB HOITOJTHUTEIIBHBIX ITOKA3aTeIC: phI-
HOYHOI CTOMMOCTU TPENNPUATHUSI, KOTOpass 0000-
[IAIOIMIMM O00pa3oM XapaKTepU3yeT pe3yJbTaTUuB-
HOCTBH YIIpaBJIECHUS MPEANPUSITUEM, U T00aBJIEHHOM
CTOMMOCTH, KOTOpasi CO34aeTCsl Ha MPENNPUATUN U
pacrnpeneseTcs MeXay BCeMU yJaCTHUKaMU KOPIIO-
PaTUBHOTO YIIpaBJICHWUSI.

164

IMpakTuyeckasi 3HaYMMOCTb. [IpencraBieHHbIC
METOOUYECKUE Pa3pabOTKU ITO3BOJIST MEHEIKMEHTY
aKIIMOHEPHBIX OOIIECTB IPUMEHUTH MEXaHU3M
VIIpaBJICHMUST TIPOLIECCOM IIpeoOpa3oBaHUSI CTOMMO-
CTH KanuTasa MpearnpusaTis Ha OCHOBE 0000I1Ialonie-
ro ToKazaTessl, KOTOPbIii 0TOOpakaeT COOTHOIIICHNE
DPBIHOYHOM CTOMMOCTM TIPEOTPUSATUSI U CTOMMOCTU
€ro akKTHMBOB, 1 pacKJIaAbIBaeTCsl Ha OTAEIbHbIC (hU-
HaHCOBbIe KO3 UILMEHTHI, (hopMuUpyloime nHgop-
MallMOHHO-aHAJIMTUYEeCKOe obecrieueHre yIpaBieH-
YeCcKOTo Mpoliecca Uik OnpeaesieHus TEHASHIINI pa3-
BUTUS 2(DOHEKTUBHOCTU, MOUCKA BO3MOXHOCTEU €€
pocta u (haKTOPOB BIUSTHUSI.

KiroueBble cjioBa: xopnopamueHoe ynpaene-
HUe, aHaIumu4ecKkast mooenb, PbIHOYHASL CHIOU-
Mocmb, 000A8AeHHASL CHOUMOCTb

Pexomenodosarno 0o nybaikauii dokm. eKoH.

nayk IO. €. [lempynero. Jlama HaoxooxiceHnHs py-
xonucy 19.12.15.
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yHayxosun picaux HI'V" prarouenni po
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3 reonrorivnnx i rexuivanx vayk (Hakas MOH

Vxpaian sip 21.12.2015 p. Ne 1328).

yHayuusiii sectanx HI'V® pratouen B »Ilepeuens
HAYYHBIX CIIEUAAN3UPOBAHHDBIX U3AAHNI
VKpanub‘ 10 T€OAOTMYECKUM U TEXHUIECKUM
maykam (ITpuxas MOH Vkpanus or
21.12.2015 r. Ne 1328).

“Scientific Bulletin of National Mining
University” was included in the “List of
Scientific occupational editions of Ukraine”
on geological and technical sciences (Order
of Ministry of Education and Science of

Ukraine No.1328 dated December 21, 2015).



Bumoru 10 opopmiieHHA cTaTei

o po3misimy TIpUMAlOThCs CTATTi, HAAPYKOBaHI B OMHOMY TPUMIPHUKY, Ha CTaHOAPTHUX apKyiax mamepy A4, 1o
CYIPOBOIKYIOThCS eJIEKTPOHHOIO Bepcieto (Microsoft Word 2007, 2010) Ha CD 4u HamicIaHi eJIeKTPOHHOIO TIOIITOO (JIpYKOBa-
HUI IPUMIPHUK HaJICUIIAETHCS TIOILTOIO).

TMapameTpy CTOPiHKM: TOJIST BEPXHi Ta HIKHI — 2,5 cM, J1iBi i ipaBi — 2,0 cM. PopMaTyBaHH CTATTi — Y JIBi KOJIOHKH 3 TIPO-
mixkkoM 0,7 em. Iepiui psiaku Beix ad3awiB 3 Bincrynom 0,5 cm, mpudt Times New Roman, kemib 10, intepsan 1. Ha3Ba craTti —
Kerb 14. 3arojoBKu eJIEMEHTIB OCHOBHOI'O TEKCTY BUAUISIIOTHCSI HATTIBXKUPHUM LLPUMTOM.

CrpyKTypa CTaTTi:

- ingeke YK (y BepXHbOMY JIiBOMY KYTKY CTOPiHKH);

- iHiliayn, Tpi3BUILA BCiX aBTOpPIB (He Oijbllle, HixK 4 0coOM) Ta Ha3Ba CTATTi TPhOMa MOBaMU — YKPaiHChKOIO, POCiIMCBKOIO,
aHMIiChKOIO ((hopMaTyBaHHSIM Ha BCIO CTOPIHKY);

- pedepat (200-300 cI1iB BUKITIOYHO 3araJIbHOIPUITHATOI TEPMiHOJIOTI1) TIOBUHEH OyTH CTPYKTYPOBAHUM i MiCTUTH HACTYITHI
€JICMEHTH: METa; METOIMKA; Pe3y/IbTaTh; HayKOBa HOBU3HA; MPAKTUYHA 3HAUYMMICTh; KITHOYOBi clioBa (6—8 cIliB) MOBOIO CTaTTi
(bopMaTyBaHHSIM Ha BCIO CTOPiHKY); pedepar He TIOBUHEH MMOBTOPIOBATH HAa3BY CTaTTi;

- OCHOBHMIA TEKCT CTaTTI;

- bibmiorpadist;

- pedepar Ta KJIIOUOBI CJI0Ba ABOMA iHILIMMU MOBaMM (Y JIBi KOJIOHKH);

- KMM peKOMEHJIOBaHO CTATTIO A0 IyOJIiKallii;

- POBIIJI XKypHAaJTy UTSI PO3MIIIIEHHS CTaTTi.

BinmosinHo no Bumor nocranosu [pe3unii BAK Ykpainu Bin 15.01.03 Ne 7-05/1, ocHOBHUIA TEKCT CTATTi TOBUHEH MiCTUTH
TaKi HeOOXi/THi eJIeMEHTH:

- TIOCTAaHOBKA TIPOOJIEMH B 3aTAILHOMY BUIJISIII Ta 11 3B’SI30K i3 BaXKIIMBUMY HAYKOBUMU a00 MPAKTUIHUMU 3aBIAHHSIMU;

- aHaJIi3 OCTaHHIX JOCIIKEHb i TyOTiKalliif, B IKMX 3aIT04aTKOBAHO PO3B’sI3aHHS JaHOI MPOOIeMHM, Ha SIKi CITUPAETHCS aBTOD;

- BUAUIEHHSI HEBUPILLIEHMX paHillle YaCTUH 3arajbHOol MPOOJeMHU, SIKUM TPUCBIUYETbCSI O3HAYEHA CTaTTS;

- (hopmysTIOBaHHS 11iJIei CTaTTi (MOCTAHOBKA 3aBIaHHS);

- BUKJIaJl OCHOBHOTO MaTepialy JOCTiIKEHHSI 3 TOBHUM OOIPYHTYBAaHHSIM OTPUMaHUX HAYKOBUX PE3YJIbTaTIB;

- BUCHOBKM 3 JAaHOTO JOCTiIZKEHHSI Ta MEePCHEKTUBY MOJATBIION0 PO3BUTKY B LILOMY HAIPSIMi.

OOcHr cTaTTi, BKITIOYAIOUX TEKCT, TAOJINLI, PUCYHKH, MTOBMHEH CKJIaAaTh Bill 6 10 9 cTropiHOK. PekoMeHIy€eThCs, 00 IJI01Ia,
3aifHsITa pUCYHKaMU, CTAHOBWJIA He OiJtbie 25% 3arajibHOro oocsary. Marepiai Mae OyTH BUKJTIAIEHUIA CTUCIO, 6€3 TTOBTOPIOBaHb
JIaHUX TaOJMILIb i PUCYHKIB Y TeKCTi. He mpumycTMmMo BUKOPUCTOBYBATH Taki eJleMeHTH (hopMaTyBaHHS SIK ,,pO3PUB PO3MiTY 3
HOBOI CTOPIHKU““ 1 KOJIOHTUTYJIU.

Pucynku (miarpamm, oTo Ta iH.) OMAIOTBCS Y KOJIHOPOBOMY Ta YOPHO-0IJTIOMY 300paskeHHi pa3oM i3 TEKCTOM Yy MICIISIX
MoCHUIaHb Ha HUX Ta 000B’s13K0BO B oKpeMux (aitnax (*. TIFF, * jpg ta iH.) 3 po3minbHicTio 300 dpi. BaxaHa mmpruHa pucyHKIiB —
8,15 cM abo He Ginblie 17 ¢M 1S KapT, CXeM Ta iHIINX 00’eMHMX MaTepialiB. PUCYyHOK Mae OyTy po3TallloBaHUI 10 LIEHTPY, 06e3
00TiKaHHSI TEKCTOM. PHCYHKU pO3MIllyIOTh ,,y TeKCTi“ (He B TaOauLsiX). CUMBOJIM, MIiAMKUCH, JIiHIT PUCYHKIB CJTil BAKOHYBaTU
TaKUM YMHOM, 11100 BOHU CIIpUIIMAJIMCS TIC/IsI TTPUBEICHHS PO3MIpy pUCyHKa 10 IMpuHU 1 KonoHku. Ilinnucu no pyucyHKiB
MOBUHHI MiCTUTH HyMepallilo B MOPSIAKY PO3MILLEHHSI B TEKCTi Ta MOSICHIOBAIbHUI MiAMKUC, 10 BUAUISIOThCS KypcuBoM. He
MPUITYCTUMO BKJIIOYATH ITiAMUCHU JO CAMOTO PUCYHKA.

dopmyH B CTaTTSIX MaloTh OyTH HaOpaHi 3a TOIOMOTo0 penakTopa (popMys (BHYTpPIlIHi perakTop ¢hopMyJl B peIakTopi
Microsoft Word for Windows). ITpocri hopmynu Ta cumMBoiH, 1110 1X CKJIaIalOTh, HAOMPAIOTHCS 3a TOTIOMOTOI0 penakTopa (op-
MyJT, CTWJIb — MaTeMaTUYHUIA (KypcuB), po3mip dopmyr —10 pt. CkamHi hopmyiii HabupatoTs y penaktopi Microsoft Equation.
DopMmyin 3aBIOBKKH ITOHAM 8 CM pO30MBAIOTh HA OKpeMi OJI0KM 10 8 ¢M (3a OKpeMUMM BUHITKaMK — 17 cM). Dopmyn BitoKpeM-
JIIOIOTH BiJl TEKCTY 3BE€PXY Ta 3HU3Y OMHUM iHTepBasiom. Hymepaiiist hopMys1, Ha sIKi € TOCUIaHHS B TEKCTI, — CITpaBa B Ay>XKKax. Yci
diznuHi BenmmurHM ronatotbes B cucteMi Cl. Lini yacTuHM Bil IECATKOBUX BiIOKPEMITIOIOTHCSI KOMOIO.

Tabnuui nmomalThesl Y KHUKHIM OpieHTallil, BOHM MOBMHHI MaTy TeMaTU4HIi 3arojIoBKU i HoMepu, (GOH TaOJIML iHIIUM
KOJTbOPOM He BUIUISIIOTh. baxkaHa qoBXuHa Tab/ulli — He Oisible OMHiel CTOpiHKM, IMpuHa — 8,15 a6o 17 cM. PekoMeHaoBaHMiA
PO3Mip CUMBOJIIB Y TaOIULISIX — 8—9 pt (1T EMKUX HEe MEHIIIe, HiX 6 pt).

Criicok Jitepatypu (He Oibiie 10 axepen 3 1aToro iX BUIaHHSI He paHille, HiX 3a 10 pokiB Ta KiJIbKiCTIO CaMOITOCUIaHb 10
15%) HaBOmUTHCS Y MOPSIAKY 3ramyBaHHs y TeKeTi 3rimHo 3 JCTY 'OCT 7.1:2006 ,,Cuictema craHaapTiB 3 iHDopMallii, 6i01ioTedHOT
Ta BUIaBHUYOI ciipaBu. bibiiorpadiunuii 3anuc. bibaiorpadiyHuii onuc. 3arajibHi BUMOTH Ta MpaBuia ckiagaHHsa . [locumaHHs
Ha JliTepaTypHi Jpkepesia B TEKCTI MONAI0Th Y KBAIPATHUX AY>KKaX. Y CIIUCKY JIITEpaTypu KOXKHE YKPAaiHOMOBHE UM POCiiCBKOMOBHE
JIKEPEJIO CJIifI TToaBaTy CIoYaTKy MOBOIO OpUTiHAITY, a TIOTIM y TIepeKJiaji, aHIIiiChbKoo MOBOIO. TpaHciTepallist Tpi3BHILL aBTO-
PpiB, 3aJIEXXHO BiJl MOBU OpPUTiHAJTY IxKepesia, BAKOHYEThCs BinmoBinHo 10 [Toctanosu Kabinety MiHicTpiB Ykpainu Bin 27 ciuHst
2010 poxy No55 ,,ITpo BropsinKyBaHHSI TpaHCIiTepallii yKpaiHChKOTO ayihaBiTy JATUHMIICIO (1151 YKpaiHChKOI MOBM ) a00 BUMOTaM
cuctemu BGN/HCGN (s pociiicbkoi MoBH). JleTani — Ha BeO-CTOPiHIIi >KypHaTy.

CraTTs1 Ma€ OyTH peTeIbHO TNepeBipeHa, Miarnucata BciMa aBTOpaMHu i CyIPOBOIKYBATUCS: ITMCbMOBOIO PEKOMEH/IALIIENO, TTi/-
MUCAHOIO JOKTOPOM HayK BiIIIOBIIHOTO MPO(MiIi0; eKCIIEPTHUM BUCHOBKOM ITPO MOXJIUBICTh BIIKPUTOI ITyOJTiKallii TogaHoi cTaT-
Ti. [lpu 3maBaHHI CcTaTTi aBTOpU BKa3ylOTb PO3MALA KypHATy ISl ii pO3MIlLIEHHS Ta MiAMUCYIOTh JLIEH3IMHUI TOroBip Ha
BUKOPVICTAHHST TBODY.

BigomocTi ripo aBTOpiB y HaIPYKOBAHOMY Ta €JIEKTPOHHOMY BUIVISIL: MPi3BUIIE, iM’S Ta 1O 0AaThKOBI MOBHICTIO, HAYKOBUIA
CTYIiHb, BYEHE 3BaHHSI, Miclie poOOTHU (ITOBHA Ta CKOpOYEHA Ha3Ba OpraHisallii), mocaaa, Micto, KpaiHa, KOHTaKTHi Tejie(hOHU Ta
eJIeKTpOHHA TommTa (hopMaTyBaHHIM Ha BCIO CTOPIHKY, 3alliC NAaHUX Yy PsI yepe3 KOMU) TIOHAIOThCS B OKpeMomy aiii
YKPaIHCBbKOIO, POCICHKOIO Ta aHMIilCchbKolo MoBamu. [Ipu HamaHHi BiIOMOCTE TpO aBTOpIB aHMIIACHKOIO MOBOIO CIIifl
BUKOPVICTOBYBATH 3araTbHONIPUIHSATY JIEKCUKY [UTS TIEPEeKIIaay HAyKOBUX CTYTIEHIB, BUCHUX 3BaHb Ta MOCAI.

BinnosinanbHicTh 3a 3MicT cTarTi Hece aBTop. HaniciaaHi MmaTepiajiv He TOBEPTalOThCS.

Crarri, 1110 He BiAMOBINAIOTh YKa3aHUM BUMOTaM, He PO3IISIIa0ThCS.

KontakTut: Ten.: (0562) 47 45 24, www.nvngu.in.ua, nv.ngu@ukr.net.



