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Assessing the seismic effect of quarry blasting at surface mineral
workings on the state of underground mines using PRESS 3D URAL
software

Artem V. Kolganov'*, Dmitrii V. Sidorov'
1 Saint Petersburg Mining University, Saint Petersburg, Russia

*e-mail: artemkolganov201]@yandex.ru

Abstract
Relevance. The development of numerical and analytical methods of assessing ore in place dynamic
overload from quarry blasting impact is due to the need to improve the reliability of underground mines
stability analysis.
Research aim is to assess the effect of blasting at surface mineral workings on underground mines
stability and safety.
Research methodology includes the numerical and analytical analysis of dynamic stress within ore in
place containing underground mines based on the boundary integral equations method in spatial
formulation.
Research results. Under conditions of dynamic impact made by quarry blasting, the stability
of underground mines may be preserved by means of strengthening the support through bolting with
reinforced concrete roof bolts.
Summary. The proposed method makes it possible to adjust the value of underground mines factor
of safety with the account of the dynamic impact made by quarry blasts.

Key words: mechanical earth model; seismic effect; stress state; stability; blasting; opencasting;
underground mining; software.

Introduction. In the course of combined surface and underground mining, quarry
blasts impact the stability of multiple-use underground mines and pillars. Under certain
conditions, seismic effect of quarry blasting results in breakdown and lower efficiency
of mining. In this regard, numerous Russian and foreign specialists call attention to the
need for in-depth study of dynamic processes impact on mining safety [1-11].

The assessment of the produced by quarry blasting seismic effect on underground
mines should be assessed along with obligatory analysis of the following factors: spatial
location of ore in place affected part, mine workings, non-uniform geology of rock
mass and pillars, and voluntary arrangement of natural and/or man-induced seismic
events foci. In order to solve these problems, Russian special-purpose software package
called PRESS 3D URAL has been used which includes Energy software seismic pack.

Research methodology. The works by Russian and foreign specialists in the in-
depth study of dynamic processes impact on mining safety have become the
methodological framework of the present research. The research framework is made up
of the procedure for setting boundary conditions for underground mining impact
registration, boundary element method (BEM) of PRESS 3D URAL software numerical
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and analytical unit [12], and the procedure for assessing the stability of excavations
located within stoping zone of influence (stability criterion K [13] for orebody and
pillars stressed-strained state assessment). The research provides the assessment of the
effect produced by blasting at surface mineral workings on underground mines stability
and safety using software.

Analysis and discussion. In order to build a 3D mechanical earth model (MEM) of
an orebody, in PRESS 3D URAL program, grid reference of geological plan image is
fulfilled with further automatic construction of the orebody’s generalized block model
(fig. 1 and 2). As a result, the database of the 3D orebody is built up consisting of
particular independent cells, for further application in the course of MEM construction.

2000
1500
arries
Qu + A
1000 1000
Blasting seismic impact 500 1500
zone
™
Orebody limi
(H=200m)
500
0 500 1000 1500
il et e of ~
~100 e
6",%
=200 S - i
-300
500 1000 1500

Fig. 1. Scheme for assessing the impact of quarry blasting on underground mining
Puc. 1. Cxema K OLIEHKE BIMSHUS IPOM3BOACTBEHHBIX B3PHIBOB B Kapbepax Ha
TI0/I13eMHBIE TOPHBIE PAOOTEI

In order to build a MEM, particular physical and mechanical properties are assigned
to each cell of orebody’s 3D model: modulus of elasticity, Poisson’s ratio, compressive
strength, and the data on relief well parameters (man-induced gap thickness). The
procedure is automatic with grid reference and further values interpolation in 3D model
cell. As a result, the initial MEM of orebody is created.

After a 3D MEM is built, a mine and technological model is constructed, for
instance, with the use of a mine map. For that purpose, cells of orebody’s 3D MEM are
projected onto the mine map. As a result, the mine map is covered with a particular
electronic grid of flat rectangular cells. Meanwhile, each flat element displayed on the
screen remains three-dimensional in MEM; this condition is taken into account in
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calculations. Within the electronic grid, particular color, e. g. green, is assigned to the
cells belonging to ore in place; the remaining elements identified by PRESS 3D URAL
program as belonging to the goaf are transparent elements of the grid. The mine map is
eventually covered with the grid of elements belonging to the ore in place and goaf;
each element has database connection and unique properties. In accordance with a
particular rule, boundary conditions are automatically established in elements belonging
to the goaf in the form of superimposed stress relieved from the lying wall.

Innovative approach implemented in PRESS 3D URAL program makes it possible
to promptly build 3D mechanical earth models for a particular mining process flow
chart. Finally, over a short period of time it is possible to create a substantial number of
alternate designs, for instance, corresponding to different mine map layouts.

After the mechanical earth model of the site is built, the required stress, strain, and
displacement component is calculated both in the elements of ore in place within the
mine map and at any random distance from the orebody within the rock mass.
Calculation result may be exported to AutoCAD systems.

Orebody marginal part stability in the course of underground stoping expansion is
assessed regardless of seismic activity effect based on the procedure for assessing the
stability of excavations located within stoping zone of influence (stability criterion K).
When calculating and selecting excavation support method and type, rock classification
based on the design value of stability criterion K (construction rules and regulations
SNiP 11-94-80) is used, developed by MMC Norilsk Nickel specialists and applied in 8
Russian mines.

According to the obtained research results, rock stability criterion is calculated from
the condition:

K, K,yH ((cos o)’ + % (sin a)zj
—H

K = H
RK KK K,

where K, is the coefficient of stress concentration in the excavation contour defined
with the use of PRESS 3D URAL; KX, is the coefficient of excavation width impact on
rock contour stability; y is superincumbent rock density, MPa/m; H is the depth of
mining, m; o is a bedding angle of the orebody, degrees; p is Poisson’s ratio; R is the
mean value of rock linear compression strength in a sample, MPa; K is the influence
coefficient of incidence angle ¢ between the axis of excavation and the most advanced
fracture system; K, is the coefficient of stress rupture; K, is the coefficient of rock
mass structural weakening; K, is blasting impact factor.

Actual stress field at the contour of excavation is characterized by the stress
concentration factor defined by the formula:

K = =10+ Ogyppg » (1)

where G 15 the vertical superimposed stress concentration factor from stoping
impact, determined with the use of PRESS 3D URAL.

Let us consider an example of K calculation for the following input data (hor. —200 m):
vertical superimposed stress concentration factor Ggper in point 4 of variant no. 1
(fig. 3) determined with the use of PRESS 3D URAL software taken to be equal to —0.7;
depending on rock quality, K coefficient of rock mass structural weakening is taken
to be equal to 0.8; the value of the coefficient of excavation width impact on
rock contour stability is estimated according to the procedure. Under & = 4.0 m
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and K = 0.8 then K, = 1.02; superincumbent rock density y = 0.026 MPa/m;
excavation depth H = —200 m; orebody angle of dip a = 0 degrees; Poisson’s ratio
p=0.3; mean value of rock linear compression strength in a sample R =40 MPa =400 kg/cm?;
under K = 0.8 then K = 1.1 according to the procedure; under ¢ < 5 years,
the coefficient of stress rupture K, = 1.0 (construction rules and regulations SNiP I1-94-80);
K, factor which accounts for linear compression strength variation under dynamic
impact, is recommended to be taken equal to 0.85.
Given these considerations, let us determine rock stability criterion:

0.3
1-0.3

(=1+(=0.7))-1.02-0.026 - (—200)((cos 0)° + - (sin O)ZJ

K: =0.3

40-1.1-1.0-0.8-0.85

The stability of ore marginal part under K = 0.3 is ensured by using sprayed concrete
support [13].

131

[
1300
1200

[

W0 L= L : 1} W il 1o 12m "
With regard to the impact made by the Without regard to the impact made by
seismic effect, K = 0.6 the seismic effect, K = 0.3

Fig. 3. Distribution of gypgr over the block mechanical earth model
Puc. 3. Pacnipenenenue G, 0 OJI0YHOI reoMeXaHHIeCKOH MOJISITH

Computer simulation of ore stress-strained state with the account of quarry
blasting impact (seismic effect) on underground mining. The value of the released
elastic (seismic) energy, J, may be determined from the expression:

2 N
A9total = { 2(1 +EVP)TmaX A0 Z Si J : 106, (2)
P i=1

where v;, is the Poisson’s ration for a cell; £, Young modulus of elasticity for a cell,
MPa; t_, is maximum shear stress in contact strength certificate, MPa, the values of
T,., are determined with the use of Kelvin’s solution; A is crack width in rock under
dynamic impact, A, = 0.005 m; S, are the areas of cells with shifts caused by the action
of a blast, m?; N is the number of cells with recorded shifts.

By transforming expression (2), it is possible to determine the areas of shift and
dynamic overload values in the rock mass under various values of blasting seismic
energy (table 1, fig. 4).



10 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal”. No. 2. 2021 ISSN 0536-1028

Shift area S, m?, under the value of blasting seismic energy £, J, is determined in
accordance with the GITS procedure [14].

The regularities of dynamic stresses concentration coefficients distribution in the
orebody’s elements (in parts yH, y = 2.6 t/m3; H = 200 m), caused by the action of
quarry blasting in shot point no. 3, under explosion energy £ = 105 J; E = 10° J,
E=107J; E=108], are shown in fig. 4.

Table 1. Determining the area of shift in the rock mass caused by the action of a quarry blast
Ta6muna 1. OnpenesieHne NJIOIAAN MOABMKKH B MacCHBE TOPHBIX MOPOJ OT JeiiCTBHS B3pbIBa

Ha Kapbepe
Shot Shift area Syin, m’, under the value of blasting seismic
point X, m Y, m Z, m energy £, J
number 10° 10 107 10
3 750 1,200 0 22,486 85,486 359,077 1,588,400

Assessing orebody marginal part stability in the course of underground stoping
expansion with the account of quarry blasting impact (seismic effect) on
underground mining. In order to assess the stability of underground mines with

1500 04 1500
=08 =]
'—!-D.B |l
1400- -1 1400 =g
--l'.' !-l‘
X7 =,
1300 18 1300 "l
1.8 -1
-2 -2
-2.2 -2
1200 24 1200 2
28 24
28 -2
1100 -3 1100+ g-3
32 BT
34 -3
1008 . ! 26 1000+ : 34
500 600 700 BGO 800 1000 1100 1200 1300 1400 1500 =1A 500 600 700 8O0 900 1000 1100 1200 1300 1400 1500 B
4 4
42 -

500 600 700 80D 90D 1000 1100 1200 1300 140 1500 -34 500 600 00 BOD  GOD 1000 MO0 1200 1300 1400 1500 i-lﬁ

Fig. 4. Distribution of dynamlc stresses concentration coefficients in the orebody’s elements (in
parts yH, y = 2.6 t/m’; H = 200 m), caused by the action of quarry blasting in shot pomt no. 3
Puc. 4. Pacnipenenenne Koa(b@HuHeHTOB KOHUCHTPAINH JHHAMIIECKHX HAIIPSDKCHUH B 2JIEMEHTaX
pyaHO# 3anexu (B noisx yH; y = 2,6 /™, H =200 M), BO3HHKAIOIINX OT BIUSHUS B3PHIBHBIX
paGOT Ha Kapbepe B myHKTe Ne 3

the account of quarry blasting impact, similar procedure is applied [13]. In this case,
vertical superimposed stress concentration factor 6, used in formula (1) should be
taken with the account of seismic event’s impact caused by the quarry blast.

Let us consider an example of K calculation with the account of seismic event’s
impact for the accepted input data (hor. 200 m): dynamic stress concentration factor
Ogyuppr 1 shot point 4 (determined with the use of Energy modulus of PRESS 3D
URAL software) is taken for the condition of blasting in shot point no. 3 with energy
E=107]J equal to —1.65.
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The remaining input data are taken similar to the one contained in variant 1:

0.3
1-0.3

(=14 (=0.7) + (=1.65)) -1.02 - 0.026 - (—200) ((cos 0)> + -(sin 0)2)

K= =0.6.

40-1.1-1.0-0.8-0.85

According to instruction data from technique [11], under K = 0.6 and if taking into
account the impact made by the quarry blast, the stability of ore marginal part is ensured
by means of bolting with reinforced concrete roof bolts.

Summary and scope of results. In the course of geomechanical assessment with
the use of PRESS 3D URAL, the following work has been done: 3D mechanical earth
model creation; computer simulation of the stress-strained state of ore without regard
to the impact of seismic activity caused by quarry blasting; computer simulation of the
stress-strained state of ore taking into account the impact of quarry blasting (seismic
effect) on underground mining; assessment of ore marginal part stability under
underground stoping expansion with the account of quarry blasting (seismic effect) on
underground mining. Activities on supporting the works have been developed with the
account of the dynamic impact made by quarry blasting.

REFERENCES

1. Singh P. K., Roy M. P., Paswan R. K., Dubey R. K., Drebenstedt C. Blast vibration effects in an
underground mine caused by open-pit mining. International Journal of Rock Mechanics and Mining
Sciences. 2015; 80: 79-88.

2. Singh P. K. Blast vibration damage to underground coal mines from adjacent open-pit blasting. /nt.
J. Rock Mech. Min. Sci. 2002; 39 (8): 959-973.

3. Lewandowski T., Kelly P., Weeks G. Developing a blast management plan for open cut coal mine
adjacent to an underground colliery may. In: Proceedings of the 8th International Symposium on Rock
Fragmentation and Blasting. Santiago, Chile, 2006. P. 375-382.

4. Tunstall A. M. Damage to underground excavations from open-pit blasting. Inst. Min. Metall. Sect.
A.1997; 106: 19-24.

5. Gu R., Ozbay U. Distinct element analysis of unstable shear failure of rock discontinuities in
underground mining conditions. /nt. J. Rock Mech. Min. Sci. 2014; 68: 44-54.

6. Li Zhou J., Wang S., Liu B. Review and practice of deep mining for solid mineral resources. China
Journal Nonferrous Metals. 2017; 27: 1236-1262.

7. Himanshu V. K., Roy M. P, Mishra A. K. Multivariate statistical analysis approach for prediction of
blast-induced ground vibration. Arab J. Geosci. 2018; 11: 460.

8. Viktorov S. D., Zakalinskii V. M., Mingazov R. Ia. The mechanism of action of the explosion in the
way of reduction of the negative seismic effect in the combined mining. Gornyi informatsionno-
analiticheskii biulleten (nauchno-tekhnicheskii zhurnal) = Mining Informational and Analytical Bulletin
(scientific and technical journal). 2018; S1: 102—111. (In Russ.)

9. Viktorov S. D., Zakalinskii V. M., Shipovskii I. E., Mingazov R. Ia. Effect of blasting pattern design
on rock mass stability in mineral mining. Gornyi informatsionno-analiticheskii biulleten (nauchno-
tekhnicheskii zhurnal) = Mining Informational and Analytical Bulletin (scientific and technical journal).
2020; 8: 62-72. (In Russ.)

10. Tsibaev S. S., Renev A. A., Pozolotin A. S., Mefodiev S. N. Assessment of seismic impacts on
stability of openings in underground mines. Gornyi informatsionno-analiticheskii biulleten (nauchno-
tekhnicheskii zhurnal) = Mining Informational and Analytical Bulletin (scientific and technical journal).
2020; 2: 101-111. Available from: DOI: 10.25018/0236-1493-2020-2-0-101-111 (In Russ.)

11. Trubetskoi K. N., Zakharov V. N., Viktorov S. D., Zharikov I. F., Zakalinskii V. M. The explosive
destruction of rocks mass in the development of mineral resources. Problemy nedropolzovaniia = The
Problems of Subsoil Use. 2014; 3: 80-95. (In Russ.)

12. Sidorov D. V. Developing, implementing and operating a software package for assessing and
controlling the stress-strained state and rock bump hazard of coal bed zones in Russian mines. In: Collected
works of the winners of the 14th Contest of research and development projects among youth, businesses
and organizations of the fuel and energy complex. Moscow: Minpromenergo RF Publishing; 2006.
P. 165-172. (In Russ.)

13. Nagovitsin Tu. N. Criteria for support type selection and calculation for mine tunnels in the Norilsk
Industrial Area. Gornyi zhurnal = Mining Journal. 2015; 6: 74-80. (In Russ.)

14. Beliaeva L. 1., Skakun A. P., Mulev S. N. The procedure of forecasting the bump hazardous state
of the rock mass in the geoseismic conditions of the pit “Komsomolskaya”. Gornyi informatsionno-



12 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal”. No. 2. 2021 ISSN 0536-1028

analiticheskii biulleten (nauchno-tekhnicheskii zhurnal) = Mining Informational and Analytical Bulletin
(scientific and technical journal). 2009; 9: 264-271. (In Russ.)

Received 3 December 2020
Information about authors:

Artem V. Kolganov — student, Department of Exploration of Mineral Deposits, Saint Petersburg Mining
University. E-mail: artemkolganov2011@yandex.ru

Dmitrii V. Sidorov — DSc (Engineering), professor of the Department of Exploration of Mineral Deposits,
Saint Petersburg Mining University. E-mail: sidorov-post@yandex.ru

V]IK 622.831 DOI: 10.21440/0536-1028-2021-2-5-13

OueHka celicMMYeCKOro BO3/1eiicTBUS MIPOMbIILIEHHBIX B3PbIBOB,
NMPOU3BOAMMBIX NMPH BeleHNH OTKPbITHIX FTOPHBIX PadoT,
HA COCTOSIHUE MOA3eMHbIX BHIPA0OTOK ¢ MPUMEHEHUEM POrPaMMHOI0
odecneyenusi PRESS 3D URAL

Koaranos A. B.!, Cunopos /1. B.!
I Cankr-TletepOyprekuit ropubiii yausepcuret, Cankr-IletepOypr, Poccus.

Pegpepam
Axkmyansnocmo padomol. Pazeumue YUCIEHHO-AHATUMUYECKUX MemMO008 OYEHKU OUHAMUYECKOU
npuepysKu pPyoH020 MACCUBa Om 6030€liCmeUs 3pblé08 HA Kapbepe CEA3aHO ¢ HeoOX0OUMOCHIbIO
nOGblUleHUs 00CMOBEPHOCMU NPOSHO3A YCMOUYUBOCTNU NOO3ZEMHBIX 20PHBIX 8bIPAGOMOK.
Llenvio pabomour s6nsemcs OyewKka 6GIUAHUSL G3PBIGHLIX pPAOOM Npu OMKPuIMOU pazpabomke Ha
VCMOUYUBOCMb U COXPAHHOCHb NOO3EMHBIX 2OPHBIX BbIPABOMOK.
Memoo uccnedosanusn. Yucnewno-amanumuueckuti pacuem OUHAMUYECKUX HANPANCEHULl 6 PYOHOM
maccuge, 8KuI0YAOUeM NOO3EMHbIe 20PHbLE 8bIPAOOMKU, HA OCHOBE UCNONb306AHUSL MEMOOd 2PAHUYHBIX
UHMESPATLHBIX YPAGHEHUT 8 NPOCMPAHCMBEHHOU NOCHAHOBKE.
Pezynomameut  uccnedosanus. B yciosusix Ounamuueckoco 6030elicmeus 63pbl608 HA  Kapbepe
YCMOUUUBOCTb NOO3EMHBIX GbIPAOOMOK MOodcem Oblmb COXPAHEHA NymeM YCUleHust Kpenu 3a cuem
NPUMEHEHUs. AHKEPHO2O KPENLeHUs! JiCele300emOHHbIMU WMAaH2AMU.
Bu1600. [Ipumenenue npednodiceHHo20 Memooa no360sen CKOppeKmuposams 3Havenue Koagguyuenma
VCMOUYUBOCTNU NOO3EMHBIX 20PHLIX 6bIPAOOMOK C VUemOM OUHAMUYECKO20 B030€liCMEUs 83pbleo8 8
Kapwepe.

Knrouesnvle cnosa: zeomexanuueckas mMooeinb, CEUCMUYECKOE 8030CUCMEUE, HANPINCCHHOE COCMOHUE,
YCMOUYUBOCb,  G3DbIEHbIE PAOOMbl;, OMKPLINble 20pHblE PAdOmbL, NOO3EMHbIE 20PHbIE PAOOMbL;
npozpammHoe obecneuenue.
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Rock pressure control methods based on detected regularities
of stress formation in mining structures
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Abstract
Relevance. Subsurface mining at the Gaysky ore mine is intensifying because of the growing need in raw
material. It leads to rapid increase in the depth of mining and to problems connected with the stability
of mining system constructive elements. The efficiency of the Gaysky deposit underground development
is largely determined by mining system constructive elements stability. Ore cave-in in the chambers of
the first and second stages causes the growth of load in the interchamber pillars leading to their collapse,
loss of boreholes and development headings. Mining productivity in the chambers of the first, second,
etc. stages falls, oversize yield grows, which also impairs the effectiveness of mining. Hanging wall and
footwall cave-in in the deposit under consideration may be explained not only by host rock poor stability,
but also by the presence of high compressive tectonic stresses, that were determined by the authors.
Stress measurements in the rock mass have shown that the east-west stresses have doubled the north-
south stresses and have been 1.5 times as high as the vertical ones.
The purpose of the research is to reduce stresses in stopes ore in place when excavating steeply dipping
ore bodies using a sublevel stoping method with a hardening backfill.
Research methodology includes full-scale experimental measurements of the stress state of the rock
mass and ore in place at accessible depths and horizons of the deposit. A comprehensive scientific
research method was used, including the analysis and theoretical generalization of stress distribution
regularities in the arrays of the extracted chamber reserves and mathematical modeling of the behavior
of the research object, theoretical results were compared with the results of instrumental observations.
The analysis of the research results made it possible to establish the stress-strained state behavior in
the course of mining. It was revealed that when mining a deposit using sublevel stoping, the most loaded
elements are the hanging wall and footwall exposed parts, ceiling, interchamber pillars and bottom.
Therefore, it is necessary to take measures to increase ore in place stability in order to guarantee the
safety and efficiency of the mineral extraction technology.
Conclusions. Relieve slots method is among the most effective and frequently used active method of rock
mass pressure control. The method has come into common use because it is easy to apply. Main labor
inputs of a relieve slot creation are only reduced to extra drilling and blasting which do not require
additional tunnel driving. The aim of the relieve slot is to create additional free surfaces for deformation,
to redistribute rock mass stress-strain state, and remove stress from the protected element of the mining
system.

Key words: stress state of rock mass; rock pressure control; hanging wall; footwall; stress state;
mining sequence; stress concentration near mine workings and worked-out spaces; technogenic stresses.
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Introduction. The main difficulties of sublevel stoping nowadays are associated
with stoping safety problems in the course of mineral extraction and the deterioration
of engineering and economic indicators. The reason for this is that subsurface mining
is intensifying because of the growing need in raw material. It leads to rapid increase in
the depth of mining and to problems connected with the stability of mining system
constructive elements [1].
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Most common forms of rock pressure manifestation in the course of stoping are the
following: destruction of crosscuts and drifts junctions at the bottom of chambers;
collapse of the backfill from the overlaying formations; chamber walls and ore in place
caving.

The indicated negative events mostly affect the stability of pillars and exposures, so
the issue of mining system constructive elements stability is so pressing.

830 -
/910 m |
L . | . VIR
© @ M D | W | v © @ S O
990 m | e B E

Fig. 1. Distribution of stresses in arrays of chambers of stages III, IV and V
Puc. 1. Pacnpenenenue Hanpsoxenuit B maccusax kamep 11, IV u V ouepenn

The analysis and experimental-analytical calculation of rock mass initial stress-
strain state (SSS) are important when selecting permanent mines’ location and stoping
sequence [2, 3].

Chamber stability study at the Gaysky ore mine, which uses the sublevel stoping
mining method with backfill, has determined that the hanging wall caving reached 20%
of the chamber length, and the apex of cave reached 8 m.

In case of roof rock and hanging wall cave-in, ore loss and dilution increase causing
additional complications with enrichment, consequently increasing the cost of
production and significantly deteriorating enterprise engineering and economic
indicators [4—7].

Hanging wall and footwall cave-in in the deposit under consideration may be
explained not only by host rock poor stability, but also by the presence of high
compressive tectonic stresses. Stress measurements in the rock mass have shown that
the east-west stresses have doubled the north-south stresses and have been 1.5 times as
high as the vertical ones [8—11].

Another significant problem of mining enterprises that use the sublevel stoping
mining method is mining system constructive elements stability. Ore cave-in in the
chambers of the first and second stages causes the growth of load in the interchamber
pillars leading to their collapse, loss of boreholes and development headings. Mining
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productivity in the chambers of the first and second stages falls, oversize yield grows,
which also impairs the effectiveness of mining. For that reason, it is important to be
aware of the regularities of stress state development and distribution within the rock
mass. This knowledge will make it possible to more effectively develop and hold
activities for ore in place stability in order to ensure safe and efficient technology of

mineral extraction.

Table 1. Mine stresses
Ta6auua 1. Hanpsiakenust, 1elicTByIOlUe HA PyAHUKe

Calculation Measurement
Depth, m Stresses 6, MPa Stresses 6, MPa
vH, MPa vH, MPa

O G2 G- G G2 G
830 -22.41 —22.41 | —44.82 | —22.41 -22.7 -17.6 -394 -22.7
910 —24.57 —24.57 | —49.14 | -24.57 -24.8 -19.8 —41.6 -24.8
990 -26.73 -26.73 | —53.46 | -26.73 - - - -
1,070 —28.89 -28.89 | —=57.78 | —28.89 -29.2 -32 —48.7 -33.3
1,150 —31.05 -31.05 | -62.1 —31.05 — — — —
1,230 —33.21 —33.21 | —66.42 | -33.21 — — — —
1,310 -35.37 -35.37 | =70.74 | -35.37 - - — —
1,390 -37.53 -37.53 | =75.06 | -37.53 - - — —
1,470 -39.69 -39.69 | —79.38 | —-39.69 - - — —
1,550 —41.85 —41.85 | —83.7 | —41.85 — — — —
1,630 —44.01 —44.01 | —88.02 | —44.01 — — — —
1,790 —48.33 —48.33 | -96.66 | —48.33 — — — —

— north-south stresses; o, — east-west stresses; o, — vertical stresses.

With the development of rock mass and ore in place SSS computer simulation, the

optimal sequence of mining has been substantiated.

Mining sequence substantiation methodology. The optimal sequence of mining in
levels —830/~1070 m and —1070/~1310 m was substantiated based on rock mass and

SURERNEES

A

Puc. 2. Pactipenenenune HanpspkeHnid B MaccuBax kamep 1L, IV u V ouepenn

ore in place stress-strain state computer simulation with Fem software resting
upon the finite element method (FEM). The software was developed in IM RAS
and has become a rather frequent practice in Russia (IM FEB RAS, Chita State
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Fig. 2. Distribution of stresses in the arrays of chambers of stages III, IVand V
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University, Irkutsk State Technical University, and Nosov Magnitogorsk State
Technical University).

By way of boundary conditions, the results of undisturbed rock mass maximum
stress tensor definition were used in calculations (table 1). Mean strength of ore in place
was accepted equal to 100 MPa. Calculated parameters of massif’s SSS were set as
boundary conditions.

o, MPa
120

i

—

0 10 20 30 40 50 60 70 m, m
——Sublevel I ——Sublevel 1T Sublevel IIT

Fig. 3. Changes in stresses in the ore in place of the third stage chamber on the left
flank by sublevels
Puc. 3. VI3MeHeHue HanpsKeHUi B pyJHOM MaccuBe kaMepsl 11 ouepenu Ha 1eBom
(manTe MO OAITAXKAM

The computer model had the following parameters: the chambers height H = 80 m;
the chamber width » = 20 m; chamber length m = 80 m; orebody angle of dip o = 60°.

The main mining options were simulated in a volumetric setting. After obtaining
volumetric solutions, boundary conditions were selected for a particular mining
sequence, under which plane problem solution in a horizontal plane satisfactorily
converged with the volumetric solution. Additional solutions allowing to elaborate the
proposed mining sequences were produced with these boundary conditions.

Table 2. Physical and mechanical properties of rocks and ores
Ta0auna 2. @Pu3nKo-MexaHUYecKHue CBOHCTBA MOPOJ U PyA

) N Stress-related properties P,
Types of media Y, glem £ 10" MPa . degrees C, MPa
Rock mass 2.8 7.0 0.28 34 9.0
Ore in place 3.9 9.9 0.15 37 11.0
Backfill 2.1 0.5 0.21 36 1.5

Stress-strain state calculation results. Fig. 2 and 3 provide calculation results for
the mean value of compressive stresses in the ore pillars dividing the mined-out
chambers. The numbers indicate the sequence of chambers mining along the strike
within a block.

Based on the quoted results analysis, it is possible to assert that none of the considered
schemes can be accepted as totally satisfactory: as the depth of mining grows, bed
outcrop stress in the lower levels exceeds ore uniaxial compressive strength (100 MPa)
(fig. 1 and 2) [12-16].

Elasticity problem in a plane setting was being solved. Stresses presented in table 1
were used in calculation as boundary conditions. The accepted stresses acting in the
undisturbed rock mass are presented in table 2.

Calculated parameters of massif’s SSS were set as boundary conditions in the
models. Main dimensions and parameters of the applied calculation model were
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accepted in accordance with the actual dimensions of the orebody within the level
under consideration.

Physical and mechanical properties of the rock mass and the backfill material
applied in the simulation are presented in table 2.

Under hor. —830 m the reserves are developed in accordance with the feasibility
study. In order to extract the reserves from levels —830/-910 m and —910/-990 m,
a method of sublevel stoping with room-driving in a block was provided, as per the
scheme I — II — III — I — IV — V (ore pillars are temporarily left at the site of chambers
III, IV and V, they are extracted later with due attention to protective measures).

Wiyiss< o /’“j' e i{i

I &
gy -1% %
K N -120 &g & \\% w .
B N ' 5_\\ \ 0 ‘5
AN \\C@\Jx Za / 1 \ \\ ™~ 7
Fig. 6. Distribution of stresses in level 990—-1070 m during the formation of a tensile joint in one
of the pillars
Puc. 6. Pactipenenenue nanpspkenuid Ha ataxxke 990-1070 M ipu 06pa3oBaHUN OTPE3HOH IIETH

B OJTHOM M3 LCJIUKOB

- 5i

In order to identify the regularities of stress distribution in ore in place and
substantiate the optimal sequence of stoping at level 910-990 m, at different stages of
the Gaysky mine development in accordance with the established schedule of mining,
mathematical modeling was carried out for the depth of 935 m at the upper sublevel
because block simulation in the volumetric setting recorded maximum compressive
stress in this level. The calculation accounted for the effect made by the backfilled
chambers of stages I-I1 because the collapse of the backfill or it’s excessive deformation
due to fragility may lead to additional concentration of stresses in ore in place (pillars)
and create a number of technological problems.

Pillars in the chambers of stages III, IV and V with the total thickness of 40 m under
the acting stress state in level 910990 m will be in a stable condition. Stress growth in
the pillars was most starkly illustrated in graphs of stress behavior in ore in place by
sublevels (fig. 3). They show stresses distribution over the center of the pillar at the
level of sublevels along the whole length of the future chamber starting from
the footwall. It can therefore be concluded from these graphs analysis that the use of the
three-stage scheme of mining at the depth of more than 910 m may be considered
ineffective without stress state reduction precautions in the inter-block pillars.

Rock pressure control methods. In case of organized systematic extraction of
chamber reserves in a level by a general expansion of the extraction front in the
chambers of stages I-I1I, there will be no problems of great concern (fig. 4). However,
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for the chambers of stages IV and V as wells as ore inter-block pillars it is necessary to
provide for some measure for their protection (fig. 5).

Pillars should be mined “from the center to the flanks”. In case of using this stoping
scheme, after the first pillar is extracted, as a results of stresses redistribution,
compressive stresses values in the next pillar will grow by 35%, and its excessive
deformation will begin. After that, ore in place broken condition will result in drilling
difficulties and increased dilution due to backfill collapse near the chambers
contours (fig. 6).

Wiz~ .

Fig. 7. Distribution of stresses in level 1150-1230 m with the traditional formation of a tensile joint
by breaking in sections in one of the pillars
Puc. 7. Pacnpenenenue HanpspkeHuid Ha staxe 1150-1230 M npu TpaauiMOHHOM 00pa30BaHUU
OTPE3HOM MIEN CEKIMOHHON OTOOMKOM B OJJTHOM U3 IIETTMKOB

For that reason, active methods of rock mass pressure control should be used as
inter-block pillars protective measures. The active method involve direct change of
stresses in local sites of the rock mass by means of reducing or redistributing the
stresses.

Relieve slots method is among the most effective and frequently used active method
of rock mass pressure control. The method has come into common use because it is
easy to apply. Main labor inputs of a relieve slot creation are only reduced to extra
drilling and blasting which do not require additional tunnel driving. The aim of the
relieve slot is to create additional free surfaces for deformation, to redistribute rock
mass stress-strain state, and remove stress from the protected element of the mining
system.

Relieve slot plane should be at right angles to maximum stresses direction in the
rock mass.

In some cases, blasthole rings may be used without blasting. It may be sufficient to
relieve and protect the chamber from compressive stresses. If one ring is insufficient,
2 or 3 rings may be required. Parameters and required number of the rings in the relieve
slot may be accurately identified only from pilot testing. Also, blasthole rings with
camouflet blasting of the next but one well are used to create tension joints. This method
is used to relieve the rock mass and protect it from tensile stresses at the contour of the
chambers.

Ore in place must be relieved by means of creating advance relieve (cutoff) slot at
full pillar width or making a blasthole ring in the hanging wall which will reduce stress
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in the pillar as a result of deformation. When extracting a pillar in the chambers of
stages VI, VII and VIII, it is necessary to produce one tensile joint per blast (fig. 6).
Otherwise, there will be overload of ore unrelieved part up to incredible values
inevitably resulting in rock mass collapse (fig. 7).

Maximum stresses 6, acting from chambers hanging wall and footwall have also
been calculated for different angles B in the base of the triangle mass left. It has been
determined that it is most reasonable to leave this mass with angle B equal
to 70° (fig. 8).
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Fig. 8. Diagram of stress distribution on the contour of chambers with a tensile joint at § = 70°
Puc. 8. Cxema pacnpeeneHust HANPsHDKEHUH Ha KOHTYpe KaMep ¢ TPEIIUHOM pa3peiBa mpu 3 = 70°

Summary. The quoted results of the rock mass SSS calculation allow stating that it
is impossible to extract all the reserves in a level using the sublevel stoping method
without taking the special measures. So, the sequence of mining is as follows:

1. When extracting level 830-910 m, almost any scheme can be applied.

2. Reserves of levels 910-990 m are extracted according to scheme I — IT — I — 1 —
V-V

3. At levels 990-1,070, 1,150-1,230 and 1,230-1,310 m, sublevel stoping is used
with backfilling and longwall mining with 160 m goaf and 60 m inter-block pillar.

4. Protective belts at levels 910-990 and 990-1,070 m are pointless due to the low
thickness of orebodies and thick rock intercalations.
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5. As a special measure, it is recommended to relieve ore in place in the intervening
pillars by means of producing advance relieve (cutoff) slot at full pillar width or making
blasthole ring in the hanging wall which will reduce stress in the pillar as a result of
deformation.
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MeTtoas! ynpaBJjieHusi TOPHBIM /IaBJIeHHEM, OCHOBAHHbIE HA BBISIBJIEHHBIX
3aKOHOMePHOCTAX (GOPMHUPOBAHUS HANIPSIZKEHHOI'O COCTOSIHUS B TOPHBIX
KOHCTPYKIIMSIX

3yokos A. B.!, Centsios C. B.!
" MucrutyT roproro aena YpO PAH, ExarepunOypr, Poccus.

Peghepam
Axmyanvnocms memul. Humencugpurayus noo3emMHvix eopuvix pabom Ha I atickom pyouuke, 6b136aHHAA
6ce gospacmaioweli. NOMpPeOGHOCMbIO 8 Cbipbe, NPUEOOUM K Obicmpomy pocmy 2nyOunbl paspabomxu
MeCmOPOAHCOeHULl NONE3HBIX UCKONAEMbIX U B03HUKHOBEHUIO NPOOIeM YCMOUYUE0CMU KOHCHPYKIMUGHBIX
anemenmos cucmemovl  paspabomku. pgexmuenocmv paspabomru I aiicko2co MecmopoxicoeHus:
NOO3EMHbIM CHOCOOOM 6 3HAYUMETbHOU Mepe ONnpeoelsiemcs YCmouyusocmvio KOHCIMPYKMUGHBIX
anemenmos cucmemvl paspabomiu. Oopywienue pyoHsbiX CmeHOK 6 Kamepax nepeoti u 6mopoil ouepeoel
8bI3bI6ACI POCH HAZPY30K HA MENCOVKAMEPHbIE YeNUKU, YMO NPpUueooum K ux paspyuleHuro, nomepe
OYPOBbIX CKBAJICUH U NOO2OMOBUMENbHBIX gblpabomok. [ladaem npouzeooumensHocns 000bIY U3 Kamep
eémopoii, mpemveti u Op. ouepeoeil. Ilpu camoobpyuenuu nopoo Kposeu u sucsiuezo OOKA 603pacmarom
nomepu u 3acopenue pyool, 6bix00 Hecabapuma. IIpuyunsl paspyulenus gucsye2o u aiexicavezo 6oKog Ha
OaHHOM MeCmOPONCOEHUU CEA3AHbI He MONbKO ¢ HU3KOU YCMOUYUBOCTNBIO Mearouux nopoo, Ho U C
HAUYUEM BbICOKUX CHCUMAIOUSUX MEKMOHUYECKUX HANPSICEHUT, KOMOopble Obliu Onpedeietbl d8mopamu.
Uszmepenus HanpadjceHutl MAaccusa 20pHuIX NOPOO NOKA3AMU, YMO HANPSJICEHUs, Oelicmeyiowue Nno
CyOUUUPOMHOMY HANPABIEHUIO, B08O€ NPEGICUNU HANPSICEHUSL MEPUOUOHANLHO20 HANPAGIEHUsl U ObLiU
6 1,5 paza 6onvuie 6epmuKanbHbIX.
Leny uccneoosanuii — crudicenue HANPAdNCeHUll 6 PYOHbIX MACCUBAX OYUCMHBIX KAMep NpU BbleMKe
KpYymonaoarowux pyoHuix mei KAMepHoU CUCmeMOl paspabomxu ¢ meepoeioujeti 3aKa1aoKou.
Memoouka uccnedosanuii npeononazaem HamypHvle IKCNEPUMEHMANbHBLE USMEPEHUsl HANPSAICEHHO20
COCMOSIHUA  MACCUBA NOPOO U PYO MECMOPONCOeHUsL HA OOCMYNHbIX 2AYOUHAX U 2OPUSOHINAX
mecmopooicoenusi. Mcnonb306an KOMNIEKCHbII MemMOoO0 HAYYHBIX UCCLe008AHUU, GKIIOUAIOWUL AHATU3 U
meopemuueckoe 0000ujeHUe 3aKOHOMEPHOCHEl PACHPeOesieHUsl HANPSIJCEHUL 8 MACCUBAX GbIHUMAEMbIX
KAMEPHbIX 3aNacos; MamemMamuyeckoe MoOeIuposanue; CoOnOCMagieHue meopemuieckux pe3yibmanmos
€ pe3yibmamamu UHCIMpYyMeHmManibHblX HAOI0OeHUI.
Ananu3z pe3ynbmamos uccie008anuil NO380AUL YCMAHOBUNb 3AKOHOMEPHOCMU U3MEHEHUsl HANPSICEHHO-
0ehopMUpoBaHH020 COCMOSHUAL NpU  BedeHul 20pHuIX pabom. Buisereno, umo npu ompabomke
MeCmOpOdICOeHUsT KAMEPHbIMU —CUCHeMaMu  paspabomku  Hauboiee HASPYICEHHLIMU DNeMEHMamu
SABNAIOMCA OOHANCEHHAS YACMb BUCAYE20 U edcade20 O0K08, NOMOIOYUHA, MEXCOYKAMEPHble YeluKu U
OHUWe, NOIMOMY HE0OX00UMO NPOBOOUNL MEPONPUSMUS, 00eCneyusaiowue NoGbIUEHUe YCMOUYUBOCU
PYOHO20 MACCUBA 2OPHBIX NOPOO C YENbI0 2APAHMUPOBAHUs Oe30NACHOCU U 3P DEKMUBHOCTIU MEXHOI02UU
000U NONE3HO20 UCKONAEMOZO.
Bu1600b1. Ooun u3z naubonee >¢hpekmusHbIX U 4ACMO NPUMEHAECMBIX AKMUBHBIX MEeMO0008 YNpasieHus.
2OPHBIM O0AGIeHUEeM MACCUBA 20PHBLIX NOPOO — MO NpUMeHenue paszepy3ounvix weneu. Llupoxoe
npuUMeHeHUe OAHHbIL Memoo NOLYUUTL U3-3d €20 NPOCmombl 6 ocyujecmenenuu. OCHO8HbIE MPYO03ampanivl
06pazosanuis pazepy30uHOU Weau c800sIMCcsi MOAbKO K OONOIHUMENbHbIM OYPOG3PbIGHbIM pabomam, He
mpebylowum OOnOIHUMENbHOU NPoxooKku evipabomok. CywHocmb pasepy304Hol wjeau — 8 CO30aHuU
OONONHUMENbHBIX C60O0OHBIX NOGEPXHOCMIEN, HA KOMOPBIX NPOUCX00UM deopmayus, nepepacnpeoeieHuu
HANPSIICEHHO-0eDOPMUPOBAHHO20 COCMOSHUSL MACCUBA  20PHBIX HOPOO, CHAMUU HANPSNHCEHUS C
3aUWUAEMO20 dNEMEHMA CUCIeMbl Pa3padomKu.

Knioueswvie cnosa: HANpAsNCeHHoe CoOCmosiHue Maccuea CKajlbHoblx I’lOpO(),’ ynpaejienue cOpHbim ()aeﬂeHueM;
sucsayuUll 601(',' nedcaqutl 60}(’,‘ HANPANCEHHoe cocmosiHue, nopﬂdox 0mpa6oml<u; KOHYyermpayusi
Hanp}zofceﬁud OKOJ10 6blpa60m0k u 6blpa60deHle npocmpancme, mexnHocennoble HaAnpANCeHus.

Hccnedosanua evinonnenvt no 2ocyoapcmeennomy 3aoanuio Ne 075-00581-19-00, mema
MNe 0405-2019-0007.
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MaTemaTnyeckue 1 nporpaMmmHbie CPpeACTBa OLIEHKM
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Peghepam
Beeoenue. B pabome paccmampusaiomcsi npooiemvl COBPEMEHHO20 ANOPUMMA TOKAYUU coObImMul
AKYCMUYECKOU IMUCCUU CUCEMbl 2eOMEXAHUYecKo2o MoHumopunea Prognoz-ADS. IIpednazaromcs
CnOCOObI peuleHUss HeDOCIMAMKO8 UCHONb3YEMO20 AN2OPUMMA C YYEmOM NPedbAaBNaeMblX MPeOO6aHUl.
Llens pabomut. [Ipednoscums pso peutenutl, nO360AOWUX 00OUMbCA DOAbULEN MOYHOCIU PACYEmMOo8
KOOpOuHam celicMoakycmuieckux coovimuil. Pewums npobremy «niockoiy aHmMeHHbl U NOIYUUMD
B03MONCHOCTb OYEHKU I heKmUsHOCmU OMOebHbIX dNleMeHmM o8 HabodamenvHotl cemu. Paspabomamu
CMPYKMYPY HOB020 AN2OPUMMA JIOKAYUU U PACCHUMATNb €20 NPEIBAPUMETbHYIO CLOHCHOCb.
Memoodonozus. Ycmpanume HeOOCMAmMKU CYWECMBYIOWe20 alcopumma npeoiazaemcs ¢ noMOoubio
HOCMPOEHUS KapNibl CKOPOCH el 00beKma MOHUMOPUH2A, OYEHKU 3P HEKMUBHOCTU CEUICMOAKY CINUYECKUX
NPUEMHUKO8 U OAHHBIX O UYYBCMBUMETbHOCIMU HAOIIOOAMENbHOU cemu HA OMOENbHbIX YUACMKAX
HOPOOHO20 MACCUBA.
Pesynomameul. B pabome npedcmasiena J02Udeckas cxemd paspabomaHHo20 ancopumma co
cnoocnocmoio O(n). Ilpednosiceno peuwienue npobremvl NIOCKOU AHMEHHBL C NOMOUWbIO UCHONb30BAHUS
OAHHBIX O KOMNIEKCHOU YYBCMBUMENbHOCIU CeUCMONPUEMHUKOS. Beeden pad cpedcme no noiyuenuio
OONONHUMENLHOU UHDOPMAYUU O COCMOAHUU HAOTIOOAMENbHOU cemu U CKOPOCMAX PACHPOCPAHEeHUs
cueHana Ha ucciedyemom obvexme.
Bu1600wt. ITlpoexmupyemulii aneopumm npedycmampugdem 8apbuposaHue MHOMCECMed napamempos,
MHO2Ue U3 KOMOPbIX HUKAK He YHUMBIBAIOMCS 6 CYWeCmEyujem Memooe OnpedeieHus T0Kayuu
cucmemvl  Prognoz-ADS. [loobop Oannvix Xapakxmepucmux 6 CO80KYNHOCMU C 3IDDeKxmusHbim
UCNONL30BAHUEM ANNAPAMHBIX PECYPCO8  YCMPOUCMEA, NPOU3BOOAUE20 BbIYUCTEHUS, NO38OUM
ROZYYUN® OONee MOYHBLI U YHUBEPCANbHDLI ANCOPUMM JIOKAYUU.

Knroueevle cnosa: 20pHUIL  Maccus;,  yOapoOndcHoe COCMOsHUe; JOKANbHbI KOHMPOLb,
AKyCmu4ecKkas SMUCCUs; 10Kayus, 2e0MexanHudeckuti MOHUMopuHa.

Breaenue. OHOM 13 OCHOBHBIX 33j[a4 OCYIIECTBIECHHUS CEHCMOAKyCTHUECKOTO MO-
HUTOPHMHTAa B MacCHBE TOPHBIX MOPOJ SABISIETCA MOJTYYSHHE JOCTOBEPHBIX KOOPIMHAT
coOBITHI akycTHyeckoi smuccuu [1, 2]. B HacTosimee Bpemst HCTUTYyTOM TrOpHOTO
nena JIBO PAH pa3paboTanbl anropuTMBl M PACUE€THBIE METOMBI ONPENCIICHUS JIOKa-
[IUM, MHOTHE W3 KOTOPBIX BHEJPEHBI B MPOTpaMMHBIN koMmIuiekc Prognoz-ADS u
YCTENTHO MPUMEHSIOTCS IJIS1 OLIEHKH T€OMEXaHNYECKOTO COCTOSHHUS YYaCTKOB IIaXTHO-
ro nosst [3—5]. Pa3paboTanHble METOII OCHOBAHBI HAa aHAIN3E BPEMEHH PETHCTpaluu
CUTHaJa KaKIbIM M3 TPUEMHHUKOB, HO CYIIECTBYIOT MOJIXObI, OCHOBAaHHBIE HA WHBIX
npuHIunax [6]. Kaxaerii u3 MCHOIB3yeMBIX METOIOB 00JIaacT CBOMM HaOOpOM Tpe-
MMYIIECTB U HEAOCTAaTKOB, YTO B CBOIO OU€pe[b HAKJIAAbIBACT OrpAaHHMYEHHUS HA €ro
npuMeHeHne. B pabore aBropamu mpeanaraercsi BeIpaboTarh HAOOp TMOAXOMOB IS
CO3/IaHUSl YHHBEPCAJIBHOTO ajJrOpUTMa JIOKAIUH, KOTOPBIH MOXHO HCIOJIB30BaTh
JUTs OOJTBIIMHCTRBA KOH(HIYpaLliid IPUEMHBIX aHTeHH. JIjIs pelieHus JaHHOH 3a1a4u Oy1yT
MIPUMEHSATHCS YK€ 3aPEKOMEH/IOBABIINE Cce0s aHATUTUYECKNE METO/BI, a TAK)Ke HEKO-
TOpBIE 3HAYMMBIE TOPaOOTKH, TIO3BOJISIOIINE TTOBBICUTH TOYHOCTh OTPEAETICHHS JIOKa-
LU | TTOJYYUTh JOMOJHUTEIIbHYIO HH()OPMAIIHIO O PETUCTPUPYEMOM curHaiie [7].
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B Hacrosimee Bpemsi B OONBITUHCTBE CITy4aeB JIsl ONpeesieHIs] KOOpIUHAT Ceiic-
MOAKyCTHYECKOTO COOBITHSI HCIIONIB3YIOTCS aITOPUTMEI JIOKAIMH, OCHOBaHHBIC HA Me-
TOJ]aX TOKOOPIMHATHOTO CIyCKa U mepedopa koopauHar [§].

PesynpraToM BEIMHCICHUN BCEX aJTOPUTMOB SBISIOTCS KOOPAHHATHI COOBITHS U He-
KOTOpasi BEIMYMHA SMITMPHUYECKON HEBSI3KH, TIO3BOJIIONIEH OIEHUTHh TOYHOCThH OTpe-
JieneHust Jokanuu. llpucyTcTByeT cnoco0d KOMOWHAIMM HECKOJNBKHX aJrOpUTMOB,
CYITHOCTh KOTOPOTO COCTOHT B MOCIJE0BAaTEIbHOM BEIUHUCICHUH OTAEIHHO 0 KaKI0-
My alITOPUTMY U BBIOOpE PEIICHHUs] C HANMEHBIIIUM 3HAaU€HUEM HEBSI3KH.

[ToMrMo BBIOOpa MCTIONB3YEMBIX METOJOB pa3pabOTYHMKaMH MPETyCMOTPEHA BO3-
MOYXHOCTh MX TOHKOW HACTPOWKH, BKIIOYAsl YCTAHOBKY HAYaIbHOM TOYKH W IIara Jis
METO/1a TOKOOPIMHATHOTO CITyCKa, YCTAHOBKY Illara CETKH JIJIsl MeTojia repedopa u Jp.

HenocraTkoMm BceX MPUMEHSEMBIX ajJrOPUTMOB SBISICTCS KOHCTAaHTHAs BEIUYMHA
3a/1aBaeMO CKOPOCTHU pacHpOCTpaHEHHs 3ByKa B MACCHBE TOPHBIX MOPOJT HE3aBUCHUMO
oT pueMHuKa curHana [9]. Hekotopsle Mogudukanmuy npeacTaBIeHHBIX METOIOB TI0-
3BOJISIIOT BAPBUPOBATH ATY BEJIUYMHY, HO TOJIBKO JUJISl BCEX NATYUKOB OJHOBPEMEHHO.
JaHHBIM onXon NPUBOIUT K YCPETHEHUIO CKOPOCTEH 3ByKa B MACCUBE TOPHBIX MOPO/I,
YTO HCKKAET MH(OOPMAIUIO O PETUCTPUPYEMBIX UCTOYHUKAX CUTHAJIA.

Eme onHuM HEZOCTAaTKOM CYIIECTBYIOUIMX METOJOB SBIAETCS OTHOCHUTEIbHAsS
CJIOXHOCTh HACTPOMKH MapaMeTpOB IMepell MPOBEACHUEM PACUETOB, YTO HAKIIAIbIBACT
psia TpeOoBaHMI K KBATU(UKAIIUK ONlepaTopa CUCTEMbl MOHUTOPUHTA.

CyIecTBYOT MPOOJIEMBI, CBI3aHHBIE C OITUOOYHBIM OIPEIEIICHUEM JIOKAITUH B CITY-
Yae TUIOCKOW PUEMHOM aHTEHHBI U OTCYTCTBUEM MEXaHH3Ma OLEHKU 3P PEKTHBHOCTH
MPUEMHUKOB CUTHAJa B KaKI0M KOHKpeTHOM citydae [10].

BcenencrBue yka3zaHHBIX HEIOCTATKOB aBTOPAMHM IpeyIaraeTcsi CPOpPMYIHPOBaTh U
pa3paboTarh psJ MAaTEMAaTHUECKUX U MPOTPAMMHBIX CpecTB. [Ipemnaraemeie pemenus
MO3BOJIST 3aJI0KUTh OCHOBY JIJISl CO3JJaHUsI YHUBEPCAIBHOTO KOMILIEKCHOTO BBICOKOTOU-
HOTO U BBICOKOIIPOM3BOJIUTENILHOTO aIrOPUTMa ONPEAEICHUS JOKalUU CeHCMOaKyCTu-
YEeCKHX COOBITHI U MOJIYYHUTh OOJiee TOYHYIO MH(GOPMAIMIO O PACIIPOCTPAHCHUH PETH-
CTPUPYEMBIX CUTHAJIOB, UTO B CBOIO OYEPEAb NOCTYKUT JOMOTHUTEIEHBIM HHCTPYMEHTOM
IO UCCIEIOBAHUIO T€OJIOTHUYECKON HEOTHOPOAHOCTH MAaCCHBa FTOPHBIX MTOPO/.

OcHoBHBIE NOJ10eHHsT pa3padaTsiBaeMoro ajaropurma. [lo npuunne tToro, 4to
UCCIIeAyEMbIE YYaCTKH MaXTHOTO MOJISI UMEIOT Ie0JI0THUECKUEe HApyIISHUS U BBIpado-
TaHHBIC MPOCTPAHCTBA, CKOPOCTh PACIPOCTPAHECHUSI aKyCTHYSCKHUX BOJH OyIeT pas-
JUYHOU HE TOJIBKO JJIsl OTAEIBHBIX MPUEMHUKOB, HO U JUIsl OIHOTO MPUEMHUKA HA BCEM
myTH caenoBanus curnana [11]. IlostoMy npeanaraeTcst BApbUpOBaTh PACUECTHYIO CKO-
POCTh pacHpOCTpPaHEHUs] CUTHAJNA YIS 3JIEMEHTOB HAONMIONATEIbHOW CETH MPUMCHH-
TEIBHO K KQXJA0MY CIIy4alo perucTpalii UMIIYIbCa ¢ LEIbI0 MOMTyUYeHUs KapThl CKOPO-
CTel U OoJIee TOUHOTO OIpe/IeIICHUs] KoopauHat coObITus [12]. B mepcrnekruBe naHHbIe
0 pachpeiesieHud CKOPOCTEH MO3BOJIAT HE TOJNBKO MOBBICUTH MPOU3BOAUTEIBHOCTH
BBICOKOTOYHOI'O OMNPECICHHUS JIOKALUU, HO U OLIEHUTh COCTOSHUE YYaCTKOB IMOPOAHO-
r0 MacCuBa C MO3UIUHU PACIPOCTPAHCHUSI B HUX aKyCTHYECKoro curuana [13].

B xauectBe eliie 0THOTO aJIBTEPHATUBHOIO MOIXO0/1a MOBBIILICHUS KAYeCTBA ONpee-
JICHUS JIOKAIIUKU COOBITHI TIpE/IIaracTcsi BAphUPOBaHUE BpeMeHH Npuxoja curHana [ 14].
DTOT MOAXOM HE MO3BOJIUT MPHUOIU3UTHCS K IMOIYYCHUIO (aKTHUSCKOW KapTUHBI pac-
MPOCTPAHEHUS MPOJOIBHBIX BOJIH, HO MOXKET OBITh MCIIOJIL30BaH IS OLICHKU BKJIaJa
3JIEMEHTOB HAOIIOAATEIEHON CETH B TOUHOCTh Pacdera, YTO MOXKET MO3BOJIUTH OoJiee
3¢ (hEeKTUBHO YCTaHABIUBATh UCXOHBIC TaHHBIC JJIs1 IPOBEACHUS AAILHEHIINX UTEpa-
IUH KOMILICKCHOTO allTOPUTMA.

OtMeuaercs, YTO MpU UCHOIB30BAHUU OJHOKOMIIOHEHTHBIX JATYUKOB BO3MOXKHO
MOJIy4eHHE HEOCTOBEPHBIX JaHHBIX O PACIIOIOKEHUU UCTOUHUKA. [loaToMy mononHu-
TEIBHO MPEJIaraeTcs MPOBEICHUE pacueTa C MOCIeA0BaTENIbHBIM UCKIIOUEHUEM Ta-
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KHX AaTYMKOB U3 IPUEMHOIN aHTEHHBI, €CIIH YIOBIETBOPsETCA TpeOOBaHNE K MX MUHU-
MaJIbHOMY KOJMYEeCTBYy. B coBokymHocTH ¢ uH(popManueil o reoMeTpHyecKoi
OpHEHTAIMK IPUEMHHUKOB 3TO II03BOJIUT MOIYUYHTS IIpecTaBieHue 00 apdekTuBHOCTH
KOHKPETHBIX JaTYMKOB M 0OJiee TOYHO pacCUMTaTh 4yBCTBUTENBLHOCTH HAOIIOAATEINb-
HOW CeTH Ha KOHTPOJIHMPYEMOM y4yacTKe IIaxTHOro noius [15].

WroroBelil nepeyeHsb MpeiaraeMblX peleHni BKIIOYaeT:

— BapbUPOBaHME CKOPOCTEN 3ByKa B MAaCCHUBE TOPHBIX MOPOJ ISl K100 MpPUEM-
HUKa,;

— pacueT KapThl paclpoOCTpPaHEHHUs CUTHAJIA ITyTeM IMepecueTa 3HaYeHUH CKOPOCTH
1ocJie PerucTpalui HOBOTO COOBITHS;

o [lepekoHpurypupoBanue o Py4HOii BBIOOp pereHus
MIPUEMHON aHTEHHBI o ABTOMAaTHYECKHUil BEIOOD
e [lon0Oop BapbUpyeMbIX peuieHust
rnapameTpoB

o lI3MeHeHHe pacyeTHbIX
METOJIOB

TouHOCTH YHuBEpCanbHOCTh

M
Ny

IIpousBoauTeILHOCTH ABTOMaTH3aIMS

o [TonGop BappUpyeMbIX
[1apaMeTpoB

o OrpaHnyeHHe 00JIaCcTH

orpezeNneHns 1 00J1acTH

3HaYECHHH

e [Iposenenune OITN

o Co3sganue
WHIUBHya]bHON
METOMKH

Puc. 1. Xapakrepuctuku pazpadaTbiBaeéMoro ajaropurma
Fig. 1. Characteristics of the developed algorithm

— BapbUPOBaHHE BPEMEHH MPUXOa CHUTHANA C LEeNbI0 OLEHKH Beca KaXa0ro 3Je-
MEHTa IPUEMHON aHTEHHBI 110 BKJIQJy B CYMMAapHYIO BETUUMHY HEBSI3KH;

— M3MEHEHHE KOJMYECTBEHHOTO COCTaBa MPHUEMHOW aHTEHHBI Ui OLEHKH Kaye-
CTBEHHBIX [TOKa3aTelNeil OTAEIbHBIX 3JIEMEHTOB.

PaspabarbiBaeMblil aJITOPUTM JTOJDKEH YAOBIETBOPATH TPeOOBaHUAM HallEXKHOCTH,
JOCTOBEPHOCTH U ONEPATUBHOCTH PAaCUETOB M COOTBETCTBOBATH acleKTaM, IMPEICTaB-
JICHHBIM Ha puc. 1.

To4uHOCTB MperycMaTprBaeT MOTYUYESHUE PELICHUS] C MUHUMAaJIbHBIM 3HAUYCHHEM He-
BSI3KH, XapaKTepHU3yIOlIel NMpHOMIKEHHOEe K (PaKTHYECKOMY MECTOIONOKEHUIO Celic-
MOaKyCTH4ECKOTro coObITUs. JlocTikeHre 3aJaHHON TOUHOCTH ONpeAeIeHUs TOKAUH
OyzeT oCymecTBIAThCS NpU moMolnu 3¢dexkTuBHOrO moadopa UTEPAOHHOTO LIara
BapbUPYEMBIX [IAPaMETPOB, MEPEKOH(DUTYPUPOBaHUS TPUEMHON aHTEHHBI U TMOPSIKA
3a[eiCTBOBaHHBIX B pacyeTe MaTeMaTHYeCKIX METOIOB.

[on yHHBEpCaIbHOCTHIO ANTOPUTMA B IIEPBYIO OUepeab TOHUMAETCS BO3MOKHOCTh
€ro MpUMEHEHHUs Al KOHQHUTYpaluH IJIOCKOW aHTEHHBI, KOTJa MPUEMHUKH JIeKaT
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B OI[HOI71 IIJIOCKOCTH. I[J'DI peUICHUA Hp06J'IeMBI INIOCKHUX aHTCHH Ha Ha4YaJIbHOM JTallc
CJICAYCT NPEAYCMOTPETh MOJTYUCHNEC HECKOJIBKUX peH_IeHI/If/i C HAaMMCHBIIIMMHU 3HAYCHU-
MU HEBA3KU, a4 B ﬂaﬂbHeﬁmeM, C Y4E€TOM OpUCHTAIIUN MPUCMHHKOB B IIPOCTPAHCTBE U
paCC‘lHTaHHOﬁ 30HbI YYBCTBUTCJIBHOCTH KOHTPOJUPYEMOI'O y4aCTKa, MMOJy4YaTb Hau-
boiee AOCTOBEPHOC MCCTOIIOJIOKCHUC NCTOYHHNKA CUTHAJIA.

VHnnpanu3anus KapTsl
CKOpOCTEH

v

IIpeaBaputensHOe
P | Kapra cropocreii |~ """ P ompenenchme nokamumn (- | Mecrononoxenus
HUCTOYHHKaA HUCTOYHHUKOB

; S 3

Semm—-

I{uki mo Toukam
JIOKaIUN

%

Pacuer BaustHUS
TIPHEMHHUKOB

> Ilepecuer koopauHaT
HUCTOYHUKA £,
CoxpaHeHue pe3yJibTara ¢
HAMMCHBIIICH HEBS3KOU

1
: Ilepexon k
| CIIE/IyHOIEMY
Crex ———— 1] MECTOIOIO0KEHHUIO
MIPUEMHHUKOB
VYrTouHeHue .
: KapThl < Bri60p
CcKOpocTei pesyibTaTa €

Puc. 2. YpomeHHast 0JI0K-cXeMa KOMILIEKCHOTO aJropuTMa
Fig. 2. Simplified block diagram of the complex algorithm

ABTOMaTH3anusl MO3BOJIUT COKPAaTUTh paboTy oreparopa CHUCTEMbl MOHHTOPHHTA
[0 HACTPOMKE MCXOIHBIX MapaMeTPOB U IO aHAJIHM3y MOTydaeMoro peuieHus. [1oBbI-
CHTb CTETICHb aBTOMATH3aLUH INITAHUPYETCS ITyTEM HCIO0JIb30BAHUS OIIBITHO-TIPOMBIIII-
JICHHBIX UCIIBITAHUH, 1O pe3yJbTaTaM KOTOPBIX OYyIEeT OCYILECTBIATHCS BBIOOP KOM-
IUICKCa MaTeMaTHYeCKUX CPEICTB paboThl KOMIUIEKCHOTO JITOPUTMa M HACTPOMKa UX
HavaJIbHBIX TAPAMETPOB, a TAKKE Oy/IeT CO3aHa YHUKAJIbHAS METOAMKA 10 00paboTKe
PErucTpUPYEMBIX CUCTEMOW MOHUTOPUHIA CUTHAJIOB PUMEHHUTEIIBHO K KaXKIOMY KOHT-
ponupyemMomy oObekTy [16].

[Tpou3BOAMTENPHOCTh XapaKTEPU3yeT ONEPATHBHOCTH ONPEICICHUS JOKALUH U
CBsI3aHa C KaUeCTBEHHBIM 33JAHUEM HCXOIHBIX IAHHBIX U MOTyYCHUEM TPEIBAPUTEIb-
HOI MHQOPMAIMK O PACTIOIOKEHUH UCTOYHHKA aKyCTUYECKOTO CHUTHAJIa B BUJIE I'€O-
METPUYECKUX KOOPANHAT BOZMOXKHOI 30HBI JTOKauu. [IoMHUMO 3TOT0, /151 HOBBIIICHHS
3 PEeKTHBHOCTH BBIYHUCIICHHUH ITAHUPYETCS peaIn30BaTh aIalITUBHBIN IIar Bapbupye-
MBIX IAPaMETPOB B 3aBUCUMOCTH OT IOJYYCHHBIX Ha KOKIOH UTEPALH PE3yIbTaTOB.
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Takke NPOU3BOIUTENBHOCTh IOJDKHA OBITH NPHUEMJIEMOM B IIMPOKOM AHAIa3oHe
ycTrporicts [17].

CTpyKTypa KOMILJIEKCHOTO aJropuTMa. PaccMOTpUM OCHOBHBIE 3Tallbl Mpesia-
raeMoro ajJropuTMa.

Pacuer jokanuu ¢ MOMOIIBIO MeToAa nepebopa u monyueHre Habopa KOOpIMHAT
BEPOSITHOTO MECTOIOJIOKEHHS UCTOYHHKA CEHCMOAKyCTHYECKOTO CUTHAA.

Wannpnanu3anys TeKymei wim co3ganue 6a30BON KapThl paclpelesieHus: CKOpo-
CTEH U IepecyeT SMIMPUUYECKON HEBS3KH HA OCHOBE MMEIOIIMXCS IAHHBIX U TPACKTO-
puM curHana mno ¢opmyne:

I7Ie 71 — KOJIMYECTBO JAaTYHUKOB, 3aPETHCTPHPOBABILNX COOBITHUE; f,, — Pa3HOCTH BPEMEH
IPHXOJa CHI'HAlla, PACCYNTHIBAEMAs IIPU PETHCTPALMK CHTHAJA, MKC; f,, — PacU€THas
pa3HOCTh BPEMEH MPHUX0/a CUTHAJA, MKC,

o di _dmin .10°

iD c s

I7I€ d; — PACCTOSHUE MEX Yy CKBOKHHOMN C YCTAHOBIICHHBIM [-M JJATYMKOM M CEHCMOAKYy-
CTUYECKHM COOBITHEM, M; d . — PACCTOSHUE OT CEHCMOAKyCTUYECKOIO COOBITHSA O
OmpKalIero 1aTanka, 3aperuCTPUPOBABIIETO CUTHA, M; € — CKOPOCTh PAacIpOCTpaHe-
HMSI CUTHaa, M/C.

Onpenenenne kodpPUITMEHTa HCKKCHUS I KaXKI0TO MTPUEMHHUKA CUTHAJIA TIy-
TE€M BapbHPOBaHMUS BPEMEHHU MPUXO0Jla CUTHAJTA U OIEHKHW M3MEHEHHS BeTUIHHBI He-
Bs3KkH. J[aHHBIN KO3QGUIHEHT MOKET MPUHUMATH 3HadeHus oT 0 10 1, a cymmapHoe
3HaueHue Oynetr paBHO 1. [locme 3aBepmieHuss naHHOTO 3Tama (GOPMHUPYETCS CTEK
MPUEMHUKOB, T/I€ B HaYajle CIIFCKA OKa3bIBAETCS JATUYMK C HAaMOOIBIIUM KO3 hUIn-
€HTOM HCKa)KeHHSI.

Jlanee oT mpueMHHKa ¢ MaKCHMAaJIbHBIM aOCONMIOTHBIM 3HadeHHEM Kod(ddumuenTa
MCKa)KeHHUS CUTHAJa JI0 TEKYIIEero PacloJOXKEeHUS WCTOYHHKA CTPOUTCS Tpacca | I0
TPAeKTOPHUHU CIIEJIOBaHMs CUTHaja (HOPMHUPYETCS CIFCOK T€OMETPHYECKHX JOMEHOB.
Jng >THX TOMEHOB HaYMHAEM BapbHPOBATh CKOPOCTH MPOXOXKIEHHUS CHTHANA, OCY-
MIECTBIISS TIEPECIET SMITUPUUIECKON HEBSI3KM C yUIE€TOM M3BECTHBIX JAHHBIX KapThI CKO-
pocteii. [lombop ckopocTel TpomoinKaeM, IMOKa BEIMYWHA COKPAIICHHUS HEBS3KH HE
JIOCTUTHET HEKOTOPOTO KPUTHIECKOTO 3HAYCHHS.

3areM OCyIIECTBISACTCS mepecdeT Ko3PPUITNESHTOB UCKAKEHHUS IS OCTABITHXCS B
CTeKe IMPUEMHHUKOB, B Pe3yJbTaTe 4ero (QopMUpyeTcst HOBBIH OTHOHAIIPABIEHHBIN CIIH-
COK ¥ TIPOZIOIDKAETCS MOA00P CKOPOCTEH 10 TPAEKTOPHH CIEAYIOMIETO 3JIEMEHTa MPH-
€MHOH aHTCHHBI.

Ha nmpoTspkennu Bcex ntepaiiiii KOMIDIEKCHOTO alTOPUTMa COXPAHSIOTCS Hanboiee
TOYHBIE KOOPAMHATH ICTOYHUKA CUTHAJIA M TApaMeTPhI JAHHOTO pacyeTa.

Jns ciyvast mI0CcKoM aHTEeHHBI BBIBOIUTCS HECKOJIBKO PEIIeHHUH st 00paboTKH nx
orepaTopom, 00, €CIM M3BECTHA 30HA YYBCTBUTEIHFHOCTH KOHTPOIHPYEMOH 30HBI,
aBTOMAaTUYECKHU BHIOMPAETCS COOTBETCTBYIOIIEE PEIICHHE.

B pesynbprare aHanmn3a NoIy9YeHHBIX PEIICHUH TIepecTpanBaeTCs KapTa pacipenee-
HUSl CKOPOCTEH, YTOUHSIOIMAs MHPOPMALHUI0 O PAaCIpOCTPAHEHWH 3BYKOBBIX BOIH B
MacCHBE TOPHBIX MTOPO]I.

VYmporenHas 6J0K-cxeMa pa3padaThIBAEMOT0 aJlTOPUTMA PUBE/ICHA Ha pHC. 2.
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BbIieiiM OCHOBHBIE COCTABISIOIINE YACTH alTOPUTMA U MPOBEJCM MPUMEPHYIO
OLICHKY WX CIIOKHOCTH, MPEJICTABICHHYO B Ta0II. 1.

CTOHUT OTMETUTH, YTO KOJIMYECTBO NMPUEMHHUKOB MO CPABHCHUIO C KOIUYECTBOM
pPacUYETHBIX MPOCTPAHCTBEHHBIX JOMEHOB MAllO, IO3TOMY HE3aBHCHUMO OT UCTIONB3Y-
€MOr0 aJropuTMa COPTUPOBKH HAWUOONBIIYIO HATPY3KY Ha BHIYHCIHTEIHHBIC MOIII-
HOCTH Oy/IeT OKa3bIBaTh KOJIMYECTBO PACCUUTHIBAEMBIX IOMEHHBIX 00OnacTed u ore-
pauus ux nepebopa IS ONpPENeICHUs MPEABAPUTEIHLHBIX KOOPIUHAT COOBITHS CO
CI0KHOCTBIO O(n).

Ta6auna 1. C105KHOCTH AJrOpUTMA
Table 1. Complexity of the algorithm

Komrmonent CII0KHOCTE
VHAIHATU3AIAST KAPTBI CKOPOCTEH ...vovviivieriietieeieetiesiesteesiesttestesseestesseessessessaesseessensesseessesseessessessnens O(n)
OmnpeneneHne JOKAIUH METOHOM MEPEOOPA ....e.vvereitieuieiierieteatieteeiienteateentesteeseenteaseestesseenseaneennenee O(n)

IIepecuer norpemHnocreit pacuera .. .
PacueT BIHSHUS IPHEMHIKOB .......c..coeuietititimteitatteteatestentetteteatesteteeeateteeaeseesteteseeatebeeueseeaeeneeaeenes
YTOUHEHNE KOOPIMHAT MCTOUHHKA ........veveriaieniieeteeteeeeeeneeneeneeeeene e esee e ene e eeneeneene s neeanenes
CopTHpOBKa NPUEMHHKOB (3aBUCHT OT METOJIA) ..

3akaouenne. PaccMOTpEeHHBIE B CTaThe TIOAXOBI TO3BOJIAT PEMINUTE PSJ] MPOOIIEM,
HCITOJIb3YEMBIX B HACTOSAIIEE BpeMs B cucTeMe Prognoz-ADS meTtonos mokaruu. Kom-
MIJIEKCHBIA aJITOPUTM JIOKAIIUU TO3BOJIUT Pa3pelIUTh 3aJlady MIIOCKOW MPUEMHOUN aH-
TEHHBI ¥ TTOTyIUTHh HH(OPMAITHIO O KOHTPOIUPYEMOM MACCHBE TOPHBIX TIOPOJ C TOUKH
3peHUs] CKOPOCTH PACIIPOCTPAHEHHUS 3BYKOBBIX BOJIH OT HUCTOYHHKA CeHiCMOaKycTHde-
ckoro curHana. [Ipeamaraemsie moaxonsl OyayT ZOCTUTAThCS OIarofgapsi COOTBETCTBHIO
TpeOOBaHMUSIM TOYHOCTH, YHUBEPCAIBHOCTH, aBTOMATH3AIMH U MTPON3BOAUTEIEHOCTH.
B npencraBnenHoii pabote OpuTa chopMynEpoBaHa HadadbHAs KOHIICTIITNS KOMITIEKC-
HOTO aJTOPUTMa JIOKAINH, M aBTOPAaMH MPOU3BOJUTCS €TO pean3alus 1 AalbHeiee
COBEpIIICHCTBOBAHHE.
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Mathematical tools and software for the distributed geophone network
of Prognoz-ADS geomechanical monitoring system

Aleksandr V. Konstantinov!, Maksim I. Rasskazov!, Denis I. Tsoi!
! Mining Institute FEB RAS, Khabarovsk, Russia.

Abstract
Introduction. The article considers the problems of the present-day algorithm of acoustic emission events
location in Prognoz-ADS geomechanical monitoring system. The ways of solving the flaws in the applied
algorithm have been proposed with the account of the specified requirements.
Research aim is to propose certain solutions aimed at achieving higher accuracy of seismoacoustic
events coordinates calculation; to solve the flat antenna problem and get the opportunity of assessing the
efficiency of separate observing network elements; develop the structure of a new location algorithm and
calculate its preliminary complexity.
Methodology. It is proposed to correct the problems of the existing algorithm by constructing the velocity
map of the controlled object and assessing the efficiency of seismoacoustic receivers and data on the
observing network sensitivity in various sections of the rock mass.
Results. The article provides logical structure of the developed algorithm with complexity O(n). It is
proposed to solve the flat antenna problem by using data on seismic receivers complex sensitivity. Certain
media of collecting information on the observing network state and signal propagation velocities at the
controlled object have been introduced.
Summary. The designed algorithm provides for multiple parameters variation, many of them are not
taken into account in the existing location method of Prognoz-ADS system. The indicated characteristics
selection and the efficient use of the calculating tool’s hardware resources will make it possible to obtain a
more accurate and universal location algorithm.

Key words: rock mass; bump-hazardous state, local control; acoustic emission; location; geomechanical
monitoring.
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Yy4eT NnpocTpaHCTBEHHOW U3MEHYMBOCTH (PU3UKO-MEXaHUYECKNX
CBOWCTB TeXHOreHHOro MaccuBa ruapooTBana npu otTpadoTke
HaMbIBHbIX OT/IOXEHWI

Kapa6nuu M. M., MpoctoB C. M.2
1 KyaBacckuit rorloBHOM MHCTUTYT MO MPOEKTUPOBaHIO YrrieaobbiBatoWmX U yrienepepabaTbiBaoLyx
npeanpustui «Kysbaccrunpowwaxty, r. Kemeposo, Poccus
2Ky36acCKuid rocyJapCTBEHHbINA TEXHUYECKMIA yHBEpPCHTET UMenm T. ®. MopBayesa,
r. Kemeposo, Poccus
*e-mail: karablin.mm@gmail.com

Peghepam
Beeoenue. Haoeoicnocmv npocnoza ycmouuugocmu OMKOCHbIX COOPYIICEHUll 3a8ucum Om cmeneHu
cxemMamuzayuu  pe3ynbmamos  06ooujenus 6a3  OAHHbIX UHICEHEPHO-2e0102UHeCKO20 U3YUeHUs,
2UOP02e0N0UYECKO20 MOHUMOPUHSA, INEKMPULECKUX 30HOUPOBANUL U MAPKWel0epcKux cvemok. [ns
noGbIUeHUs MOYHOCMU NPO2SHO3A YCMOUYUBOCMU AKMYAbHO UCNONb308AMb 2e0MeXanuiecKue Mooeu,
yuumeieaowue NPOCMPAHCMBEHHYI0 USMEHYUBOCMb — QUIUKO-MEXAHUYECKUX —CEOUCME 2PYHIMOG
npubopmoeo2o Maccusa, ¢ nOCIeOyIoWUM NOUCKOM HauboIee ONACHO20 cedeHus 8 NiaHe.
Ilenv pabomwur. Obocnosanue aKmyarbHOCMU OU3UKO-MEXHUUECKO20 MOHUMOPUHEA OMKOCHbIX
COOpydCceHUll Memooamu  CKEANCUHHO-OECCKBANCUHHO20 KOHMPONA U NOCAe0yioueco NnpocHO3d
YCMOUMUBOCU € UCTIONB30BAHUEM ODBEMHBIX 2€0]1020-2e0PU3ULECKUX MOOeNell.
Memooonozus. Ilouck naubonee ONACHO20 CeYeHUs YHACMKA MACCUBA NO COOMHOUEHUIO COBULATOUWUX
U YOepICUBAIOWUX CUIL 8 NPeOeNax yCmMaHOo61eHHbIX 301, XapaKmepusyowuxcsa uUsMeHuugoCmvio Qu3uKo-
Mexanuieckux ceoucms.
Pesynemamer.  Ha ocnose 0606wenus  06a3  OAHHbIX — UHIICCHEPHO-2€0NI02UYECKO20 — UZVHEHUs,
2UOPO2EONIOUUECKO20  MOHUMOPUHRA,  DNEKMPUYECKUX 30HOUPOBAHUL U  MAPKUENOEPCKUX — CbeMOK
paspabomansl oOveMHble 2e01020-2e0u3uUecKUe MOOen NPUOOPMOBLIX MACCUB08 2UOPOSCKPLIUHOSO
3a005 U pazoerumensHoll nepemMblyKi, NPeocmasieHHOl MPexbAPYCHOU HACLINGIO U3 NOPOO CYXOU BCKPbIUIU,
Gopmupyemotl Ha HAMBIBHOM Maccuge. Bvinonnen npocrnos ycmouuugocmu OnbImMHuIX Y4aCmMKO8 MACCUBOS
0Nl (hakmuyeckux NoNoN#ceHutl, OaH CPASHUMENbHbIL AHAU3 NOTYYEHHBIX Pe3YIlbMamos.
Buvieoowvr. [Ipu coz0anuu 00beMHbIX 2€01020-2e0QU3UYECKUX MOOenell MEeXHOZEHHbIX MACCUB08,
CHOPMUPOBAHHBIX HA NAOWAOAX NO2AULEHHBIX 2UOPOOMBANO8, KPOME Pe3yibmamos mpaouyyuoHHbIX
MapruietioepcKux usmepenuil u NpamblX UHICEHEPHO-2e0N02UYeCKUX USLICKAHUL 8eCbMa BAICHLIMU
AGNAIOMCA UHDOpMamugHvle 6azbl OAHHLIX O NPOCMPAHCMEEHHO-BPEMEHHbIX USMEHEHUAX QUIUKO-
MEXAHUYECKUX CBOUCME HAMBIGHIX NOPOO0, O0OYCI06NEHHbIX UX 80000moaueil U KOHCOIUOayuel,
KOomopbule ¢ 8blCOKOU 0emdanbHOCMbI0 HA MEJCCKBAJICUHHBIX UHMEPBANAax MO2ym Obimb NOYYeHbl HA
OCHOBe CMamucmuyeckux 3aeucumocmeli om umeHeHutl 2NeKMmponpoBOOAWUX COUCIE Memooamu
INEKMPUYECKUX 30HOUPOBAHULL UNIU MOMOSPAPUU, a NPU CO30AHUU 02PANCOAIOWUX HACHINEll (NepemMblyeK)
U3 cyxux nopoo — un@opmayus 00 U30LIMOYHOM HOPOBOM OAGLEHUU NOO IMUMU O0OBLEKMAMU.
Ipu ompabomxe 2uOpoOMeXaHU3UPOBAHHBIM CHOCOOOM HAMBIBHBIX NOPOO, OMHOCUMETLHO 0OHOPOOHBIX
N0 NPOYHOCMHBIM CEOUCMBAM, YCMOUYUBOCMb OMKOCA 2UOPOBCKPLIUHO20 30005 6 Hauborvuell
cmenenu onpeoensiemcs aOconomMHbIMU GEIUYUHAMU HAOPAHHLIX NPOYHOCMHBIX NoKazamenell Ha
ompabamvieaemom yyacmke U HeOAAONPUAMHLIM —couemanuem Gopmul ycmyna (Hanuuuem
BLICIYNAIOWUX YUACMKOS, U3PE3AHHOCMb 30005 6 Niamne) ¢ GblCOMOU 3aX00KU. YCmaHnoen1eHHbIl
Juanaszon ko3gguyuenma ycmotiyusocmu cocmasun n = 1,03-3,76. Yemoiiuugocmuv oepasicoarowux
COOpYyICeHUTi U3 CYXUX NOPOO 8 HAUDOIbULeL CHeneny 3A8UCUM O 21y OUHbL PACNON0ICEHUS U MOUJHOCTU
€nabo20 HAMBIBHO20 CNOS U ADCONOMHOU 8ENUUUNBL USOLIMOYHO20 NOPOBO2O 0ABIEHUS 8 DMOM Clloe.
Yemanoenennviii ouanazon usmenenus Kos@duyuenma ycmouuugocmu 0ia OAGHHO20 Y4aACmMKd MACCUSA
3HauumenvbHo yoice u cocmasun n = 1,29—1,59.
Knrwueevie cnoea: mexnozennwiii MACCUB, HAMBIBHbIE OMIIOAHCEHUS, ycmoﬁuu@ocmb OMKOCHbBIX
coopydicenuti; noposoe Oasienue; dNEKMPOMOMOSPAPUA; USMEHYUBOCHb HPOYHOCHHBIX CB0UCME;
00veMHas 2e011020-2e0pu3uyecKkas Mooens, KodD@uyueHm ycmouuusocmu.
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BBenenmue. [Ipy MOCTOSHHOM POCTE TEXHOTEHHOTO BO3ACHCTBHUS HA TUTOCHEPY BO
n30exaHue TI00aTBHBIX KaTacTPO(MHUIECKUX TMOCIENCTBUNA BO3pacTaeT MOTPEeOHOCTH
B ITOBBIIIICHUH TOYHOCTH IPOTHO3a YCTOWIMBOCTH OTKOCHBIX COOPYKEeHHIA [ 1].

Ta6auua 1. Pusnko-MexaHHu4YecKHe CBONCTBA NPUPOAHBIX U AHTPONOT€HHBIX TPYHTOB

Table 1. Physical and mechanical properties of natural and man-made soils

TToposb! (KOHTAKTHI CIIOEB) v, kH/™® C, klla ©, Tpajg
OTBanbHas cMeCh 18,1 14,7 32
HambIBHBIE IPYHTHI B 3200€ THAPOMEXaHH3alHN 18,4 18 8
EctecTBeHHO 3aieraroniye 4eTBepTUYHbIE OTI0KEHUS 19,1 26 14

[Ipn TpaguuoOHHOM MOAXOZE JJIS TEOMEXaHHYECKOro 00OCHOBAaHUS IMpeeNbHbBIX
MapaMeTPOB TOPHBIX BHIPAOOTOK M OTBAJIOB MPUHUMAIOT PSIIT YIIPOIICHHNA:

— mpUOOPTOBOIl MacCCHB pPaccMaTpPUBAIOT KaK KBa3WHU3OTPOITHBIN WA CIIOWCTHIN,
B TO BpeMs KaK peajbHbIe TOPHBIE MOPOJIBI SBISIOTCS CI0KHOIM TUCKPETHOW U HEOTHO-
POIHOM cpemoit, oOmamaromeld aHN30TPOIHEH BeeX (PH3NIECKUX, MPOIHOCTHRIX U JIe-
(hopManMOHHBIX CBOUCTB [2];

— B pe3ysbraTe HeOIaronpusITHOTO BIMSHHUS TPUPOIHBIX U TEXHOTEHHBIX (JaKTOPOB
Ha TOPHBIE MOPOABI MPOMCXOAUT MOCTOSIHHOE M3MEHEHHE ITOKa3aTellel yIOMSIHYTBIX
CBOICTB, HalpaBJI€HUN W BEIWYWH BHEIIHUX BO3JCUCTBUI, ONMpPEACNSIIONIMX Hamps-
JKEHHO-1e(DOPMHUPOBAHHOE COCTOSTHHE HUCCIIEAYEMOTO MacCHBa.
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Puc. 1. I'padmku 3aBUCIMOCTH MEXaHHYECKUX CBOWCTB HAMBIBHBIX
TPYHTOB OT KOOPJHMHAT NPOQHIeii x| —a U X, — 6
Fig. 1. Graphs of the dependence between the mechanical properties
of alluvial soils and the sections coordinates x; —a and x, — 6

B pesynbrare Takoil cxemaruzanuy Ui 000CHOBaHUS O€30MaCHOCTH WH)KEHEPHON
JESITeTbHOCTH YeJIOBeKa TMHAMUYECKYIO 33/1auy PellaroT Kak CTaTH4ecKyro. D10 00y-
CIIOBJICHO TEM, YTO ISl NIONTyYEHHsI HEOOXOIUMOro o0beMa AaHHBIX 00 WH)KEHEPHO-
Te0JIOTHYECKOM CTPOCHUH, THAPOANHAMUYECCKOM PEKUME TOA3EMHBIX BOJ, AHOMAJIHAX
Y M3MEHYMBOCTH CBOWCTB MaccuBa TPeOyeTcsl BBIIOJIHEHHE OONbLUIMX 00BEMOB Mpsi-
MBIX METOAOB U3bICKaHU (OypeHHe CKBa)KUH, OTOOP MOHOJIUTOB U UX J1a0OpaTopHbIe
UCIIBITaHUS), & TAKKE Te0()U3NIECKUX HCCIEIOBaHUN, KaK CKBOKUHHBIX, TaK U C 3€M-
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HOU moBepXHOCTH. V3-3a TPYAOEMKOCTH U JJOPOTOBHU3HBI TAKMX MCCIIEAOBAHUH B OOIB-
HIMHCTBE CIy4aeB HE MPEACTaBISAETCS BO3MOXKHBIM PETYISIPHO OOHOBIATH Oa3bl JAaH-
HBIX PE3yJbTaTOB HCCIEJOBAaHUH, MO3TOMY Bce Oojee aKTyalbHBIMH CTAaHOBSITCS
METObl OECCKBAKUHHBIX T€O(U3NUECKUX, B YACTHOCTH, JEKTPOYU3NIECKUX n3Mepe-
HUI, pe3ynbTaThl KOTOPBIX MPEACTABIICHHI B paae myonukauui [3—11].

Ta6auna 2. Pe3yabTaThl 3aMepoB 10 JaTYMKAM IOPOBOIr0 AaBJIeHUS
Table 2. Pore pressure measurements

Howmep ckBaskuHbl Howmep natunka ITopoBoe naBienue u, kIla
1-12 1312 694,5
1041 989.9
1054 299,1
2-12 1049 2493
1043 11334
2-07 257 230,8
201 129,7
2-08 353 47,7
1-07 528 0,0
544 111,9
506 254.,8
6-11 334 84,5
2-04 859 70,6
503 165,9

OCco0EHHOCTh UCITONH30BAHMS TAKUX MCTOJOB 3aKJIH0YaCTCAd B BOBMOXHOCTHU yCTa-
HOBJICHHMS CTaTHCTUYCCKHMX 3aBHCUMOCTCH M3MEHEHUI CBOHCTB TOPHBIX TOPOA U 3JICKT-
pPI‘-ICCKOfI KOHTPACTHOCTH, a TaKIKC OIICPATUBHOI'O KOHTPOJIA COCTOAHUA MaCCHBA.
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Puc. 2. Cxema rHIpOBCKPBIIIHOTO 320051 U pa3AeIUTEIbHON EePEeMBIUKH:
1- HaIpaBJICHUE 3a00€B TUAPOBCKPBIITHBIX pa60T; 2- WHKEHEPHO-TCOJIOTHICCKast
cKkBaXxHHa; 3 — reodusnuIeckuii mpohuiib
Fig. 2. Diagram of a hydraulic overburden face and a dividing bulkhead:
1 — direction of the hydraulic overburden operations faces; 2 — engineering
geological borehole; 3 — geophysical profile

ABTOpaMM CTaTbU HAa OCHOBE Pe3ybTaTOB aHAJIN3a N3MEHYMBOCTH MTOKa3aTeIe Me-
XaHMYECKHX CBOWCTB HAMBIBHBIX TPYHTOB, IPUBEACHHOTO B padoTe [12], BHIOIHEH MpoT-
HO3 YCTOHYMBOCTH TEXHOTEHHOT'O MAacCcHBa, CHOPMUPOBAHHOTO HAa THAPOOTBAJIE, & TAKKE
OTKOCOB THJIPOBCKPBIIIHOTO 320051 B ycnoBUsix KeapoBCKOro yronsHoro paspesa.
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Lenpro paboTHI sIBIISIETCS OOOCHOBAHHE aKTYaTbHOCTH (PH3UKO-TEXHHUECKOTO MO-
HUTOPHHTA OTKOCHBIX COOPYKEHHH METOIaMU CKBOXKUHHO-0€CCKBOKUHHOTO KOHTPOJIS
U MOCJEIYIONIEr0 MPOrHO3a YCTOWYMBOCTH C UCIIOJIB30BaHUEM OOBEMHBIX T'€0JIOTO-
reo(hM3UYECKUX MOJICIICH.
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Puc. 3. O6bpeMHas reonoro-reoduznveckas MoJeNb THIPOBCKPHIITHOTO 32005 — ¢
U pacueTHble ceueHus 1 — 6, 6 — 6, 9 — 2 ¢ Haubonee HaNPSHKEHHBIMU MTOBEPXHO-
CTSIMU CKOJIBKCHHS:

1 — MOBEPXHOCTh HAMBIBHOTO MAacCHBa; 2 — €CTECTBEHHBIN peibed); 3 — Hanboee HanpsHKeH-
Has MOBEPXHOCTH CKOJIBKCHUSA
Fig. 3. Three-dimensional geological-geophysical model — @ and sections 1 — 6,
6 — 6, 9 — 2 with the most stressed glide surface:

1 —soil area surface; 2 — natural topography; 3 — failure surface

MeTtoanka mpoBeneHHs1 HccaeqoBaHuii. V3yueHne QPHU3MKO-MEXaHHYECKHX
CBOWCTB TPYHTOB, CIIATAIONIMX HAMBIBHOH W TEXHOTEHHBIH MacCHB pa3leUTeNbHON
MEPEMBIYKH THUAPOOTBANA, BBHIMOJHEHO MO pe3ylbTaTaM HHXEHEPHO-TEOJOTHYECKIX
HM3LICKAHWH.
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[IporHo3 nmpocTpaHCTBEHHONH M3MEHYMBOCTH MEXaHMYECKUX CBOMCTB HAMBIBHOTO
MaccHBa rUIPOOTBaIA BOIU3M OrpaXkAaloliell MepeMbIuKH [TPOU3BEIECH METOIOM 3JIEK-
TpoToMoTpaduiIecKux H3MEpeHui ¢ ucnoiabp3oBaHueM anmnaparypsl CKAJIA-48.
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Puc. 4. O6veMHas reonoro-reousnIeckasi MOAENb Pa3AeIUTENbHOH MePEeMBIYKH — a,
pacueTHOe ceueHre 3 — 6 U rpauK 3aBUCHMOCTH MEXaHHYECKHUX CBOWCTB HAMBIBHBIX
TPYHTOB OT KOOPJMHATHI X IPOus 3 — 6:

1 — pacyetHoe ceyeHue; 2 — reopusneckuii npouip; 3 — IOBEPXHOCTh MACCHUBA Pa3AeIUTEIbHON
MEPEMBIYKH; 4 — TIOBEPXHOCTh HAMBIBHOTO MacCHBa; 5 — €CTECTBEHHBIN pesibed); 6 — IaTYHK HOpo-
BOI'0O JIaBJICHUA, 7 — Hauboiee HanpsKEHHas [MOBEPXHOCTH CKOJIBXXEHUA
Fig. 4. Three-dimensional geological-geophysical model — a, the section 3 — 6 and graph
of the dependence of the mechanical properties of alluvial soils on the section 3 — 6:

1 — section; 2 — geophysical section; 3 — dump surface; 4 — soil area surface; 5 — natural
topography; 6 — pore pressure sensor; 7 — failure surface

BnusiHue nopoBoro AaBieHUs] B HAMBIBHBIX ITIMHUCTBIX IPYHTaX, 00yCIOBICHHOTO
TrPaBUTALIMOHHBIM YINIOTHEHHEM NOPOIAMH CYXOW BCKPBILIH, HCCIIEIOBAHO HA OCHOBA-
HUM JaHHBIX HaOMIOACHWH 1Mo 14 mbe3oMeTpHYEeCKHM AaTdukaM IpeoOpasoBareneit
nasnenus (I1JC) ctpynHoro tuna.

[To pe3yasraram 06001IeHNS 0a3 JTaHHBIX HHXEHEPHO-TEOIOTHIECKUX, Teohu3nde-
CKUX U THAPOTeOJIOTHYECKUX paboT ¢ UCTIONBb30BAHUEM METOANYECKHX ITOIXO00B, U3-
JOKeHHBIX B pabote [13], mocTpoeHbl 0ObeMHBIE T€0JI0ro-reopU3NUECKUe MOIAEIN
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MacCHBa THJIPOBCKPBIITHOTO 320051 U Orpaxjaromieit nepeMbrakn. OCOOCHHOCTBIO Te0-
JIOTO-TeO(PU3NICCKON MOACTH Pa3/ICIUTEIBHON MMEPEMBIUKH SBISCTCS JIMHCHHAS WH-
TEPIIOJIALNS 3HAYCHUI MEXaHUYCCKUX CBOMCTB HAMBIBHBIX I'PYHTOB (yIJia BHYTPEHHE-
ro TpeHus ¢ u cuervieHus C) B TIIAHE.

IIporHo3 ycToiuyuBOCTH YKa3aHHBIX OTKOCHBIX COOPY)KEHUH BBITIOJIHEH METOJ0M
MPEJICIILHOTO PABHOBECHSI, YUUTHIBAIOIIMM TPHU YPABHEHUS PAaBHOBECHSL.

Pesyabrarsl. [unpoorBan Ne 3 pacnonokeH B ceBepo-BOCTOUHOM yactu Kempos-
CKOTO YTOJIBHOTO pa3pe3a. B pe3ynbrare packoHCEpBalUy 3aracoB IOJ THIPOOTBAIOM
MIPUHSATO PEIICHUE O €r0 YaCTUYHOM CMBIBE, IPUYEM ISl OTPAXKICHUS 30HBI THPOME-
XaHHM3AIMA BO3BENICHA TPEXbAPYCHAsl HACHIND (pa3eiUTeNIbHAs MepeMblUKa) OOIIen
BBEICOTOM 10 60 M.

Ta6uuna 3. Pe3yJbTaThl IPOrHO32 YCTOHYHBOCTH
Table 3. The results of slope stability analysis

Ceuenne Zgy M Zyy M h,m o, Tpaj n

Tuoposckpviunoii 3ao0i

1 213,8 201,2 12,6 25 1,04
2 213,4 204,8 8,6 20 1,37
3 211,6 209,0 2,6 8 3,72
4 206,9 201,8 5.1 8 3,76
5 208,0 203,8 4,2 34 1,56
6 212,5 198,2 14,3 22 1,03
7 212,6 208,6 4,0 29 1,93
8 211,9 205,4 6,5 14 1,64
9 2128 201,5 11,3 21 1,03
Pazoenumenvrasn nepemviuxa
1 271,0 2313 39,7 8 1,40
2 2729 230,5 42,4 7 1,59
3 270,7 229,7 41,0 7 1,29
4 268,2 226,5 41,7 9 1,42
5 247,77 223,0 24,7 10 1,38

WnxeHepHO-Te0I0rnMYecKre N3bICKaHusI BKIIOYall B ceOst Oypenue 16 CKBaXkuH, Ipo-
XOJIKY HECKOJBKUX 3aKOITyIIEK U U3MEPEHHUS B IIATH TOUKaX METOAOM CTaTHYECKOTO 30H -
poBaHMsl. Pe3ynbrarhl n3ydeHus] (HU3MKO-MEXaHHYECKUX CBOWMCTB OTBAIBHBIX HOPON U
€CTECTBEHHO 3aJIETAIOINX TPYHTOB YETBEPTHUHBIX OTIIOKEHUH IIPEACTABIICHBI B Ta0M. 1.

IIpocTpaHcTBEHHAs N3MEHYMBOCTH 3HAUEHUH YITIOB BHYTPEHHETO TPEHUS @ U CIie-
niaeHuss C HaMBIBHBIX TPYHTOB 110 HPO(UIISAM X, M X, YCTAHOBIICHA IO PE3yJbTaTaM
3IEKTPOTOMOrpapUUECKUX U3MEPEHUH C MCIIOJIb30BAaHUEM paHee YCTaHOBJICHHOM 3a-
BUCHMOCTH (PM3MYECKUX CBOWCTB OT YAEIHHOTO IEKTPHUUYECKOTo conpoTusineHus. [ pa-
(UKHM 3aBUCUMOCTH MEXaHMYECKHX CBOMCTB HAMBIBHBIX TPYHTOB OT KOOPAHHAT IPO-
¢uneil mpeacrasieHs! Ha puc. 1.

Pe3ynbrare! 3amMepoB M0 AaTYMKAaM MOPOBOTO JABIEHHUS B HAMBIBHBIX OTJIOXKEHHUAX
NpeACTaBIEHBI B Ta0M. 2.

CxeMa TuAPOBCKPHIIIHOTO 320051 U pa3aeUTeIbHOM MePeMBbIYKH NpeICTaBIeHa Ha
puc. 2.

W3 pe3ynbraroB ruiporeoJornyeckiux HaOMIOACHUH ClelyeT OTMETHTh Hallnuue
M30BITOYHOTO TIOPOBOTO JAaBJIEHHUS BO BCEM HAMBIBHOM MACCHBE O]l Pa3AeTUTEIbHOM
MEPEMBIYKOM.
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Ha ocHoBe nony4eHHbIX 0a3 SKCIIEPUMEHTAIBHBIX JaHHBIX IIOCTPOCHBI 00bEMHBIC
TeoJIOro-re0(hU3NIECKUE MOJIEIH, MTPEACTaBICHHbIE B rpaduueckoil popme Ha puc. 3, 4,
a TaK)Ke BBITMOJIHEH MPOTHO3 YCTOWYMBOCTU OTKOCOB THIIPOBCKPBIITHOTO 32005 (ceue-
Hus 1-5) u pazgenutenvHOU niepeMbruku (ceuenus 6—10). Pesynbrarel pacyeToB npu-
BeJeHbI B Ta0IIL. 3.

BuiBoasl. [Ipu cozmannn 00bEMHBIX T€0JIOr0-Te0U3NISCKUX MOJICICH TEXHOTCH-
HBIX MAaCCHBOB, C()OPMHPOBAHHBIX HA IUIOMIA/ISIX MMOTANICHHBIX THAPOOTBAIOB, KPOME
PE3YNBETAaTOB TPATUIIMOHHBIX MAapKIICHIEPCKUX MU3MEPEHUN UM MPSMBIX HHKECHEPHO-
TeOJIOTHUECKUX M3BICKAHUH BeChMa BAKHBIMU SIBJISTFOTCS. MH(OPMATHUBHBIC 0a3bl TAHHBIX
0 TMPOCTPAHCTBCHHO-BPEMEHHBIX HM3MEHCHUSIX (PU3MKO-MEXaHHYECKUX CBONCTB Ha-
MBIBHBIX TIOPOJI, 00YCIIOBICHHBIX UX BOAOOTAAYCH M KOHCOIUIAIUEH, KOTOPBIE C BBICO-
KO JIETAIbHOCTBIO Ha MEKCKBAXXMHHBIX WHTEPBAIaX MOTYT OBITh MOJyYeHBI HA OCHO-
BE€ CTATUCTUYECCKUX 3aBUCUMOCTEH OT HM3MEHEHHUH »HIEKTPOMPOBOIAIIUX CBOMCTB
METO/IaMU 3JICKTPUUYCCKUX 30HIUPOBAHUI WK TOMOTpaduu, a MPH CO3IaHUU OTPaxK-
JIAIOIIMX HACHITICH (MePeMBIYeK) U3 CYXUX Mopoj — uHpopMaius 00 U30bITOUHOM TT0-
POBOM JIaBJICHUU TIOJ STUMH OOBEKTaMH.

IIpu oTpaboTKe rUAPOMEXaHU3UPOBAHHBIM CIIOCOOOM HAMBIBHBIX TOPOJ, OTHOCH-
TETFHO OJHOPOAHBIX MO MPOYHOCTHBIM CBOMCTBaM, YCTOMYMBOCTH OTKOCA THUIPO-
BCKPBIIIHOTO 32005 B HAMOOJBIICH CTEICHU ONPEACIICTCS a0COIIOTHRIMY BETHYMHAMU
HaOpaHHBIX POYHOCTHBIX MOKa3aTeliel Ha OTpabaThiBaéMOM Y4acTKe W HeOiaronpu-
SATHBIM COYeTaHHEeM (OPMBI yCTyna (HAJIUYHEM BBICTYMAIONIUX yYACTKOB, M3PE3aH-
HOCTb 320051 B TUTAHE) C BEICOTOMN 3aXOJIKU. YCTAHOBJICHHBIN JAMANa3oH K0P QUIIMEeHTa
ycToiuuBoCcTH cocTaBuia n = 1,03-3,76.

YCTONYHUBOCTH OrpakIAOIINX COOPYKEHHI U3 CYXHX TIOPOJ B HAUOOJIBIICH CTere-
HU 3aBHUCHUT OT TIYOHMHBI PACIIOJI0KEHHUS U MOIHOCTH C1a00T0 HAMBIBHOTO CJIOS M a0-
COJIIOTHOM BEJTMYMHBI U30BITOYHOTO TOPOBOTO JABJICHUS B 3TOM CJIOC. YCTaHOBJICHHBIH
JIMara30H U3MEHEeHUS Kod((UIMEHTa YCTOWYMBOCTH I TAHHOTO yYacTKa MacCHBa
3HAYUTENBHO YK€ U cocTtaBui n = 1,29-1,59.
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Taking into account the spatial variability of the physical and mechanical
properties of a hydraulic dump when flushing it
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Abstract
Introduction. Slope stability analysis reliability depends on the level of schematizing the results of
engineering-geological survey, hydrogeological monitoring, electrical sounding, and mine surveying data
generalization. In order to improve the stability analysis accuracy, it is relevant to use the geomechanical
models, which take into account the spatial variability of the adjacent rock mass physical and mechanical
properties, with further search for the most hazardous section in the plan.
Research aim is to substantiate the relevance of slopes physical and mechanical monitoring by the methods
of downhole control and further stability analysis with the use of the geological and geophysical models.
Methodology includes the search for the most hazardous section of the rock mass by the ratio of the
shearing and restraining forces within the limits of the established zones characterized by the variability
of physical and mechanical properties.
Results. As a result of generalizing the databases of the engineering and geological study, hydrogeological
monitoring, electrical sounding and mine surveying, the volumetric geological and geophysical models
were built of the technogenic massif formed at the dump, as well as the slopes of the hydraulic overburden
face, represented by the three-level fill of dry overburden. Test areas stability has been analyzed for the
actual position, and the comparative analysis of the results was made.
Conclusions. When building volumetric geological and geophysical models of man-made rock masses
formed at the areas of filled hydraulic waste diposals, in addition to the results of the traditional survey
measurements and direct engineering and geological study, it is important to create informative databases
on spatial and temporal variations of physical and mechanical properties of alluvial rock conditioned by
their fluid loss and consolidation, which with in details at cross hole intervals may be obtained based on the
statistical dependences on electrical conductive properties variation by the methods of electrical sounding
or tomography, and when making enclosing embankments (bridges) of dry rocks — information about
excess pore pressure under these facilities. When using the hydromechanized method for the alluvial rocks,
relatively homogeneous in strength properties, the hydraulic overburden face slope stability is determined
to the greatest extent by the absolute values of the accumulated strength indicators in the mined area and
the unfavorable combination of the edge shape (the presence of protruding sections and face unevenness
in the plan) with the entry height. The established range of the stability coefficient was n = 1.03-3.76. The
stability of the enclosing structures made of dry rock to the greatest extent depends on weak alluvial layer
depth and thickness and the absolute value of excess pore pressure in this layer. The established range of
stability coefficient variation for this rock mass section is much narrower and amounted ton = 1.29—1.59.
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Key words: man-made massif; aggradational deposits; slope stability, pore pressure, electrical resistivity
tomography, variability of soils mechanical properties; three-dimensional geological and geophysical
mode, safety factor.
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Mnocko-pagnanbHble CTaLMOHaPHbIE ABUKEHUA HECKUMAEMON
HedpTM B OQHOPOAHOM KPYroBOM NacTe no pasnuyHbIM 3aKOHaM
tpunsTpauumn

Anuesa M. I"*, Banues H. 2, Kepumos B. M.!
1 AsepGaiakaHcKuin rocyaapCTBEHHbIN YHUBEPCUTET HeDTU 1 NPOMbILLNEHHOCTH, T. Baky, AsepbanaxaH
2 YparbCkuii rocyapCTBeHHbI FopHbIit yHUBEpCUTET, I. EkaTepuHBypr, Poccus

*e-mail: maral.aliyeva.5252@mail.ru

Peghepam
Axmyanvrnocms. Cmamuvs paccmampusaem 60npocsl NAOCKO-PAOUATILHO20 O8UNCEHUs HECHCUMAEMOU
Hepmu 8 00HOPOOHOM 20PU3OHMATLHOM KDY20SOM Niaacme. Yuumvleds, ymo Guismpayus nOOYUHsIemcs
DA3NUYHBIM 3AKOHAM, UCCTIe008AHUs NPOBOOUNUCH NO JUHEHOMY 3aKoHy [lapcu, 0600w enHomMy 3aKOHY
Japcu u moougpuyuposannoii mooeiu Keccona.
Memooonozus. Kasxcoas us nocmagiennvlx 3a0au pewiandacb ¢ npusiedeHueM MAamemMamuyecKux
Memod08s, Dbl NOLYYEHbL COOMEEMCMBYIOUUE AI2OPUMMBL, YUUMbLEAIOWUe Gopmbl 08UICEHUS Hehmu
6 nopucmoti cpeoe. Ilnocko-napanienvbhviii NPOCMOU QUILMPAYUOHHBLIL NOMOK HeGmu OBUNCEMCS U3
non0Cco0Opa3HOll 3anedcu K NpAMOIuHelHou eanepee. Takoil nomox ocuokocmu HAOnOOaemcs,
Ko20a — paspabameiéaemoe  HeYmMAHOE  MECMOPONCOeHUe UMeen  HECKONbKO — NapanleNbHbiX
NPAMONUHEUHBIX PAO08 IKCHIAYAMAYUOHHBIX 000blsalowux ckeascun. Ha niowaosx nepmenocnocmu
MeXHCOYy NAPANIENbHLIMU  COCEOHUMU  pAOAMU  uibmpayus Hedmu A6IAEMCA MAKHCE NIOCKO-
napanneavrou. Omcrooa ciedyem npaxmuyeckoe 3HaveHue peuwerus 3a0auu 0 nI0CKO-NapaileibHOM
nomoke Hemu 6 macmoawjel HayuHou cmamve. llo Kaxcoomy 3axony ¢urvmpayuu 6viedeHsi
pacuemnvle 2uOPOOUHAMUYECKUE DOPMYIbL NAPAMEMPOS IKCHIYAMAYUU CKEANCUHbL U NOKa3amenel
paspabomxu HepmAHOU 3a1eHCU.
Pesynomamet. Ionyuennvie modenu debuma Hedpmu, CKOpoCmu PuUAbMPaAyUU, 3aKOHA PACHpedeeHUs
mekywie2o 0asieHus, mexKyue2o epaoueHma 0asieHus, npoooICUMENbHOCMU NPOOSUNCEHU Hehmu
6 OPEeHAadICHOU 30He YenecooOpPA3HO UCHONb306AMb KAK NPU COCMAGIEHUU ONMUMANLHO20 NPOEKma
paspabomku 3anexcu, max u Oia pecyiupoSanus U KOPPeKMuposKu npoyecca HeghmeussiedeHus
IKCHIYamupyemvlx Mecmopodcoenutl. Pewenvl mpu cmayuoHapHo-eudpocmamuyeckue 3a0aii,
6 KOMOPIX NPOYeccsvl Guibmpayuu NOOYUHAIOMCA MOTbKO 00UjeMy HETUHETHOMY 3AKOHY, 6b18EOeHbl 6Ce
OCHOBHblE pacyemuvie QOopmybl, Xapakmepusylowue npoyeccol Quibmpayuu. Ananusupys smu
DOpMYIbL, MOJHCHO BbIABUMb XAPAKMED GAUAHUA KAHCO020 NAPAMEMPA CKBAICUHBL U KAHNCOO20
nokasameinsa paspabomku 3anexcu Ha npoyecc pazpabomru. A maxdce NPUMEHAMb NOTYUEeHHble
pe3ynomamol Ol peuteHus PasNUYHbIX Meopemuieckux 3a0ay paspabomxu HepmaHol 3anexcu u npu
cocmasnenuu npoeKmos paspabomKi HObIX MeCMOPOHCOEHU.

Knroueesvle cnoea: NIO0CKO-paouanbhoe CMAayuoHapHoe O8udceHue, Hecircumaemdas Heghmob,;
Kpyeoeas sanexcv, aunelinvii 3akon [apcu; obobwennwlii 3axon [apcu;, modenv Keccona; oebum;
cKopocmb unvmpayuu; epaduenm 0asieHus:, paouyc-6eKmop.

Beenenne. B HacToswIel cTaTbe pelIEHbl TPU CTALMOHAPHBIX THIPOCTATUYECKUX
3a0a4d O IUIOCKO-PaJyajJbHOM JBHKEHUM HECKHMAeMOH He(pTH B OTHOPOIHOM
TOPU30HTAJIBHOM KPYT'OBOM ILIACTE MO PAa3JIMYHBIM 3aKOHAM (HIBTpalUu — JTUHEHHO-
My 3akoHy [lapcu, o0oOmeHHoMy 3akoHy Japcu ¥ MOmupHUUHPOBAHHOW MOAEIH
Keccomna.

Ha puc. 1 naHa cxeMa CUCTEMBI 20pU3OHMANbHAS KPY208asl 3AN€edICh — YEHMPATbHAA
CKBAJHCUHA.
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B nepgoii 3agade QuibTpaius HBIOTOHOBCKON HepTH mopuuHseTcs 3akony lapcu.
DTOT IUHEHHBIH 3aKOH (puIbTpaIyu B AU PepeHIIHaTbHOM (OPME BBIPAKASTCS CIEIY-
oMM odpasom [1, 21:

_kap

V_ >
u dr

(1)
rae k — ko3 GUIIMEHT NMPOHUIIAEMOCTH I1JIaCTa; |1 — TUHAMHUYECKas BI3KOCTh HE()TH B

. P .
IUTACTOBBIX YCIIOBHSAX; P — NaBJIEHUE; # — TEKYLIUH pafinyCc-BEKTOP; — — TEKyIIHii
IPaJMEHT JABJICHHUS. dr

A

e 1 . A
* * 1T T . .
Pkl PI * :: :_ " .Pc . * h
- - 1T -1 * v
. |
P, N

Puc. 1. Cxema cHCTEMBI Kpy2o8as 3anexcb—yeHmpanrbHas CKEAXCUHA:
P, — mactoBoe JaBieHue; P, — TuHAMIYECKOe 3a00HHOE NaBIeHHE CKBAKUHEL
P — Tekymee naBienue; R, — paauyc KOHTypa THTAHUS; 7, — PAIdyC CKBAKUHBI;

7 — TeKYILHi paanyc-BeKTOp; /i — MOIIHOCTH (TOJIIMHA) [UIACTa
Fig. 1. Scheme of circular formation—center hole system:
P, — reservoir pressure; P, — flowing bottomhole pressure of a well; P — current
pressure; R, — supply contour radius; », — well radius; » — current radius vector;
h — seam thickness

IImomane Tekymel MUIHHAPUISCKON TOBEPXHOCTH (PIIIBTPAIIMH BRIPAXKACTCS 10
hopmyme

F =2narh.

Jebut cKBaXXMHBI IMEET CIEAYIOIYIO CBS3b CO CKOPOCTHIO (DHITBTPAITIH:
QO =VF.

Hcnons3ys aTo BeIpakeHue, auddepenmuansaoe ypasaeHue (1) MoxxHO mpeacTa-
BUTH KaK
_ 2mrkh dP

0 " dr
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P a3[ciisid Ha ICPEMCHHBIC, TPUBOAUM 3TO YPABHCHUC K BUAY

Opn dP _
2nrkh r ’ 2

Wnrerpupys ypasuenune (2) B mpenenax ot R, no », u ot P, 1o P,

ar
anh I B I 9P,

nony4yaeM (popmymy Jpronbion it 1eduta HhIOTOHOBCKOM HE(DTH CKBAaKWHBI B BHJIE

_2uki(B - P)

win(R, /r.) ©

A Tenepp uaTerpupyem muddepeninanbHoe ypaBHeHHE (2) B APYTHX MpEAeiax —
OT R, 110 r v o1 P, 10 P, mostyyaem

Qo B pop )
2nkh 7

[Moxacrarisist 3Ha4eHNEe 1eOUTa HePTH CKBKUHBI U3 popMmyik (3) B BeIpakeHHe (4),
MOJTy4yaeM CIIEAYIONINH 3aKOH pacIpe/ieieHns] TEKYIIEro JaBJIeHUsI B KPYTOBOH Jipe-
Ha)KHOH 30HE:!

n(R,)r) ©)
DTOT 3aKOH MOXKHO npeaACTaBUTh TAKKC B BUJC

P=P+P -P r

‘ (k/’”) 7

Huddepentupys P o » B popmyre (5), moaydaeMm cleAyonyo GopMyny s Te-
KyIIETo TPaIUCHTA IABIICHHS:

dP _ P -

dr In(R,

L-R 1

)r

Ortcrona HaxonuM (Gopmyiry TEKyIIeld CKOpOCTH (QUIBTPALMH B BUAE

—
Y GNU

_k(R-P)1
_Hln(Rk/’l-)r' (©)

Jlanee BeIBeIeHBI (DOPMYIIBI I YACTUIHOW M TIOJTHOU MPOMOIDKUTEIIHFHOCTEH TIpO-
JIBMKEHUST HBIOTOHOBCKOM HE()TH B IIJIacCTe, JUIsl YeTO MCTIOIh30BaHa M3BECTHAS aHAIIH-
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TUYECKasl CBA3b MEKIY CpEIHEN HCTUHHOM CKOPOCTBIO IBMKEHMSI B KaHaJIaX MOPUCTON
Cpeabl U CKOPOCThIO GuisTpannu Hedtu [3—06]:

m dt’ )

[Toncransem 3HaueHue v U3 popmyisl (6) B ypaBHernue (7):

k(R-P) 1_dr .
muln(Rk/rc)r_dt' ®

HuTerpupys ypaBnenue (8) B mpeenax ot » 1o 7, u ot P 1o P, nomy4yaem

t:—m“ln(R"/rc)(ﬁ—r?). 9)
2k(F, - P) ‘
Ilpu r =R,; t = T, n u3 popmyisl (9) nomyuaem
szllln(Rk/rc)(le_rcz)‘ (10)

2%(P, - )

ITo popmymam (9) u (10) BEIYHUCISAIOTCS COOTBETCTBEHHO YaCTHYHAS M MOJTHAS ITPO-
TOJDKUTEIIBHOCTH TTPOABIKEHUS HBIOTOHOBCKOM HE(TH B JAPEHAKHOH 30HE NaHHOM
CKBa)KUHBI.

Bo BTOpOIi 3a5a4e GuabTpanus BI3KOIUIACTUYHON KHUIKOCTH IMOTUYHHSETCA 0000-
nieHHOMY 3akoHy Jlapcu, koTopslil B auddepennuanbaoil popme BbIpakaeTcs Kak

k(dP
o)

Tae 1M — CTPYKTYpHasl BSA3KOCTHh BSA3KOIUIACTHYHOW HE(PTH B TIIACTOBBIX YCIIOBHSIX;
G — HauaJbHBIA FPAIUEHT AABICHUS.

[lanee momyuyaeM cliieAyrolee pasJeliecHHOEe Ha MmepeMeHHble nuddepeHinunanbHoe
ypaBHCHUE:

on dr
dP = —+ Gdr.
ok (12)

Hurerpupyem 310 ypaBHEHHE B npezienax ot P, 1o P u ot R, 110 r,, TIoJy4Yaem ciie-
YOIy 0 (GOpMyITy I JeOrTa BI3KOIIIACTHIHON HE(TH:

_ 2mkh[P,-P.-G(R,—r)]
- Tlln(Rk/”c)

(13)
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Igaﬂee unTerpupyem auddepennuansaoe ypasuenue (12) B npenenax or P, 1o P u
OT R, o r:

Idr+do

U TONyYyaeM CJEIYIOUIMN 3aKOH pachpeleieHHs] TeKYILIEro AaBICHUS B JPEHAKHOU
30He 1acta [6—8]:

On R,
P=P — In—-*--G(R, — 7).
k 27tkhnr ( k r) (14)

[Moacrasnsiem 3HadeHue nebuta Bs3koractudHoi Hedtn (BIIH) ckBaxunbl 13
dopmyist (13) B popmyny (14), BEIBOIUM cIEAYIONIYIO GOPMYITY:

B-F-GR-r) n

In(R,/7.) r

Huddepentupyst P o r B popmyiie (15), BEIBOAUM CISAYIOITYIO (GOPMYITY JIIS Te-
KyIIIEro rpajiieHTa JaBJICHU:

ar G R,
E__—ln(Rk/r,)(ln_+ j (16)

P=P -

(15)

Iloacrasnsds 3HaueHue @ n3 Gopmyist (16) B popmyny (11), momyuaem ciemyro-
dr

Y10 GOpMYITY JUTSl TEKYIIEH CKOPOCTH (PHITBTpALTHH:

kG (IR_ ij
nln( R /1) R )

C 11enb10 ompeeNieH s TPOJOKUTEIBHOCTH POJABHKCHHUS YACTHUI] BA3KOIIACTHY-
HO# HedTH B TWUIacTe 3ammmeM [4, 9, 10]:

2
LG 1R—r—=dr. (17)
mn ln( /) R, dt

Pemas nuddepernumansroe ypasaeHue (17), MOKHO OIIPEIEINTh BpeMs YaCTHIHO-
ro mpoasmxenus BITH B macte [8, 11, 12].

B Tpetneii 3agaue dunsrpanus BITH momumHseTcss MOAUGHUITHPOBAHHONH MOACITH
Keccona, xotopas B muddepenimanpHoi GpopMe BeIpakaeTcs Kak

1
= 1
Uzgzc (d_sz_Gz
F dr

2
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YuuThiBas TEKYNIYIO IUIOMAh [MJIMHIPHYESCKONH MOBEPXHOCTH (DHUIIBTPAIIUH,
cocrasnsieM auddepeHnnansHOoe ypaBHEHHE, KOTOpOE paslelieH0 Ha MepeMeH-
ueie [10, 13]:

1

7 _1

dpziﬂu(ﬁ)z r 2dr+Gd
2nch r 2nch

Orcrona neout ckBaxuusl BITH nony4aercs B Buje

gnchG | L 1 LY o R
Q:m [R,f—rfj 1—\/4[R,§—rfj +Eln7:‘[Pk—PC—G(Rk—rC)]+

1 L 1 R
G —%QJ*EI“?‘WP”G(R"‘”ﬂ}‘

Texymas ckopocts ¢punsTpannu BITH

4cG Lo LY R
Uzm [sz—l"czj 1—\/4[Rk2—7"czj +EIH7:CI:P/{—PC—G(R/€—FC):|+

oY R 1
k
+ sz—rfj +4—1n7[Pk—}3,—G(Rk—r)] i

4

3aKoH pacnpe/eNieHHs TeKYIIEero JaBIeHUs B IPCHAKHOW 30HE IIIacTa MOJy4eH B
Buze [3, 14]

R,

4GIn—+* 1 11 | R
Pzﬂ—m [sz—rf] 1= 4[sz‘&er +51n7k[3f—11—G(Rk—rc)J *

c

(18)

Texyumii rpalueHT JaBlIeHNs B IPCHAKHON 30HE HaiaeH npu auddepeHuuanuu P
no » B popmyie (18) [15]:



ISSN 0536-1028 «H36ecmus 8y3086. Topnuvii ocyprany, Ne 2, 2021 49

dp 4G Lo A
& (R [R,f—rfj 1—\/4(123—42} +Eln?"[Pk—Pc—G(Rk—;;)] -

1 2
o 1. R
+(sz _rgj +Elnf[}’k -P -G(R, —rc)]}+

1 1 1 1\2
+1L (R,f—rfj 1—\/4(1%,3—;;2} +éln%[l’k—l’c—G(Rk—rc)] +
rzln(Rk/rc) ‘
>

N2
< 1 R
+ sz—rzj +Elnf[ﬂ_e_G(Rk_n)]} +G.

c

[IponomKUTENbHOCTh YaCTUYHOTO NponBkeHus yactull BITH B npenaxkHoil 30He
KpyroBOM 3aJIe’Ku HaliieHa B BUJIE

mln® (R,{/;;,)(Ré —r2)

1 1 1 1\2
s >3 1. R
8¢G (R,f—rfj 1—\/4(R,f—rfj +Eln7:‘[ﬂ—}’c—G(Rk—;;)J +

PR .
(sz—rfj +Eln7:‘[1’k—1’c—G(Rk—n)]

Ipu Ry=R;r=r;t=T

’ (19)

ITo dhopmysie (19) BeIuUCIIAETCSA MPOJOIDKATEIBHOCTD MOJHOTO poaBmkenHus BITH
OT KOHTYpa IMUTaHuA 10 CKBaKMWHBI.

BbIBOABI M peKoOMeHAANMH. PellieHpl TP CTalMOHAPHBIX THAPOCTATHYECKUX 3a-
Ja49¥ O IJIOCKO-PaMaIbHOM MMOTOKE HECKUMAEMOW HEPTH B OAHOPOIHOM KPYTOBOM
TUIacTe MO PA3IMYHBIM 3aKOHAM (HIIBTPALIMKU: TUHEHHOMY 3aKoHy Jlapcu, 00001eHHo-
My 3akoHy Jlapcu u moauduirpoBanHoit monenu Keccona.
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[o xaxknoii 3a1aue BEIBOAWIINCH PACUETHBIC THAPOANHAMUYECKHE (popMyIibl mapa-
METPOB 3KCIUTyaTallud CKBaXXMHBI M TIOKa3aTeleld pa3padoTKH HEPTIHOTO MECTOPOXK-
JeHus: n1eduta HeTH, CKOPOCTH (PUIBTPALIMK, 3aKOHA paCTIpelesIeH s TEKYIEeTO /1aB-
JIeHUs1, TEKYIIEro TpajMeHTa JaBieHHs, IPONOKUTEILHOCTH IPOABIKEHUS HEPTH B
JpeHa)KHOHU 30He. DTH POPMYIIBI CIIEAYET IPUMEHSTH AJIsl PELICHUS Pa3InUHbIX TEope-
THYECKUX 3a/1a4 pa3paboTKy He(TSIHOM 3aJIe)KH U MPU COCTABICHUH IPOEKTOB pa3pa-
OOTKHM HOBBIX MECTOPOXKICHUH.
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Flat-radial stationary motion of incompressible oil in a uniform horizontal
circular formation according to diffrent filtration laws
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Abstract
Relevance. The article considers the issues of flat-radial motion of incompressible oil in a uniform
horizontal circular formation. Taking into account that filtration obeys different laws, the research was
carried out according to the linear Darcy's law, the generalized Darcy's law and the modified Kesson
model.
Methodology. Each of the tasks was solved using mathematical methods. The corresponding algorithms
were obtained, taking into account the forms of oil movement in a porous medium. Plane-parallel simple
[iltration flow of oil moves from a strip-like reservoir to a straight gallery. This fluid flow occurs when
the oil field under development has several parallel, straight rows of production producing wells. In
oil-bearing areas between parallel adjacent rows, oil filtration is also plane-parallel, which implies
the practical importance of solving the problem of plane-parallel oil flow in this scientific article. For
each filtration law, calculated hydrodynamic formulas for well operation parameters and oil reservoir
development indicators are derived.
Results. The obtained models of oil flow rate, filtration rate, distribution law of current pressure, current
pressure gradient, duration of oil advance in the drainage zone is expedient to use both in drawing up
an optimal reservoir development project and for regulating and adjusting the oil recovery process of
operating fields. Three stationary-hydrostatic problems are solved, in which the filtration processes obey
only a general nonlinear law. All the basic calculation formulas that characterize the filtration processes
are derived. By analyzing these formulas, it is possible to identify the nature of the influence of each well
parameter and each reservoir development indicator. It is also possible to apply the obtained results to
solve vatious theoretical problems of oil field development and when planning new fields development.

Key words: plane-radial stationary motion; incompressible oil; circular reservoir, linear Darcy's law;
Generalized Darcy's law; Caesson's model; flow rate; filtration rate; pressure gradient; radius vector.
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WHxxeHepHO-reonornyeckas 30HanbLHOCTb KOpP BbIBETPUBAHUSA
Manmbnkckoro mectopoxaeHus (y4actok Ceoboaa)

Bo6uHa T. C."
1 YpanbCkuit rocyAapCTBEHHbI TOPHbIN YHUBEPCUTET, T. EkaTepuHbypr, Poccust
e-mail: tanyashkal993@mail.ru

Peghepam
Beeoenue. Humepec x uzyuenuio kop 6bl6empuganus NOAGUICS 8 MOMEHN, KO20d UHICEHEPbl-2e0N02U
CMOTKHYIUCL ¢ NPOOIEMOU 8edeHUss OMPABOMKU KAPbEPO8, CLOHCEHHLIX NOBUATLHBIMU SPYHIMAMU.
Oonaxo mounomy u OemanibHOMY PACULIEeHEHUIO KO Gbl8eMPUBAHUL HA UHICCHEPHO-2e0N02UYeCcKUe
30HbI, 0COOEHHO NPU U3VHUEHUU MECMOPONCOEHUL NONE3HbIX UCKONAEMbIX, He YOensiemcs OO0NACHO2O
suumanus. Iloomomy 6adxCHO Ha MOMeHm NPOBEOEHUsI 2€01020PA38E00YHBIX pABOM NPABUTLHO
onpeodenums mun u npoQub KOpbl BbI6EMPUBAHUSL, YCIMAHOBUMb BOSMOHCHOCHIU USMEHEHUS, UHIHCEHEPHO-
2€0102UHeCKUX YCA08ULL NPU 6CKPLIMUL MACCUBA NOPOO 2OPHBIMU BbIpAOOMKAMU 0151 OANbHelue20
NPOZHO3A YCMOUUUBOCHIU CIMEHOK U OOPMO8 NPOEKMUPYEMbIX 20PHOPYOHBIX COOPYIHCEHUI.
Ileny padomwvi. Ycmanosenenue GepmMUKANLHOU UHIHCEHEPHO-2E0N0SUHECKOl 30HANLHOCMU  KOD
svigempueanus  Manmviocckoeo  mecmopodcoenus (yuacmxa Ceoboda), a maxdice 6viasienue
3AKOHOMEPHOCIU USMEHEHUS PUSUKO-MEXAHUYECKUX CBOUCME DTIOBUATLHLIX 0OPA308aAHULl, KOMOpble
onpedensiom 6e30nacHOCmb OMpaboOMKU MeCnOpPONCOeHUs: NONE3HbIX UCKONAEMBIX.
Memooonozus. 3nauumenvHoe KOAUYECMBO DPOCCULCKUX U 3APYOENCHBIX YUEHbIX PACCMAMPUBAnU
Gopmuposanue Kop 6bl8eMpUBAHUSL C PASTUYHBIX nosuyull. Fmu 6bliu ycmanosieHbl 2eoXxumuyeckas
30HANLHOCb U UHIICEHEPHO-2e0NI02UNeCKAsl 30HATILHOCHb KOP BblGeMPUBAHUSL.
Pesynomamuor pabom u 6v1600vl. B cmamve paccmomper yuacmox C0600a 3010MO-MeOHO-
nopuposozo mecmoposcoenus Manmvidcckoe. Huoceneprno-eeonocuieckoe pacuieHenue paspesa
KOpbl 8bl8eMPUBAHUSL NPOBOOULOCH NO KOMNIEKCY NPUSHAKOG, BKAIOYAIOWUX CIPYKMYPHO-MEKCIypHble
0COOEHHOCMU, MUHEPATbHBIL COCMA8, (GUIUKO-MeXaHuyecKue ceoticmeéa nopoo. B ee npedenax
svi0enenvt mpu 30usl: 1V — oucnepcnas, I — Jlumomapoca u Il — obromounas. Ilposedennvlii ananus
Qu3uUKO-MeXAHUHeCKUX CBOUCME NOPOO, CAALAIOWUX PACCMAMPUBAEMYIO KODPY — 6bl6eMPUBAHUS,
00KA3bI8AEN, UMO USMEHEHUE 2€0102UUECKUX YCIOBUL 6 NPedenax 0axce 0OHOU 30Hbl KOP 6bl18eMPUBAHUSA
30110MO-MeOHO-NOPPuposo2o mecmopoxcoenus Manmviscckoe (yuacmok Ceoboda) necem 3a coboii
U3MeHeHue 8b100pa NPOEKMUPyeMbiX Y2106 60pmos Kapvepd.

Knroueesvile cnosa: svisempusanue; xopa evieempusanus, Mamepunckas nopood; UHICEHEPHO-
2€e0102UHeCcKds 30HANLHOCbL KOpPbl 6bIGEMPUBANHUA, MOWHOCMb KOPbl BbIGEMPUBANUs, NPOPUTL
BbIGEMPUBAHUSL,  (DUBUKO-MEXAHUYECKUE CBOUCMBA 20PHBIX NOPO0; Maimvidcckoe 3010Mo-MedHO-
nopgupogoe mecmopodicoenue.

Beeaenue. V3yueHue kop BBIBETPUBAHUS ABISETCS BAXKHBIM HH(POPMALIMOHHBIM
HMCTOYHUKOM O COCTaBe M 3aKOHOMEPHOCTSX 3BOJIIOLMH JuTOC(epsl, GopMupoBa-
HUU HOBBIX ITTIMHUCTBIX TUIIOB TPYHTOB, KOTOPHIE CIYXKaT OCHOBAHUSIMH CTPOSILUX-
Csl COOPYXEHHH pa3iuyHOro TUIA — OT 3JaHUU A0 Kapbepos. [losToMy BakHO Ha
3Tane pa3BellOYHBIX pabOT KOPPEKTHO OLIEHUTHh HWHXEHEPHO-T€OJIOTUYECKHE yCIIO-
BUS 00BEKTa, B TOM YHCJIe 0COOEHHOCTH M 3aKOHOMEPHOCTHU PACIPOCTPaHEHHS KOP
BBIBETPUBAHUS.
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Kopa BeIBeTpHBaHUS IpeACTaBIsET cOO0M HEOOBIYHBIHN TUTOIOTMYECKUI KOMILIEKC,
OoJIbIIIast €ro YacTh — PBIXJIbIEC OXPUCTO-TIIMHUCTBIE 00pa30BaHUs, COXPAHUBIIHNE CTPYK-
TYPHBIM PUCYHOK MAaTEpUHCKHUX MOPOX M MEPEXOIsIue ¢ NTyOnHOH B HEN3MEHEHHBIE
nopozasl. JIuTonornueckuii cocTaB, XapakTep IIMHUCTBIX MPOAYKTOB BBHIBETPHBAHUS,
uX (prU3MKO-MEXaHNUECKHUE CBOWCTBA PE3KO MEHSIOTCSl B 3aBUCUMOCTH OT COCTaBa Ma-
TEPUHCKHX MOpoA. BaskHO OTMETHTH, 4TO A7 TIOOBIX pa3pe30B 00s3aTeNbHa B pa3iind-
HOH CTETIeHH BBIPa’KeHHAS 30HAJIbHOCTD, OTPAXKAIOIIASCS B ONPEIEIICHHOHN OCIe10Ba-
TEJILHOW CMEHE MAaTEPUHCKUX ITOPOJ] BBEPX IO pa3pesy, KOTOPbIE CTAHOBATCS Bee Ooee
M3MEHEHHBIMH. MUHepaJIbHBIN U IUTOJIOTMYECKHI COCTAB ATHUX 30H 3aBHUCAT OT IETPO-
rpapMueckoro cocraBa MaTepHUHCKUX MOPOJ, THUIA BHIBETPUBAHUS U MOCIEIOBATENb-
HOCTH HaJIO)KEHHsI Pa3IMYHBIX 0 XapaKTepy MpoLeccoB BeIBeTpuBaHusi. Kpome Toro,
3HAUNTENIbHOE BIIMSIHUE Ha pa3BUTHE MPOLEcCa BHIBETPUBAHMS OKa3bIBACT CTEIECHb
TPELIMHOBATOCTH 1opoA. Yem Ooree TpeuIMHOBATa MIOPOJa, TEM JIerye OHA MOAIAaeTCs
BBIBETPHUBAHHIO.

Bce nepeuuncnennoe crocoOCTBYeT HEPaBHOMEPHOMY MPOTEKAHHIO Mporecca 00-
Pa30BaHMS KOPBI BEIBETPUBAHUS, HA MECTE TPEIMHOBATHIX 30H BOZHUKAIOT HENPABUIIb-
HBbIE, KapMaHOOOpa3Hble YIIyONeHus, MIacTooOpasHble 3aleKd U SKUIONONOOHbIE
TeJIa, YacTo yXOISIINe Ha 3HAYUTENbHYIO IITyOuHYy.

U kak pe3ynbrat, IoIO0IIBa KOPHI BEIBETPUBAHUS UMEET CIOKHYIO, H3BHIUCTYIO HO-
BEPXHOCTb, COCTOALIYIO U3 YE€PEJOBAHMS BBICTYIOB M BIAaJUH, OPUCHTUPOBAHHBIX B
Pa3HbBIX HallPaBJICHUSX.

[Ipy MHXEHEPHO-TEONIOTHYECKOM HU3YyYEHUH W OLIEHKE MECTOPOXKACHHH IMOIE3HBIX
MCKOIaeMBIX KOPBHI BBIBETPHUBAHMUSI, CIararollue BEpXHUE TOPU3OHTHI TUTOCHEpDI, SIB-
JSIFOTCSL OAHUM M3 KOMIIOHEHTOB MH)KEHEPHO-TEONIOTHYECKHUX YCIOBUH, 0OecnednBaro-
MIMX pa3BUTHE MAcIITAOHBIX WHKEHEPHO-TEOJIOTHIECKUX MPOLIECCOB B OOpTax Kapbe-
POB, TaK Kak IIyOMHBI X 3a4aCTYIO TOCTUTAIOT COTEH METPOB.

PaccMoTpuM 0OJIMH U3 IPUMEPOB MECTOPOXKICHHUH, BEPXHSS 4aCTh KOTOPBIX CIIOXKE-
Ha KOpaMH BBIBETPUBAHHMS.

MeTtopoaorusi. B Poccun Metonnueckne acneKkTsl MoaydeHus: HHOPMaIiy O Bep-
TUKAJILHOM CTPOEHUH KOpPBI BBHIBETPHUBAHUS, €€ COCTOSHUH, (PU3MKO-MEXaHHUYECKHUX
CBOWCTBAx CTaHJApTHBI U oTpaxkeHbl B padorax H. B. Komomenckoro [1], I. C. 3onora-
pesa [2], B. b. llIgena [3], T. K. Kocteporoii [4], B. H. Pazymosoii [5], JI. A. Spr [6] u
W. B. AGarypoBoii [4]. MeToauka paboT mpeacTaBisieT cOOOH KOMIUIEKC, BKIIIOYAIO-
KA B ce0sl HHKCHEPHO-TEOJIOTHYECKYIO TOKYMEHTAIMIO KEPHA CKBaYKHH, OIPOOOBa-
HHeE, J1ab0paTopHOE U3yUeHUE 00Pa31oB.

JI. A. fpr [7] B cBoux paboTax cMOIVIa IPHUBECTH BCE MONyYCHHBIE PE3yNbTaThl K
eIMHOHN KiIacCH(UKAIMK, BBIACIHNIIA 30HBI U TOI30HBI KOPBI BBIBETPUBAHHA U Xapak-
TEpHBIC MPU3HAKH KXKIOU U3 HUX.

3a rpanuneit Tonbko ¢ 1950-ro roga cranu yaeisTh 3HaYMTENbHOE BHUMAaHHUE Xa-
PaKTEepUCTHKAM >IIOBHAIBLHBIX TPYHTOB U MX HHXEHEPHBIM CBOMCTBaM, a TaKkXke Ipel-
NPUHUMATh TOIBITKA Pa3pabOTKU KJIACCH()UKALIMOHHBIX CXEM CKaJbHBIX TPYHTOB,
MOABEPTIINXCS MporieccaM BbiBeTprBaHuUs. OCHOBOH KiaccH(pHUKAaLUU KOP BBIBETPUBA-
HHUsl CTajla CXeMa BBIBETPENbIX CKaJbHBIX MarMarnueckux rpyHtoB [[. I. Moiie
(D. G. Moye) [8], B kKoTOpOIi OH HACHTH(PUIIMPOBA HHKEHEPHBIE CBOWCTBA BHIBETPEIBIX
CKaJIHBIX TPYHTOB U BBIAEIHJ LIECTh CTETNIEHEl BBIBETPUBaHUS (KJIACCOB) KOPEHHBIX
NOPOJ IO TITyOHHe.

OpnHako enuHON KI1acCU(PHUINPOBAHHONW CUCTEMBI 32 PyOEKOM HET: HEKOTOPhIE HH-
sxenepoi-reosioru (Irfan T. Y. [9], Momeni A. A. [10], Bucher K. [11] u ap.) ucnions3y-
10T MHIMBHIYaJIbHBIH KOJIMYECTBEHHBIH MMOKa3aTellb JIIOOOr0 CBOWMCTBA, HaIpHMEp
NPOLIEHTHOE COAEPKaHKUE BHIBETPEIIBIX TPYHTOB, 3HAYeHNE OTCKOKa MoJioTka LlImunra,
MNOPHUCTOCTh U Ap. [lpyrue ke Mojib3yITCs KadyeCTBEHHBIMH KIaCCH(PHUKAIUOHHBIMH
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CXeMaMH, KOTOpPbhIe OCHOBBIBAIOTCSI Ha HaONIONATENbHBIX OMUCAHHUAX U HEKOTOPBIX
MPOCTHIX ITOKA3aTeNsAX CBOMCTB, HAIPUMEDP Ha ONMTUCAHUU U3MEHEHUH CTPYKTYPBbI, TEKC-
TYpBI, LIBETa BBIBETPEIBIX TPYHTOB [12—14].

[apannensHo, 10 Mepe HAKOIJICHUS! HHYOPMALIUK O CTPOCHUH KOP BBIBETPUBAHUS,
poccuiickue M 3apyOeKHbIE YUEHBIC H3y4YaJld HM3MEHEHHUS (PU3MKO-MEXaHHYECKHX
CBOWCTB TPYHTOB 110 NPOQUIISM BBIBETPUBAHHMS M NPUYMHBI HX HU3MeHeHus. Ilyrem
NPOBECHHUS MTOJIEBBIX U JIAOOPATOPHBIX UCCIIEIOBAaHUN BBISBIISUIN MEXaHU3MbI H3MEHE-
HHUH NPOYHOCTHHIX U Ae(POPMALMOHHBIX MOKa3aTeJe IPyHTOB — OT KOPEHHBIX ITOPOA
JI0 SIIIOBHAJIBHBIX NIMHUCTHIX 00pa30BaHUM.

0 100 200 300 m
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Puc. 1. Cxema MOIITHOCTH KOPBI BBIBETPHUBAHMS MaJIMbDKCKOTO MecTopoxacHust (yaactok CBoGoa)
Fig. 1. Diagram of the Malmyzhsky deposit weathering crust thickness (Svoboda area)

PesynbraThl pa6oT. MalMbDKCKOE 30J0TO-MEAHO-TOPHUPOBOE MECTOPOXKICHHUE
pacroyiokeHo B npenenax XabdapoBckoro kpas. COCTOUT U3 TPEX KPYIHBIX yYaCTKOB:
Homuna, CBoOoxa, LleHTp — omtMuarommxcst Ipyr OT Apyra 1o nerporpaduieckomy
COCTaBY MaTepHHCKUX ITOPOJ, TEKTOHHYECKOH HApyIIEHHOCTH, CTETICHU PAa3BUTHUS XU-
MHYECKOTO BBIBETPUBAHUSL.

[peobnanarommmu nopogamMu ydactka CBoOona SIBISIIOTCS KBapIl-AWOPHTOBBIC
HOpMUPHUTHI C HE3HAYNUTEIBHBIMI KCCHOJIMTAMHU aJIeBPONIECYAHNKOB M MAarMaTHYeCKUX
Opekuuii.

MHoroa3HOCTb CTaHOBJICHHSI MATEPHHCKHUX ITOPOJI, HEOAHOKPATHO TIPOSIBIISFOLIH-
€Csl TEKTOHUYECKHUE IPOIIECCHI, IPOLIECCHI PYA000pa30BaHKs C IPUBHOCOM JIETKO OKUC-
JSIEMBIX MUHEPAJIOB IOATOTOBHIIM MAaCCHUB K aKTHBHOMY ITPOHUKHOBEHHUIO areHTOB BbI-
BETPHUBaHMS U POPMHPOBAHUIO TUIOMIAIHBIX ¥ JIMHEHHBIX KOP BhIBeTpHBaHHs. K 30HaM
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KOHTaKTOB KBapL-IUOPUTOBBIX OP(UPHUTOB ¢ aleBpONIECYaHUKAMH 1 MarMaTH4eCcKu-
MU OpeKYMsIMH IPUYPOUEHO 00pa3oBaHKe TMHEHHBIX KOP BeIBeTpuBaHusi. Kpome Toro,
Pa3BUTHIO KOP BBIBETPUBAHMS CIIOCOOCTBOBAIN U HEOTEKTOHMUECKUE MOABHKKH, MTPHU-
BOJISIILIME K KaTaK/Ia3UupOBaHUIO NOPoA. B 3aBucHMMOCTH OT cTeneHu pa3apoOiIeHHOCTH
M KaTakias3a DIyOuHa BeIBETpHUBaHUA yBeauuuBaercs 10 70—100 m.

g MecTOpoKIeHHs XapaKTepHa 3aBUCHMOCTb MEXy MOIIHOCTBIO KOpPBI BBIBE-
TpUBaHHUA U:

— MUHEPaJIbHBIM COCTaBOM MAaTEPUHCKHX HOPOJ — HAJIMYUE MEAHBIX OBICTPOOKHC-
JSIEeMbIX MUHEPAJIOB (IIUPHT, XaJbKOIIUPHT, TaJICHUT, CaJICPUT, apPCEHONUPHUT) YKa3bI-
BAaeT Ha BEPOSITHOCTH MPOHUKHOBEHHS MPOLIECCA BHIBETPUBAHUS Ha OOJIBIIYIO TITyOHHY.
OTO NPOUCXOIUT 3a CUET OKUCIICHUS NEPEUNCIEHHBIX MUHEPAJIOB, KOTOPOE BBI3BIBACT
o0pa3oBaHUE CEPHOM KUCIIOTHI U YCUJIICHUE MPOXOMASIIETO B 3TO BPEMS XUMHUYECKOTO
BeiBeTpuBanus — CuFeS, + H,O + O, = Fe,0, + H,SO, + Cu (xanbkonupuT + Boga +
+ MOJIEKYJISIPHBIN KHCJIOPOJ = reMaTHT + cepHasl KUCIIOTa + MEAb);
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MOHIHOCTB 30HBI KOPBI BBIBETPUBAHUSA, M

(=]

EO6nomounas 3oHa  H3ona Jlutomapka  H J{ucriepcHast 30Ha

Puc. 2. IIpodub xopsl BeIBeTpuBaHUs yyacTka CBoOOIa
Fig. 2. Profile of the Svoboda area weathering crust

—TreoMOop(}OJIOrnIeCKUMH YCIOBUSIMU (pUC. 1) — B IOHM)KEHHBIX Y9acTKaxX pesbeda
U B MECTax, IJIe pa3BUTHl MarMaTH4ecKue OPEeKIHH U aJIeBPONIECYAHUKH, OTMEYAIOTCS
KODBI BBIBETPHBAHMS C HAMOOIBIIMMHU MOITHOCTMH (110 100 M).

BriBeTprBaHue KBapLU-JHOPUTOBBIX MOPGUPUTOB HIET 3a CUET TUApaTalMy, BBIHO-
Ca OCHOBaHMH M KPEMHEKHCIIOTHI, OKHCIICHUS 3aKUCIIOTO XeJe3a. B pesynprare koHeu-
HBIE TIPOAYKTHI BEIBETpUBaHUs oboramaioTcs cBoooausiMu okucinamu Fe, Al u Ti. On-
HaKO B K&KJOW U3 30H BBHIBETPUBAHUS UAYT CBOH, IPUCYIINE TOIBKO €i, XUMHUYECKHUE
npeoO0pa3oBaHus HCXOAHOTO MaTepuaa.

[Ipodune BeIBeTpHUBaHHS 10 KBapL-ITHOPUTOBBIM nopduputam ydactka CBoOoxa
uMeeT 30HanbHOe cTpoeHue (puc. 2). CormacHO MHKEHEPHO-T€OJOrMYECKON Kilaccu-
¢ukanmu JI. A. fApr [15] Boaensiercst Tpu 30HBI (CHU3Y BBEpX): o0noMouHast (1eOHu-
cTast MoA30Ha); 30Ha JIuToMapika; nucrepcHas (IJIMHUCTAs MOA30HA).

Obnomounas 3oua. OOIOMOYHAs 30HA MPECTaBIeHa IEOHUCTON TTOA30HOM, KOTO-
pas MajJo 4eM OTJIMYaeTcsi OT HEM3MEHEHHBIX BBIBETpENbIX mopof. [lmarmoknas u
KBapll, KaK OCHOBHBIE COCTAaBIIAIOLINE MAaTEPHHCKUX MOPOJ B HEH, OCTAIOTCS MPAKTH-
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YECKU HEU3MEHEHHBIMH, YTO HEJb3s CKa3aTh O POTOBOIM OOMaHKe, KOTOpas HaYMHACT
TUAPATUPOBATELCS, MIEPEXOS B THUAPOXIOPUTHL. 33 CUET YBEIMUCHUS TUIPOXIIOPHUTOB
MPOUCXOANT AC3UHTETPALINS U pa3phIXJIEHUe Mopossl (puc. 3).

OTnMYUTENBHOM K€ 0COOEHHOCTHI0 00IOMOYHOM 30HBI pyIHOH 30HBI CBOOOAA SIB-
JISIeTCS PUCYTCTBUE B HEU THAPOOKHUCIIOB JKEJI€3a, YTO CBSI3aHO C BHICOKUM COJIEPIKa-
HUEM B MaTEePUHCKOH MOPOJIE JIETKOOKUCIIIEMBIX MHHEPAJIOB.

C TOYKH 3peHHSI HHYKCHEPHO-TEOJIOTHIESCKIX 0COOCHHOCTEH 00JI0MOYHAS 30HA — 3TO
11eOCHUCTBIN TPYHT ¢ cofepkanueM (pakimii: medeHucroit — 77,4 %, npecssHoii — 8,4 %,
KPYITHOTO Tiecka — 6,4 %, MEJIKOT0 1ecka, nbLIu U TiuHbl — 7,8 % (puc. 4).

[L10THOCTH 0BIIOMKOB cocTaBisieT 2,42 T/M3, IPOYHOCTH OOJOMKOB PaBHSETCS Be-
JIMYWHE CpeHEN TTPOYHOCTH.

JlaHHOW 30HE COOTBETCTBYIOT CIEAYIOIINE 3HAYCHUS (PUINKO-MEXaHMUECKHUX
CBOWCTB IICOHUCTOTO TPyHTA:

— TIpupoaHas BIaxHoCTh W Bapbupyetcs oT 0,006 1o 0,391 monu ex. mipu cpeaHemM
3HaueHnu 0,141;

— Moaynb nedopmanuu £ Haxoautces B rpaHuiiax 48,5-55,3 Mlla;

— cpenHee 3HaYeHHe yaenabpHoro cuermienus cocrasmio C = 0,006 MI1a;

— YTOJI BHyTPEHHETo TpeHus ¢ = 34°.

BcekpeiTast MoiiHOCTH 30HBI cocTaBisieT 100 M.

3ona Jlumomapca. CaMoil CIIOKHON B U3yYEHUH M ONTACHOM € TOYKHU 3PEHUS yCTOM-
YUBOCTH MAacCHBa FOPHBIX MOPOJ sABIsAeTca 30Ha Jlutomapka. IMeHHO B 3TOM 30HE
OIyTUMO HAYMHAIOT TMPOSBIATHCS W3MEHECHHS CTPYKTYPBI, TEKCTYPBHI U XapaKTepa
CTPYKTYPHBIX CBsI3€li. 371eCh MPOUCXOANT JATbHEHIIIast THAPATAIHS XJIOPUTOB U KaOJIH-
HU3aIUs IarMOKIIa30B, BeimenadnBanue Ca, Na 1 KpeMHe3eMOB, BXOJSIINX B COCTaB
TUTaTMOKIIA30B. MIyT akTUBHBIC TIPOIIECCHI OKHCIICHHSI, HA PUC. 3 MOXKHO HAOIIO/IaTh
OecropsII0YHO PACIIONOXKEHHbIE MATHA Pa3HON MHTEHCUBHOCTH OKPACKU.

C TouKm 3peHust HHXKEHEPHO-TEOJIOrHIecKor ocobeHHoCTH 30Ha JInTOMapxa cio-
JKeHa 1ieOHeM HITH IPECBOM C CYIIIMHUCTBIM 3aIllOJTHUTENIEM, a Ha Yy9acTKaX MOBBIIICH-
HOTO OKBApLIEBaHUS — C CyIleCUaHBIM 3amoiHuTeneM. [lo rpanynomeTpuieckomMy co-
CTaBy 3aIOJHUTEINb JIETKUI TbIIEBaThIN (puc. 4).

OO6ioMKY B BUjE IMIeOHS, TPECBHI, a WHOTAA TIBI0 MMEIOT Pa3HyIO MPOYHOCTH OT
HH3KOH J10 Manoii ¢ R, = 1-5 MIla. 3anoaHuTe b — CyNNIMHOK € YHUCIOM IIACTUYHOCTH
Ip =0,07-0,15 nonu en. mpu cpeanem 3Hadennu 0,10 gonu en., cynecs ¢ Ip 0,03—0,07
JTONN 1., ipu cpearem 3HadeHuu 0,05 momu e,

[1o M3MeHEeHNIO0 HEKOTOPBIX CBOMCTB IpyHTa MOXKHO OIPEIENIUTh ePEXOqHYO Tpa-
HUILY MEX]y TaHHOW 30HOW M OOJIOMOYHOIA: IIPH IEePEeX0JIe Pe3K0 BO3pacTaeT MpUpoI-
Has BiIaxxHocts W — ¢ 0,141 no 0,186 gonm ex., a yaenbHoe cremienue C T1O0CTUTAeT
0,013 Mlla. YmenbIaeTcs yrojl BHyTPEHHETO TpeHwHsI 10 3HaueHui 30°. 3To yKa3pIBa-
€T Ha MPUCYTCTBHUE NNIMHUCTHIX MUHEPAIOB. MOIITHOCTD 30HBI JJOCTUTAET 72 M.

Jlucnepcuas 3oua. Beilie o mpoQwTio MOSIBISETCS AUCIIEPCHAS 30HA — TIMHHUCTAs
MOJI30Ha KOPBI BHIBETPUBAHUA. B 3TOI 30HE 3aKaHUMBAIOTCS MPOIECCHl OKUCICHUS U
peoOpa3oBaHKs UCXOAHBIX TOPOJ, HAYMHAETCS (POPMUPOBAHKE TIIMHUCTBIX MUHEPA-
70B (KaOJTMHUT, MOHTMOPHJUIOHHUT U T. 11.). [laHHAas 30Ha pa3BHUTAa JOBOJBHO IIHPOKO U
MIpeJICTaBlIeHa IMeCTPOIBETHBIMU TIIMHUCTHIMU TPYHTAMH C OXPUCTBIMU, HHOTIA OEIThI-
MU nistHamu (puc. 3). B mopoge 1ocTaroyHo Y4eTKo BBIpaKeHa CTPYKTypa M TEKCTypa
MaTEPUHCKHUX MOPOJ, a TAKXKE PEIUKTOBAS TPEUTMHOBATOCTH. MOIITHOCTH 30HBI BaphU-
pyercs ot 0,2 1o 66,0 M.

C ToukH 3peHHUs HHKECHEPHO-TEOJIOTUIECKOTO OMMCAHUs AHMCIIEPCHAs 30HA IIpe/l-
CTaBJICHA CYNEChI0 U CYIIIMHKOM C BKJIFOUCHHSIMH JIPECBBI U 1eOHs. CyIIMHOK B IIBE-
TOBOH MaJUTPE BaPbUPYETCs OT CBETIIO-KOPUYHEBOTO /10 TEMHO-KOPHYHEBOTO 1[BETA.
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Puc. 3. 3051 KOPBI BEIBETPUBAHUS (CHU3Y BBEPX):
1 — mebHuCTAsT 30Ha KOpBI BBIBETpHBAHMS; 2 — LIEOCHD C CYIIECYAHBIM 3allOIHUTE-
aeM 30HbI JluTOMapxka; 3 — AMCIepCHAasi 30Ha KOPbI BBIBETPHBAHHUS C COXPaHEHHEM
CTPYKTYPBI M PEIIMKTOBBIMH TPELIMHAMU: ¢ — CyIIeCUaHasi; 6 — CylJIMHHCTast; 4 — 0Opaser
JIMCIIEPCHOI 30HBI KOPbI BHIBETPUBAHMS € IUICHOUKAMH MapraHia — @ U IHIPOOKHCIIOB
xKenesa — 6
Fig. 3. Weathering crust zones (bottom-up):
1 — rubble zone of weathering crust; 2 — crushed stone with sandy loam aggregate in
the litomarge zone; 3 — dispersed zone of the weathering crust with preserved struc-
ture and relict cracks: @ — sandy loam; 6 — loamy; 4 — sample of the dispersed zone
of the weathering crust with films manganese — a and iron hydroxides — 6
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ITo rpanynoMeTpUYECKOMY COCTABY:
— cymech: mimMHUCTas ¢pakuus coctaBimsset 9,1 %, memeBaras — 17,3 %,
niecyanas — 44,9 % (puc. 4);

-
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Puc. 4. IpaHynoMeTpHYECKHI COCTAB IOPO/BI 0 30HaM KOPbI BHIBETPHUBAHM (110 KBAPIIEBBIM JUOPUTAM) U
rpaduKy H3MEHEHUsI CBOMCTB AJIIOBUAIBHBIX 00pa30BaHUiA C ITyOHHOM
Fig. 4. Rock granulometric composition by weathering crust zones (by quartz diorites) and curves of eluvial
formation properties variation with depth

— CymIMHOK: rinuHHcTas ¢pakumsa cocraBuser 33 %, mbuteBaras — 22 %,
niecyanas — 21 %, npecsnas — 11 %, mebHucras — 6 % (puc. 4).
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Bcerpeuarorcsi CHIbHOBBIBETpEINBIE OOJIOMKH OCTPOYTONBbHON (hOPMBI, pa3MepoM OT
0,2 no 7 cm. ITo TpenHamM 00IOMKOB HAOMIOAAIOTCS TUIGHOUYKH THIAPOOKHUCIIOB Keje3a
Y MapraHIia, IPOUCXOIUT HHTCHCUBHAS TeMaTuTH3anus (puc. 3).

CpaBHuBas (HU3MKO-MEXaHUYECKHE CBOWCTBA IPyHTA AHMCIEPCHOM 30HBI CO CBOM-
CTBaMH TPyHTa paHee ONUCAHHBIX 30H, CIEAYET OTMETHTh, YTO UMEHHO 3[1€Ch YETKO
MPOSIBIISIETCSL TIPOLIECC BUIOM3MEHEHUSI HAUANbHBIX KPEMKHX MaTepPUHCKHX MOPOA H
00pa3oBaHus DIMHUCTHIX MHHEPAJIOB, KOTOpPhIe 00JIaIal0T yKe MEHBITUMH ITPOYHOCT-
HBIMH XapaKTepUCTHKaMu. Tak, B 3TOM 30HE IUIOTHOCTh TpyHTa paBHa 1,92 r/cm?,

Tabauna 1. ®u3nko-MexaHHYECKHE CBOMCTBA PA3HBIX 30H KOPbI BbIBETPHBAHHUSA Y4aCTKA

Crobona
Table 1. Physical and mechanical properties of different weathering crust zones in the Svoboda
area
30Ha KOpbI BBIBETPUBAHUS
Horasaren ceofiers® Mucnepenas | Jlucnepenas JIuromap:ka Oobmnomounas
(cymecn) (CyrJIMHOK)
IIpuponnas Bnaxxnocts W, nonu ex. 0,160 0,191 0,186 0,141
BitaxHOCTh Ha rpaHMIie TeKyuecTH Wi,
JIOJH €. 0,242 0,335 0,338%* 0,367**
Bi1a)XHOCTb Ha 'PaHMIIE PaCKATHIBAHUS
Wp, nonu en. 0,192 0,233 0,258%* 0,305%*
Yucno miacTuIHOCTH Ip, 10JH €]1. 0,05 0,10 0,08** 0,06**
Tlokazarens TekyuecTu Iz, TOIH €. -0,71 -0,42 —0,69** —0,68**
IL10THOCTB IPYHTA p, T/cM? 1,82 1,92 - -
I110THOCTL OOIOMKOB p, I/cM> - - 2,38 2,42
TLI0THOCTB YacTHIL| TPYHTA ps, T/cM> 2,55 2,51 2,50 2,59
[110THOCTH CyXOTro rpyHTa pd, T/CM? 1,57 1,62 - -
Iopucrocts n, % 39 36 - -
Koaddurment nopucroctH e, 101H ex. 0,63 0,56 - -
Koaddumuent Bogonaceimenus S,
IIOJIH e]I. 0,65 0,86 - —
Koadpdurment punbrpanuu Ky, M/CyT 0,05 0,02 - -
OtHocutenbHas aehopMarus
HaOyxaHus 0e3 Harpy3KH Eswo, TOIH €. - 0,05 - -
Yros BHYTpEHHEro TpeHus ¢, Irpaj. 23 20 30 34
VneneHoe cremnenne C, MIla 0,029 0,044 0,013 0,006
BpemenHoe conpoTuBieHue
OJTHOOCHOMY CIKaTHIO Rex, MIla - - Sk 127%%%

JU1sl CyrJIMHKOB JPECBSHBIX, C JPECBOIl U ¢ IIeOHEM 3HAYCHHMS yrila BHYTPCHHETO TPCHHMS, YACIBHOIO CLEIUICHHS U
Moyt ieopMaLMK JaHbI B COOTBETCTBUM C «METOIUKOM OLEHKH IPOYHOCTH U CKUMACMOCTH KPYITHOOOIOMOYHBIX
TPYHTOB C HBUICBATHIM W TJIMHHUCTBIM 3aIlOJIHATENEM W NBUICBATBIX U TIIMHUCTBIX TPYHTOB C KPYITHOOOJIOMOYHBIMH
BriroueHussMu, ansHUMC Tocerpos CCCP, Mocksa, 1989».

* Cpennee 3nauenue, ** snauenus s sanonuutens, *** snauenus s 00NIOMKOB.

MIPUPOIHAS BIAXHOCTH TOCTUTACT MAKCHUMANIbHBIX 3HaUeHu# — 0,252 monu ej., Tak xKe
Kak u ynensHoe cremieane C = 0,044 MIla. Cpennee 3HadeHre MOIYISI AehopMaIiuu
E manaer no 4,5 MIla. Yron BHyTpeHHero Tpenus @ = 20°. Bce 3Tu mokasarenu roBo-
PAT O TOM, YTO JMCIIEPCHAs 30HA KOPHI BHIBETPHUBAHUS SBISIETCS HECTAOMIBLHOW TpH
(hOpPMHUPOBAHHHU U IKCILTyaTaIlMi OOPTOB KapbepPOB, KOTOPHIE JICKAT B JJAHHBIX IIOPOIAX
(tabm. 1).
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BoiBoabl. Yuactok CBOOOAA 3070TO-MEAHO-MOPPHUPOBOTO MECTOPOXKAEHHUS Mair-
MBDKCKOE SIBIISICTCS YACTHIO IPUPOIAHON CUCTEMBI, KOTOpasi 710 Hayajia OCBOCHHUS HaXo0-
JIMJIach BO B3aMMOJICHCTBUH C CHCTEMOM, ONPEICIIACMOM OOJBIIMM U CIIOKHBIM KOM-
IUICKCOM HH)KEHEPHO-TEOIOrnuecKuX (hakTopoB. PaBHOBECHE 3TOM CUCTEMBI SBIISCTCS
JMHAMAYECKUM M 3aBUCUT OT Pa3BUTHS WHKCHEPHO-TEOJOIMYECKUX MPOLECCOB, Xa-
PaKTEpHU3YIOMIUX TEOAMHAMHUYECKYIO CHUTYAIHIO U OTNPENENAIONINX CTEeHb YCTOMYH-
BOCTH MacCHBa FOPHBIX MOPOJI K BHEITHEMY BO3JCHCTBHIO, a TAKXKE BUJ U MaCIITa0bI
HACTYMAIOMIUX U3MEHEHHH.

HHxeHepHO-Te0IOTHIECKOe pacusieHEHHE pa3pe3a KOpbl BEIBETPUBAHUS MTPOBOAN-
JIOCh 10 KOMIUIEKCY MPU3HAKOB, BKIIOYAIOIINX B Ce0s: CTPYKTYpHO-TEKCTYPHBIE OCO-
OEHHOCTH, MUHEPANbHBINA cOCTaB, (PU3UKO-MEXaHHMUECKUE CBOIcTBa mopon. B ee mpe-
Jenax Ha MecTopoxkaeHun MaiMbpkckoe (yuactok CBoOona) BBIAETICHBI TPH 30HBI:
IV — aucnepcuas, I1I — Jlutomapxa u Il — obnomounast.

MouHOCTh KOPbI BBIBETPUBAHHS H3MECHSCTCS B IMUPOKUX MPEeax, T0CTHras MaK-
CHMYMOB B TEKTOHHYECKHX 30HaX, a TAK)KE B 30HAX, TNIe KOHTAKT Pa3JIUYHbIX MTOPOJ
NPEAOTPENEINIT HAINYNE TEOXUMHUECKUX OapbepoB.

AHanmn3 (pU3NKO-MEXaHUUECKUX CBOWCTB IMOPOJ, CIArarolluX PaccMaTpUBaeMYyIO
KOpPY BBIBETPHBAHMS, JOKA3bIBACT, YTO U3MECHEHHE I'€OJOTUUECKUX YCIOBHIA B Ipelie-
Jax Jake OJHOM 30HBI KOPbI BHIBETPUBAHHS 30J0TO-MEAHO-MOPPHUPOBOTO MECTOPOXK-
nennst Manmenkckoe (yuactok CBo0ozia) HeceT 3a cO00H U3MEHEHHE BBIOOpa MPOESKTH-
PYeMBIX yII0B 00pTOB Kapbepa. [loaToMy HeoOX0anMO Ha Ha4aIbHBIX dTanax U3ydeHus
(mepuon reonoropa3BeIOYHBIX pab0T) MECTOPOKICHUH, OOPTa KOTOPHIX OYIyT CIOXKe-
Hbl KOpaMH BBIBETPHBAHHUS, JCTATbHO M3YYUTh XapaKTepHbIE OCOOCHHOCTH IMOPOJ
C Y4eTOM BO3MOKHOTO MX M3MEHEHHS B IIPOLIECCE IKCILTYaTAllUN MECTOPOXKACHHUS.
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Engineering and geological zonin% of the Malmyzhsky deposit weathering crusts
(Svoboda area)
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! Ural State Mining University, Ekaterinburg, Russia.

Abstract
Introduction. Interest in the study of weathering crusts arose at a time when geological engineers faced
the problem of developing open pits formed by eluvial soils. However, the exact and detailed division of
the weathering crusts into engineering-geological zones, especially when studying mineral deposits, is
not given due attention even today. Therefore, in the course of prospecting, it is important to correctly
determine weathering crust type and profile, and establish the possibility of changing the engineering and
geological conditions when opening the rock mass by mine workings for further slope stability prediction
of the designed mining structures.
Research aim is to determine vertical engineering-geological zoning of the Malmyzhsky deposit
weathering crusts (Svoboda area) and identify patterns in alluvial deposits physical and mechanical
properties change, which define the safety of mine development.
Methodology. A significant number of Russian and foreign scientists have considered the formation of
weathering crusts from different positions. They established the geochemical zoning and engineering-
geological zoning of the weathering crusts.
Results. The article describes the Svoboda area at the Malmyzhsky gold-copper-porphyry deposit.
Engineering and geological zoning of the weathering crust section was carried out according to a set
of features, including structural and textural features, mineral composition, physical and mechanical
properties of rocks. Within it, three zones are identified at the Malmyzhsky field, the Svoboda area: IV —
dispersed, 11 — litomarge, and Il — clastic. Physical and mechanical properties of rock building up the
considered weathering crust have been analyzed proving that change in geological conditions within even
one zone of the Malmyzhsky gold-copper-porphyry deposit (Svoboda area) entails a change in the choice
of projected pit wall angles.

Key words: weathering; weathering crust; parent rock; engineering-geological zoning of the weathering
crust, thickness of the weathering crust; weathering profile; physical and mechanical properties of rocks;
Malmyzhsky gold-copper-porphyry deposit.
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leodmsnyeckne uccnegoBaHusl Ha PeBAMHCKOM nepeceyeHnn
CepoBcko-MayKcKkoro permoHanbLHoro pasnoma

HasbigoB B. A’
T UHeTuTyT reodomamkn um. 10. M. Bynawesuya YpO PAH, r. Ekatepun6ypr, Poccus

e-mail: davyde@yandex.ru

Peghepam
Ieny paéomur — usyuenue xapaxmepuuix 0cobOeHHOCMEl 2e0pU3ULeCKUX Nonel HAO0 OCHOBHbIMU
eeonoeudeckumu cmpykmypamu 6 3one euusnus Cepoecko-Maykckozo pecuoHaibHoz20 pasioma Ha
Cpeonem Ypane.
Memooonozus. DnekmpomazHummule uccne008anus BKIIOUANU 9KCNpecc-8apuanm
ayouomMasHumomenypuieckux 30HOUPOSanUll ¢ WupokononocHvim npuemuuxom OMAP-2m (UT'® YpO
PAH, 2. Examepunbype). Kamepanenas obpabomra 6a3upyemcs Ha ROLYYEeHUY YACHMOMHbIX CNEKMPO8
UMNneOanca ¢ RoMowbio bvicmpozo npeobpasosanus Pypve u ux mpancopmayuu 8 2nyOuUHHbvIE pa3pesbl
NeKmpouzuLecKux napamempos cpeovi. Maznumopaszeedounvie pabomul 6bINOIHEHbL C NOMOUbIO
npomonnoco machumomempa GEM GSM-19T (GEM Systems, Kanaoa), cvemxa camma-nons nposedena
newexoonvim paouomempom CPII-68-01 (3a600 «dnexkmpony, e. Kenmvie Boowr).
Pesynomamet. 1o pesynomamam 06pabomxu HAONOOEHUIl HA RAPAMEMPULECKOM NPOGPULe NOCMPOeHbL
KauecmeeHHbvle paspesvl YOEIbHbIX SNeKMPUYECKUX CONPOMUGLEHUU U IPHEKMUEHOU NPOOOIbHOU
nPO8OOUMOCMU, A MAKHCE SPAPUKU MASHUMHO20 U paduayuonHozo noaei. IIposedennvie ucciedosanus
BbIAGUNU OCOOEHHOCIU USMEHEHUs INeKMPOPUIUYECKUX NAPAMEMPOs U NOMEHYUATbHBIX noell HAO
PA3MUYHBLMU 2€0102UHECKUMU CIPYKIMYPAMU NPUKOHMAKNOB0U 30Hbl PA3IOMA.
Bu1600b1. Onpedenenvl npusnaku epanuy pasoeia 0CHOBHbIX 2e0N0SUYECKUX 00bEKNO08 N0 USMEHEHUAM
Qusuueckux ceolicmes. Bvidenenvl numonozuueckue u mekmoHu4eckKue epanuybl CLOHCHO20 KOMIIEKCA
HOPOO, NPUMBIKAIOWUX K PESUOHATLHOMY PA3IOMY, NO XAPAKMEPHLIM AHOMAAUAM 2e0QU3UUECKUX
napamempos. Pesynomamel 2eopuzuueckux ucciedo8anuti coenacylomces ¢ pearbHol 2e0102UYecKol
06CcmMano6Kol pationa Uccie008anull.

Knrouesvle cnoesa: xomniexcuvie ceousuueckue ucciedosanus; 30Ha pasioma; MeKMOHUKA,
ayouomazHumomennypuieckue 30HOUPOSanUs; 2e01eKmpuieckuli paspes.

Beenenue. CepoBcKO-Maykckuid pasiioM TMPENCTaBIIeT COOOH JONTOXHUBYIIYIO
CyOMEpHUIMOHATIBHYIO CTPYKTYPY, HEOJTHOKPAaTHO OCIOXKHEHHYIO Ooiee TO3IHUMHU
muciokarpsiMu. Kak ¥ Bce permoHaNbHBIE CTPYKTYphI, CepoBCKO-MayKCKuii pa3iom
IIPOCIIC)KMUBACTCA MO0 TEKTOHUYCCKHUM (bparMeHTaM CCPIICHTUHUTOB, COIIPOBOXIAACH
30HaMH Menamxka. M3ydaemerid mpodwis pacronaraercss B [lerrsapcko-IloneBckom
PYAHOM pailoHe M 3aXBaTbIBAET CIIOKHBIA KOMIUIEKC MOPOJ MPUKOHTAKTOBOM 30HBI
PETHOHAIILHOTO Pa3yioMa, pasfelisaoniero Tarmibekuii mporud 1 BoctouHo- Ypaiabckoe
nogasATHe. K 30He Menmamka TATOTEET HUKENb-KOOAIBTOBOE OpYACHEHHE, CBI3aHHOE
C CepIeHTHHUTAMH, KOHTAKTUPYIOIIUMH C MPaMOpPWU30BAHHBIMH W3BECTHAKAMHU
TEePPUTCHHO-KapOOHATHONW TOMIIM. B BYyIKAaHOTEHHBIX TOPOAAX, MPHIIETAIOIINX
K pas3JioMy, 3aJIeraeT Psii MECTOPOXKACHUIA 1 PYIOTPOSBIICHUH METHO-KOTIEAaHHOTO THIIA.

Ilenpto MccIemOBaHUH SIBISICTCS N3YUCHHE XapaKTEPHBIX 0COOCHHOCTEH Teodhn3u-
YECKHUX TMOJIel HaJ OCHOBHBIMH T'€OJOTHUYECKHMH CTPYKTypaMH B 30HE BIHSHUS
CepoBcKko-MayKCKOTO pernoHaibHOTO paszioMa. K OCHOBHBIM 3agadaM OTHOCSITCS:
MpOBeIeHNE KOMITIEKCa Teo(PH3NIeCKUX UCCIIeIOBaHM, 00padoTKa M HHTEPIIPETAIIHS
PE3YNBTATOB C IMOCTPOEHUEM TPaUKOB U pa3pe30B (GU3NIECKUX ITapaMeTPOB, aHATTU3
Y COTIOCTAaBJICHUE TIOIYUSHHBIX JAHHBIX C UMEIOMIEHCS Te0IOTHIECKON HH(pOopMaITiei.
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Metoanka padoTt. s u3ydeHus TeodIeKTPUUECKOTO CTPOSHHS pa3pesa ObLTH Hc-
MOJIb30BaHbI ayIMOMarHUTOTEIUTyprudeckue 3oHaupoBanus (AMT3), nogxoasmue ams
uccienoBaHui cpeanux r1youH [1-5]. [loneBbie paboThl Skcnpecc-BapuantoM AMT3
MPOBOAMIIKCE IByXKaHaJIbHOW H3MepuTeNnbHOH anmnaparypoit OMAP-2wm, pa3paboran-
Hoii B MHcTutyTe reodusuku YpO PAH [6], ¢ uCmONb30BaHUEM HIMPOKOIOIOCHBIX
JTATYUKOB 3JIEKTPOMArHUTHBIX CUTHAJIOB. V3MepeHHs BenHCh B T€UYEHHE 3—5 MUHYT
B yacToTHOM juana3one 100—-16 000 ', ¢ marom Hadmonenuit 50 M. Mcnonb3yembie
YacTOTHI MO3BOJISIIOT MOJYyYaTh CBEJCHUS O pa3pe3e Ha DIyOWHY OT JAecsTKa A0 He-
CKOJIBKMX COTEH METPOB. [y perucTpanuu ropu30HTaIbHON KOMIIOHEHTHl MarHUTHO-
ro noJyst A ucnons30Bacs NaT9MK UHAYKIMOHHOIO THIIA C JIMHEAPU30BaHHOU XapaK-
TEPUCTHKOM. DNICKTPUYECKast COCTABNIAIONIAs £ M3MEPSIach C IIOMOLIBIO CTETOIICHCSE
JUHUM C TIPEABAPUTENBHBIM ycuinTesneM. OTHOLIEHHE 3IEeKTPUYEeCKO KOMIOHEHTHI
CHUTHaJIa K OPTOTOHAJIbHOM MarHMTHOM COCTaBJISIOLIEH ONPENEIISIET BOJHOBOE COIPO-
TUBJICHHE Cpesibl Z = E, /H_, uny uMIeanc, MpONOPLUOHAIIBHBIH yIEIbHOMY 3IIEKTPH-
yeckoMy conpotusieHHo (YIC) ropHsix nopoa. Pe3ynbrarsl u3aMepeHuii npencTass-
IOTCS B BHUJE MapaMeTpa, BBIUMCIEHHOTO 4epe3 MOJIYJb BXOAHOIO HMIIEJaHca U
3KBHUBAJIEHTHOT'O Ka)KyIlleMyCs CONPOTUBIEHHUIO [7]:

p, = (1/2mfn)|Z

rIe f— 9acToTa MEKTPOMarHuTHOTO nojis, I'm; u =~ p, = 4n- 1077 — MarHuTHAs IPOHMUIA-
eMOCTh cpenbl, ['H/M.

Meroauka kamepanbHOH 00pabOTKM ayAHOMAarHUTOTEIUIYPUUCCKUX AAaHHBIX yKe
HEOIHOKpAaTHO omucaHa B jnuTeparype. OHa Oa3upyercss Ha IOJNyYCeHMH YacTOTHBIX
CIIEKTPOB UMIIEAAaHCa ¢ TOMOUIBIO OBICTpOro mpeodpazoBanus Oypbe U UX TpaHchop-
Manuu B TITyOnHHBIE pazpe3sl YOC 1 3¢ heKTUBHOM TPOIOIBHON MPOBOAUMOCTH [8, 9].
Pe3ynbTarel IO3BOIISIOT ONPENENATh XapakTep pachpelelieHus deKTpoQu3ndecKux
CBOHWCTB 1O IIyOWHE, BBIIACIATH JIOKaJIbHbIE aHOMAaJIbHbIE OOBEKTHI U CBA3BIBATH HPH-
pony reodu3NUECKUX HNONEH C Fe0JIOrMYECKUM CTPOCHUEM.

Maraurtopa3Beio4HbIe Pa0OTHI BHITIOIHEHBI ¢ TOMOIIBIO IPOTOHHOTO MarHUTOMET-
pa GEM GSM-19T (Kanana). [IpoBomminck u3MepeHHs MOTHOTO BEKTOpa MAarHUT-
HOW MHAYKIWH T ¢ 3aMbIkaHueM npoduins Ha koHTponkHOM myHKTe (KIT) 6e3 ucmons-
30BaHUs] MarHUTOBapHalMoHHOM ctaHuy [10]. OTHOBpEMEHHO C MATHUTHBIMH U3MeE-
PEHUSIMH BBINOJHAJACH I'€0/I€3U4eCcKasl MIPUBSA3KA C IOMOIIBI0 BCTPOCHHOTO MOMYJIS
muddepenuuansHoro GPS. Pannomerpuueckas cheMka MpoBeieHa MeleX0IHbIM IaM-
Ma-paguometrpom CPII-68-01 (3aBox «OnekTpony, . XKenteie Bomer). Lllar cremku mmo-
TEHIUATBHBIX Te0pU3NIECKUX Toel cocTasisut 10 M.

PesynbTarel uccaenoBanmii. Mccnenosarenbckuil npoduib NPOTSHKEHHOCTHIO
2600 M pacmonaraercsi Ha CeBEpHOI OKOHEYHOCTH JIeTTAPCKOTO PYIHOTO ITOJIS, HEMla-
nexo ot . Pena CepanoBckoit obiact. Pazmerka npoduis nposenena B cyOmmpoT-
HOM HAIIPaBJIEHUH, BKPECT IPOCTUPAHUS OCHOBHBIX T€OJIOTHYECKHUX CTPYKTYp. B cBo-
el cpenneld yactu PeBmunckuii mpodmib mnepecekaer 30HYy CepoBcko-MayKCKoro
pasjioMa ¢ MOJMMHUKTOBBIM MEJNaHXeM. Pe3ynsraTsl 3JeKTpOMarHUTHRIX 30HIUPOBa-
HUU CBUAETEIBCTBYIOT, YTO XapaKTEpHOU 4EPTOM TOPHBIX ITOPOJI PAOHA SIBISIETCS U~
pOTHAas 30HANBHOCTh U3MEHEHHS EKTPUUECKOTO COMPOTHUBIIEHUS C KPYyTHIM BOCTOU-
HBIM TajgieHneM rpanui [ 11].

Havano npoduns ciararot cnaHmbl MapuHHCKON CBHTHI, KOTOPBIE CMEHSIOTCS BYII-
KaHUTaMH 3103€JIbCKOI CBUTHI, IpeACTaBICHHBIMU Oa3zansTamMu. O0e CBUTHI OTHOCSTCS
K KOMIUIeKCy mopox Tarmnbckoro mporu6a. TeKTOHHUECKHid KOHTaKT MEXIYy HUMHU
(ITK10) 4eTko BbIIensieTCsl BEPTUKAIBHOM aHOMaJIMEH Ha pa3pesax dMeKTpodu3nye-
CKHX NTapaMeTPOB U OTMEYAETCSI MUHUMAJIbHBIMH 3HaYE€HUSMHU MOIIIHOCTH 3KCIO3HIIH-
oHHOU 110361 (MD]]) ramMma-u3iyuenus (puc. 1).

2
)




66 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal". No. 2. 2021 ISSN 0536-1028

a
T, uTn MBI[;;MKp/q
60 000 — |
58 000 —
56 000 —
54000 —
T ‘ I T
o 2000 m
3 B pr, OM - M
| Il 1 1 |
8000
5400
2800
200
6
I | | 1 1 | Saps CM
0,20
0,15
0,10
0,05
0

Puc. 1. Pesynbrarel reou3nueckux HcclieqoBaHui mo PeBnuHcKoMy mnepecedeHnio CepoBCKo-
Mayxkckoro pasinoma:
a — tpaduKy MOAYIS MHIYKIMM T€OMAarHUTHOTO MO / W MOIIHOCTH SKCIIO3WIMOHHON /03B raMMa-
u3mydeHus 2; 6 — TpaHcopMHupoBaHHBIH paspe3 AMT3; ¢ — paspe3 dddexTuBHOII MPORXONIEHON HPOBOAH-
MOCTH, COBMEILCHHBIN C Te0JOrHYeCKOl 00CTaHOBKOM: 1 — KOpa BBIBETPHBAHUS; 2 — CIIAHLBL; 3 — Ga3aabThl;
4 — 30Ha ApOONEHMS; 5 — CEPHEHTHHUTHI; 6 — ByIKaHHYECKHe Ty(bl; 7 — PUONHTHI, 8 — IIarHOTPaHUTHL.
KpacHbIMU THHUAMY BBIJEICHBI TEKTOHUYECKNE HAPYICHHS
Fig. 1. Geophysical survey results for the Revda intersection of the Serov-Mauk regional fault:
a — graphs of geomagnetic field induction modulus / and gamma exposure dose rate 2; b — transformed section
of AMT sounding; c — section of effective lateral conductivity combined with geological setting: 1 — weathering
crust; 2 — shale rock; 3 — basalt; 4 — crush zone; 5 — serpentinite; 6 — volcanic tuff; 7 — rhyolite; 8 — plagiogranite.
Red lines indicated tectonic faults
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MOoOIIHOCTE PBHIXJIBIX OTJIOKEHUH B Mpeaenax mpoduis u3MeHsercs ot 1 go 20 m.
IToBepXHOCTHBIE OTIIOKEHNS, COZIEPKAIINE IITUHY, OTIIMYAIOTCS CaMbIMHU HU3KUMU 3Ha-
YEeHUSMHU YISIBHBIX conpoTuBieHui (12-25 Om - M). [Ipu yBenwdeHnn mecyaHo-1ie-
OeHHCTOW (paKkIWK COMPOTHBIEHHUS PBIXJIBIX TIOPOX MOTYT TOBBIIIATECA IO
100200 Om - M u Bbime. KopeHHbIe MOPOABI UMEIOT 3HAYUTENBHO 00Jee BHICOKHE
JNIEKTPUYIECKHUE COTIPOTHUBIICHUS U XapaKTepU3yIOTCs IUPOKUM pa3dpocoM 3HAYEHUI —
ot 150-200 Om - M mo 5000-10 000 Om - M. Korrakr 6a3amsronmoB 3103eIbCKOM
CBUTHI C MEJIaH)KEBBIMU U3BECTHIKAMU TEPPUTEHHO-KapOOHATHON TOJIIINA OTOOpaKaeT-
Cs TIOHIDKEHHUEM CONpPOTHBICHMsS U ramma-nois Ha nukete [TKS50. Ha PeBaunckom
yugactke CepoBcko-MayKCKHUil pa3jioM pasleiieH Ha JIBE BETBH CEPICHTHHU3UPOBAH-
HBIM YIBTPAOCHOBHBIM MAacCCHBOM M OCJIOKHEH 30HaMH npoorneHws [12]. 3amamHas 30Ha
CEPIICHTUHUTOBOTO MEJIaHXa IEePCIIeKTHBHA Ha CHUJIMKATHO-HUKEIEBOE OpYICHEHHE,
JIOKAJIM3YIOIeecs B KAPCTOBBIX MOJOCTIX BEpXHEW yacTu KapOoHaTHOW Toimu. FOx-
Hee, Heflaieko oT npoduist, HaxoauTcs [leTpoBckoe HUKENb-KOOAIBTOBOE MECTOPOXK-
JIEHUE U LETbIA psl pyLoNposiBIeHUN. B mpenenax yJIsTpa0CHOBHOIO MaccuBa BCTpe-
yaeTcsi MUHepanu3anus cyabOuaHo-HuKeneBor Gopmannu. CeprneHTHHU3NPOBaHHBIC
MOPOJIbI MACCHBA XOPOIIIO BBIAETSIOTCS MATHUTOPA3BEAKON PE3KUM MOBBIILIEHUEM Mar-
HutHOTO 1o Ha 2000—4000 T, a uX TEKTOHUYECKUE TPAHUIIBI, SIBIISIFOIIHECS BETBS-
MU pazjioMa, XOPOIIIO BBIAEISIOTCS Ha TE0dIEKTPUIECKUX pa3pe3ax HU3KOOMHBIMH JIH-
HeitapiMu  anomanusmMu (IIK70 u T1K140). Bocrounas BeTBb pa3ioma OTIENsET
yaeTpaba3uThl OT PYJOHOCHOU JIerTSpCKOl CBHUTHI, CI0KEHHOW BYJIKAHUYECKUMH TY-
¢amu ocHoBHoro coctasa (ITK140-200). [llupoxas 30Ha 1poOIeHUS, MPUypOUCHHAS K
KOHTAaKTY 3THUX MOPOJI, OTMEYAETCS MOJOKUTEIbHONU paiuallMOHHON aHOMaIuel B UH-
tepBainie mukeToB [IK110-I1K170 (puc. 1, a) u o6mum cHmkenuem YIC Ha BCIO TITy-
OuHy reoanekTpudeckoro paspesa (puc. 1, 6). Pannomerpus, HecMoTpst Ha ciabyro
MHTEHCHBHOCTh FaMMa-U3y4YeHHsI, YBEPEHHO pa3esisieT M0 yPOBHIM €CTECTBEHHOTO
¢dona xomriekchl mopoj Tarunbckoit U Boctouno-Ypanbckoii Merazon. [loguepkaem,
YTO BYJIKaHOT€HHO-0CaJ09HbIE TOPOABI JleTTSPCKOM CBUTHI OTHOCSTCS yKe€ K KOMILIEK-
cy nopoxa Bocrouno-Ypansckoro nonusitus (Kanyeuna P. /]., Konanes B. @., Cmopo-
acenko E.  B.  Tocyoapcmeennas  eceonocuueckas — xapma  Poccuitickoii
Dedepayuu. Macwma6 1 : 200 000. Hzoanue smopoe. Cepus Cpeoneypanvckas. Jlucm
0-41-XXV. Obvsacnumenvnasn 3anucka. M.: Mockosckuii ¢punuan @I'BY « BCEI'EN»,
2017. 156 c.). Cpenu TyQoB B mpeiesiax CBUTHI 3aJIETA0T CyOBYJIKaHUYECKHE Tea PU-
onutoB (ITK200-I1K230). Konrakt mMexny Tydpamu u puonuramu JerTsipcKoil CBUTHI
BBIICIIACTCS MOJIOKUTEITLHOM MarHuTHOM aHoManuei okono 500 uTn B paitoHe nmukera
T1K200. 3aBepmrarommii yaactok npoduis (IIK230-I1K260) cnararoT miaruorpaHuThl
HogoanekceeBckoro maccuBa. I'panutonnsl JerTapckoro CyOBYIKaHUYECKOTO KOM-
Tuiekca OJIM3KH 1o cocTaBy HoBoanekceeBCKUM IMIarHorpaHuTaM M He OTIHYAIOTCS B
($U3NUECKUX MOJSIX, TOITOMY PaiOH KOHTAKTAa BBIJIEISETCS C TPYIOM IO HEOOIBIIOMY
CHIDKEHHUIO DJIEKTPUYECKOTO COMPOTHBIEHHUS W YBEIWYCHUIO MOIIHOCTH PBIXITBIX
OTJIOKEHUI.

3akiouenue. B pesynbraTe BBIIOIHEHHBIX PabOT MOCTPOCHBI KauyeCTBEHHBIC
paspesbl AeKTPOPU3NIECKUX TapaMeTPOB CPElbl, a TakKe rpad)uKu MarHUTHOTO U
pamuanroHHOTO Tojiel Ha PeBnmHCKOM TIpoduite, mepecekatomem CepoBcko-Mayk-
ckuii pazioM. OmpesienieHbl MPU3HAKU TPAHUI] pa3fesla OCHOBHBIX T'€OJOTHYECKHUX
00BEKTOB 110 U3MEHEHUSIM (PU3MUECKUX CBOMCTB. BhIeIeHBI TUTONIOTHYECKUE U TEK-
TOHMYECKHE TPAHUIIBI CI0KHOIO KOMITJIEKCa TTOPOI, MPUMBIKAIOLTUX K PErMOHATIBHO-
My pasjioMy MO XapaKTePHBIM aHOMAJIHSIM reopu3ndecKiX napameTpoB. Pe3ymbrarsl
reopU3NKH HETTOXO COTIIACYIOTCS C PeaTbHON reoJoTHIecKoi 00CTaHOBKON paiioHa
UCCIIEI0OBAaHUM.
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Geophysical research at the Revda intersection of the Serov-Mauk regional fault

Vadim A. Davydov'
! Bulashevich Institute of Geophysics UB RAS, Ekaterinburg, Russia.

Abstract
Research aim is to study the characteristic features of geophysical fields over the main geological
structures in the zone of influence of the Serov-Mauk regional fault in the Middle Urals.
Methodology. Electromagnetic studies included an express version of audiomagnetotelluric sounding
(AMT) with a broadband OMAR-2m receiver (Institute of Geophysics UB RAS, Ekaterinburg). Office
processing is based on obtaining frequency spectra of impedance using fast Fourier transform, and their
transformation into deep sections of electrophysical parameters of the medium. Magnetic prospecting was
carried out using GEM GSM-19T proton magnetometer (GEM Systems, Canada). Gamma-field survey
was carried out with a survey radiometer SRP-68-01 (Electron, Zhovti Vody).
Results. Based on observation processing results, high-quality sections of electrical resistivity and effective
longitudinal conductivity were constructed on the parametric profile, as well as graphs of magnetic and
radiation fields. The studies revealed features of change in the electrophysical parameters and potential
fields over various geological structures of the near-contact fault zone.
Summary. The signs of the main geologic features border lines were identified by changes in physical
properties. The lithological and tectonic boundaries have been identified of a complex rock assemblage
adjacent to the regional fault according to the characteristic anomalies of geophysical parameters.
Geophysical survey results comply with the real geological conditions of the study area.

Key words: integrated geophysical survey; fault zone, tectonics, audiomagnetotelluric sounding,
geoelectric section.
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Peghepam
Begeoenue. Tpenovl yugposuzayuu SKOHOMUKU NOKA3LIEAIOM, YO OMPACIAM, 3AHUMAIOWUMCSA 000bIYell
U nepepabomKoil MUHEPANLHOZO CbIPbA, PAHO UNU NO30HO NPUOEMCS CMOJIKHYMbCA ¢ Npobiemamu
6HeOpeHUs. HOBbIX mexHono2ull ynpasnenus. Odxcudaemvle UHHOSAYUU UMEIOM 0el0 ¢ OONbUUMU
00veMamu OAHHBIX KAK 8 YACMU XAPAKMEPUCTIUK UCXOOHO20 COCMOSHUA 00beKma, max u npu
OMCIENHCUBAHUU USMEHEHUTl €20 Napamempos Ha 8cex CMAOUAX NpespaujeHust colpbs 6 MoSapHblll
npoOyKm.
Memoowt ananusza 6Ka04AOM OYEHKY PaKmopos, onpedenitomux Yudposusayuio Ompaci, d maxice
uccne008anue 20MOSHOCMU 2OPHO-MEXHONOSUYECK020 Nnepedeid K 6HeOPEHUI0 HOBbIX MEeXHON02Ull
ynpagnenus. CLOACHOCIb 8 MOM, Umo 000blua u nepepabomrka MUHePAaIbHO20 CblPbsi NPEOCMABLeHd
cymmoi  mexnonoeuil. Paszeedka, onucawue MecmopodsCOeHUus, OYEeHKAd 3anacos, MexHOI02UU
nepepabomku, ymuiusayus u XxpaHenue X60Cnos, Omeanos, pekyibmueayus u Op. — 6ce Jmu npoYeccyl
OMHOCAMCSA K PA3HbLIM OMPACTAM HAYK U He 8Ce20d CBA3AHbL 8 eOUHBIU MEXHON02ULeCKULl YUKIL.
Pesynomamut. B pabome npugeden noOpobHblil aHANU3 CMPYKMYPbl U UCIMOYHUKOS UHDOPMAYUOHHBIX
NOMOKO8, HeOOX0OUMbBIX O hopmuposanus eOuHol yugpposol mooeru nepepabomxKu MuHepaibHo20
coipwsi.  Tlokazano, umo ungopmayuonnvlli 610K, omeeuarowull 3a «6azbl OAHHBLIX NPOYECCO8
nepepabomku pyoy oKasvleaemcs HauMeHee 20mogbiM K 6CIMPAUSAHUIO 6 eOUHYIO YUPPO8YIo MoOeld.
Bui6oowvi. Hecmomps na mnoxcecmso npoonem, CeéA3aHHbIX C npumeHeHuem yu@dposvix mexHoaio2ull,
Hem NPUHYUNUATbHBIX NPENIMCmeutl 0 CO30AHUS UMUMAYUOHHBIX MOOELeli NpoYeccos nepepabomru
MUHEPATLHOZO CbIPbs, BKIIUAIOWUX UOEHMUPUKAYUIO MECOPONCOEHUA, (opMUposanue 2opHOU
Maccol U 6ce cmaouy NOLYy4eHus moeapHo2o NPOOYKMA.

Knroueewvte cnoea: yugposusayusn,; moodenuposanue; oe3unmezpayusl; celekmusHoe paspyuienue;
packpeimue pyo; nepepabomra MUHepanbHO20 Cblpbsi.

Beenenne. CoBpeMeHHbBIE TPEHIBI MHOTUX OTpaciieil 3JKOHOMHUKH MOKa3bIBAIOT, YTO
NEepPCHEeKTUBHI 3()(HEKTUBHOTO HCIIOIb30BAHUS MUHEPAJIbHO-CHIPHEBOI 02361 00BEKTUB-
HO CBsI3aHbI ¢ IU(POBBIMU TEXHOJIOTUAMHU ynpasiieHus. be3 JoKHOM TOAroTOBKHY 1O-
JI0OHbBIE MHHOBAIIMK MOTYT CO34aTh Maccy Mpo0JieM B YacTH MOJEINPOBAHUS IpoLec-
COB ITepepabOTKH MOJIE3HBIX UCKONaeMbIX. CBA3aHO 3TO C TEM, YTO HOBBIE TEXHOJIOTHHI
UMEIOT JIeTI0 ¢ OOJIBIIMMHU 00bEMaMH JaHHBIX KaK B YACTH XapPaKTEPHCTHK MCXOJHOTO
cocTosiHUSI 00bEKTa, TaK U MPH OTCIEKUBAHUN M3MEHEHUH ero mapaMeTpoB Ha BCEX
CTaIusIX MIPEBPALLECHHUS CHIPhs B TOBApHBIN MponyKT. B Poccun ropao-oborarutensHble
KOMOWHATBI, KaK IPAaBUIIO, BKIIOYAIOT TOPHBIM M 000TraTUTEIbHBIN NIepeiebl, TOATOMY
€CTECTBEHHO paccMaTpuBaTh 00a Ipoliecca Kak B3aUMOCBSI3aHHbIE. AHAIU3UPYS CO-
CTOSIHME JIeJI B TOPHOM MPOMBIIIIEHHOCTH, B. JK. ApeHc oTMeuaeT BBICOKYIO BEPOST-
HOCTb «IIOSIBJIEHUS INI00ATBHOTO KPU3UCa MUHEPAJIBHBIX PECYPCOB, YTPOXKAIOIIETO ca-
MOMY CYIIECTBOBAaHHMIO YEJIOBEYECTBa», YKa3blBaeT Ha HEOOXOAMMOCTH «IIOMCKA
NPUHLMIIMAIEHO HOBBIX PEILICHUH, OCHOBAHHBIX Ha COEAUHEHUH 10OBIYH U IepepadoT-
KU B €IUHBIN nporecc...» [1].
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Leanro paGoTsl SBISETCS aHAIN3 HOBBIX IIOJIXOJIOB K IpolieccaM nepepaboTKu M-
HEPAIBHOTO CHIPBS, KOTOPBIE OCHOBBIBAIOTCS Ha CO3IAHHH:

— 00BbeqMHEHHON MOJICITTH, BKITFOYAIOIICH TapaMeTpbl MECTOPOKICHHS, TEXHOJIOTHIA
TOPHBIX paboT ¥ MepepadOTKH CHIPbS;

— CETICKTUBHBIX OYpOB3PBIBHBIX TEXHOJIOTHIA;

—3((eKTUBHBIX TEXHOJOTHI TIepepabOoTKU MUHEPATIHLHOTO CHIPbS.

EnvHast iMuTaIMOHHAS MOZIENb coueTaeTcs ¢ GYHKIHUSIMHU yIpaBlIeHHUs Mpoliecca-
MU U3BJICYCHUSI MUHEPATBHBIX PECYPCOB U BKIIIOYACT:

— MOJIeJIb TOPHO-TOOBIYHBIX padoT;

— MOJIeJIb TIPOLIECCOB NepepadOTKH MUHEPAILHOTO CHIPbS;

— KOHBIOHKTYPHO-MapKETHHIOBYIO MOJIENb 0 THUITY OCHUMApKHUHTA C «IIPUBSIZKON»
KOHEYHOTO TOBaPHOTO MPOAYKTA K OTPAcisiM MOTPEOICHHUS;

— MOJIEJTb SKOHOMUYECKOTO 000CHOBAHHUSI MEXaHMUECKUX MU (PUBUKO-XUMHUYECKUX
T€OTEXHOJIOTUH ISl PACKPBITHS U U3BIICUCHHUS MIHEPAJIOB.

MeTonbl aHaIM3a BKIIOYAIOT OIICHKY (h)aKTOPOB, BIUSIOIIMX HA U(POBU3AIIMIO OT-
paciu, a Tak)Ke UCClieIoBaHUE TOTOBHOCTH TOPHO-TEXHOJIOTHUECKOTO Tiepeiena K BHe-
JPEHHIO HOBBIX TEXHOJOTHHI ynpasieHus. CI0)KHOCTh aHaJIN3a CBA3aHa C TeM, YTO JI0-
Oblua W mepepaboTKa MHUHEPATBHOTO ChIPbs MPEACTAaBICHA CYMMOW TEXHOJIOTHH.
Pa3Bezika, omucaHue MECTOPOXKACHUS, OLIEHKAa 3allacoB, TEXHOJOTHUH IMepepadOTKU
(mo0bIva, pyonoAroToBKa U o0oramieHue, oay4YeHHe TOBAPHOTO POIYKTA), YTUITH3ALHST
U XpaHEeHUe XBOCTOB, OTBAJIOB, PEKYJIBTUBALMS U JIP. — BCE 3TU MPOIECCHI OTHOCATCS
K Pa3HBIM OTPACIISIM HayK U HE BCETIA CBS3aHbI B CIUHBIA TEXHOJIOTUIECKUAN IIHAKIL.

Pesyabrarel. UndopmanronHoi 0a30i U(POBBIX MOJENEH SIBISIOTCS CBOWCTBA
CBIPBS, UX U3MECHEHHE, CBI3b XapaKTEePUCTHUK CHIPhS C TIapaMeTpaMu IPOLIECCOB Nepe-
pabotku u T. 1. Bo3HMKaeT HEOOXOMMOCTh CO3IaHuUs U 00PaOOTKH OOJBIINX MaCCH-
BOB JIaHHBIX, XapaKTEPU3YIOIINX MECTOPOXKACHUE (CTPOCHHE, MUHEPAJIbHBIH COCTaB
TOPHBIX TIOPOJ | T. II.), TApaMeTpbl OypOB3PBIBHBIX Pa0OT, MapaMeTphl TEXHOIOTHYe-
CKHUX MPOLECCOB MEPepadOTKH  T. 1. [TOCKONIBKY «yNpaBiIsSTh MOKHO TOJIBKO YHCIOM,
(dhopmanmzanust GpakTOpoB, ONPEIEISIONINX OCHOBHBIC TEXHOJIOTHUYECKUE TTapaMeTpEI,
CTaHOBHTCSI HeM30€KHOW COCTaBIISIONIEH IU(PPOBU3AIIUH ITPOIIECCOB TOOBIYH U TIepe-
paboOTKM MUHEPAITFHOTO ChIpbs. OHOMN U3 3a7a4 (hopManu3alny SBISIETCS YCTpaHEHHE
HEONPE/ICTICHHOCTH TPAaKTOBOK M TIOHATHH TMpPU XapaKTEPHUCTHKE OOBEKTa aHaln3a.
Hampumep, 1u1st ynipasieHust mpolieccaMy pyIOTIOATOTOBKH HEOOXOIUMO (OPMATU30BATh
(hakTOpBI, ONIPEENIONINE CBI3b KaueCTBa PACKPBITHI MUHEPAJIOB CO CBOMCTBAMH Py
U TIapaMeTpaMu Harpy»XeHus npH paspymeHud. OneHKa 10CTaTouHOCTH HH(OopMaIIu-
OHHOU 0a3bl, HATHYNE PU3MYECKUX HUCTOUHHUKOB WHPOPMAIMH, OTCICKHBAIOLINX Me-
HSIOIINECS CBOMCTBA MUHEPAIILHOTO CHIPHS, aHAN3 aJICKBATHOCTH MPUMEHIEMBIX MO-
nener pusuke (pU3nyecKkor XMMHU) ACHCTBYIONIUX MPOILIECCOB — 3TO BOIMPOCHI, 0e3
OTBETa Ha KOTOPhIe HEBO3MOXHO OTPEAEIUTh TOTOBHOCTD CUCTEMBI K CO3JIAaHHIO LTU(-
poBbIX Mozieeii. OCHOBHasSI CIIOKHOCTD PELICHUS IAHHOM 3a]a4i COCTOUT B MacIITa0-
HOM (paKkTope, OXBaTHIBAIOIEM OKOJIO IIECTH MOPSIKOB — OT HECKOJIBKHX METPOB B HC-
XOJTHOM CBIphE JI0 HECKOJILKUX MHKPOMETPOB B KOHEUHOM Iponykre. [TockombKy 6a3bl
JAHHBIX JUIS Mojiesiel iepepaboTKu MHUHEPAILHOTO CBHIPbS (DOPMHPYIOTCS HA OCHOBE
CJIy4aifHOTO MHOKECTBA MEHSIOIINXCS XapaKTEPUCTUK CHIPhsI, OHU MPEICTABISIOT CO-
00#1 HeomHOpOIHBIE (POpMATHI ¢ TIOCTOSHHO OOHOBIISTIONIMMUCS JAaHHBIMHU. Bosbast
BapualHs CTPYKTYPHBIX H MUHEPAIIOTHYECKUX XaPAKTEPUCTHK HE MTO3BOJISIET UCTIONb-
30BarTh JUISl UX OMMCAHMUS MPOCTHIC aHAJTUTUIECKNE (PYHKIIUH, I03TOMY B TAKHX CHUCTE-
Max B OCHOBHOM MPUMEHSIOT alliapaT MareMaTHUeCKOH CTaTUCTUKHU, BEPOSTHOCTHEIC
Mozenu  T. 1. Hanbosee npreMieMbIMu JUIsE CO3IaHUs] UMUTAIMOHHBIX MOJIENIEH Mpo-
[ECCOB NepepabdOTKH MUHEPAIBHOTO CBHIPbS SBISIOTCS LU(poBbIe Tuardhopmel Big
Data, koTopbie 1al0T BO3MOXXHOCTH ONEPUPOBATH MHOKECTBOM JIAHHBIX C HEOIHOPOI-
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HBIMH, HECTPYKTYPHUPOBAaHHBIMH WJIM YaCTHYHO CTPYKTYPHUPOBAaHHBIMU (OpMaTaMu.
B o0miem ciyuae texnonoruu Big Data BriIrOUaroT XpaHeHue O0JIbIINX 00bEMOB JIaH-
HBIX, X 00pa0OTKY U CTPYKTYPHU3aIMIO, aHATUTHKY [T BBISIBICHUS 3aKOHOMEPHOCTEH
(Data mining), MO3BOJISIFOT IIUPOKO MCIIOIB30BaTh CIIyYaifHble U HEYETKUE MHOKECTBA
B Ka4e€CTBE MCXOJIHBIX JAAHHBIX I IOCTPOEHUS MOZENIeH pa3HOTO YPOBHS, HCIIOIb30-
BaTh MaluHHOE oOydyeHue (Machine learning), mporHo3upoBaTh Ha OCHOBE OOHAPY-
skeHHBIX cBsizelt (Data Science). B 3ToM oTHOIICHUU TUPPOBU3AIUIO paccMaTpUBac-
MOTO KOMIUIEKCa paboT MOKHO paccMaTpHuBaTh HE TOJBKO KaK PAaCHIMPEHUE O0IacTH
NPUMEHEHUS UPPOBBIX TEXHOJIOTHI, HO ¥ KAK HOBBIH BUTOK Pa3BUTHSI IPOIIECCOB JI0-
ObIYM U MIepepadOTKH MUHEPAILHOTO CHIPHSI.
CxeMa MH(GOPMAMOHHBIX TOTOKOB JUJISI
| XapaKkTepuCTHKa MECTOPOKIACHHS | (I)OpMI/II)OBaHI/ISI L[H(I)pOBOfI Moaec/M nepepa-
OOTKM MHHEPaJBHOTO CHIPhS IpHBEIEHA Ha
puc. 1.
| bnok «Xapakmepucmuka mecmopoiicoe-
HuA» TIPEICTABISAET CIy4aliHOe MHOXECTBO,
coJiepXariiee COBOKYIMHOCTh JAHHBIX, IOJTY-
YEHHBIX B XO/I€ Pa3BEIKU MECTOPOXKICHHUS,
OIICHKH 3aracoB, onpodosanus u T. 1. Cyiile-
Putc. 1. Cxewa cassi HHGOPMALHOHHBEX CTBCHHBIM (DaKTOpOM SIBIIAETCA HEOHOPO-
TIOTOKOB B MPOIIECCAX MTEPEPABOTKH HOCTh TIPAKTHYECKH BCEX CBOMCTB TOPHBIX
, _MMHEPAJLHOTO CRIPbS nopox  (CTPYKTYpHBIX, (DPU3UKO-MEXaHHYe-
ol Dl of s lows Couing n - cxnx n 1) mpi Srow memraia i apiia-
MM 3aBUCUT OT pasMmepa oObekra. Cpemm
NPUMEHSEMBIX B TeOMEXaHUKe NU(PPOBBIX MIaTGOpM HanboIiee TOTOBEIMH K BCTpanBa-
HUIO B CTPYKTYpY HepepaboTKU MHUHEPAIHHOTO CBHIPhS OKa3alllCch T€OMH(pOPMAaIHOH-
uele cucremul Geostatistical Software Tool, Datamine, GEMCOM, Vulcan, Micromine,
Surpac u ap., comepKailue reooro-reopU3NIEcKyr0 U reOXUMHYECKYI0 HHpOopMa-
muro. Co3naHHble HA MX OCHOBE HU(POBBIe 3D reooro-TeXHOIOTHYECKUE MOJCIH
JIAIOT HAIVISIIHOE MIPEICTaBIEHUE O CTPYKTYpPE PYAHBIX Tell, UX PACIOI0KEHUH BO BMe-
njaromux nopoaax [2]. brmaromaps dopmanuzaiuu reouHGOPMAIMOHHBIE CHCTEMBI
('UC) cranu nepBUYHBIM 3BEHOM B TOCTPOCHUU MOJIENIEH CBSI3M MHOXKECTBA XapaKTe-
PHUCTUK MECTOPOXJICHHS C MapaMeTpamMH MPOIECCOB JOOBIUN U mepepaboTKi MUHE-
paNbHOTO CBHIPBS, a TaKkKe «CepTU(UKALMK MHHEPAIBbHOTO CHIPhS MO H3BJIECKAEMON
IIEHHOCTH (TEXHOJOTUISCKUM CBOMCTBaM)» [3].
CoBpeMeHHbIE HHCTPYMEHTAIbHBIE METOBI OMPEACIICHNUS BEIIEeCTBEHHOTO COCTaBa
U CTPYKTYPbl MUHEPAILHOTO CHIPBS, Pa3BUTHE KOHIICIIIHU «KBaJMMETPUU HeApy [4]
CO3JaJT TIPEANOCHUTKY ISl I POBU3AINH MPAKTUIECKH BCEX MapaMeTpPOB, XapaKTe-
PHU3YIONINX KaK MECTOPOXKICHHUE B 11€JIOM, TaK U €T0 OTJEIbHbIE KOMIIOHEHTHI, BKITIOUast
MUHEpaJbHbIE cOCcTaBIsAtoNMe. OCHOBY COCTaBIISIOT: SIAEPHO-(PU3NIECKUE, PEHTTEHO-
paaroMeTpUYeCcKre METObI, METOABI ONPEAETeHHsI CTPYKTYpbI Ha Tuiockoct (TEM-
mukpockonusi, SEM-mukpockonusi, STM-pacTpoBasi TyHHeNbHas MHKPOCKOIIHA,
AFM-aroMHO-cHiI0Basi MUKpOCKomnus), B 00beme (3D peHTreHoBcKast KOMITBIOTEpHAs
tomorpadusi), mporpammubie makeTsl PerGeos, HanoCkan-4D, CTan Demo wu
InVesalius. Ykazannapie MeTonbl coBMeCTHO ¢ tuiatdopmamu ['MIC mo3BOISIOT M3Me-
PUTH IPAKTUYECKH BCE XapPaKTEPUCTUKH CTPYKTYPBI M COCTaBa TOPHBIX MOPOJ B AHa-
Ma30HE OT MacIITaA00B OKOHTYPHUBAHUS MECTOPOXKACHHUS 10 TApaMEeTPOB KPUCTAIITHIE-
CKOM pelIeTKH MUHEPAJIOB.
brox «llapamempul Gypoe3pvienvix padomy» UICHTUUIUPYET CBSI3b MEKIY Xa-
PaKTepUCTHKAMH TOPHBIX ITOPOJT MECTOPOXKICHHS U TapaMeTpaMi OTOOMKH, IIPOU3BO-
Jsiieit ropHyro Maccy. Heo0XomumMo OTMETHTD, Y4TO 3TOT OJIOK COAEPIKUT NPAKTHUECKU

| ITapameTps! OypOB3pBIBHBIX paboOT

| Bazpl manubIX IpoueccoB nepepaboTKu pya |
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BCIO HH(OPMAIIHIO JJIsl BCTPAaUBaHUs B 00bEIMHEHHYIO MOJIeNTb. Pemennto 3a1a4d ontu-
mu3aiuu BBP u cHkenuio pacxona B3peiByarhix BemiecTB (BB) criocoOcTBYyOT mpo-
rpammusble ponyktel (Harpumep, TCAD+ u iSURE), koTopeIME OCHAIIIalOTCS COBpe-
MEHHBIE OypOBbIe yCTaHOBKH. Tak, MporpaMMHO-TeXHHYEeCKHi komIuieke Blast Maker
MIO3BOJISIET UCTIONB30BaTh B KaueCTBE MCXOAHON MH(OpMANNK JaHHBIC, NepelaHHbIe
HETOCPEACTBEHHO ¢ OYpOBOTO CTaHKa, /ISl ONTHMHU3AIMH BeIeHHs OypOB3pPHIBHBIX pa-
00T B pekUMe peaJbHOTO BpEMEHHU B B PEKUME HAKOTIJICHHUS TAaHHBIX. TakuMm oOpaszom,
MOSABIISIETCS] BO3MOXKHOCTH KAPTHUPOBAHUS MECTOPOXKACHNUS HE TOJIBKO B X0JI€ pa3Be1oy-
HOTO, HO ¥ B XOJI€ OKCIITyaTallHOHHOTO OypeHHsI, OCYLIECTBIATh CBOETO POJia THHAMU-
YeCKHUIl MOHUTOPUHI CBOMCTB T'OPHBIX MOPOJ MO TMOKa3zareno Oypumocty. I1oBsbiiieH-
HOE BHHMAaHHE K B3pBIBHOW OTOOIKe OOYCIOBIEHO TEM, YTO B3PHIB OKa3bIBaeT
HaunOoJIblee BO3ICHCTBHE Ha 100BIBAEMOE CHIPhE, IPU ATOM «B3PBIBHOE pa3pylICHUE
M0 DHEPreTHYECKUM 3aTparaM ¢ SKOHOMHYECKOH TOYKM 3pEHHsl HE cuuTaercs: Oesy-
MPEYHBIM U ONTUMAJILHBIMY» [S]. XOopoliel npearnochUIKon Jjlsl ONTUMHU3AIUU OypOB-
3pBIBHBIX PalOT SABISIETCS TO, YTO (PU3UKA B3PHIBA U3yUYCHA JOCTATOUHO MOJTHO, YTOOKI
MOHUMATh MPUPOAY M3OBITOYHOTO TMOSBICHUS KPYIHBIX WJIH MBUICBUIHBIX (pakiuii,
OIIEHHBAaTh CBSI3b MEXY MapaMeTpaMM B3pbIBa, XapaKTEPHUCTHUKAMH B3PHIBUATHIX Be-
IIECTB, CBOWCTBAMH TOPHBIX MOPOJ U pe3yJabTaTaMH B3phIBHOTO Bo3zeicTBUsA. [10BBI-
menune KI1J[ B3peiBa mpUHATO HCKATh B ONTUMU3AHH pacxoaa BB 3a cuer moBeIteHms
3¢ PEKTUBHOCTH Mepeayn JHEPTHH B3pbIBa pa3pylniaeMoOMy MacCUBY, YIUTHIBas Bapu-
aIu IPOYHOCTHBIX CBOMCTB TOpHBIX mopox. Hanbonee nuTeHCHBHAs (ha3a paspyliie-
HUSI TIPH B3PBIBHOHM OTOOWKE MPUXOJUTCS Ha TEPBBIN 3Tan (OPMUPOBAHUS yHAPHOIM
BOJIHBI, CO3/AI0MIEH CBEPXU30BITOYHOE JaBIE€HNE HA CTEHKHU 3apsAaHON Kamepbl. CHU-
JKCHHUE 3aTpaT SHEPrHy Ha W3MEINIFIeHUE B ONIMKHEH 30HE B3pBIBA U Nepepacipeerne-
HHUE JHEPrUM Ha Bech 00bEM pa3pylICHUs IMO3BOJSET MOBBICUTH 3()(HEKTHBHOCTD
B3PBIBHOTO BO3zieiicTBUsA [6]. COBpeMEHHBIE T€OTEXHOIOIHH 00JIaIat0T IOCTATOYHBIMU
CPEICTBAMHU JUIA PETYIMPOBAHUS B3PHIBHOTO BO3IEHCTBUS: M3MEHEHHE KOHCTPYKILIUU
3apsiaa, MpUMEeHEeHnEe KOMOMHUPOBAHHBIX 3apA10B C M3MEHSIIOIIIMHCS SJHEPTreTHUECKH-
MU CBOMCTBaMH IO JJIMHE CKBAXXHHBI, BapHUaIlUs MacChl 3aps/a, BapbUPOBAaHUE CETKU
CKB2XMH, U3MEHEHHE MHTEpBajia 3aMeJICHN, OpsSAKa HHUITUUPOBAHHS KOHTYPHBIX
3apsaoB U ap. [IpakTuka U3MEeHEeHUs CeTKH B3pPhIBAHUSA U MTapaMeTPOB B3PHIBA B 3aBU-
CHUMOCTH OT CTPYKTYPHBIX ¥ MPOYHOCTHBIX CBOIMCTB MOPOJ moATBepkaacT 3pdekTus-
HOCTh MOJOOHBIX PEIICHUM /IS onTUMU3aliuu pacxona BB u obecrneuenus kauectsa
ropHoi maccel [7, 8]. Kpurepuem kadecTBa MOATOTOBKH TOPHBIX MOPOM K BHIEMKE SIB-
JIIETCSl COOTBETCTBHE TOPHOIM Macchl TPeOOBaHUSIM 33JaHHOTO TPaHyJIOMETPHUECKOTO
M BEILECTBEHHOTO COCTaBa. 3aBUCHMOCTh MapaMeTPOB B3pPHIBAEMOCTH TOPHBIX MOPOJ]
OT MX TEKCTYpHO-CTPYKTYPHBIX XapaKTePUCTUK OTKPHIBAET BOSMOKHOCTH JJISl CENeK-
TUBHOU OTOOMKH, MMO3BOJISIONICH MOTYYUTh TOPHYIO MacCy HE ¢ XaOTHYHEBIM pacIipesie-
JICHHEM CTPYKTYp U cIIy4ailHBIM HaOOpOM MUHEPaIbHBIX KOMIIOHEHTOB, a B BUI€ (par-
MEHTOB, pPa3pyIIEHHBIX H30MPATENBPHO IO TEKCTYPHOM HEOAHOPOTHOCTH. 3ajada
CEJIEKTHBHOTO Pa3pyLICHHs MPU B3PHIBHOW OTOOIKe 3aKiouaeTcsi B (OPMHUPOBAHUHU
TEKCTYPHBIX JIEMEHTOB, IPUTOAHBIX JIJIs IEPBUYHON MPEAKOHIICHTPAIIMA TOPHOW Mac-
CBI 110 COOTBETCTBYIOIIUM IPHU3HAKaM B TEXHOJOTHYECKHE MOTOKU. Takum obpazom,
y’K€ Ha Ha4aJIbHOM JTarle pyAONOATOTOBKH U3 B3OPBAHHOTO MAaCCHBA MOYXHO BBIJENATH
(GbparMeHThl (TEKCTYPHO-CTPYKTYpHBIC OJIOKM) MO HM30MPATEIbHO CKOHIICHTPUPOBAH-
HBIM pa3fAeUTEeNbHBIM MpU3HaKaM. MHOTOYHCICHHBIMHI HCCIIEIOBAaHUAMHA MTOKAa3aHO,
YTO 7151 MONOOHBIX CTPYKTYp Hambosnee 3(h(HheKTHBHBIMH OKa3bIBAIOTCS PEHTI€HOPAIH-
oMeTpuvecKkre MeTojbl mpenkoHienTpanuu [9, 10]. O0bekTHBHOCTS MH(OpPMAIINY,
TeHEPUPYEMOH YCTPOMCTBAMH JIJIsl PEHTIeHO(ITyOPECIICHTHON cenapalyy, JefaeT ux
aJaNTUBHBIMUA K TMPUMEHEHHIO TEXHOJOTHH MCKYCCTBEHHOTO MHTEJUIEKTA IS TTOBBI-
nreHus 9QEKTHBHOCTH pa3zieICHUSI.
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Bropoe HampaBieHue ONTHUMH3AIMHM TApaMeTPOB B3phIBA KacaeTcs CHIDKEHUS
9HEpro3arpar Ha Moclieayollee ApodICHNE U U3METIBICHHE Pyl 3a CUET U30UpaTeNbHO-
IO pa3yHnpOYHEHMsI TOPHBIX MOPOJ] Ha YPOBHE MUHEPAIBHBIX KOMIIOHEHTOB. [lepeme-
HieHue 0OBEMHOTO Pa3yNpOYHSIONIETO BO3IEHCTBUS HA CTAHI0 B3PBHIBHOTO pa3pylie-
HUS JUI1 ONTHUMM3AIMK SHEPro3aTpar akTyajabHo emle u notomy, yto KII/I B3peiBHOTO
paspymwienuss  3HauuTenbHO  mpeBbimaer  KIIJ  ApoOHIBHO-M3MENTBUUTETBHBIX
YCTPOHCTB, HECMOTPS Ha HECKOJILKO 00JIee BHICOKYIO CTOMMOCTh «XUMHYECKOH 3HEp-
THM» 10 CPAaBHEHUIO C 3JIeKTpolrHeprueil. CHIKeHHe 3Hepro3arpar Ha Mocieayomee
paspylieHue pys NpH yBEeIUMYEHUH pacxo/ia B3phIBYAThIX BelecTB (BB) nokazano skc-
nepuMeHTaNbHO [11]. YeTaHOBIEHO, UTO B3PBIBHOE pa3yNnpoOYHCHUE B OOJIBIIICH CTere-
HU BJIMSIET Ha CHWKEHHE SHEPrOEMKOCTH JPOOJIEHHs, YeM Ha CHUKEHHUE SHEPTrOEeMKO-
cti usMenpueHus. OTCaeauThs W ONHO3HAYHO TOATBEPAUTH 3HAYUMOCTH BIUSHUS
pacxona BB Ha Gomnee sHeproeMkue mporecchl U3MENbUeHHUs JOCTaTOUHO CIIOKHO H3-
3a CYIIECTBEHHOTO M3MEHEHHsI IPaHyIOMETPHYECKOTO COCTaBa M YBEIUYEHHS COAep-
JKaHUSI MEIIKUX KJIaCCOB B TIPOJYKTaX B3PBHIBHON OTOOWKH.

[Tpon3BoaCTBO OYpOB3PHIBHEIX PaOOT COMPOBOXKIACTCS MOSBICHUEM OyPOBBIX I1LIa-
MOB, TIO3BOJISIFOIIMX OCYIIECTBIATH «CEPTUPHUKALNIO MUHEPAIBLHOTO CHIPBS 110 M3BJIE-
KaeMoii ieHHocTH». l1lnamMel mapoiedHoro 6ypeHus o CBOMM IPaHyJIOMETPUIECKUM
U CTPYKTYPHBIM XapaKTepUCTUKAM OJHM3KH K MPOJYKTAM MHUTaHMs BTOPOU CTaIuH H3-
MeJbUEHHs, Ha KOTOPOHM MpearonaraeTcsl peajin3anus packKpbeiTus pyasl. COBOKYII-
HOCTh XapaKTEPUCTHK OypOBBIX IIUIAMOB: CTPYKTypa, T'PaHyJIOMETPHUECKHI COCTaB,
SHEPIHUsl M YCUIIUE Pa3pylLICHUs Pa3NuHBIX (PPaKLUil, paCKPhITHE U 000TaTUMOCTh —
NpeCTaBIsIET NHPOPMAOHHEIN pecypc, YPGEeKTHBHOCTh KOTOPOTO TIOKa3aHa Hcclie-
JIOBaHMSMHU Ha Pa3NUYHBIX THUIaX pyd. BbIsABIeHa HEMOCPEIACTBEHHAS CBSI3b MEXIY
(HU3NKO-MEXaHHYECKUMH CBOMCTBAMH MUHEPAJIOB, CTPYKTYPHBIMH XapaKTePUCTUKAMHU
pyd, OCOOCHHOCTSMH pa3pylICHHss W TEXHOJOTHYECKHMMHU ITOKa3aTeNsiMH OypOBBIX
IIJIAMOB, ONPEICIIAIONINMU U3MebueHue U oboramieHue [ 12]. Horas undopmarius mno-
3BOJISIET MCIIONB30BaTh MOJYYEHHBIE JaHHBIE JUISI TEXHOJIOTHMYECKOTO KapTHPOBAaHHUA,
pa3paboTKH IUTAHOB Oy PUMOCTH, IPOTHO3UPOBAHUS 00BEMOB IIepepabOTKH U Ka4eCTBa
o0oraIieHus pyJ COOTBETCTBYIOLINX YYaCTKOB.

bnok «ba3vt 0anHbIX RpOYeEccos nepepadomku pyody BKIOUACT WHGOPMAIIMOH-
HyI0 00JacTh MapamMeTpoB, HEOOXOMUMEIX ISt (POPMHUPOBAHUS MOJEICH MPOIECCOB
PYIOMOATOTOBKY M oOorarieHus. [IpakTrka MoKa3bIBaeT, 4TO 3TOT OJIOK OKa3bIBAETCS
HavMeHee TOTOBBIM K BCTPAMBaHUIO B €UHYIO MU(POBYIO MOJIENb, HECMOTPSI Ha aK-
tuBHOE pacnpocrpanerue nakeros Tuna USIM PAC u JKSimMet. OcHoBHast mpo0ie-
Ma CO3/IaHus MOJeNiel mepepaboTKU py/l CBA3aHa C MPOIIECCaMH PACKPBITHS, OTIpee-
nsroIuME 3()(HEKTHBHOCTh BCEX TOCIEAYIONIMX 3TanoB oborameHus. [locTtaroqHo
OTMETUTHh HEKOHTPOJIHPYEMbIe N3MEHEHHUSI MHOKECTBA MTapaMeTPOB Ha Pa3HbBIX CTaAH-
X TepepaboTKH, HAIIPpUMeEp, B MPOIECCaX PACKPHITUA Py TOIBKO pa3Mep 00beKTa Me-
HSETCS Ha 4—5 MOPSIIKOB. YSI3BUMOCTh MU3BECTHBIX MOJIEJIei 00yCIIOBIeHA TPUMEHEHH-
eMm 0e3 JOCTaToYyHOrO 3KCIEPHMEHTAJIbHOIO OOOCHOBAHHSA pAda TEOPETHYECKHX
MOCBUIOK B BHJIE TunioTe3: Purtunrepa, Kuka, bonna, ['puddurca u npyrux, kotopeie
CIPaBEUIMBBI JUIIb B Y3KHX paMKax MPHHATHIX OTrpaHWYeHHd. VIMEHHO Mo3TOMY
«KJTACCUYECKUE MOAETN» pa3pylIeHUs] OKa3bIBAIOTCA HEaJeKBAaTHBIMH B CIIy4ae U3Me-
HEHHUS XOTsI ObI OJTHOTO U3 IMapaMeTPOB HATPYKEHHUS: )KECTKUH, MATKHUIT; TMHAMIYHBIH,
KBa3UCTAaTHYECKHIA; ONMHOYHBIN, MHO)KECTBEHHBIN; C BBIBOJIOM M 0€3 BBIBOZA MPOAYK-
TOB pa3pylIEHUs U T. II., IOCKOJIBKY PE3yJAbTaThl pa3pyleHus (TpaHyJIoMeTpHIeCKUi
COCTaB, COCTOSTHUE MPOIYKTOB Pa3pyIIeHUs U T. I1.) OymyT coBceM mHBIMHA. OOBsCHE-
HUE OYEBUIHO: pyAa OTHOCHUTCS K THUITY OObEKTOB, XapaKTepU3yIOIIEMYCsl CTaTHCTHYE-
CKHM pacmpeziesieHHeM C BBICOKIM yPOBHEM BapHallly MapaMeTPOB CTPYKTYPHI, TPOU-
HOCTH M JHeprum paspyuieHus. Hampumep, mapameTpsl pacmpeneseHusl yKa3aHHBIX
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BEJINYMH HENPEICKa3yeMO U3MEHSIOTCS YK€ B TeUEHHE MEPBBIX 000POTOB MEBHUILIBL U
MIPOIOJIKAIOT HETPEPHIBHO MEHSTHCA BIUIOTH 0 BBIXOJa Marepuaina u3 Hee. [lo mepe
COKpallleHUs Pa3MepoB pa3pylIaecMbIX (HparMEeHTOB MEHSIOTCS HE TOJNBKO MPOYHOCT-
HBIE XapaKTEPUCTHKH, HO U MTapaMeTphl paclpeesieHus], HanpuMep Aucnepcust. Takum
00pa3oM, MpaKTUKa PACKPBITHS Py CBOAUTCS K OaHAJIHHOMY COKPAILEHUIO KPYITHOCTH,
MpeBpaIlaonEeMy pyay B MPOAYKT pa3MEpPOM B COTHH (JECSATKH) MUKPOMETPOB C U3-
OBITOYHBIMH 3aTpaTaMu HEPTHH. B 3TOM OTHOIIEHHN (PU3NUECKH HEBEPHO OTOXKAECT-
BJIATH M3MEJIFYCHNE U PACKPBITHE B CHITy IPUHIMITUAIBLHOTO OTINYMS LeJed U MeTo-
JIOB UX JTocTvXeHHs. L{enb n3mMensaeHus: — MakCUMaJbHBIA BBIXOJ 33aHHBIX KJIACCOB
KPYITHOCTH, TOCTUTaeMbIii MHOTOKPaTHBIM COKpAILIEHHEM pa3Mepa HCXOJHOTO MPOAYK-
Ta TpU HEW30€KHOM YBEIMYEHHUH BHOBb 00pa30BaHHOU moBepxHocTH. OCHOBHAas
SHeprus, notTpedisiemMas Ipy U3MEIBUEHHIH, PACXOIyeTcsl B polecce Tpanchopmanuu
paboThl BHEIIHUX HATPyKAIOIIUX YCTPOMCTB B YIPYTYIO SHEPTUIO H SHEPTUIO 00pa3o-
BaHUS HOBOW MOBEPXHOCTH. Llenb ceneKTUBHOTO pa3pylLIeHHus — PACKPHITh U3BJIEKae-
MBbI€ MUHEpaJIbl B €CTECTBEHHON KPYITHOCTH W MIPU MUHUMAaJIbHOH BHOBb 00pa3oBaH-
HOW TIOBEpXHOCTH. YKazaHHbIe OOCTOSTEIbCTBA 3aCTaBISIIOT — paccMaTpHUBaTh
TEXHOJIOTUH COKPAILEHUs] KPYITHOCTH M CTaJUU PacKpbITHS MUHEpAIOB KaK pa3HbIe
nporecck pyaonoaroroBky. CelnekTUBHOE pa3pylleHre He peanonaraet ¢pparmenra-
IIUIO PYZBI 10 pa3Mepa U3BlekaeMoro MuHepana. TeopeTuueckue 3aTparsl SHEPTUH Ha
PacKpBITHE MOKHO COTMOCTABIATH ¢ (PAKTUUECKUMH TOJIBKO MPU CEIEKTUBHOM Pa3py-
HICHUH, KOTZIa BHOBH 00pa30BaHHAs MOBEPXHOCTh Maji0 OTIAMYAETCS OT MOBEPXHOCTH
cpactanusi MuHepanoB. [losTomy moTpebiieHre SHEPTHH PU U3MENBYEHNH B HECKOIb-
KO JIECSATKOB KBT - 4/T Henb3s npu3Hath Guzndeckn 000CHOBaHHBIM MPU PACKPBITUH
pyd. YUuTBbIBas, 4TO MpPU M3MENBUCHHH BHOBH 00pa30BaHHAs MOBEPXHOCTH TOpa3io
OoJibliIe MOBEPXHOCTH CpacTaHus, COKpalleHue o0beMa Mareprana Mpy CeJIeKTHUBHOM
pa3pyLIeHNH MO3BOJISIET B pa3bl CHU3UTH SHEPTONIOTpeOIeHHe Ha PACKPBITHE.
BonpmHCTBO MOzIesIel pacKpBITHS B TOM WITH MHOHM CTETIeHH 0a3upyeTcsi Ha CTPYK-
TYpHO-T€OMETPHUUECKHX ITPEJICTABICHUAX O pyJle, CIIydaifHOM pa3pyIIeHNH U PacIlIbIB-
YaToM onpeseeHnu camoro napamerpa packpeitus (King R. P.,Wigley F., Gaudin A. M.).
Haubonee «ciaaObiM 3B€HOM» U3BECTHBIX MOJIETIEH ABISETCS HECOOTBETCTBHUE MapaMe-
TPOB, XapaKTEPU3YIOIIUX PACKPhITHE MUHEPAJIOB, PHU3HKeE Mpolecca pazpyieHus. Kak
MPaBUIIO, HTHOPUPYIOTCSL OYEBHUIHBIE (DAKThI: pE3yNbTaT pa3pyLICHUs Ha KaXI0H cTa-
JuH (OT B3pBIBHOM OTOOMKH 0 paCKPBITHSI MUHEPAJIOB) OIIPEIENIeTCs pa3HbIMH CBOM-
CTBaMHM MUHEPAJIBLHOTO CHIPbS; PE3YJAbTaT pa3pylIeHNs 3aBUCUT OT TEKCTYPHO-CTPYK-
TypHOW HepapXuu pyld, OT HM3MEHEHHUS TEXHOJOTHYECKUX XapaKTEPUCTHK ChIPbA,
JUCIIEPCUU MTApaMEeTPOB, UX M3MEHEHHUs B Ipolieccax nepepadoTku u ap. Takum o00-
pa3omM, B MOJIEIISIX TepepabOTKA MUHEPATBHOTO CHIPhsI U3HAYATILHO 3aKJIaIbIBACTCS He-
BepHBIN MH(OOPMAIMOHHBIN pecype. Jlaxe eciau GapaGaHHYIO0 MEIBHUIY «OOBECHUTHY
JIECATKOM Mojieliel, TOCTPOEHHBIX C UCIONb30BaHUEM HCKYCCTBEHHOTO MHTEJUIEKTA,
KaueCTBO PACKPBITHS HE YIIyUYIINTCS, MOCKOIBKY JaHHBIN arperatr GU3W4YecKH HE CIIO-
COOCH BBINONHATh QYHKIHIO I€3UHTETPAMH. YCIOBUS PACKPBITHSI MHHEPAIOB CIIOXK-
HO OTIPENIEIUTD apHuOPH, TOCKOJIBKY CYIIECTBYIOILINE TEOPUH PAa3PyILIEHHUS] MHOTOKOM-
MOHEHTHBIX MAaTepUallOB HE MO3BOJSIOT paccuuTarh AeopManuid B MHUHEpPAIbHBIX
KOMIUIEKCAxX M Ha TPaHHIIE UX CPACcTaHUs B BEIMYMHAX, IPUTOTHBIX JUISI TPAKTHUECKO-
ro NMpUMeHeHus. B cBA3M ¢ ATUM OCHOBOI AJIs1 BEIOOpa 00OPYNOBaHUS M TEXHOJIOTHI
PYAOIOATOTOBKH MOTYT CITYKHUTh SMITUPUYECKHE MOJIEIIH, OTIUCHIBAIOIINE CBA3b CTPYK-
TYpPHBIX TTApaMETPOB, XapaKTEPUCTUK PYI U PACKPHIBAEMBIX MUHEPAJIOB C MapaMeTpa-
MU Harpy»KeHUs | MoKa3aTels MK packpbITus. be3 ¢pusnueckoro MogenpoBaHust mpo-
[ECCOB PACKPBITHS HEBO3MOXKHO IIOCTPOUTH 0a31C MOJIENH AC3UHTETPALliH — OCHOBHOM
orepanyy pyIONOoArOoTOBKH, ONpeNessiomel mpoleccs nepepaboTKu U BCE COIyT-
CTBYIOILIME TIPOOJIEMBI, CBSI3aHHBIE C N30BITOYHON MOBEPXHOCTHIO MTPOIYKTOB pa3pyliie-
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HUsI: 00€3BOXKMBaHUE, CYIIKY U OpraHU3alMi0 XBOCTOXpaHuIuil. Heo6xonqumo oTme-
TUTb, YTO HEKOTOPBIC MPOOIEMBI 00YCIOBIEHBI OTCYTCTBUEM (POPMAIM3aLUU B YACTH
OJHO3HAYHOCTH TPAKTOBOK, ONPEAEICHUN, MPUMEHIEMON TEPMHUHOJIOTUH, HAIpUMED,
9acTo U3MENIBUEHHE U IE3UHTErPallis pacCMaTpUBAIOTCS Kak CHHOHUMBL. HecMoTps Ha
MHO)KECTBO ONpe/IeNICHH MOHSATHS AE3UHTETPallH (B 3aBUCUMOCTH OT 00JacTH IpH-
MEHEHUS), B KaXKIOM Cllyyae PallMOHAIBHO UATH OT CYTH aHAJU3UPYEMOTO SBJIICHUSI.
B cBa3u ¢ atum pyay crieayer paccMaTpuBaTh Kak MHOTOKOMIIOHEHTHBIM arperar,
CTPYKTYPHO NpEACTaBICHHbIN MHTETPUPOBAHHBIMY 3€pHAMH MUHEPAJIOB PAa3IMYHOTO
pasMepa B MOHOKPUCTAJUIMYECKOM MJIHM B TIOJIMKPHCTAIIIMYECKOM Buae. B GonpunH-
CTBE CBOEM MHTETPALIMS MUHEPAJIBHBIX KOMIIJIEKCOB MPOUCXOIUT 10 TPaHMIIaM cpacTa-
HUS, UMEIOIIUM KauyeCTBEHHOE MUHEPAJIOTHYECKOE ONMHUCAaHUE, YCTOABIIYIOCS KIIACCH-
¢UKaUMI0O W BO3MOXXHOCTH KOJNIMYECTBEHHOTO ONpENENCeHUs] HUX MapaMeTpoB.
Jesunrerpanys (aHTOHUM MOHSTHSL HHTETPALIMN) COOTBETCTBYET PEIICHHIO 00paTHON
3a7a4i: 0CBOOOXKIEHHIO (PACKPBITUIO) COCTABISAIOUINX CTPYKTYPHBIX 3JIEMEHTOB MPH
paspywennu pya. [Ipu 3ToM noHSATHE Ie3WHTErpalu TpeOyeT OMHO3HAYHOTO yKa3a-
HUSI CTPYKTYPHOTO YPOBHS (pa3Mepa), 10 KOTOPOro OCYIIECTBIISIETCS pactaj 00beKTa
Ha cocTaBiomue. Hanpumep, a1 packpbITHsS pyJl CTPYKTYpPHBIA YPOBEHb J€3UHTE-
rpanuu omnpeaensercs GpakIuOHHBIM COCTaBOM PacCKphIBA€MBIX MUHepaoB. Jle3uH-
Terpanus KaK pe3yipmam MpeacTaBiseT co0ol Gusnueckoe oTneneHne (0cBoOokKe-
HHUe, aHNI. — liberation) MHHEpanoOB ApPYr OT ApPYra B MX HCXOIHOM CTPYKTYpHOM
COCTOSIHMM. YacTHBIM ClTydaeM Je3UHTerpaluy MpU OJHO3HAYHOM OIpE/IeTIeHUH MpeJi-
MeTa CEeJIEKTUBHOCTH (I'paHHIla CpacTaHus, pa3Hble MUHEpPaIbHbIE KOMIUIEKCHI WIH UX
arperarsl U T. T1.) MOXKHO CUHTATh «CEJIEKTUBHOE pazpyuieHue» [12]. desunrerparms
KaK npoyecc MpecTaBisieT co00il COBOKYITHOCTh aKTOB (PU3UUECKOTO OTACICHHUS 110
TpaHUIaM CpacTaHus CTPYKTYp, UHTETPUPOBAHHBIX B arperar (MUHEPaIoB, MUHEpalb-
HBIX KoMILIekcoB). CaM mpoliecc MOXKET IPOTEeKaTh HEMPEPHIBHO WIIH AUCKPETHO B pe-
3yJbTaTe BHYTPEHHUX HANPSKEHUH MEXIy pa3JesiieMbIMU CTPYKTYPHBIMH 3JI€MEHTa-
MU, TIPU 3TOM HaNpsHKEHUS MOTYT OBITh CO3AaHbl BHEIIHHMHU WM BHYTPEHHUMH
Bo3neiicTBusMu. Coznanue pru3nvyecKkoil MOJeNn Je3UHTErPaii BO3ZMOXKHO JIMIIb PH
HaJIMYUHM 3KCIIEPUMEHTAIbHO W3MEPEHHBIX BEIMYHUH, XapaKTEepHU3YIOIIMX CBOWCTBA
00BEKTa B IIEJIOM U €r0 COCTABIISAIONINX, a TAKXKe apaMeTPOB, XapaKTepU3YIOIIUX BO3-
JIeHCTBYSL, CO3/1a0IMe HAMPsLDKEHUS! CPpelU CTPYKTyp Ae3uHTerpauuu. [IpuHumas Bo
BHUMAaHUE CIIOKHBIC B3aMMOOTHOILICHHS PACKPHIBAEMBIX MUHEPAIJIOB, OOJIBIIYIO UX Ba-
pHanyio 1o pasMepy U QU3UKO-MEXaHHYECKHUM CBOWCTBAM, MPAKTHYECKYIO JC3UHTE-
Tpalyio0 JIOTHYHO MPEACTABUTH B BHJE AUCKPETHOH TpaHCQOpMAIMU Pa3pylIaeMoro
MarepHalia B CTPyKTypHBIE 3JIEMEHTHI Pa3/IelIeHNs] U CTPYKTYPHBIE JJIEMEHTHI PACKpHhI-
Tus. B Takoil cxeme, korna Kaxaas cTagus pa3pylIeHUs onpenesieTcsd «CBOUM Habo-
POM CBOMCTB» pacKpbIBA€MBIX MHHEPAJIOB, MPOLECC IE3UHTErPAlIN MOXKHO CIeNaTh
YIpaBIIsieMBIM, BHIOMPast COOTBETCTBYIOIINE PEKUMBI Ae(POPMUPOBAHUS: IKECTKUH UITH
MSTKUH, JIOKATBHBIN WK 00bEMHBIN, OTHOKPATHBIN WM IIUKIMYSCKUH U T. 1. Bo3MOXk-
HOCTB yTPaBIICHUS PSKUMaMH 1ePOPMUPOBAHUS B 3aBUCUMOCTH OT CBOHCTB pa3pylia-
€MOro MaTepHualia MpoJIEeMOHCTPHUPOBAHA Ha HEKOTOPBIX YCTPOMHCTBAX, MPUBEAECHHBIX
B pabore [12].

BouiBoasl. [losBneHne B mocineaHue rofsl HOBBIX METOAOB MOCTPOCHHS Mozenei
Pa3IMYHBIX MPOLIECCOB, B TOM YHCIIE U C UCTIONB30BAaHUEM HCKYCCTBEHHOTO MHTEIIEK-
Ta, HE MCKIoUaeT GPU3MIecKoro MoaenupoBanusi. OUeBUIHO, YTO OT HEHPOCETEBOH
MozesH, 00yuYeHHOH Ha 0a3e «THIMOTETHYSCKUX» JaHHBIX, BPSJ JH CIEAYET OKUAATh
pe3ynbraTa, OTIIMYHOTO OT «TUIMOTETHYECKOT0». B CII0KHBIX U MHOTO(AKTOPHBIX MPO-
Leccax aJeKBaTHOM OCHOBOM MOZEIIEl MOTYT CTaTh JJAHHBIE, ITOJIy4EHHBIE TOIBKO ITPU
¢u3nuecKoM MoAENMpOBaHNH. Pelenue 3THX 3aja4 moTpedyeT pa3paboTKH U co3la-
HUS HOBBIX METO/IOB M 3KCIIEPHUMEHTAJIbHBIX YCTAHOBOK JJISI M3MEPEHHs KOMILIEKCa
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(bU3NUECKUX XapaKTEPUCTHK, OTCICKUBAHUS PEaKIIMK Ha BO3/ICHCTBHS, BHI3bIBAIOLIHE
paspy1ieHue u packpoitie pya. [locneanee o3Hadaet, 4To HEKOrja MOMyNIsApHAs B psizie
TOPHBIX BY30B crenuanu3anus «Ousuka ropHbIX MOpPOJ U MPOLECCOB» BHOBb MOXKET
CTaTh aKTyaJIbHOI U BOCTpeOOBaHHOM, Oylyul YCHJICHHOM B YaCTH HAYYHOTO HAIpaB-
JICHUS1, CBSI3aHHOTO ¢ MOJEpHH3anreil 1 HHHOBALMEH MPOLECCOB NMEepepadOTKH MUHE-
PaJILHOTO CHIPBS.

HecmoTpst Ha MHOXKECTBO ITpo0IeM, CBA3aHHBIX C IPUMEHEHUEM [IU(POBBIX TEXHO-
JIOTH{, HET MPUHLUMIHAILHBIX NPETSITCTBUH Ul CO3JaHUsl UIMUTAIIMOHHBIX MOJENeH
NPOLIECCOB MEPEepadOTKH MUHEPAILHOTO CHIPhS, BKIIOUAIOIINX UACHTH(OUKALMIO Me-
CTOPOXKAEHUsI, POPMUPOBAHNE TOPHON MAacchl OYpOB3PHIBHBIMH TEXHOJIOTHSIMU H BCE
CTaINY TOITY4YEeHHs TOBAPHOIO MpoAyKTa. JlocTaTOYHO MpaBHIIBHO PacCTaBUTh MPHUO-
PHUTETHI U PELIUTH Psi ONPEAETAIONINX 3a4a4.
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Abstract

Introduction. Economy digitalization trends show that industries involved in mineral extraction and
processing will sooner or later have to face the challenges of introducing new management technologies.
Expected innovations deal with large amounts of data both in terms of object initial state characteristics
and in tracking changes in its parameters at all stages of raw material transformation into a marketable
product.

Research methodology includes assessing factors determining industry digitalization, as well as studying
production area readiness for new management technologies introduction. The difficulty is that mineral
raw material extraction and processing is represented by a set of technologies. Exploration, deposit
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description, reserves assessment, processing technologies, utilization and storage of tailings, dumps,
reclamation, etc. — all these processes belong to different branches of science and are not always linked
into a single technological cycle.

Results. The paper provides a detailed analysis of the structure and sources of information flows required
to form a unified digital model of mineral processing. It is shown that the data unit responsible for the “ore
processing procedures databases” is the least ready to be embedded in a single digital model.
Conclusions. Despite the many problems associated with the use of digital technologies, there are no
fundamental obstacles to mineral raw material processing simulation models creation, including deposit
identification, rock mass formation and all stages of obtaining a commercial product.

Key words: digitalization; modeling; disintegration; selective destruction, ore liberation; mineral raw
material processing.
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CoBepLUeHCTBOBaHUE TEXHONMOrMU PEHTFEHOPaJMOMETPUYECKON
cenapauuv MapraHueBbIX pyA

BuwHsikoB A. B."*, ®egopos 10. 0.1, Yukun A. 10.2
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r. VipkyTck, Poceust
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Peghepam
Beedenue. B dononnenue K Kaaccuueckum memooam o00602aujeHus Mapeanyesvix pyo 6 HocieoHue
osadyams Jnem paspabomana MeHee 3ampamuas u 0Oonee IKONOUMECKU HUCHMASL MEXHONO02Us
penmeeHopaduomempuyeckoi  cenapayuu  (PPC),  Komopas — NOROMCUMENbHO — 60CNPUHAMA
npeonpusmuaAMu  Onid NOBbIWEHUA IPPEKMUBHOCTNU  OCE0EHUA MAPAHYEBLIX MECHOPOHCOEHU.
B cmamve npusedenvl opucunanvbmvle pesynbmamsl pabom uncmumyma «HMpeupeomemy no
cogeputeHcmeo8anuio memoouxu u mexrorozuu PPC mapeanyesuvix pyo.
Memooonozusn uccnedosanuii. B ocnogy mexnonoeuu PPC nonooicen penmeenognyopecyenmmulii
Mmemoo (POM) pacnosnasanus snemenmos, Wupoko pacnpocmpanertblil 8 2eohusuieckoll npakmuxe.
OO0Holl U3 Memoouyeckux 3a0ay OAHHO20 Memood AGIAEMC OnpeoeleHue MAapeaHyda 6 pyoax,
cooepxcawmjux He MONLKO Mapeaney, HO U Jicelle30, NOCKONbKY Omu 06a daemenma 001adarom
Xapaxmepucmuieckum penmaeHo8ckum usnyuenuem (XPH) ¢ bnuskumu snepeusimu u 63auMHO GIUAIOM
Ha MOYHOCMb UX — OnpedeleHUs PeHmeeHOMIYOPecyYeHMHbIMU — anarusamopamy. Bulbpannas
MemoOoI02Us UCCIeO08AHUL NO360IUNA PA3pPAbOmMams HOGblll CHOCOO yuema OAHHbBIX NEMEHMO8 6
peuieHul 3a0ay onpobo8arUs. U COPMUPOBKU MAP2AHYEBIX PYO.
Pesynomamut uccnedosanuii. Paspaboman nogulii u 3¢ppexmuenwlil anzopumm onpobo8anus Mapeanya
u cenesd, NPOBEPEeHHbINl HA PA3HLIX MUNAX MAP2AHYESbIX U dcene3o-mapeanyesvix pyo. Takum
VHUBEPCATbHBIM KPUMEPUEM, KOMOPbIU NPUBOOUNT K 60Jiee MOYHOMY ONPeOesieHUI0 8 KYCKAX COOePHCAHULL
Mapeanya u ocenesa, Aeisemcs omuowenue XPHU onpedensemvix siemenmos K obweil cymme
paccesinnoco usnyuenuss (PU) u unmencuenocmu XPU smux anemenmos, 3a0a8aemou CneyuanibHblMm
CREeKmpanbHuiM K03gpuyuenmom k.

Knrouesvie cnosa: npeosapumenviioe obozawenue; mapeanyeeas pyoa; penmeeHopaouoMempudecKast
cenapayus;  CnOcoO  CNEKMPANbHbIX — OMHOWEHUL, DEeHMEeHOBCKULL  CNeKmp;, — CneKmpanbHblll
Ko puyuenm.

Beenenne. Muctutyt «prupenmer sBiasieTcsi aBTOPOM U pa3padOTUYMKOM TEXHOJIO-
ruM peHTtreHopaanoMerpudeckoi cenaparuu (PPC) [1-3] ans 3omotoconepxanux u
peaxoMeTambHbIX pya (1978-1983). PasBurre TeXHOMOTMU NPHUBEIO K TOMY, YTO B Ha-
crosuiee Bpemsi PPC MOXHO yBepeHHO cuuTaTh OJHOM U3 Hanbonee 3 PEKTUBHBIX TEX-
HOJIOTHI TIPEABAPUTEIBHOTO 000TAILEHHS CAMBIX Pa3HBIX MOJIE3HBIX CKOMAeMbIX [4—8].

B Hacrosiiee BpeMss HHCTUTYT aKTUBHO 3aHUMaeTcs pa3padborkoii Texnonoruu PPC
UId psiga MapraHueBblx MectopoxaeHuil Hpkytckoit obmactu (LLlynrymexckoe,
Kpacnoe, HuxomaeBckoe) u omHoro u3 mectopoxiaeHuii OpeHOyprckodt obmactu
(AKKepMaHOBCKOE).

W3BecTHO, YTO 0 MOSBICHUS PAAMOMETPUYECKUX METOAOB [9] amns mepepaboTKu
MapraHieBbIX PyA UCIOIb30BATIUCh KIACCHYECKHE CXeMbl 000TraleHHs, OCHOBAaHHbIE
Ha TPaBUTAIIMOHHOM, MAarHUTHOM U (JIOTAIIMOHHOM CIOc0o0aX, B OCHOBE KOTOPBIX Jie-
JKaT KOCBEHHBIE pa3ieiUTEIbHbIE NPU3HAKU: IUIOTHOCTh MMHEPAJIOB, MarHUTHBIC
CBOHCTBa M cMauMBaeMOCTh. Peanu3amus 3Tux coco0oB TpeOyeT OOIbIINX 3HEPTeTH-
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Fig. 1. The profile of an ore sample containing manganese:
a—10%;6—-19 %;6-30%
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YECKHX M SKOHOMUYECKHUX 3aTpaT Ha IpOOHIbHO-U3MENBYUTENBHBIN IIepeies U HOCIeny-
fo1Iee o0orarieHue, a UCTIOIb30BaHNE KOCBEHHBIX MIPU3HAKOB pa3le/ICHUs PyAHBIX U HO-
POIHBIX MUHEPAJIOB HE MO3BOJISIET TOCTUYb BEICOKMX TEXHOJIOTHMYECKHX MOKa3aTeneil.

PentrenopaanoMeTpuieckas cenapanys, OCHOBaHHas Ha peHTreHo(IyopecueHT-
HOoM MeTonie (POM) — eqMHCTBEHHBIN IPSIMOH CIIOCO0 pacrio3HaBaHUS U OMPEIeIICHUS
KadyecTBa KyCKOBOT'O MaTepHaia I1o 2JIeMEHTaM, IPECTABIAIOUINM IEHHbIE KOMITOHEH-
ThI, IpuMecH 1K nopoxy. OcaoBy POM (unu PPC) cocraBnsioT Bo30yxaeHue u pe-
THCTpaLUs XapaKTEPUCTHYECKOTO peHTreHoBckoro uanyueHus (XPU), koropoe omHo-
3HAYHO OIpeNenseT TOT WIM HHOW XMMHYeCKHH »snemeHT. Peammsamms PPC
OCYILIECTBIISIETCA € MOMOILBI0 cenaparopoB CP® (cemapatop peHTreHOBCkui (iyo-
pecuentHsrit) [10].

Brepsrie ¢ paspabotkoit PPC B TexHomornu nepepabOTKU pya MOSBUICS METOL,
KOTOPBI MOXKHO HCIOJB30BaTh Kak Ui MPEIBAPUTENBHOTO OOOTrameHus pyd, Tak
U JUIs TIOJTyYEHUS KPYITHOKYCKOBBIX TOTOBBIX TOBAapHBIX KOHIIEHTPATOB AJIs1 METAJUTYpIH-
YECKOW MPOMBIIIIEHHOCTH. K A0CTOMHCTBaM 3TOro MeToja ciaeayeT OTHECTH HU3KHE
3aTpaThl, OONbIINE TEXHOJOTHYECKUE BO3SMOKHOCTH H «cyxoe» oboramenue [11].

3a nocnegaue ABaAuaTh Jet TexHonorus PPC npoma 6onbyio OMBITHYIO U IPO-
MBIIIJICHHYIO apoOalyio MOYTH Ha BCEX MECTOPOXKICHUSIX MapraHieBbix pya Poccun
n Kazaxcrana, Kak Ha OKHCIICHHBIX, TaK U Ha KApOOHATHBIX TUIIAX Py (BKIIOUAs JKele-
30MapraiueBble 1 OKCHIHO-KapOoHaTHble). I1o [lopoxkuHckoe 1 Masyiabckoe MecTo-
poxnenus (KpacHosipckuii kpait), Cenesens, JlypHoBckoe n Ycunckoe (KemepoBckas
obmacte), I'pomoBckoe m Mororynbckoe (3abaiikanbckuii kpaii), Hwukonaesckoe,
VYikarsis, Typosckoe n XKezasl (Kazaxcran). [IpoMbinuieHHOE BHeIpeHUE OBIIIO OCY-
mectBieHo B Kaszaxcrane Ha TypoBckoM mectopokaennu u Kapeiimckom ['OKe,
B Poccun — na JlypHoBckom m HukomaeBckom MecTopokaeHusx. Takum oOpasom,
MOXXHO cuuTarh, yTo PPC crana ocHOBHOI TeXHONIOTHEl 00OrameHus] MapraHleBbIX
PYZ € HOITY4YEHHEM KPYITHOKYCKOBBIX METATypriu€CKUX KOHIIEHTPATOB C COACPKaHU-
eM Mn 6onee 40 % muist okucieHHbIx u 6onee 30 % — i kapOOHATHBIX PYII.

CrnenyeTr OTMETUTD, YTO Ha BCEX MEPEUHCICHHBIX OOBEKTaX MPUMEHSIINCH MEPBbIC
nokosieHus: cernaparopoB CP® Ha 0CHOBE Ia30BbIX MPONOPIMOHANBHBIX CUYETYMKOB
C HU3KUM 3HEPTeTUUECKUM pPa3pelIcHUEM.

MeTononorus uccjiefoBanmnii. B nociennue necaTb—IATHAALATS JET CENapaTophl
CP® ycoBepIIeHCTBOBAaHbI, U3rOTABIMBAIOTCS U BBIITYCKAIOTCA HA OCHOBE COBPEMEH-
HOW PEHTI€HOBCKON TEXHUKH — PEHTI€HOBCKUX HM3JIydaTeliel U MOITyIpPOBOJHUKOBBIX
nerexktopoB (I1I1/]) c BeicokuM sHepreTrnueckuM paszpemerneM (200-300 3B). Dddex-
THBHas UI0MIaAb perucrpanns (25—-100 MM?) TaKHX JIETEKTOPOB PEHTTEHOBCKOTO H3-
Jy4eHUs [TOKa YCTYMaeT TOMY [TOKa3aTeto ra30BbIX JETEKTOPOB (450 MM?), HO 3a CYeT
BBICOKOM paspelaronieil CriocOOHOCTH U3MEpUTENIbHAs CUCTEMa CenaparopoB, OCHA-
meHHbIx [II1J], oTKpbpIBaeT HOBBIE TEXHHYECKHE U TEXHOJIOTMYECKHE BO3MOXHOCTH
PPC, pacmmpsier kpyr nosie3Hsx HckonaeMslx 1 npumenenus PPC [12].

[ pacrio3HaBaHMsI KyCKOB IO BeIleCTBEHHOMY cocTaBy B PPC npumensiercs cro-
€00 CIIEKTpabHBIX OTHOIIEHHUH 1 hopMyIia

po
N

s

rae P, — ananutuueckuil napamerp; N, — XPU onpenensemoro snemenra; N, — peru-
CTPHUPYEMOE OT KyCKa pacCesIHHOE PEHTI€HOBCKOE M3JIyUYEHHE.

EcrecTBeHHO, 11 MapraHueBblX pyda P, 3alaeTcs OTHOLICHHEM NMH/NS.
UccnenoBanus, NpoBENEHHBIE B TEXHOJOTMYECKOM ILIEHTPE PEHTTEHOPAIUO-
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merpudeckor cenapanuu (TL[ PPC) AO «Uprupenmer», mokaszaiv, 4TO TaKoH
MPOCTON aHANUTHYSCKUN IapaMeTp He OTIMYaeTCs MOKHOH 3()()EeKTHBHOCTHIO
U HE PaCKpPHIBAET BO3MOKHOCTH COBPEMEHHBIX CEMapaTopoB.

Ta6auna 1. [Tokazateau PPC npodbl MapranueBoii pyabl 04HOT0 U3 MeCTOPOKICHHI1
HpkyTckoii 06acTu (MaTepuaa KpynmHocTbI0 —50+20 mm)
Table 1. The XRS indicators of the manganese ore sample at a deposit in the Irkutsk region
(-50+20 mm in size)

CopeprkaHue KOMIIOHEHTOB, % WsBiedernne Mn
Ipoxykt Beixon, % N 0 ’
Mo | Fe0: | sio, P,0s %
TpexmponyKToBbIH cenapaTtop
Konnenrpar 33,7 457 7,2 11,2 0,37 58,2
[IpommpoaykT 213 25,8 20,2 22,2 0,51 20,7
XBOCTBI 45,0 12,4 42,8 19,7 1,05 21,1
Wcxonubrit 100,0 26,5 26,0 17,4 0,71 100,0

Jlns1 MapranueBbIX pyll, B KOTOPBIX, KaK MPaBUJIO, COACPKUTCS HE TONBKO MapraHell,
HO # OoJbIIoe KomrdecTBo xkemnesa (10 20-30 %), JaHHBIH anTOpUTM H3-32 OOIIBIIIOTO
BIIMSTHUSI CONIEPKAHUS JKeJie3a Ha JTOT MapaMeTp MPUBOIAMT K HEOJHO3HAYHOCTH H
OopIM OIHOKaM B onpeaesieHnn Mn B Texuonoruu PPC.

Bynkep -

ITurarens

Packmagunk —

,;_. ég:':] "~ PeHTreHOBCKHMI
“ . Hdarunk anmapar
o e
. McnonuurenbHbIi
ﬂ:l:':] i MEXaHH3M
h 4

} ¥ ¥
‘. D O ! / _ TponyxTet
( X ) ) cenapanun

Mn- Fe- ITpom-
KOHIIEHTPAT KOHIIEHTpAaT MPOJYKT

/

XBOCTBI

Puc. 2. HoBslit BapuanT cenaparopos CP®
Fig. 2. A new version of the SRF separators

Panee 11 ra3oBbIX AETEKTOPOB M3-3a UX HU3KOTO PaspelleHsi OCHOBHOE OTPHIIA-
TenpHOE BiMsHUE Fe mposBisiocs yepes Hanoxenne ¢poromukoB Mn u Fe.

Jus HITH sToT 3¢dppext nposiBisieTcss Yepe3 HHTEHCUBHOCTD PACCESTHHOTO M3JIy4e-
HUA N, KOTOpas M3MEHSAETCS B 3aBUCHMOCTH OT COJACPKAHHUS JKEJI€3a: YeM OOIbIIE JKe-
Je3a, TeM MeHblIe N ; 4eM MEHBIIE Keje3a, TeM Oonbuie V..
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Ot1oT 3(pPeKT MILTFOCTPUPYETCs CHEKTPaMU PEHTTEHOBCKOTO M3JIY4YEHHUS OT 00pas-
OB MapraHieBoil pyasl (Ha IpUMepe MeCTOpOkIAcHH AKkepMaHOBckoe U IIIyHry-
JIGKCKOE): Ha pUC. 1 n300pakeH criekTp oopasiia ¢ copepxanueM Mapranna 10, 19 u 30 %.

a

Hcxonnas pyna

MamuHHBIH Ki1acc

—150+20 mm
PPC (Mn, Fe)
[ om ]
XBoCTBI Konuenrpar
Mn Mn
PPC (Fe, Mn)
XBOCTBI Konuenrpar
Mn, Fe Fe
N J

-

ITopona IIpomnpoayxT

Hcxonnas pyna

MamHHbIH Ki1acc

—150+20 mm
PPC (Mn, Fe)
XBOCTBI Konnenrpar Konnenrpar
Mn, Fe Fe Mn
N J

Y
ToBapHbIe IPOTYKTHI

ITopona IIpommpoaykT

Puc. 3. Texnonoruueckue cxemsl PPC ¢ npumenennem
JBYXHPOIYKTOBOTO — @ ¥ TPEXIIPOYKTOBOTO — 6 cerapatopoB CPO
Fig. 3. XRS flow charts with the use of the two-product — a and three-
product — 6 SRF separators

Omnpenenexue xeesa, KOTOPOe TOKE MOXKET OBITh ITOJIE3HBIM KOMITOHEHTOM B Map-
TaHIIEBBIX PyAaX, JOJDKHO MPOU3BOAUTHCS C YIETOM COIEPIKaHUS MapraHIla B aHAIH3H-
pyeMoM kycke. [Ipu 3ToM MapraHel B MapraHieBbIX pyJaX MOXET COACPKAThCs B Ky-
CKax OT OTBAJIBHBIX coaepxanuii (Mn < 5 %) o mpeaensHo 60raThix KOHIEHTPAIIUH



84 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal”. No. 2. 2021 ISSN 0536-1028

(Mn = 45-50 %), TeM caMbIM OKa3bIBasi OTPHUIIATEIBHOE BIUSHUE UEPE3 PACCESTHHOS
u3nydeHue Ha onpezencHue Fe.

B3aumosnusanue ¢oronukos K u K st Mn u Fe nosicHsieTcst ¢gparMeHToOM 13
MIEPUOTUICCKOM TaOIUIIBI MeHzLeneeBa (peHTFCHOBCKI/Ie XapaKTEPUCTUKH).

ATOMHBIN HOMED *Mn ' Fe XVUMUYECKUH CUMBOJT
K 5,898 0,636 | 6,403 0,704 L,
Ks 6,490 0,647 | 7,057 0,717 Lg
K — kpaii moromnieHms 6,537 7,111
Mapranen Kemneso

Buano, uto 6:1M30CTh ABYX IEMEHTOB 110 aTOMHOMY HOMepY (25 u 26) o0ycnoBiu-
BaeT ¥ Onu3ocTh ux suepruit XPU (K, u K ¢): ocHoBHast uuus Fe (K, = 6,4 koB) npu
Onu3kux coaepxkaHuax Fe moxer qacmqﬂo HAaKJIaJbIBATECA HA OCHOBHYIO JIMHUIO
Mn (K, = 5,9 x3B), a munus K Mn (6,5 k9B) nmonHocThio HakmajpiBaeTcs Ha K, — -
HUIO JKeNe3a.

K Tomy e (u3uyecku paccesHHOe M3jlydeHue N, NpeicTaBIseT coOOM CIEKTp
PEHTI€HOBCKHUX KBAHTOB B IIUPOKOH 00JIACTH SHEPTHiA, KOTOPHIE OCTAINCH OT MEPBUY-
HOTO CIIEKTpa U3JIy4aTelis MPU O0JIyYeHUHU aHAIM3UPYEMOTo Kycka (00pasiia): OCHOB-
Has 4yacThb yXOomuT Ha Bo3Oyxzaenue XPU mapranma, skenesa W APYrHX SJIEMEHTOB
B OTIpeesIsieMOM Kycke, B yacTHocTH Ca, Rb, Sr, Zr. Uem Gonblie conepkanue Mapra-
1a u xesues3a, TeM OoJble KBAHTOB IEPBUYHOTO M3IIyUCHHS YXOIHWT Ha BO30YKACHHUE
XPU >THX 371€MEHTOB (@ TaKkKe APYTUX), TEM MEHBIIIE KBAHTOB EPBUYHOTO U3TYUCHUS
OCTaeTCsl B CIIEKTPE PACCESTHHOTO M3Iy4eHHUs, U Ha000poT. [loaToMy B3auMoBIHsHUE
JJIEMEHTOB Yepe3 JaHHoe (U3UUECKOe SBICHHE NODKHO 0053aTeNIbHO YUHUTHIBATHCS
B aHAJIMTHYECKUX BBIPAKCHUAX JIJI aHAJIMTHYECKUX IIapaMeTpoB Py, u Py,

Pe3ynbTarsl ncciienoBanuii. Apropamu Hactoseii crateu B T PPC paszpaboran
HOBBIA U 3()PEKTUBHBIN anroput™ pacuera Py, ¥ Py, IPOBEPEHHBII HA PA3HBIX TUNAX
MapraHieBbiX pyA. TakuM yHHBEpCaJbHBIM KPUTEPHEM, KOTOPBI MPUBOIHUT K Oolee
[IPaBUIBHOMY OIIPEAEICHUIO B KyCKaX COAEPIKaHUM MapraHLa U XKeJlesa, sIBISIeTCs OT-
Houenne XPU onpenessieMbIx 21eMEHTOB K 0011l CyMMe pacCessHHOTO M3IyUYeHUs 1
MHTEHCUBHOCTH XPU 3TuX 311€MEHTOB, 33/1aBa€MbIX CIIEIIMATIBLHBIM CIIEKTPAIbHBIM KO-
3¢ durueHToM k:

. Nee
N, +ky, Ny

n

PM S a0 PF

3nauenue N, B BoIpaxkeHuu A1 Ky, MOXKeT ObITh KOPPEKTHO 331aHO TOJILKO HH-
TEHCUBHOCTBIO mannn K xenesa (Fe K 7,1 x3B), NOCKOIBKY JHHUS K mMapranua
Mn K, = 6,5 x3B) Bxomut HCHOCpCILCTBCHHO B OCHOBHOW (bOTOHI/IK Kenesa
(Fe K, = 6,4 x3B), yBenuuBas CyMMapHyI0 HHTEHCUBHOCTb 3TOr0 00mIero GoTomnuka
(Fe K + Mn K ) ITosTOMY aHanMTHYECKOE BBIPAKEHUE MapaMeTpa oboramenus Py,
JOJDKHO 3a)1aBaTbcs1 C YYETOM Fe(Kﬁ)

PMn NMn
N, +ky -N

Fe(KB)

a rnapameTp PFe 5 YTOOBI UCKITIOUUTh BKJIaJA MapraHia B YBCINYCHUC UHTCHCUBHOCTU
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Ny, o uanu K, 10/0KeH 3a/1aBaThCs 4epes NFC(Kﬁ):

NFE(KB)

PFez—‘
Ns+an'NMn

IIpu 5TOM N, cooTBeTCTBYET OCHOBHOM uHuK K (5,9 x3B).

Crnexrpanbabie K0OO(QOUUMEHTH &y, ¥ Ay, BEIOMPAKOTCS SKCIIEPUMEHTAIIBLHO Ha KaX-
JIOW KOHKPETHOM pyZe U B 3aBUCHMOCTHU OT XapaKTEPUCTUK IPUMEHIEMBIX JETEKTOPOB
PEHTIeHOBCKOro n3iydeHus. [lpumep TexHonornyeckux nokasareneit PPC npu peanu-
3aLuH pa3paboTaHHOIO HOBOTO criocoda mokasax B a0, 1.

Takum 00pa3oM, MpeIyIOKEHHBIN HOBBIA CIIOCOO B 3aBUCHMOCTH OT 33[aBaEeMbIX
TIOPOTOBBIX 3HAYCHUN aHAIMTHYECKUX TapaMeTpoB Py, u Py, a TakKe NCXOQHBIX CO-
JepKaHUM MapraHua M skeiesa B pyAe MO3BOJISET MOMydaTh Ba METaJUTyprU4eCKUX
KyCKOBBIX KOHLIEHTpaTa: OIMH — IO Maprasiy (Hampumep, Tpu copta Mn > 45 %,
Mn > 40 %, Mn > 30 %), npyroii — o >xene3y (Hampumep, asa copra Fe > 40 %,
Fe > 30 %).

IIpeanaraemplii BapuaHT YETHIPEXIIPOLYKTOBOTO Cemaparopa IOoKa3aH Ha pHc. 2.
TexHOIOrHYeCKHE CXEMBbl PEeaTM3alii HOBOTO CIIOC00a Ha ABYXIPOAYKTOBOM H TpEX-
MPOIYKTOBOM CEMapaTopax MpeAcTaBIeHbl Ha puc. 3.

BobiBoabl. PazBuTre TEXHOMOTHI pagioOMETPHUYECKOTO 000TallieHHsl AUKTYET He0O-
XOIUMOCTb CO3JaHMsl MHOTOIPOIYKTOBBIX MAIIMH 33 OAHY CTaaui0 cOpTUpoBKU. On-
HAaKO TAKOTO POjia MALIMHBI MOT'YT OBITh CO3aHBI TOJIBKO HAa OCHOBE MCIIOJIb30BAHUS
NPSMBIX [IPU3HAKOB pa3zieieHus], uTto xapakrepHo 11t meroga PPC. Ha npumepe co-
PTUPOBKU MapraHLEBBIX PyA CTAHOBHUTCS BO3MOXKHOM M aKTyaJbHOHM pa3paboTka HOBO-
ro yeThlpexnponykrooro cenaparopa CP®. IIpeanoxxeHHble B JaHHOH cTarbe pa3pa-
oorku AO «Mprupeamer» — HOBBIM B3IV, HAa KOHUENIMIO  Pa3BUTHUS
PEHTI€HOPaINOMETPHUYECKUX CENapaTopoB M NPUHIKIHAIBHYIO0 KOHCTpyKuuio CPO.
Bo3MOXXHOCTD MOTy4YeHHUs 3aJaHHBIX KOHIIEHTPAaTOB MapraHia H jkejie3a B 3aBHCUMO-
CTH OT pPeLIaeMbIX TEXHOJIOTUYECKUX 33134 M IOTPEOHOCTEH PhIHKA CYIIECTBEHHO pac-
mupsieT 3 HEeKTUBHOCTh OCBOEHHS KeJIe30-MapTraHIeBbIX MECTOPOXKICHUH.
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Improving the technology of manganese ore X-ray radiometric separation

Aleksei V. Vishniakov!, Iurii O. Fedorov', Andrei Iu. Chikin?
! Irkutsk research institute of noble and rare metals and diamonds (Irgiredmet), Irkutsk, Russia.
2 Irkutsk State University, Irkutsk, Russia.

Abstract
Introduction. In addition to the classical methods of manganese ore processing, a lower-cost and more
environmentally friendly technology of X-ray radiometric separation (XRS) has been developed in the
last twenty years. The technology has been embraced by enterprises and applied to improve the efficiency
of manganese deposits development. The article provides original results of the research carried out by
Irgiredmet institute concerning the development of the procedure and technology of manganese ore XRS.
Research methodology. The XRS methodology is based on the X-ray fluorescence (XRF) method of
elements detection common in geophysical practice. A methodological task of these method is to find
manganese in ore containing not only manganese but also iron, as soon as the two elements possess
characteristic X-ray radiation (CXR) close in energy and mutually affect the accuracy of their detection
by the X-ray fluorescence analyzers. The chosen research methodology allowed developing a new way of
keeping records of the elements when solving the problems of manganese ore sampling and sorting.
Research results. A new and efficient algorithm of sampling manganese and iron has been developed and
tested on different types of manganese and ferromanganese ore. The ratio of CXR of the detected elements
to the total sum of the scattered radiation (SR) and these elements CXR intensity set by a special spectral
coefficient k is such universal criterion which promotes to more accurate detection of manganese and iron
content in lumps.

Key words: preconcentration, manganese ore; X-ray radiometric separation, spectral ratio method,; X-ray
spectrum; spectral ratio.
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XapaKTepVICTVIKa OTCeBOB TAXenocpeaHoro oboraleHus marHeaura
KaK nepCnekKTMBHOIro TeXHOreHHoro Cbipbs

CmupHos A. H.', Tpuwumn U. A."*, Macanumos A. B.'
T MarHMTOropCkuin rocyaapCTBEHHbIN TEXHUYeCKkU yHuBepcuTeT umenn I'. U. Hocosa,
r. Marnutoropck, Poccus
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Peghepam
Bgedenue. B nacmosweii cmamve paccMampusaemcs 603MONCHOCHb NPUMEHEHUS MEXHO2EHHO20
Cbipbsl Ol NPOU360OCMea Maznesuu u oxkcuoa maenus. IIposooumcs aunanusz obecneuennocmu
OMeUeCmBeHHOU NPOMBIUICHHOCIMU MAZHE3UMOM U MASHe3UdAbHbIM cbipbeM. Ommeuero, umo
NePCHEKMUBHBIM UCMOYHUKOM MAKO20 6U0d Cbipbs MO2YM AGNAMbCA MeXHOZeHHble 00pa308anus —
omcesvl  MazHesuma, o06pasylowuecs npu nepepabomike pyo  MANCENOCPEOHOU  cenapayuell.
Yemanoeneno, umo 0anHblil 610 CbIPbs MALOUZYYEH.
Memoouka npogedenus uccnedosanuii. O60cHOBaHbL NPUMEHSIEMbIE MEMOObl UCCLEO08AHUU OIS
VCMAHOBNeHUs KOIUYeCMBa U (POPMbL HAX0XHCOEHUs OKCUOa MazHus 6 omcesax maznesuma CamkurHcKko2o
MeCmopOoHCOeHU.
Pezynomamut u o6cyscoenue. 3nauumenvhulii 00vem 0mcegos, Kaxk Mmekywjux, max u HaKonJIeHHuIX Ha
naowjaoke ¢ 2. Camka, u ux XuMU4ecKuti cOCmas no360Jsaem paccMampueams Ux KaK nepcnekmueHoe
MEXHO2EHHOE Cbipbe, U3 KOMOPO20 MOHCeN OblNb NOYYEH YeHHbI NPOOYKM — OKCUO MacHust. B pabome
npeocmagieno pacnpedenenue OKCuoa mMazsuus no kiaccam kpynnocmu. Ha ocnosanuu snemenmmnozo
AHANU3A PEUEHO NPUSHAMNb U3YHAeMblll 00beKm NPUeOOHbIM Ol RepepabomK MUHEPATbHbIM CbIPbEM.
IIposedennvlii mepmoepasUMempuiecKuil aHaius Omces08 MaeHe3uma nO360J0Ul YCMaHO8UmMys Gopmel
HAXOXHCOEHUA OKCUOA MASHUS 6 Mamepuaie.
Bb1600b1. Ananusz nonyyenHvix pe3ynbmamos no360aem ymeepicoams 0 603M0HCHOCMU nepepadomku
U3Y4AeMO20 MEXHOZEHHO20 CbIPbsl, HO HAIUYUE OKCUOd MASHUSL 6 COCmase Meepoblx PACMBOpPOs
¢ KapboHamom Kanvyus npeoonpeoensen UCnolb306aHUe XUMULECKUX MEMO0O08 0002aeHus.

Knroueewvte cnoea: vaznesum; mexnozennoe cbipbe, MacHe3Us; OKCUO MazHusl, nepepabomxa.

Beenenmne. Ha ceromusmauit nens B Poccun HabmogaeTcs neUuT Marue3uTa u
MarHe3uaJbHOTO CHIPbS, CBSI3aHHBIN KaK C YXyAIIEHHEM ChIPheBON 0a3bl, TaK M CO CHH-
JKEHHEM 00bEeMOB JOOBIYM M TIEPEXOJOM Ha IOI3EMHBIE METONBI pa3zpabotku [1-4].
[Tpu 3 TOM TOTPEOHOCTH B MarHe3uTe M MPOIYKTaxX ero nepepadoTku (MarHe3nu, epu-
KJla3e, OKCHZEe Maraws) Bo3pacraeT Ha 5—7 % exeromHo [5—7]. BcmenctBue sToro
B Poccum mabOmomaercss neduIuT, coctapisonuii okoiao 30 % ot o0bema TOOBIUH,
KOMITEHCHPYEMBII B HaCTOsIIIEee BpeMs 3a c4eT nMropTa. CyIIecTBYIOMINE 3HAYNTEHHBIE
3arracel Marae3uTa (806 miH T o kareropusim A + B + C1) TpyIZHOZOCTYITHBI U HaXO-
JIATCS B 3HAYUTEITFHOM YJAJIGHUH OT CyIIecTBYomel nappacTpykrypsi [ 1, 3], uto Tpe-
OyeT 3HaYUTETHHBIX WHBECTHUIIMA W HE TIO3BOJISIET OCBOMTH MX B ONMKaifiiee BpeMs.
Taxum 00pa3oMm, aKTyaJIbHOW CTaHOBHUTCS 3ajada IMOUCKAa HUCTOYHUKOB JTOCTYITHOTO
MarHe3uajbHOTO CHIPhs, KOTOPOE MOXKET OBITh BOBJIEYEHO B MPOU3BOACTBO. OTHUM W3
TIEPCIIEKTUBHBIX HAITPABIECHUH PaCIIUPEHNUs CHIPhEBOM 0a3bl SIBIISIETCS BOBIICUSHHE 3a-
0aJlaHCOBBIX M TEXHOTEHHBIX MCTOYHHKOB. TakMM MCTOYHHKOM MOTYT OBITh OTCEBHI
MarHe3uTa KPYIMHOCTHhIO —8 MM, KOTOPBIE B HACTOAIIEEe BPEMS 110 TEXHOJIOTHH TSDKe-
JIOCPETHOTO 0OOTaIIeHHs COPaChIBAIOTCS B XBOCTEHI.

Cy1ecTByIOT UCCIeIOBaHMSI MTPOIEcca mepepadOTKH OTCEBOB MarHE3UTa U allbTep-
HaTUBHOTO MarHE3WaIbHOTO CBHIPhs [8—11], mokaspIBaromne BO3MOXKHOCTh UX o0ora-
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IIEHH, OTHAKO HU B OTHOM M3 HUX KOMIUIEKCHO HE N3y4alCh HETIOCPEICTBEHHO OT-
ceBbl MarHesuTa. B pabGorax [8—12] u3zyyanuch BO3MOKHOCTH MOJTYYEHUS MPOAYKTa
MyTeM MOALUIMXTOBKH B TEXHOJIOTHYECKUH MPOLIECC OTCEBOB MarHe3uTa, HO HE paccMa-
TpHBajachk nepepaboTka 3TOro Marepuala 1o OTAEIbHON TEXHOIOTHH KaK CaMOCTOS-
TEIBHOIO TEXHOTEHHOTO ChIPbSL.

Ta6auna 1. Cpexnuii XuMH4eCKHI COCTaB 0TCeBOB Marue3uta ¢ppaxkuuu —8,0+0,0 mm
CaTKHHCKOT0 MeCTOPOKIEHHUS

Table 1. The average chemical composition of —8.0+0.0 mm magnesite screenings

of the Satka deposit
Maccosas goms, %
Oopasen -
MgO CaO A1203 SlOz F6203 S TIIIIT
Henpoxkanennsiit 44,04 2,22 0,50 1,83 0,96 0,15 49,43
[pokaneHHbIH 89,1 4.5 1,01 3,7 1,95 0,31 -

MeTonuka npoBenenus ucciaenoBanuii. OObEKTOM UCCIICIOBAHUM CTAIH YEThIPE
TEXHOJIOTHICCKHE MPOOBI OTCEBOB MarHe3nTa CaTKMHCKOTO MECTOPOXKICHUS MacCoi
ot 247 no 483 xr, KpynHOCThI0 —8 MM. [lJ1 MpoBeieH s NCCIIe0BaHUI NCIIOIh30Ba-
JIUCHh CTaHJAPTHBIE METOABI CHTOBOTO aHAJM3a, KOMIUIEKCOHOMETPHUIECKHE H aTOMHO-
aOCOpOITMOHHBI METOABI ONpEAENICHHs] OKCHIAa MarHhusi B COOTBETCTBHH C
T'OCT 2642.8-2017. TepMorpaBUMEeTpHIECKII aHATN3 IPOBOIMIICS C UCIIOIB30BaHU-
eM ycranoBkd PYRIS Diamond TG/DTA.

Ta6auna 2. XuMHYeCKHii COCTAB MPOKAJEHHOI0 MATHE3UTA
CaTKHHCKOT0 MeCTOPOK/IEHHsI B 3aBHCHMOCTH OT (ppakumn
Table 2. Chemical composition of calcined magnesite at the Satka
deposit depending on the fraction

Coneprxanue, Macc. %
®pakuus, MM

MgO Ca0 Si0,
150-60 MHH. 91,8 5,2 0,82
MakKc. 93,5 7,4 1,32
cpenHee 92,7 6,3 1,10
60-8 MUH. 93,0 43 0,85
MaKc. 94,9 5,8 1,22
cpenHee 94,0 5,1 1,00
8-0 MUH. 88,2 3,8 3,53
MaKc. 90,0 5,2 3,96
cpenHee 89,1 4,5 3,70

Pe3ynbTaTsl n 00cy:kaenne. Maraesur, 100bIBaeMblil B HacTosiee Bpems u3 Car-
KHHCKOTO MECTOPOKACHHUS, TIOABEPTaeTCsl TPAaBUTAIIMOHHOMY TsDKEIOCpeTHOMY 000-
ramenuo. OHako B nepepaboTKy BOBIJIEKAETCS TOJIBKO CHIPhe KPYMHOCTHIO HE Me-
Hee 8 MM. @pakuus —8,0+0,0 MM BbLenseTca Mepen MPoLEeccoM cemapalud U
HanpaBisieTcs Ha XpaHeHue. CpeHHH XUMHUYECKHH COCTaB MarHe3uTa (pakiuu
—8,0+0,0 MM mipencrapieH B Tadi. 1. CpaBHeHHE XUMUYECKOTO COCTaBa MarHe3uTa u
€ro OTCEBOB MO (QpaKUUsIM MPEICTaBICHO B Ta0Md. 2. YCTaHOBIECHO, YTO BO (hpaKuu
—8,0+0,0 MM IpUCYTCTBYIOT B 3HAYUTEIFHOM KOJUYECTBE HEXEIATeIbHbIC MPUMECH
U OTHOCHUTENIbHO HHU3KO€ cojiepkaHue okcuaa MarHus — 10 90 % B MOIHOCTBIO MPO-
KaJIEHHOM COCTOSTHHH.
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OrtceBbl Marnesuta ¢ppaxmun —8,0+0,0 MM CaTKHHCKOTO MECTOPOXKACHUS XapaKTe-
PHU3YIOTCA HEOAHOPOIHBIM I'PaHYJIOMETPHYECKHM COCTABOM, YTO TOATBEPKIAET pe-
3yABTaThl aHaJM3a PAacHpeAciIeHUs] OKCHIa MarHus Mo (QpakiusM, MpeacTaBIeHHbIC
B TalI. 3.

Ta6auuna 3. Pe3yJbTaThl CHTOBOI0 aHAJIU3A 0TCeBOB MarHe3uTa gpakuun —8,0+0,0 mm
CaTKHHCKOI0 MeCTOpO:KaAeHust, %o
Table 3. The screen analysis results of —8.0+0.0 mm magnesite screenings
at the Satka deposit, %

Opaxuus Taprus Ne 1 Maprus Ne 2 Maprus Ne 3 Taprus Ne 4 Cpennee
+2,0 48,73 34,10 15,59 13,43 27,96
-2,0+1,0 32,00 27,15 19,48 18,26 2422
-1,0+0,5 10,66 16,21 19,28 20,14 16,57
-0,5+0,1 3,44 14,58 33,23 43,83 23,77
-0,100+0,063 0,77 2,12 4,58 1,59 2,27
—-0,063+0,000 4,40 5,84 7,84 2,74 5,21

B cpennem comepxanne MgO Bo dpakrm —0,5+0,0 mm coctamsteT 31,2 %. Takas
HEOJHOPOAHOCTb MOXKET OKa3bIBaTh BJIMSIHHUC Ha XUMHUYECKUNA COCTaB HOHy‘IaeMOﬁ n3
OTOT'0 CBbIPbsI MAarHe3uu. B Tabmn. 4 npeaACTaBJICHBI JAHHBIC XUMHNYECKOI'0O COCTaBa OT-
ceBoB MarHe3uTa ¢paknun —8,0+0,0 MM 1Tocie pa3aeneHus ee Ha KIacChl KPYITHOCTH
—-8+0,5 mMm 1 —0,5+0,0 MMm.

Ta6auna 4. XuMHYeCKHIi cOCTaB 0TCeBOB MarHe3nTa ¢ppaxkuun —8,0+0,0 mm nmocie
pa3nenenus Ha cute 0,5 mm
Table 4. The chemical composition of —8.0+0.0 mm magnesite screenings after separating
on a 0.5 mm sieve

Matepuan % MgO CaO ALO; SiO, Fe,0; S TITIIT
Orcebl —8,0+0,0 MM 100 89,1 4.5 1,01 3,7 1,95 0,26 49,43
—8,0+0,5 mm 66,9 88,5 4,66 0,83 2,95 1,81 0,25 49,49
—0,5+0,0 mm 33,1 90,5 3,80 1,18 4,20 1,90 0,28 49,15

Ha ocHOBaHWU NpencTaBIICHHBIX JaHHBIX (Tabn. 4 u 5) yCTaHOBIEHO, YTO KJIacc
kpyrHocTH —0,5+0,0 MM copeprkut Ha 0,5 % Oonbie kpemHe3ema 1 Ha 0,6 % Oonbiie
OKCHJa MarHus, 4cMm HCXO,ZIHBIf/i marepual.

[Ipu 3TOM OTCEBBI Marue3uTa MOTYT HPEJICTABIISITE UHTEPEC JIJIS TalIbHEHIIe repe-
paboTKu BBUAY TOTO, 4TO conepkanne MgO Bce erne J0CTaTOYHO BBICOKOE.

CornacHo JaHHBIM TEPMOTPABUMETPHUICCKOTO UCCIIEeIOBaHUS (prC. 1) MOXKHO yT-
BEPIKIaTh, YTO AUCCOIHAIINS BCEX MHUHEPAJIOB B Kitacce —0,5 MM MOJTHOCTBHIO 3aBepIlia-
ercs mipu Temmeparype 800 °C, nocturas ymeHsineHus Maccsl Ha 50 %, v pu ganb-
HelIeM HarpeBaHUH He u3MeHseTcs. OnpeneneHpl TP OCHOBHBIX MTHUKA Pa3I0KEeHUS
mpu ciemytonux Temmeparypax 504,9 °C, 671,3 °C u 773,7 °C. YcTaHOBIEHO, YTO
pasnokeHue 00pasna HaunHaeTCs IpH TeMIeparype okoio 476 °C u qocTUraeT MaKCH-
myma nipu 671,3 °C. PaznokeHre 0CHOBHOTO MUHEpalia — kKapOoHaTa MarHus — 3aBep-
maercs k 711,2 °C, mpu 3ToM yObUTH Macchl 00pasma coctasisieT 38 %. [lpu nampHei-
IeM TIOAbEME TEeMIIEPaTyphl MPOAOIDKAIOTCS MPOLECCH JAUCCOIHMANN TOTIOMUTOB,
MIPEICTABISIONINX COOOM HEMPEPBIBHBIN Psi/I TBEPIBIX PACTBOPOB.

Ha rpadukax muddepennnansaoit ckannpyromei kanopumeTrpun (JICK) Habmrona-
FOTCS 2 TIHKa, PACTIOIOKEHHBIE HIIEHTHYHO JOJIOMHTY, OHAKO C MHBIMH TPOTIOPIASIMHU.
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9T0 CBUACTCIBLCTBYCT O OombIIeM Pacxoac TeI1Jia Ha pa3IOKCHUC Kap60HaTa Maraus,
qeM Kap60HaTa KaJIbIMs.

Ha I’pa(l)I/IKG Pa3I0KCHUSA OTCECBOB MArHe3uTa HE Ha6J’IIO)_IaCTC$I TOPU3OHTAJIBHBIX
Y4aCTKOB, 4YTO CBHUACTCILCTBYCT O TOM, YTO IIPOTCKAIOIIHEC IMPOLICCChI PA3JIOKCHUA
UAYT HCIIPEPLIBHO U, CIICA0BATCIILHO, BCE MUHCPAJIbI HAXOAATCA B C,I[I/IHOﬁ KpucTajliiu-
YeCcKoi peHICTKE, TO €CTh HNPCACTABIIAIOT coboit TBEPABbIC PACTBOPBI B MArHe3UTC.
Takum O6p330M, MOXHO YTBCPKAATh, YTO AJId nepepa60TKH OTCCBOB MarHe3uTa MoryT
OBITh OPUMCHCHBI TOJIBKO XUMHUYCCKUC MCETOAbI obor allCHUA, BBUAY H€06XO,Z[I/IMOCTI/I
pa3pymiuTb CUCTEMY TBEPAbIX PAaCTBOPOB.

T, % JCK, MxB/mr
100 uk 0,2

” L///HP;: 504’9 °C 0
90 -0,2
85 IMuk: 773,7 °C 0.4
80 06
75 -0,8
70 _10
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-1,4

100 200 300 400 500 600 700 800
Temmeparypa, °C

Puc. 1. Tepmorpamma pasnoxeHus oTceBoB Marnesuta ¢ppaxunu 8,0-0,0 Mm
Fig. 1. Thermogram of 8.0—-0.0 mm magnesite screenings decomposition

BeiBoabl. OTceBbl marHe3uTa ¢pakmuu 8,0-0,0 MM MOXXHO paccMaTpUBaTh Kak
[IEHHOE MarHe3WajdbHOE CHIPbE, KOTOPOE MOXET OBITh IMOJBEPTHYTO OOOTAIICHHIO.
OCHOBHBIMH TIPOOJIEMaMU SIBIISTFOTCSI HEPABHOMEPHOCTD PACIPEIeNIEHUS DIIEMEHTOB 110
(b pakmusiM, a Tak)Ke CyIeCTBOBAaHNE OCHOBHOTO MHHEpAaJia MarHe3uTa B COCTaBe TBEP-
JIBIX PacTBOPOB C KapOOHATaMH KaJbIMS W KeJe3a, UTO Mpenorpenessier HeoOXoam-
MOCTbH ITPIMEHEHHUST XUMUIECKUX METOIOB 00OTAIIEHUSI.
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Abstract
Introduction. This article discusses the possibility of using technogenic raw materials for the production of
magnesia and magnesium oxide. The analysis of domestic industry supply with magnesite and magnesian
raw materials is presented. Man-made minerals, such as magnesite screenings, produced in the course of
heavy-media separation of ore, are noted to be a promising source of this type of raw material. It has been
established that this type of raw material is poorly studied.
Research methodology. The applied research methods were substantiated to establish the amount and
form of magnesium oxide in the magnesite screenings of the Satka deposit.
Results and discussion. A significant amount of both current and accumulated screenings at the site in
Satka and their chemical composition allow us to consider them as a promising technogenic raw material
for magnesium oxide production. The work has determined the distribution of magnesium oxide by size
classes. On the basis of elemental analysis, it was decided to recognize the object under study as a suitable
mineral for processing. The thermogravimetric analysis of magnesite screenings made it possible to
establish the forms of magnesium oxide in the material.
Conclusions. Analysis of the results obtained allows us to assert the possibility of processing the studied
technogenic raw materials, but the presence of magnesium oxide in the composition of solid solutions with
calcium carbonate predetermines the use of chemical enrichment methods.
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Onpe.qeneHMe PEXUMHbIX NapamMeTpPoB PblYaXXHOro MeXaHUu3mMa
KapbepHOro 3KkCKaBaTopa
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Peghepam
Bgeoenue. [[na noeviwenus s¢hgexmusnocmu npoyecca IKCKABAYUU 20PHBIX NOPOO pabouum
000py008anUeM NPAMAs JONAMA KAPbEPHO2O IKCKABAMOPA 6 dcnekme OnpedeieHusi PayuOHAIbHbIX
DeAHCUMO8 PAbOMbL 2NABHBIX MEXAHUSMOB (MEXAHUIMO8 NOObeMA U HANOPA) KAPbepHO20 IKCKABAMOpa
npu edenuu npoyecca IKCKasayu mpedyemcs yCmanosieHue 3aK0H08 08UNCEHUS 2NABHBIX MEXAHUSMOE.
Ienvio uccnedosanus A615emca YCManoBIeHuUe KUHEMAMUYECKUX U OUHAMUYECKUX XAPAKMEPUCUK
npoyecca KCKABAyUU 3a Cuem BbiANEHUA 3AKOHOMEPHOCEN USMEHEHUs DEeXCUMHBIX Napamempos
2NABHBIX MEXAHUBMOS.
Memoowvt uccnedosanus. Mamemamuyeckoe MOOEIUPOBAHUE U BbIYUCTUMENbHBII IKCNEPUMEHM NpU
UCNONBL30BAHUU MENMOO0E MEOPUU MAUUH U MEXAHUSMOS.
Pezynomameul. Ilonyuensi 3a8ucumocmu 015 Onpedenenus paytoHaIbHbIX 3HAYEeHUT CKOpocmell no0beMd
u Hanopa, obecnevyusarWUx nepemeujerHue Kosuid (GepuiuHvl pexcyujeil KpomKu) no 3a0aHHOU
mpaexkmopuu 6 npoyecce skckasayuu. Paspabomana umumayuonnas modens npoyecca IKCKA8AyUU
20pHBIX NOPOO pabouum 060pyoosanem NPAMAs 10NAMA KAPbepHO20 IKCKABAMOPA, NpedCmasisioudas
€000l HAbOP pacHemHbIX 3HAYEHUN PENCUMHBIX NAPAMEMPO8 2IABHbIX MEXAHUIMOS8, NpU KOMOPbIX
peanusyemcs nepemeujenue Kosuid N0 3A0AHHOU MPAEKMOPUU C 3AOAHHLIMU IHEP2OCUTOBBIMU
napamempamu, peanusyemMviMu Ha Kogsuie. Paspaboman onmumuzayuouuslii areopumm ynpagieHus
pabouum npoyeccom KapbepHo20 IKCKABAMOpa, 06ecneyusarouull pearu3ayuro HeoOxXo0Uumslx 3HaYeHull
DEAHCUMHBIX NAPAMEMPOS 2NABHbIX MEXAHUIMOE Npu nepemeujenuu Kosuld ¢ 3a0aHHOU CKOPOCHbIO
Konauus 6 npedenax paboueil 30Hbl 3kckasamopa. IIokazano, ymo npu coeMecmHoM 0eticmeu 21a8HbIX
MEXaHU3MO8 6 npoyecce IKCKA6Ayuu 06PA3YEMcs KUHEMAMUYECKAs YeNnb, COCOUHAIOWAs 2NaA6Hble
MEXAHUBMbL C KOGUIOM U COCMOAWAS U3 6€00MbIX 36€HbES 2NABHBIX MEXAHUIMOS U NIEMEHMO8 paboye2o
000py008anuUs. YCMAHOBLEHO, UMO PENCUMHbLE NAPAMEMPbL 2NAGHbIX MEXAHUIMO8 (OpMUPYIOmMCs
6 COOMBEMCMEUY ¢ KUHEMAMUYECKUMU C8OUICMEAMU NEPEOAMOYHO20 MEXAHUIMA, 8 COCMAB KOMOPO20
6X00UM KUHEMAMUYecKas yenb.
Oonacms npumenenusn. Pesyivbmamvl ucciedo8anus mMo2ym 0Obimb UCHOAb308AHbL NPU paA3pabonike
cucmembvl ynpasieHus nPUeoOaMu 2iA8HbIX MEXAHUSMOB.

Knroueewvte cnosa: padouee obopydosanue npsmas 1onama; npoyecc s3Kckacayuu 20pHuX nopoo;
2NABHbIE MEXAHUIMbI; NepeOamoyHblll MeXaHusM, PAayUOHANbHbIE 3HAYEHUs CKOpocmell hoovema
u Hanopa.

BBenenne. Benenue npoiecca sKCKaBallii TOPHBIX MOPOJ, OCYIIECTBISIEMON NpU
KOOPJMHUPOBAHHOM paboTe TIIaBHBIX MEXaHU3MOB (II0/beMa M Haropa) 1o IepeMelnie-
HUIO KOBIIA C OAHOBPEMEHHBIM OTACIICHUEM CJI0s MOPOABI U IIPU HEMIPEPHIBHOM U3Me-
HEHHUH yCIIOBHIA Pa0OTHI, 3aTPYTHEHO U OTPAaHHYUBACTCS MCUXO(PU3NIESCKIMH BO3MOXK-
HOCTSIMH MaIlIMHUCTA 3KckaBaropa [1, 2]. Kak mokaspiBaeT mpakTHKa SKCIUTyaTalluu
KapbhepHBIX HKCKAaBaTOPOB, JIUTEIEHOCTh PabOYero IMKJIA B KOHKPETHBIX YCIOBHSIX
3HAYUTENBHO MPEBBIILIACT PACUCTHYIO.
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B coBpeMeHHBIX yCIOBHUIX PHIHOYHOM SKOHOMUKH Ipobiema moBbImeHus dhdek-
TUBHOCTH HWCIOJH30BAHUS TEXHOJIOTMYECKUX BO3MOXXHOCTEH KapbepHBIX IKCKABATO-
pOB mproOpeTaeT 0co0yI0 aKTyaIbHOCTH [3—06].

OCHOBHBIM HalpaBI€HUEM PEUICHHs TaHHOW MPOOJIEMBI SIBIISETCS yCTAHOBICHUE
3aKOHOB JIBM)KEHUS IJIaBHBIX MEXaHHM3MOB B IpPOIIeCcCe dKCKaBalluu. V3BecTHBIE METO-
JIBI OTIPEACTICHHS 3aKOHOB JIBIKCHHS TJIAaBHBIX MEXaHM3MOB OCHOBaHBI Ha (hopMab-
HBIX TTOJIX0/IaX — HEYETKAas JIOTHKA, UCKYCCTBEHHBIN MHTEIUIEKT U ap. [7-11].

B [ MII MH | JBH

Iepenarounsiii
MEXaHU3M

Puc. 1. CtpykTypHas cxema 3JeKTPOMEXaHUYECKOH CHCTEMBbI
KaprepHoro 3kckasaropa: JIBII, JIBH — nBurarenu MmexaHu3mMoB
noxbeMa (MI1) u Harmopa (MH)

Fig. 1. Block diagram of mining excavator electromechanical system:
DVP and DVN are lifting and thrusting motors correspondingly

Hean u 3agaun ucciaenoBanus. [lenb vccneq0BaHus — yCTaHOBICHHE KHHEMATH-
YECKUX U JUHAMUYCCKHX XapaKTEPUCTHK IMPOIecca SKCKABAIUK 32 CUET BBISBICHUS
3aKOHOMEPHOCTEH M3MEHEHUSI PEKUMHBIX MapaMeTpoB (CKOPOCTEH MoabeMa U Haro-
pa) IaBHBIX MEXaHU3MOB, 00ECIEUMBAIOIINX TIEPEMEIIICHUE KOBINA (BEPIIUHBI PEXKY-
1iel KPOMKH) 1O 3aJaHHOM TPACKTOPHHU.

3a1a4un UCCIEeIOBAHUS COCTOSAT B CICAYIOIICM:

— 000CHOBaHHE MAaTeMaTHYECKON MOJICITH MEPEAaTOUHOTO MEXaHU3Ma, 00pa3yrole-
rocsi B MpoIiecce SKCKaBaIlHu;

— ompeJieNieHre CKOPOCTEH MoabeMa W Hamopa, 00eCTeUNBAIOIIUX MEPEeMEIeHIEe
KOBIIIA (BEPIIMHBI PEXKYINEH KPOMKH) MO 33J]aHHOU TPACKTOPHH.

OOBEKTOM HCCIENOBAHUS SBILIETCS MEXAHHYECKAsT CHUCTEMA, BKIIIOYAIOINAs IVIaB-
HBIC MEXaHU3MBbI (TTOABEMA U HATIOPA) U TIePEIaTOYHbBIN MEXaHHU3M.

[MpenmeT uccenoBaHus — yCTAHOBICHHE (DYHKIIMOHATBHBIX 3aBUCUMOCTEH MEX/Ty Ta-
pameTpamu, ONpeeISIOIIAMH MOTOXKEHHE KOBINA (BEPIIMHBI PEXKYIIEH KPOMKH) B 3a00¢,
U PSKUMHBIMH MApaMETPaMH IIABHBIX MEXaHU3MOB (CKOPOCTSAMH MOIbEMA H HATIOPA).

MeToabl UcCaeI0BAHUSI — METOBI TCOPHH MAIlMH M MEXaHU3MOB, MaTeMaTuye-
CKOE MOJICITMPOBAHUE U BBIYUCIUTENBHBINA SKCIICPUMCHT.

BBINOMHEH CTPYKTYPHBINA aHAIN3 KHHEMATHISCKOU IIeTH, 00pasyroleics mpu co-
BMECTHOM JICHCTBHU TOPHBIX MEXaHU3MOB (TOIbeMa U HaIopa).

Kunemartuueckas 1€l COCTOUT M3 BEIOMBIX 3BEHLEB TTABHBIX MEXaHU3MOB (Kpe-
MaJIbepHOW IIECTEPHH MEXaHHW3Ma Hamopa, TOJOBHOIO OJoKa CTpenbl, (hparMeHTa
MOJJPEMHOTO KaHaTa, COETraroIero ¢ roJJOBHOTO OJI0OKa) M AJIEMEHTOB pabouero ooopy-
JIOBaHUs (CEUIOBOTO MOIIUITHAKA, PYKOSATH, KOBIIIA, )KECTKO 3aKPEINICHHOTO HA PYKO-
ATH, ¥ TTOJIBECKH KoBIIa) (puc. 1).

TIpuUHATHI CEMYONIHE OMYIIICHUS:

— TOJIOBHOM OJIOK CTpeItbl (JaKTUIECKH MPECTABISIET COOOH BEIOMOE 3BEHO MEXaHH3-
Ma TobeMa, TaK KaK CKOPOCTh TOYKHM CXOJa MOIBEMHOTO KaHara ¢ TOJOBHOIO OJ0Ka
paBHA CKOPOCTH MOIbEMA, U B KHHEMATHYECKOM OTHOIICHUH SIBISIETCS] KPUBOIIIHIIOM;

— IOAbEMHBIN KaHaT (PparMeHT) MpeCTaBIsIeT COO0H HEBECOMYIO HEPACTKUMYIO
HUTH B BHJIE CTEP)KHS IEPEMEHHON JJTUHBL;

— IMOJIBECKA KOBIIIA, MAPHUPHO COCIMHEHHAS C KOBIIOM, 00pa3yeT BMECTE C MOIb-
€MHBIM KaHaTOM €IMHBIA CTEPIKECHb.
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B pesynprare cTpyKTYpHOTO aHaan3a KHHEMAaTHIeCKOH ey YCTaHOBJIEHO:

— KMHeMaTh4ecKas napa, o0pa3oBaHHAasl MOABEMHBIM KAHATOM U TOJIOBHBIM OOKOM,
9KBHBAJICHTHA 110 OTHOLICHUIO K CKOPOCTH BpallaTeNIbHON mape (LIapHHUpY), KoTopas
B JJAHHOM CJIyd4ae IBJISI€TCSI MTHOBEHHOM;

Puc. 2. Cxema KHHEMaTHYECKOH IeNH, 00pa3yIoIeicst TPU COBMECTHOM
JIeHCTBUM MEXaHN3MOB MOJbEMA U HANopa:
1 — 3BeHO pyKkosmb—kosut; 2, 3 — KPUBOLIUIT; 4 — MObEMHBIN KaHat; Vi, Vi, Vi —
CKOPOCTH Haropa, HoxbeMa 1 KONaHHsA
Fig. 2. The scheme of kinematic chain generated by the joint action of
lifting and thrusting:
1 — handle—bucket unit; 2, 3 — crack; 4 —hoist; V;, V), Vq— velocities of thrusting,
lifting, and digging

— 3BEHO pYKosAmMb—KosuL 00pazyeT co CTOMKOH (CTpEIoi) NBYXIIOABIKHOE COCTUHE-
HUE B BUJIE TIOCTYIATEILHOM Taphl (pyKosmb—Ccedn060U NoOWUNHUK) T BpalaTeIbHON
napsbl (ced10680U NOOWUNHUK—CINPENd),

— KMHEeMaTu4ecKas Ielb BKJIFOYAET YEThIPE IMOABUKHBIX 3BEHA: JIBa KPHUBOIIIHIIA
(kpemarnbepHas eCTepHs U TOIIOBHOW OJIOK), cTepKeHb (MIOIbeMHBIN KaHAT | ITO/IBe-
CKa KOBIIA) U 3BEHO PYKOSAMb—KOBUL,

— KHHEMaTh4ecKas IIeTb 00pa3yeT CO CTOWKOH (CTpemoi) IBYXKPHUBOIIHMITHO-
PBIYAKHBIIA MEXaHU3M.

Takum 00pa3om, B IpoIlecce IKCKaBalMU 00pa3yeTcs NMepeAaTOYHbBIN PhIYaXHBIN
MeXaHU3M, NpeoOpa3yroNnnii IBIKEHHS BEIOMBIX 3BCHBEB TNIABHBIX MEXAaHHU3MOB B
JIBIKEHUeE (TepeMernienne) kopma [12].

Uucro crenereit cBOOOBI (TTOIBMYKHOCTH) TTEPEIATOTHOTO MEXaHI3Ma COCTaBUT

S=3n-2P, =2,

rae n = 4 — 4ucsIo nap MOABWKHBIX 3BEHBEB; Py = 5 — UMCIO KHHEMAaTHYECKHUX Map
MIATOTO KiTacca (OMHOTOABHKHBIX ).
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B MexaHu3me ¢ IByMs CTETIEHSIMU CBOOOIBI (IByMsI 000OIIEHHBIMUA KOOPAMHATAMH )
MOTYT OBITh WIIM JIBA HAYAIBHBIX 3BE€HA, €CJIU 32 0000IICHHBIC KOOPAMHATHI IPUHSITHI
KOODPJMHATHI IByX 3BCHBEB, MU OJJHO HadaJbHOE 3BEHO, €CIIH OHO 00pa3yeT cO CTOM-
KOW ABYXMOJABHXHYO mapy [13].

Tabauua 1. 3HayeHUs1 PesKMMHBIX APAMETPOB IVIABHBIX MEXaHH3MOB NPHU Pa3JIHYHBIX YIJIax
HAKJIOHA TPAEKTOPHHU IepeMelIeHUs] KOBIIA

Table 1. Duty parameters values for the main machinery at different tilt angles of a bucket path

Koopaunatst Cko- CiopocTs Cuna Venmme MomnocTs | MOIIHOCTE
BEPLINHBI pocTh TSKECTU VYeunue yCUIHs yCuIust KT/
pexyuei MOAb- Ha;?fa’ TPYyKEHOTro HOHI:EMa’ Hanopa, kH | moabema, Hamopa, | MeXaHHM3Ma
KPOMKH, M eMa, M/c koBia, kH kBT kBT
X Y, Va Va G F, Fy Py Py n

Yeon naxnona mpaexmopuu y = 70°

14,0 0 0,91 -0,74 400 732 -295 667 218 0,37

15,5 4 0,81 -0,52 500 799 =327 646 169 0,40

17,0 8 0,68 -0,12 600 959 =300 649 35 0,48

18,5 12 0,70 0,34 700 1179 -234 829 80 0,36

Yeon naxnona mpaexmopuu y = 60°

14,0 0 0,87 —0,61 400 801 —-195 696 119 0,40

16,3 4 0,76 -0,30 500 876 -183 662 56 0,45

18,6 8 0,66 0,13 600 978 -59 645 8 0,50

20,9 12 0,59 0,50 700 1093 296 640 148 0,41

Yeon naxnona mpaexmopuu y = 50°

14,0 0 0,80 -0,46 400 853 —-103 681 48 0,45

17,4 4 0,66 -0,06 500 940 =20 618 1 0,53

20,8 8 0,51 0,36 600 1062 271 537 98 0,51

242 12 0,17 0,64 700 1285 917 221 590 0,40

3a HauanbHOE 3B€HO MPUHUMAETCS 3BEHO PYKOAMb—KOGUL Y, COOTBETCTBEHHO, MPH
3TOM TMOJIOKEHHUsSI BCEX 3BEHBEB KaK IEpPENaTOYHOTO MEXaHM3Ma, TaK W IJIaBHBIX
MEXaHU3MOB ONPEICIISIOTCS TIOJOKEHUEM 3BEHA PYKOSMb—KOBUL.

Takum o0Opazom, B TIpollecce SKCKaBauu 0oO0pa3yeTcs OOmui TepemaTOTHBIN
MEXaHM3M TIIaBHBIX TIPUBOJIOB, BKITIOYAIOIIHI TTIaBHBIE MEXaHU3MBI U MepeaToqHbI MeXa-
HU3M (puc. 2).

3a 00001IeHHBIE KOOPAMHATHI MIEPEAaTOYHOr0 MEXaHW3Ma MTPUHUMAEM KOOPAHHATHI
BEPUIMHBI PEXyIIeH KpoMKH KoBmia Touku K (X, u Y, ) B cucreme koopaunar XOY, rae
ock OX coBnaiaeT ¢ ypoBHEM CTOSIHUS KCKaBaTopa, a ock OY — ¢ 0ChI0 BpallleHns 1o-
BOPOTHOM IIIaT(OPMBI.

BrinonHeH KMHEMATUYSCKUH aHaIM3 MePEeIaTOuHOr0 MEXaH|3Ma Ha OCHOBE rpado-
AHAJUTUYECKOTO METO/Aa IyTEM MOCTPOSHHUS TUIAHOB MEXaHU3Ma U CKOPOCTEH.

PrryakHbpie MEXaHU3MBI OTIIUYAIOTCS OT IPYTHX MEXaHU3MOB TE€M, YTO OHU 00Jaja-
0T «MHIUBUAYAIbHBIMU» KHHEMATUYECKUMH CBOWCTBAMH, KOTOPBIC OMPEACISIOTCS
CTPYKTYPHOH CXeMO#l MeXxaHu3Ma, BUJJOM KHHEMAaTHIECKHX CBSI3€H MEX/Ty 3BEHbSIMH U
TEOMETPUICCKUMH TTapaMeTpaMy (UTHHAMH ) 3BEHBLEB.

OCHOBHOHM XapaKTEepUCTUKON PHIYKHOTO MEXaHWU3Ma SBIISIFOTCS KHMHEMAaTHUYeCKast
Y IMHAMHUYECKasl liepeaTouHble PyHKINH (TIepeaaTOYHbIe OTHOILICHHS ), OTIPEICIISIOIINE
3aBUCHMOCTH MEX]y KHHEMAaTUYCCKUMHU ¥ IMHAMUYCCKUMU TTapaMeTpaMH BEOMOTO U
BEIYILETrO 3BeHbEB [14].
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s onpenenenus ckopocTei pabounx ABWKEHUH (ITogbeMa U Haropa) HeoOXoau-
MO 3a/1aTh 3aKOHBI ABMKEHHSI HAUaJIbHOTO 3BEHA, T. €. TPACKTOPHUIO IIEPEMEIIECHUS KOB-
ma (BEpLUIMHBI PEXYyILell KPOMKH) M CKOPOCTh KOTIAHHsI, a TaKKe pa3Mepbl 3BEHHCB
MEePeIaToYHOro MEXaHU3Ma.

Tak Kak CKOPOCTb Harlopa MEHSIET HalpaBJICHNE B 3aBUCUMOCTH OT MOJIOKEHUS KOB-
mra B 3a00€, TO, COOTBETCTBEHHO, U3MEHSIETCS (popMa MJIaHa CKOPOCTEH U BUJ 3aBUCH-
MocCTel [Is1 OnpeAeieHns1 CKOpocTeil pabounx IBHKEHHM.

0 4 8 12 16 17 Hom

=== HauajnbHas — CpEIHSS = « = KoHeuHas
Tpaexkropun

Puc. 3. 'padyikn 3aBHCHMOCTH CKOPOCTH MOABEMA OT BBICOTHI KOTIAHUS
Fig. 3. Hoisting velocity-digging height curve

Ha ocHoBe MaTemaTn4eckoil MOEIH NEPEAATOYHOTO MEXaHU3Ma NTOJTyUEHBI BBIPA-
JKCHUS AJIS1 ONPEAETICHUsI CKOpOCTel paboumx OBMKEHHH (MoabeMa M Hamopa), o0e-
CIIEYMBAIOIINX MEPEMEILEHUE KOBIIIA IO 33JaHHON TPAaeKTOPHH.

3aBUCUMOCTH JUI OTIpENeNICHHs] KHHEMAaTH4YEeCKUX MepeaaTouHbIX GyHKIHUH (COOT-
HOLICHUH MEXTy CKOPOCTAMH mopbema V , Hanopa V, M CKOPOCTbIO Komanus V)
COCTaBsT B 00IIEM BHIIE:

AN

KIOH = = £,(X,,Y.,l,y,0,);

K272

a

KH(DH :%: f‘z(VHaXKaYmZia\V)ai)’

K

rae KIIOH, KIIDII — kuHemaTndeckue rnepenarodynbie (GyHKIMHA IBUKSHUN HAropa u
NOAbEMA; [, — JIIMHBI 3BEHBEB; Y — YIOJI HAKIIOHA KacaTEIbHOM K TPAEKTOPUH IIE€peMe-
IIEHUS KOBIIA B TOUKe K; 0, — yIIIbI, ONIPENEIAIOUINE MONOKEHHUS 3BEHbEB.

B Tabn. 1 npuBeneHbl pe3yabTaThl BEIYUCIUTEIBHOTO YKCICPUMEHTA 110 PacueTy
napaMeTpoB 3kckaBaropa IKI'-20A npoussoactsa [TAO «YpanmaiizaBomy.

Ha puc. 3 u 4 npencrasiieHsl rpaduKku CKOPOCTEH MObEMa U HAIopa MpH repeMe-
IICHUHU KOBIIIA B Mpoliecce oTpaboTKu 32005 BEICOTOM 17 M.

Pa3paborana uMuTanMoOHHasE MOJIENb MPOIECCa IKCKABALMU TOPHBIX MOPOJ pado-
9UM 000pyIOBaHUEM TpsIMas JIoMaTa KaphbepHOTO IKCKaBaTOpa, MPEICTABIISIONAs CO-
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0011 HaOOp pacueTHHIX 3HAUCHUN PEKUMHBIX MApPaMETPOB ITIABHBIX MEXaHU3MOB, IIPH
KOTOPBIX peanu3yeTcs epeMelIeHne KOBIIa 10 3a/laHHOW TPAeKTOPUU C 33JaHHBIMU
3HEPrOCUIIOBBIMU NapaMeTpaMHy, Peasu3yeMbIMH Ha KOBIIE.

NmuTaronHas MOJENb Mpolecca 3KCKaBalluu OMPEICIIICT allTOPUTM Hu(poBOro
yIpaBiieHHs, KOTOPBIA (OPMUPYET YIPaBISIONIee BO3ACHCTBIE HA MPUBOJBI TIIaBHBIX
MexaHu3MoB [15].

Pazpaboran onTUMH3AIIMOHHBIN AJITOPUTM YIIPaBIEHUS pabO4nMM TPOIECCOM Kapb-
€pPHOT0 JKCKaBaTropa, 0OECTEeUMBAIONINI peann3annio HEOOXOANMBIX 3HAYEHHH pe-
JKUMHBIX IMapaME€TPOB TINIaBHBIX MEXaHU3MOB IIpU MEPEMCIICHHUU KOBIIa C SaHaHHOﬁ
CKOPOCTBIO KOTIaHUS B TIpeenax padodeil 30HbI AKCKaBaTopa.

V, m/c

A
1,0

0,5

=== HayajpHas === Cpepnsiss == = == KoHeuHas

Tpaextopun

Puc. 4. I'padmku 3aBUCUMOCTH CKOPOCTH Haropa
OT BBICOTHI KOTTAHUS
Fig. 4. Thrust velocity-digging height curve

ANTOpUTM  OmpenenseT CoAepXKaHWEe U IOCIEAOBaTeIbHOCTh  BBITIOTHEHUS
CIEYIOIUX Olepanuid, O0O0eCIeYnBAOINX TMEpeMelIeHne KOBIIa M0 3aJaHHOMN
TPaeKTOPHHU:

— pacuer Ha DBM ckopocTeit mobemMa 1 Harmopa B HauaJhbHOM ITOJIOKECHHUH KOBIIIA,
a TaKkKe B MOCIEAYIOUINX IOJIOKEHHUIX, COOTBETCTBYIONIUX MEPEMEIEHHIO KOBIA C
3a/IaHHBIM I1aroM;

— OTIpeeIICHIE 3HAYEHUH CKOPOCTEH I TPeX MOJIOKEHUH (HaYaIbHOTO, CPETHETO
M KOHEYHOTO) W Tepenada KOMaHJ, MPOTOPIHOHAIBHEIX 3HAUYEHUSM CKOPOCTEH, Ha
BXOJl CHCTEMBI YIIPaBJICHHS MTPUBOIAMH TIIABHBIX MEXaHNU3MOB;

— IIepeMeIIeHUe KOBIIIA B MTOCIIEAYIOIEE MOJI0KECHHUE.

Takum 00pa3oM, Ha OCHOBE MMUTAIIMOHHOW MOJENH NpoLecca IKCKaBallH, MOTy-
YEHHOH B pe3yNbTare BHIYMCIUTEIBHOIO SKCIEPUMEHTA, MOXKHO OIIPENEINUTD JUIS JIFO-
00i1 ToukH B paboueil 30He HKCKaBaToOpa peXKUMHBIE TapaMeTPhI TIIABHBIX MEXaHU3MOB
IIPY 3aIaHHBIX YHEPTOCUIOBBIX [IApaMeTpax, peaIn3yEMBbIX HA KOBILE, U IIPYU 33JaHHON
TPaeKTOPHUHU NIepeMeEIIeHNs KOBIIa (BEPILINHBI PEKYIIEH KPOMKH).



100 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal”. No. 2. 2021 ISSN 0536-1028

BoiBoawbl. [IpemyioxenHass METOMKA pacyeTa peKUMHBIX MapaMeTpoB (CKOpOCTe
MOJIbeMa 1 HaIrlopa) IIaBHBIX MEXaHU3MOB KapbepPHBIX IKCKaBaTOPOB MOCPEICTBOM BBI-
YHCIIUTENbHOTO SKCIIEPUMEHTA [I03BOJIET ONPENeNIuTh (PaKTHUECKUE 3HAUYCHUSI CKOPO-
cTel pabouuXx ABMKEHUI B KOHKPETHBIX TOPHOTEXHHYECKHX YCIIOBHAX paboThI (pas-
MepbI 320051, BUJ TPAEKTOPHI MepeMelieHns KOBIIa 1 1p.).

YcraHOBIEHNE B3aMMO3aBUCUMOCTEH MEXIy PEXMMHBIMH NapamMeTpaMH IJIaB-
HBIX MEXaHHU3MOB B MTPOLIECCE IKCKABALIUU MOXKET CIIY>KUTh OCHOBOM /17151 pa3paboTKu
aJalTUBHOW CHCTEMbI IIU(PPOBOTO YIPABICHUS MPHBOIAMHU ITIABHBIX MEXaHU3MOB,
oOecrneunBaroIel 3a CYET COMIacOBaHMS CKOPOCTEH pabounx IBUKEHUN B KOHKpET-
HBIX YCJIOBHSIX SKCIUTyaTalldd TOBBIIEHUE IPPEKTUBHOCTH (DYHKIIMOHUPOBAHHS
JKCKaBaTopa.
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Determining operation parameters of the leverage mechanism in a mining excavator
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Abstract
Introduction. The paper analyzes the process of rock excavation using a front-shovel operational
equipment of an open-pit excavator in the context of determining rational modes of operation for its main
mechanisms (lifting and thrusting mechanisms) during the excavation.
The main purpose of the study is to establish the kinematic and dynamic characteristics of the excavation
process by identifying patterns of changes in the operating parameters of the main mechanisms.
Research methodology includes mathematical modelling and computational experiment with the use of
machines and mechanisms theory methods.
Results. Dependencies were obtained to determine rational values of lifting and thrusting velocities
which ensure that the bucket (top of its cutting edge) moves along a specified trajectory while excavating.
A simulation model was built for the process of rock excavation carried out by front-shovel excavators,
which represents a set of calculated values for the operational parameters of the main mechanisms to
realize the bucket movement along a specified path and provide specified energy-force parameters on the
bucket. An optimizing algorithm was developed to control the working process of an open-pit excavator
and achieve required values of the operation parameters to get the bucket moving at a specified excavating
velocity within the work area of the excavator. It is shown that their joint action forms a kinematic chain
which connects the main mechanisms and the bucket and includes driven links of those mechanisms and
elements of the operational equipment. Operation parameters of the main mechanisms were found to be
formed in accordance with kinematic properties of the transmission mechanism (with the kinematic chain
as its part).
Scope of results. The results of the research could be used to develop a control system for the drives of the
main mechanisms.

Key words: front-shovel operational equipment; process of rock excavation; main mechanisms;
transmission mechanism, rational values of lifting and thrusting velocities.
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Using a wavelet medium for computer-aided controlling
the movement of unmanned vehicles along quarry routes
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Abstract
Introduction. It is established that the most effective tool for monitoring and controlling the dynamics
of current trajectories (CT) of unmanned vehicles (UMV) when moving along opencast mine routes in
open pit mining is the wavelet transforms technique.
Methodology. A detailed analysis of the procedures related to the technology of converting 1D-current
trajectory signals (CT-signals) into a multidimensional medium of time-frequency distributions (TFD)
is carried out. The Wigner distribution is selected as a working distribution for processing CT-signals.
This distribution is considered from the point of view of its ability to represent one-dimensional
CT-signals of UMV in an information-intensive and functionally transparent format of specific TFDs.
Research results and analysis. On the example of curved routes, the nature of the so-called forward and
reverse transients of CT-signals of UMV, formed in the subsystems of external and autonomous control
(ECSS and ACSS) of unmanned vehicles, is considered. Mathematical tools are described for wavelet
transformations: Gabor wavelet functions, the wavelet matching pursuit algorithm (MP-algorithm),
and Cohen's class time-frequency wavelet distributions.
Conclusion. The procedures of processing the trajectory signals with using the means mentioned above
make it possible to implement effectively the functions of controlling the UMV movement along current
trajectories formed by the system on opencast mine routes.

Key words: unmanned vehicles; current trajectories; Gabor wavelet functions; wavelet matching
pursuit algorithm, time-frequency distributions; wavelet medium.
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Introduction. Existing domestic and foreign quarrying equipment operating in an
autonomous (unmanned) mode [1] requires diversification and wider opportunities to
apply new state-of-the-art computer-aided control systems for dump trucks.

With regard to progressive, sustainable and prospective development of strategies
and tools for computer-aided control of the unmanned dump trucks operating in open
pitmining [1, 2] and involved in process work in off-road conditions [3], it is reasonable
to develop well-known (already existing and applied in practice) directions and create
new ones based on advanced [4, 5] alternative control strategies to meet the ever-
increasing demands placed on the production cycle efficiency and quarrying safety.
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It has been shown in previous researches [2] that the most optimal mathematical
technique — in terms of efficiency in applying it to control the dynamics of unmanned
vehicles (UMV) when carrying out opencast mining on technological routes of quarry
machinery — is an unconventional wavelet transforms technique [5, 6], which makes it
possible to represent 1D-scalar signals [7], corresponding to current trajectories (CT)
dynamics on the route, in an information-intensive and semantically transparent form.

Research aim. The present work aims to study the mathematical technique of
wavelet transforms for computer-aided control and monitoring of UMV dynamics
when moving along opencast mine routes [1, 2].

Research methodology. Let us consider the issues connected with the characteristics
of signals formed in a hardware-software complex (HSC) and reflecting UMV current
trajectories dynamics on technological routes.

The HSC directories contain the conditions of CT dynamics accordance (its deviation
to the left/right from the nominal axial trajectory — NAT) to information “trajectory”
signals x(7): to the left — a signal with a decreasing instantaneous frequency, and to the
right — a signal with an increasing one.

While considering the UMV current route trajectories parameters formed within the
so-called S-frames [2] and the conditions of setting the deviation shape for some
trajectory at its initial (forward) and terminal (reverse) segments relative to NAT, it is
required to characterize the procedures of the computer-aided control of UMV
movement along certain trajectories.

The forward segment is created by means of sporadic disturbances formed because
of UMV coming up against some obstacles that should be detoured along a particular
trajectory, while the reverse one is created due to dynamic modal control procedure
activation [7]. UMV CT moving away from the NAT line corresponds to the forward
segment. In this case, the time-dependent frequency signal (chirp signal — [5]) either
decreases its instantaneous frequency at CT leaving to the left of NAT, or increases it
when the trajectory deviates to the right of NAT. In the language of wavelet transforms,
in this way the downward forward transient process (DFTP), or the upward reverse
transient process (URTP) is created, with relation to the non-stationary-in frequency
signals registered in scalar or time-frequency wavelet form.

As to the reverse segment of a current trajectory, it is formed by means of forced-
modal control. UMV CT returns to the NAT line, while the instantaneous frequency of
the trajectory chirp that controls the left/right deviation trajectory, increases/decreases
to the frequency that determines the nominal axial trajectory of UMV movement. Thus,
the process of UMV CT formation is underlain by the effect of frequency variation of
the chirp signal which is a key element in the set of UMV routing procedures stored
beforehand in the hardware-software complex of the computer-aided system controlling
UMYV movement along opencast mine routes.

Fig. 1 shows the fragment of a curved S-frame (spline frame) [2] of some UMV
route with two combined current trajectories localized to the left and right of the
nominal axial trajectory (NAT, depicted with a solid thin line). A, and B, indicate
inflection points on forward and reverse segments of the left trajectory correspondingly;
C, is the inflection point on the forward segment of the right deviation trajectory formed
as a result of sporadic disturbance action. D, and E, here are the points of dynamic
forced-modal control procedure activation [7] on the left and right trajectories. The
signal that characterizes UMV right reverse trajectory, takes the form of the first order
aperiodic system pulse response [7]:

x(t) = w(r)= (k/ T)exp(~t/ T).
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This waveform returns CT to NAT faster than the second order aperiodic system
step response [7]:

x(1) = k1= (T3 /(T ~ T,))exp(~ / T,) + (T, / (T, ~ T,)) (exp (~¢ / )],

where k, T, and T, are signal parameters (signal gain factor corresponding to the initial
segment of CT, and time constants).

.

Tangent to
. RFTP

Fig. 1. Curved S-frame with an autonomous heavy platform
available (AHP / UMV) and current trajectories leaving to
the left/right of the nominal axial trajectory (NAT):
nominal axial trajectory (NAT) of UMV movement is depicted
with a solid thin line; RFTP / LRTP (Right Forward Transient
Process / Left Reverse Transient Process)

Puc. 1. UckpuBneHHsIi S-¢peitM ¢ aBTOHOMHOM TSKEIoH
wiatgopmoii (ATII / BTC) u TeKymuMu TpacKTOPHSIMH,
YXOSILLIMMH BJIEBO/BIPABO OT HOMHHAJBHON OCEBOM
tpaekropuu (HOT):

HOMHUHAIBHAs oceBas Tpaekropust (HOT) mmxenns BTC
n3obpaxxena cnrownon monxou aunueti; RFTP / LRTP (Right
Forward Transient Process / Left Reverse Transient Process) —
TIpaBbIil PSAMO# epeXOAHBIN mpowecc / JieBblid o0parHsbii TTTT

With the trajectory signal in the form of the first-order aperiodic curve, the possibility
of UMV hitting against the bench face is prevented when moving along the face-
storage-bench face on the right route and falling from the bench on face-storage-bench
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face on the left route. The opposite situation corresponds to UMV reverse movement
along the storage-face route.

Under CT deviating to the left in S-frame concave section also leaving to the left,
CT return to NAT under the action of the forced-modal control is smoother — in order
to avoid overshoot (crossing NAT in the opposite direction) — according to the second-
order aperiodic system. Herewith, the on-board lidar-radar-sonar unit [2] permanently
scans the environment, particularly to detect an oncoming UMV.

First (right forward) transient process (TP) corresponds to the chirp signal with an
increasing frequency, forming the initial section of the right deviating CT, UMV
movement computer-aided control system generates it under the action of the sporadic
disturbance on the route. Second (left reverse) TP is also characterized by the chirp
signal with an increasing frequency since this process compensates UMV CT initial
deviation returning the latter to the NAT line.

From the point of view of the chirp signal’s character in the format of the time-
frequency wavelet distribution, we will refer to such a process as the “upward forward
TP” (UFTP). The terminal segment of the right deviation CT created by the forced-
modal control procedure is correspondingly referred to as the “downward reverse TP”
(DRTP).

Forward scalar transient processes like DFTP and UFTP, which determine the initial
segments of UMV CT deviation to the left and to the right of NAT correspondingly, in
wavelet medium are represented by the time-frequency distributions with decreasing
and increasing instantaneous frequencies.

Note that reverse TPs in modal control mode for the S-frame curved right possess
the same character as for the S-frame curved left. The difference in UMV CTs control
for left and right route curvature is that for NAT lines different stationary frequencies
of trajectory signals are set.

In order to provide information-intensive and semantically transparent processing
the autonomous and external control subsystems (ACSS and ECSS) signals, fragments
have been introduced into the software of the latter, which ensure the formation of the
so-called wavelet functions [5, 6] and Cohen’s class quadratic time-frequency
distributions [5, 6, 8, 9].

Wavelet transforms technology is underlain by the concept of using: wavelet
functions, wavelet matching pursuit algorithm (WMP) [5] and the associated specific
Cohen’s class distributions. Such wavelet technology fragments make it possible to
relatively easily transform technological 1D-signals formed in ACSS and ECSS, into
functionally transparent and information-intensive representations of such signals in a
multidimensional wavelet medium [5, 6].

Similar video graphic representations on the screens of the computer-aided
dispatching system (CADS) included in the structure of the global integrative system
of “The Smart (intellectual) Quarry” [2], make it possible to continuously monitor
UMYV current trajectories and control their dynamics.

Furthermore, from the current wavelet representations [5, 6], the parameters of
upcoming transient compensation processes of CT deviation from NAT are automatically
calculated in the hardware-software complex. It opens up a possibility of creating
certain necessary conditions for CT dynamic state control in order to return the CTs to
NAT.

The first fragment put into the wavelet transforms technology represents a set (basis)
of specific mathematical structures in the form of wavelet functions (wavelets). Such
structures are of a two-axis localized form in a combined complex medium: they are
time and frequency, as well as the intensity, determined by the instantaneous values of
a wavelet function. They are needed for adaptive UMV CT 1D-signal waveforms
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approximation and as a result obtaining approximate signals in the form of a wavelet
series [5].

Wavelets of Gabor basis have been chosen as wavelet functions that match
approximated actual current signals of UMV CT dynamics [5] as closely as possible.

In order to analyze the trajectory (CT-) signals corresponding to UMV movement
along open-pit mine routes, an array of Gabor wavelet functions (time-frequency
dictionary) was used; it is invariant to time and frequency (¢ and o) translation. Gabor
dictionary is formed by scaling, translating and modulating a sine signal with a Gaussian
window [5, 10, 11], which is relevant due to its ability to concentrate the signal energy
on the #-®-plane in the best way. The window is as follows:

y(0) = a-exp(j&(t—1) - (t - 1)),

where a, 1, and & are the Gaussian window parameters.

Wigner distributions [5, 9, 12] (our Cohen’s class working distributions) obtained at
Gaussian functions processing, always remain positive, which is imperative when
interpreting the distribution as a joint distribution of signal energy density in time-
frequency space. In the signal processing theory, such modulated Gaussian functions
possessing least localization on the #-w-plane, are called Gabor atoms.

For each scale 2/, the discrete window of period N is created by quantization and
periodization of a continuous Gaussian function:

= n—IN
y() =2""exp(-n’);  y,[n]=K ]-; \v( > j

where K| is determined by normalizing a wavelet function chosen from the dictionary,
according to the quadratic norm [5, 8] H\V/“ =1.

Then, the window translates along # and ®. Let the index of parameters / of parameter
field P of dictionary D for (/, &) € [0, N - 1]> and j € [0, log,N] takes the form of
I1=(,& 2) € P; here [, §, 2 are discrete analogues for t (translation), o (modulated
component frequency), s (scale parameter) for continuous wavelet functions. Then
some Gabor discrete atom is as follows:

_ 3 j2nén
v, [n]=wy,[n l]@XP(—N j

The resulting dictionary D = {wyl},.p represents a set of atoms obtained by
translation and is invariant modulo N. The wavelet matching pursuit algorithm (WMP),
the kernel of the second fragment, carries out UMV current trajectory signal
decomposition within the dictionary by grouping the atoms y/+ and y/ — with
F=(,+& 2).

At each iteration, instead of projecting the comb [5, 11] residual function R, (x[n])
onto some atom y,, the WMP procedure calculates its projection onto a plane made
with the help of (v, y,). As far as the function R (x[n]) is real, consequently,
the approximation atom is a real vector as well:

2nén
W?[H]ZKJ.’Q\V/[}’!—Z]'COS( ]\é/:; +(pja

where K;  sets the unity norm of vector y9[n], and the initial phase ¢ is optimized so
as to maximize the scalar product [5, 10] of the atom and the residue R, (x[n]);
here ¢ = [0, 2x].
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The second fragment of wavelet transforms underlying the technology of 1D-signals
representation characterizing UMV CT dynamics on a certain route, as mentioned
earlier, is the wavelet matching pursuit algorithm. Its idea is to represent technological
signals describing UMV CT dynamics, in the form of an approximation series consisting
of wavelet functions with the corresponding coefficients that are determined as inner
products of analyzed signal fragments about some current trajectory and Gabor wavelet
functions extracted out of the dictionary.

By means of the WMP algorithm, adaptive local approximation of a signal is made.
Decomposition of a CT analyzed signal is carried out as a total of time-frequency atoms
extracted out of the wavelet dictionary [4], which efficiently correspond to signal
residues at particular iterations:

m—1

x(1) = D (Rx(0),w(0),, W(0),, + R,x(0),

n=0

where <Rnx(t), \y(t)y”> is the inner product (coefficient of a wavelet function within the
wavelet series) of the residual polynomial R x(7) of signal x at m-th iteration and wavelet
function y(7), selected from the thesaurus (dictionary), onto which the analyzed signal is
“projected” in the course of its adaptive Gabor wavelets basis expansion.

This decomposition is described by the resulting time-frequency distribution of
signal energy density, obtained by summing Wigner distributions Wy(z), (z, ) for all

Gabor atoms y(7),

yn

0

Ex(x,0) = Z

n=0

(Rx(0.w(0),, ) Wy(0),, (1.0,

Since the window is Gaussian, and the set of atomic parameters for an m-th iteration
is/ =(I ,& ,2 ), then the particular distribution Wy(¢),  represents a two-dimensional
“ellipse” with the center in point (/,, ) on the t-m-piane, which is time/frequency-
scaled with parameters 2/ and N - 2 7,

Thus, Wigner time-frequency distribution represents the third fragment of
representation technology for the 1D-signals, which characterize UMV CT dynamics
on an opencast mine route. It should be mentioned again that the given distribution
refers to Cohen’s class distributions [5, 6, 8, 9] that represent an extended set of similar
multidimensional time-frequency distributions.

Research results, analysis. Wavelet matching pursuit algorithm makes it possible to
assign particular modes in ACSS and ECSS hardware-software complexes for UMV
nominal and current trajectories; the modes describe CT non-stationary fluctuations on
the route and their time-frequency structures (ellipses, i. e. time-frequency atoms [2]) on
the time-frequency plane. CT deviation to the left/right of the nominal axial trajectory of
aroute S-frame conforms to the corresponding atoms time-frequency localization change.

Wavelet matching pursuit algorithm adapting for processing the UMV CT signals,
which, as a rule, are non-stationary in frequency, makes it possible to identify and
monitor specific deviations of working trajectories conditioned by a current situation
on the route. Time-frequency atoms (Gabor atoms) [4, 5] movement monitoring in
time-frequency space, i. e. on a wavelet map [4, 9], makes it possible to control the
dynamics of tracking CT and forced forming them, thus creating conditions for UMV
rational behavior on technological opencast mine routes.

As a rule, well-known models are not able to take into account the combined effect
that numerous significant factors have on UMV’s required movement along a current
route: UMYV position relative to working bench faces, random autonomous-sporadic
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disturbances arising in the form of static or dynamic obstacles on a current route, dump
truck speed varying, UMV movement along direct or curved NATs, the need for CT
forced change relative to NAT within the limits of a particular S-frame, and etc.

Thus, in order to study the dynamics of CT formation processes, it is advisable to
combine the cybernetic approach resting on the input-output models, the state-space
method [7] based on the internal input-state-output models, and the time-frequency
analysis based on wavelet transforms. Together they make it possible to adequately
describe the over-all structure of UMV dynamics monitoring and control when moving
along opencast mine routes.

x(f)
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Fig. 2. One-dimensional current trajectory (CT) signal waveform x(¢) and the combined
view as a time-frequency Wigner map representing the signals of AHP / UMV moving
along direct trajectories for four various modes — below
Puc. 2. 1D-ocummnorpamma curnana x(f) o TT (BBepXy) v COBMEIIEHHOE 0TOOpaKeHHE
curHanoB nepemenieHust ATII / BTC no npsMbIM TpaeKTOPHSAM B YEThIpEX PazIHYHbBIX
pexuMax B popmaTe IByMEpHOI BpeMs-4acTOTHOH KapThl Burnepa (BHU3Y)

On wavelet maps, as mentioned earlier, time-frequency atoms (Gabor atoms)
movement monitoring in time-frequency space makes it possible to control tracking
AHP/UMYV current trajectories and forced forming of them. In particular, a wavelet
map (fig. 2) shows the combined time-frequency distributions (TFD) for various current
trajectories of UM Vs moving along direct routes for four various modes.

The wavelet map shows the following modes of UMV movement:

— at a signal frequency of 4.02 Hz this TFD corresponds to the UMV current
trajectory along the nominal axial trajectory with no deviation from NAT;

— the upper TFD describes the start-stop mode of UMV movement along the CT
situated to the right of NAT, as soon as the technological signal frequency is higher
(6.89 Hz > 4.02 Hz): moving for 4.5 s with a further pause for 13 s, and then again,
moving for 4.5 s with a further stop for 7.5 s. Therefore, this TFD corresponds to AHP/
UMYV movement in the start-stop mode along the CT with a period of 17.5 s;

— the lower TFD adjacent to NAT TFD describes UMV movement along the CT
lying to the left of NAT, because the frequency of the CT is 3.23 Hz < 4.02 Hz, here the
latter is of NAT frequency;
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— the lowest pulse TFD describes the start-stop movement of UMV along the CT
lying to the left of the adjacent stationary CT (at a frequency of 3.23 Hz). Here, the
cycle of the unmanned platform movement is as follows: movement for 0.7 s
with a further stop for 5 s, after that the cycles repeat. This TFD shows how quickly
(within 0.7 s) UMV can react to an obstacle on the route. TFD contains five full cycles
with a start-stop mode period equal to 5.7 s.

Conclusion. The work presented considers the procedures of converting one-
dimensional signals, which characterize the dynamic state of UMV CTs on coal pit
mine technological routes, into their multidimensional time-frequency representations.
The necessity of this kind of one-dimensional space signal functions transformation
into the multidimensional wavelet medium makes it possible to information-intensive
and functionally transparent monitor the dynamic state of UMVs in this medium and
control their current trajectories on opencast mine routes in a computer-aided mode.
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Hcnonb3oBanue BeiiBiaeT-cpeabl 1Jisl ABTOMATH3HPOBAHHOIO yIIPaBJICHHUS
nepeMelneHueM 0eCIIUJIOTHBIX TPAHCIIOPTHBIX CPEACTB 10 KapbepHbIM
Mapumpyram

Yuyepun U. B.1, ®enocenxos B. A.!, Coipkun U. C.1, Cagosen B. 10.1, Tyounxun I, M.!
! Kysbacckuii rocy1apCTBeHHBIN TeXHUUeCKuil yHuBepcuter nmenn T. @. Topbauesa,
Kemeposo, Poccus.

Pecgpepam
Beeoenue. B pabome ycmanosieno, umo naubonee 3¢pghexmugnvim cpeocmeom Oa KOHMPOAa U
VAPasieHuss OUHAMUKOU MeKYyuux mpaekmopuii becnunomusix mparcnopmuwix cpeocmé (BTC) npu ux
nepemeujeHull o KapbepHobiM MAPWPYMam 8 YCio8Uax OMKPbIMbIX 20PHbIX pabOm A6IAemMcs annapam
seusnem-npeobpaz08anuil.
Memoodonozua. [Ipogeder noopobHblll ananu3 npoyeoyp, CéA3AHHBIX C MexHorozuell npeodopa30eanus
mekywux mpaekmopuvix 1D-cuenanos (TT-cuenanos) 6 MHO2OMepHYIO Cpedy 6PeMA-4aCHOMHbIX
pacnpedenenuii (BYP). Pabouum pacnpedenenuem oaa oopabomxu TT-cuenanos evioparo pacnpeoenenue
Buenepa. [Jannoe pacnpedenenue paccmompeno ¢ MOYKU 3PeHUs €20 803MOICHOCMU NpedCmasiamb
ooHomepHvle TT-cuenanvt BTC 6 umpopmayuonno emxom u QyHKYUOHATLHO NPO3paAUHOM @opmame
cneyugpuueckux BUP.
Pesynvmamur uccnedosanuil, ananus. Ha npumepe ucKpusieHHbX Mapupymos paccmompeH Xapaxmep
MAaK HA3bI6AEMbIX NPAMBIX U 00pamuwlx nepexoonwvix npoyeccos TT-cuenaros BTC, gopmupyemvix
8 NOOCUCEMAX BHEUIHEe20 U ABMOHOMHO20 YNPAGLeHUs 6eCNUIOMHbIMU MPAHCROPMHBIMU CPEOCMBAMU.
Onucanvl  cpedcmea, popmupylowue Cmpykmypy annapama eelisnem-npeodpasoeanuti: eeusien-
@yuxkyuu Tabopa, anrcopumm 6etienem-noucka coOmeemcmeus, SpemMsa-4acmoniHble 6elisiem-pacnpe-
Oenenus knacca Kosua.
3aknrwuenue. Ilpoyedypvl 00paboOmKu mpaekmopHbIxX CUSHALO08 C UCHOTb30BAHUEM YKA3AHHBIX CPEOCME
0aiom 803MOACHOCb dhhexmueno pewiams 3a0auu ynpasienus nepemeweruem BTC no hopmupyemvim
CUCMemMOoul MeKyuWUM MpPaeKmopusim KapbepHolX MAPUpymos.

Kntoueswie cnosa: 6ecnuiommvie mpaHcnopmuvle cpeocmead; mexkywue mpaekmopuu, eetieiem-@yHKyuu
Tabopa; aneopumm 6etieiem-noucka COOMBEMCMEUs;, 6PEMA-YACHOMHbIE PACHpeOeNeHUs; Geusien-
cpeoa.

Paboma evinonnena npu gunancoeoii noodeprcke Munucmepcmea HaAyKu u 8vlcuiez0 00pa306aHus
Poccuiickon @edepayuu 6 pamkax coznawenua Ne 075-11-2019-034 om 22.11.2019 2. ¢ [TAO «KAMA3»
no KomnjaexkcHomy npoekmy «Pazpabomka u co3danue 6blCOKOMEXHONO0ZUUHOZ0 NPOU3EOOCHIEA
A6MOHOMHBIX MANCENLIX NAAM@POpm 011 0e31100H0IU 000bIYU NONE3HBIX UCKONAEMbIX 6 Cucmeme
» YMuolii Kkapvep“», npu yuacmuu @DI'BOY BO «Ky3bacckuii zocyoapcmeeHnHblil mexXHU4ecKuil
yuueepcumem umenu 1. @. I'opoauesa» ¢ uacmu 6bInOIHEHUA HAYUHO-UCCIE006AMENLCKUX, ONBIMHO-
KOHCIPYKMOPCKUX U MEXHON02UYecKUx paoom.
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¢YHKL|VIOHaJ1beIﬁ nogxoA K mogenuposaHuUo AUHaAMUKU CUCTEM
AeTepMUHNPOBaHHbIX KOHEYHbIX aBTOMATOB

Nanux 3. C."*, A6gpaxmaHoB M. U.2
1 YpanbCckuin rocynapCTBEHHbIN FOpHbIN YHUBEPCUTET, . EkaTepuHbypr, Poccust
2 Komnanus «MIHFOPTEX», r. ExatepuHoypr, Poccus
*e-mail: marat-ab@mail.ru

Pegpepam
Henv pa6omwl. Hccneoosanue QyHKYuOHANbHO20 NOOX00A K MOOEIUPOSAHUIO CUCTIEMbl KOHEUHbLX
agmomMamos, He 02paHUYEeHHOU MONOIOSUEH CEA3U MENCOY ee INEMEHMAMU U HEOOHOPOOHOCMbIO MUNOE
UCNONIb3YEMBIX AN2OPUMMOB.
Axmyanvnocms. Cywecmgennas 4acms mexHuieckux CUcmem, Komopbvie IKCHLYaAmupylomcst 8 20pHOlL
NPOMbIUUIEHHOCIU, MOdcen Oblmb Onucana yepes Mooeib Koneunozo aemomama. K num ommnocames
wiaxmuvle KOHBEUEPHble CUCMEMbl, CUCMEMbl CME0N060U CUSHAIU3AYUU, CUCMEMbl YRPAGIeHUs
mexnonozuieckum obopyoosanuem u m. 0. Hcnonvzoeanue makou MmoOenu no360jsem cOKpamums
8pemsl Ha paspabomKy ynpasnaiowe2o npoepammHo2o obecnedenus, 2(GekmusHo blNOaHAMb pabomol
no  uccredosanulo, OmiaoKe U MeCMUPOBAHUIO anopummos pabomol. [na pewenus 3a0aqu
MOOenupoBanusi OUHAMUKU KOHEYHO20 A8MOMama Cyujecmeayem MHONCeCmE0 IPPHeKmugHblx no0X0008
U UHCIMPYMEHMO8, KAJNCObLIl U3 KOMOPBIX UMeem c80u 00CMOUHCMEA U HeOOCMAMKU.
Memooonozusn. B pamrax oannoii cmamvu paccmampugaemcs Memooono2us MoOeiupo8anus CUCmemol
KOHEUHbIX AGMOMAMO8 NPUMEHUMENbHO K WAXMHbIM KOHEEUEPHbIM CUCTEMAM.
Pesynomamut. Paspabomanvl modenu xouneunvix aemomamos (KA) u ycnoeus ons mooenuposanus
ounamuxu cucmem KA npumenumensbho K waxmuulm KOH8EUEPHbIM CUCEMAM U KOMNLEKCAM.
Bb1600bl. Paccmampusaemuvlii. n00X00 K MOOCIUPOBAHUIO C UCHONb308AHUEM (QYHKMOPOS U
ANNAUKAMUBHBIX QYHKIMOPOS OJis KOMNOZUYUU MOOENU U UCCLeO08ANUS OUHAMUKU ee pabOmbl, a MaKice
B03MOJICHOCb ~ MAMEMAMUYECK020 O0KA3AMeNIbCmed CE0UCME Mooenu Oenaem e20 Xopoudell
anbmepHamusol npu eloope cpedcma 0Jisl paspadomku Mooeiei Cucme.

Knrwueevie cnoea: mooenuposanue cucmem; modenuposanie OUHAMUKY, KOHEUHbIE AGMOMAMbL;
PYHKMOPDL, anniukamuehvie YHKmMopol, GYHKYUOHANbHOE NPOPAMMUPOSAHUE.

Beenenne. B ropHoil NpOMBINUIEHHOCTH CYIIECTBYET JOBOJIBHO MHOIO CHCTEM,
KOTOpBIE MOXKHO OITHUCATh Yepe3 MOJIENIb KOHEYHOTO aBTOMAara: IIaXTHbIEe KOHBEHEPHBIE
CHCTEMBI, CHCTEMBI CTBOJIOBOM CHUTHAJIHM3AIMH, CUCTEMBI YIIPABIEHUS U OJIOKHPOBKHU
paboThl BEHTWIISITOPOB M HACOCOB U T. A. [IpuMeHeHne Takoi MOJenn yIpoIIaeTr uc-
CJIeIOBaHME U Pa3padOTKy aNTOPUTMOB YIIPABICHUS COOTBETCTBYIOIINMH TEXHUYECKU-
MU CHUCTEMaMH, JTUATHOCTHKY OTKAa30B M MO3BOJISIET Oosiee dPPEKTUBHO MPOBOIUTH
MIPOLENYPY TECTUPOBAHUSI CHCTEM.

Koneunrpie aBTOMarsl WM KOHEUHBIE NWHAMHU4Yeckue cucteMbl [1-4] (mamee KA)
SBIISIIOTCS] YHUBEPCATBHBIM CIIOCOOOM ONHMCAHUS M MOJAETHPOBAHHS CHCTEM, KOTOpPBIE
XapaKTepPU3yIOTCA KOHEYHBIM YUCIIOM COCTOSHUM ¥ I€TEPMHHHUPOBAHHBIM aJTOPUTMOM
nepexo/ia MeX Iy STUMH COCTOSHUSIMU. B 00111eM citydae aBToMaT MOXKET OBITh ONHCaH
MHOXECTBOM:

F:{SaRaQafsmapSy’CIO}’ (1)

rme S — MHOXXECTBO BXONHBIX CHTHAJIOB; R — MHOXECTBO BBIXOIHBIX CHTHAJIOB;
O — MHOXECTBO COCTOSIHUH; fsm — (DyHKIUS NEPEXOmOB; psy — (QYHKIUSA BBIXOOB;
g, — Ha4aJIbHOE COCTOSHUE aBTOMATA.
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CyuiecTByeT ABa OCHOBHBIX ITOIX0/a K OTIMCAHMIO MPOLIeCCca MOJCINPOBAHUS JHHA-
MUKH cucteM KA — uMrepatuBHbId U AEKIapaTUBHBIN [5—9], KOTOpBIE MO CyTH SBIIS-
I0TCS IOAXONAaMH K pazpaboTke mporpaMMHoro obecneyenus (ganee I10). B pamxax
MMIIEPATUBHOTO MOAX0Ja Mporpamma (MoZesb) MPeaCcTaBIsieT co00H MmociienoBarTesb-
HOCTh MHCTPYKLHH, KOTOpbIE HEOOXOANMO BBIIIOJIHUTD Ul PELLCHUS 3aJa4l MOJEIIH-
poBanus. Takoil moaxox ABIAETCS JOBOJIBHO PACIPOCTPAHEHHBIM U HCIIOIb3YEeTCS A
MOZETUPOBAHMS MIPOLECCOB (PYHKIMOHUPOBAHMS CHCTEM Ha 0asze paziIMyHBIX CXeM
(cetn Iletpu, cuctempl MaccoBoro obcmyxuBanus u T. 11.) [ 10]. [JexnaparuBablii moa-
XO[l IIPEATIONIaraeT 3alaHue He MOCIeI0BaTeIbHOCTH ACHCTBUH, a crielupUKaluy pe-
LICHUS 33Ja49M, B 9TOM Cllyyae BHUMAHHE YIIeJIIETCs ONIMCaHMIO 3a/1a4H, a He IIPoLieccy
€e PeLCHHUS.

B paMkax maHHOH CTaThbM aBTOpPaMHU MPEAJIAraeTcs MCIOJIB30BaTh (YHKIMOHAIb-
Hyto mapaaurmy (nanee ®II) pazpaborku (OABHI AEKIAPATUBHOTO TOAXOAA) ISt MO-
JeUpOBaHus TMHaMUKU cucteM KA 1o cienyomymM npuirHam:

— ®II npennonaraeT MpOEKTUPOBAHHE MOJIEIH CHCTEMbI KAK MaTeMaTHUECKOTO BbI-
Pa’keHHs1, 3TO MO3BOJISIET COCPENOTOUNTHCA Ha 00IIel cxeMe pelieHus, a He Ha IocIe-
JOBaTEJIbHOCTH BBIMOJIHAEMBIX HHCTPYKLUIA;

— B @Il OTCYTCTBYIOT COCTOSIHHSA U IIEPEMEHHBIE, Bce (PYHKIMU YUCThIE (BO3Bpala-
€MO€ 3Ha4YCHHUE 3aBUCUT TOJIBKO OT BXOAHBIX apryMeHTOB) [5—9], Bce 3TO NOTeHUIHAIb-
HO CHMYKaeT KOJIMYECTBO OLIMOOK MPH pa3pabOTKe U YIPOILACT OTIAAKY;

— JIAKOHMYHBIN CHHTaKcHUC s3bIK0B DII-rpynisl, MoIIHAs cHcTeMa TUIIOB, aaredpa-
MYECKHE THIIBl JaHHBIX U HAJINYME HEOOXOAWMBIX CTPYKTYpP AAHHBIX C peaju3auuei
TaKUX KOHIICTIIUH, KaK (YyHKTOPBI, MOHAIEI [5—9] U T. I1., TO3BOJSET THOKO IPOESKTHPO-
BaTh M TECTUPOBATh PEIICHUE.

MopnenupoBaHue IAXTHOI KOHBeliepHOi cucTeMbl. B paMmkax naHHO# cTaTby B
KaueCcTBE TEXHUYECKON CUCTEMBI, Ul KOTOPOil OyeT MOCTpOoeHa MOAENb, AEMOHCTPH-
pytommas (pyHKIHOHATIBHBINA MTOIXO0A K MOJCTUPOBAHUIO JUHAMUKY cucteM KA, BbIOpa-
Ha [IaxTHas KOHBEHEepHas CUCTeMa IO CIEAYIOMINUM PHYUHAM:!

— IIaxTHasi KOHBEHepHasi CUCTeMa XapaKTepu3yeTcst c1a0oi CBI3aHHOCTBIO ee dJie-
MEHTOB (OTIENbHBIX KOHBEHEpPOB) B MH(POPMALIMOHHOM IUTaHE IPYT C APYTOM;

— aJITOPUTM YHPABJICHHS [IAXTHHIM KOHBEHEPOM MOXKET OBITh 3HAYUTENBHO YIPO-
11eH 0e3 OTEePH ero KIYEBBIX 0COOEHHOCTENH;

— IIaxXTHas KOHBEHepHas cUcTeMa MPEAIoyiaracT HeCKOIbKO BAPUAHTOB COEIMHE-
HUSI €€ 3JIEMEHTOB JIPYT C IPYrOM, YTO SIBJISIETCS BaXKHBIM JJIsI JEMOHCTPALUU paccMa-
TPHUBAEMOT0 B CTAaThE MOJXOAA.

s moctpoenust KA, Mopenupyroliero maxTHblii KOHBEIep, COKpaTUM MHOKECTBO
(1) no cnenyromiero Habopa:

F ={S,0, fsm,q,}.

KonBetliep MOXKeT HaxOJHMThCS B COCTOSIHUSIX: OCTAHOBJEH (Sfop), TOTOB K 3aITycKy
(Ready), 3anymuen (Start) n 3abnokupoBad (Block). [locTponM MHOXeCTBO COCTOSIHAH (-

0= {Stop,Ready,Start,Block}.

Ha paboty peansHOT0 KOHBeiepa OKa3bIBAIOT BIUSHHE OOJIBIIE JBYX ECATKOB CHUT-
HAJIOB, M3 HUX BBIJCTHM CJICAYIONINE: CUTHAIBI ¢ JATIYMKOB KOHTPOJS CXOJa JICHTHI
(ksl) n sxcTpeHHOE orpaxkaeHHe (e0), CUTHAJ aBapuu (avs), TOTOB K 3aImycky (ps),
kHOKU: cTom (bsp), myck (bst) n aBapus (bav). BxonaeiM curnamom s KA Oymer
KOPTEXK, COCTOSIIMN M3 BCEX MEPEUHCICHHBIX BBINIE CUTHAJIOB. B UTOre MHOXECTBO
TaKUX KOPTEXKEH COCTABISIET MHOXKECTBO BXOIHBIX CUTHAJIOB:
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S = {(ksl,eo,avs,ps,bsp,bst,bav),ksl,eo,avs,ps,bsp,bst,bav € {O, 1}}

ChopmupyemM KOMIIO3UTHBIE CUTHANBI [T ynoOCTBa omucanue padbotel KA:
— curHan blockSignal, niis Hero MOMKHO OBITH UCTUHHO CIEMYOIee JIOTHYECKOe
BEIp2)XEHUE U3 KOMIIOHEHT BEKTOpa dJIeMeHTa S

blockSignal = avs v bav;

— curHal stopSignal, U1 HETO NOJDKHO OBITh HCTHMHHO BBIPAYKEHUE!
stop = (ksl A eo A ps Absp) v (—|avs \J —|bav).
Juarpamma padotsl KA maxTHOTO KOHBElepa npeicTaBiena Ha puc. 1.

blockSignal

blockSignal

h
{0,0,0,1,0,1,0)
ps=True, bst=True,

stopSignal
Poig OCTansHble CUrHansI=False

Stop Block

{0,0,0,1,0,0,0)
ps=True,
oCTansHble blockSignal
cUrHanei=False

ThiockSignal

Puc. 1. inarpamma pa6otsr KA maxTHOTrO KOHBeitepa
Fig. 1. Diagram of mine conveyor FSA operation

[IpuBeneHHast TuarpaMma MOXeT OBITh peaji30BaHa B BUAE OYHKIHH fS7:
t t-1
x'= fsm (x , s), (2)

rae x! — cocrostnne KA Ha MOMEHT BBITIONHCHUS (DYHKIIHH TIEPEX0/Ia; S — BXOTHOM
curHaz; x' — coctossHue KA mocne nepexona.

Cy1ecTByeT HECKOIBKO MOIXO/I0B B 3amucu paboTel KA, onuH M3 HUX — 3TO HC-
nonb3oBanue JeHt [1]. Kak mpaBuio, ecnu cnoxnocts KA g0cTaroyHo HU3Ka, Kak
B JIAaHHOM MpUMEPE, TO PeaTu3alisl MPOrpaMMHON MOIETH U HEMTOCPEACTBEHHO MOJEIHU-
poBaHUeE ero pabOThl HE BHI3BIBACT 3aTPYIHEHUI.

Yacro uHTEpeC MpenCTaBISIIOT He KOHKpeTHble peanu3annu KA, a cuctemsr KA.
st onncanus cucteMbl KA Heo0X0auMo 3HATh:

— anropuT™MbI padoThl KA, N3 KOTOPBIX COCTOHUT CHCTEMA;

— TOTIOJIOTHIO CETH CBSI3EH MEKIY DIIEMEHTAMH CHCTCMEL.
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Takoil mojaxoa B MOJHON Mepe MPUMEHUM IJis MIAXTHBIX KOHBEUEPHBIX CHUCTEM.
B HuX oTnmenpHBIE KOHBEWEPHI, paboTa KOTOPHIX OMHCHIBAETCS C MIOMOIIBI0 KOHKPET-
HeIX KA, coenHAIOTCS B CUCTEMBI, TPAHCIIOPTHPYIOIINE YTOIbh U TOPHYIO MTOPOIY OT
MecTa oTpaboTKH (J1aBa) 10 MecTa pa3rpy3Ku. TOmoIOrus CBA3M MOXKET HMETh JIMHEH-
HBIN BHJI, KOTJIa CHCTEMa IPEICTABISIET COOOH MENOYKY CBSI3aHHBIX APYT C APYTOM KOH-
BeliepoB (puc. 2, a), TM0O0 APEBOBUIHEIN, B TOM CIIydae €CTh MECTa, B KOTOPHIX KOH-
BeWepHBIC IIETTOYKH MOTYT COSTUHSITRCS (pHC. 2, ).

Komngeiiep 1 ]—P[ Komnseiiep 2 ]—D[ Komngeiiep 3 ]—V

Konseiiep 1 H Kongeiiep 2

Puc. 2. JInneiiHast TONOJNOTHS — @ U IPEBOBUJHAS TOIIOJIOTHUS — O CBS3U KOHBEHEPOB
Fig. 2. Linear topology — a and tree topology— 6 of conveyor communication

e NS N e )

Jns MomenmpoBaHHUS TOTOJIOTHH MOTYT OBITH WCIOJB30BAHBI TaKHWE€ CTPYKTYPHI
JTAHHBIX, KaK CBA3HBIN CIICOK, KOTOPBIF MOXKET MPENCTABIATh INHEHHYIO CTPYKTYPY, U
nepeBo (ubo rpad), peanmsyromniee JpeBOBUIHYIO CTPYKTYpY. Takue CTpyKTYpHI TaH-
HBIX TIPUHSATO HA3BIBATh KOHMelHepamu, nanee OyIeT MCIIONb30BaTbCs UMEHHO STOT
TEPMUH.

TIpumep nTUHENHOM TOMONOTHH, TIPEACTABIEHHON B BUE CITUCKA:

[xl, Xyseues Xjpores xN], x, €0, N eN,
TJIE X; — 3TO COCTOSIHME i-TO KOHBEHEPA B LIETOYKE (BCEr0 KOHBEHEPOB N).

Jlns MmogenmupoBaHus TMHAMHAKA CUCTEMBI KA HEOOXOIMMBI:

— anroput™m KA, coritacHO koTopoMy OyleT W3MEHSITHCSI COCTOSHUE 3JIEMEHTOB CH-
CTEMBI;

— HaOOpbI BXOAHBIX CUTHAJIOB JJIST KQXKIOTO DJIEMEHTA CHCTEMBI;

— KOHTEHHEep IJIs1 XpaHEeHHUS TONOJIOTHH CBS3H.

IIpumenenue (pyHKTOPOB /ISl MOAEIMPOBAHNSA JMHAMUKH KOHEYHbIX aBTOMATOB.
AnroputMm pabotel KA, kak yxe OBUTO CKa3aHO paHee, MOXKET OBITH OIMCaH B BUIE
¢dbynkuu (2). Habopsl cHTHATIOB TMOATOTABIMBAIOTCS CIIEIIMAIICTOM TI0 MOJICITHPOBA-
HUTO JUISI TECTHPOBAHUS pabOTHI aBTOMATa IMOO MOTYT OBITEH B3ATHI C peaabHO padoTa-
IOIIIEN TEXHUYECKOM CUCTEMBI, IOBEICHUE KOTOPOM MCCIIETYETCA.

IIpn HaMIYMM yKa3aHHBIX COCTABIIAIONINX OCHOBHAS 33/1a9a MOACITUPOBAHIS JITHA-
MuKH cucteMbl KA COCTOMT B OpraHW3allié BHITIOTHEHUS (QYHKIIUH, PEeaTU3yomeit
noruky padotel KA, Ha ypoBHE KOHTEltHepa, HE MEHSISI CTPYKTYPY IOCIIETHETO, T. €. He
HapyIIas TOMOJIOTHIO.

D¢} PeKTHBHBIM WHCTPYMEHTOM IS PEIICHHS 33/1a9H, YOBIETBOPSIIOMINM YKa3aH-
HBIM TPEOOBaHMSIM, SBIIIETCS (DYHKTOP M3 TeOpHH Kareropwii [9, 11]. @yHKTOp BHITION-
HSET OTOOpaXeHHE MEXIy KaTerOpHAMH, IPUYEM ITOMHUMO OOBEKTOB OH TaKKe€ OTO-
OpakaeT 1 MOp(U3MEL.

Ecmm B kareropuu C ecth MOp(H3M, KOTOPBIA ITEPEBOIUT ¢ B b:

fra—b,
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a F' — 310 yHKTOp, KOTOpBIH 0TOOpakaeT 00bekThl U3 C B D, To F Takxke OyaeT oTo-
Opakatb Mopu3M f B F f (puc. 3), Takoii 4to:

FfFa->Fb.

Ota uzpes MoXeT OBITh MPHUHATA AJS PELICHUs 337a49d MOAETMPOBAHHS CHCTEMEI
KA. ®ynkmus KA, Mmogenupyromias ero TMHAMHUKY, TPU HEKOTOPOH MOAH(UKAIIH BbI-
pakenus (2) BEINISAUT CACAYIOUIMM 00pa3oM:

y = fim(s, x), 3)

rae x — cocrosiHrue KA Ha MOMEHT BBHIOTHEHUS! PYHKIMU TIEPEX0/1a; S — BXOAHOM CHUT-
HaJt; ¥ — coctosaue KA mocie nepexona.

[ KoHKpeTHOTO 3HaueHus s pyHKus (3) OymeT D
OIIPEAIENATHCS TOJBKO 3Ha4eHueM X. st Toro, uTo-
0b1 pabotath ¢ KA, Haxonsmumucs B KOHTEiHepe,
HaM HyXeH (DYHKTOp, KOTOpPBIH 00ECHEUUT BHIMOI-
Henue GyHkiuu (3) Ha ypoBHE KOHTeHHEpa (puc. 4).

\
~
)
~
~
~
S
J

I

DTa BO3MOXXHOCTH pcain3oBaHa BO MHOTI'HUX “r I . )
(YHKUIMOHAIBHBIX ~ SI3bIKAX MPOrPaMMHPOBAHUSL. O———0
Bocnonszyemca s MOIENMPOBaHUSA IIAXTHOM - b )
KOHBCﬁepHOfI CHUCTCMbI A3BIKOM IIpOrpaMMHUpPOBa- Puc. 3. d)yHK'[op B TCOpUU Ka]‘cropnﬁ
nust Haskell [9, 12]: Fig. 3. Functor in the category theory

Peannzyem KA maxtHoro koHeiepa.
Tun gaHHBIX, ONMKCHIBAIOIINN COCTOSIHUE KOHBEWepa:

data ConvState = Stop | Ready | Run | Block
deriving Show

Twn JaHHBIX, ONMMCHIBAIOIINHN BXOAHOH curHaia KA:

data SignalState a = Sg {ksl:: a, eo :: a, avs :: a, ps :: a, bsp :: a, bst :: a, bav :: a}
deriving Show

DYHKITNSA, peaTn3yIommas anroputM padoTsl KA neHTodYHOTO KOHBEMepa (auarpam-
Ma Ha puc. 1):

tpConvFsm :: ConvState -> SignalState Bool -> ConvState
tpConvFsm Stop sig | avs sig == True || bav sig == True = Block
| ksl sig == False && eo sig == False && ps sig == True = Ready
| otherwise = Stop
tpConvFsm Ready sig | avs sig == True || bav sig == True = Block
| ksl sig == True || eo sig == True || ps sig == False || bsp sig == True =
Stop
| ksl sig == False && eo sig == False && bst sig == True = Run
| otherwise = Ready
tpConvFsm Run sig | avs sig == True || bav sig == True = Block
| ksl sig == True || eo sig == True || ps sig == False || bsp sig == True
Stop
| otherwise = Run
tpConvFsm Block sig | avs sig == False && bav sig == False = Stop
| otherwise = Block
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B kadecTBe mpuMepa Uil MONEIUPOBAHUS HUCIOIB3YEM KOHBEHEPHYIO CUCTEMY
¢ NIMHelHo! Tonojorueid. KonTeliHepoM AJIs ee mpecTaBieHns BEIOEpEM CBSI3HBIN CIIU-
cok. B Haskell cBA3HBIH CICOK peann30BaH KaK THII JaHHBIX List, KOTOPBIN SBIISETCS
NpeAcTaBUTENIEeM Kilacca THIIOB Functor, T. €. IUIsl HETO yKe pealn30BaH Bech HE00XO0-
JUMBIA (YHKIHMOHAI, KOTOPBIH MMO3BOJIMT BBHITIONHUTD BEIYUCICHUS: TIPUMEHUTH QYHK-
uuto tpConvFsm ko BceM aeMeHTaM KOHTEHHEpa, HE MEHSS €ro CTPYKTYPY.

CoznanuM KOHBEHEepHYIO LEMOYKY, COCTOSIIYIO U3 TPEX KOHBEHEPOB, HAXOAALINXCS
B COCTOSIHUHU Stop:

convs = Stop.Stop:Stop:[]

Tax KaK CIHCOK SABJSIETCS MPECTABUTENEM KJIacca THIIOB Functor, 3T0 O3BOJISET
HCII0JIB30BaTh OIIEPATOPHI JJI BBIIIOJIHCHUA OIIPEACICHHBIX BBIYUCIIEHUN. HaHpHMep,
MO’KHO [IEPEBECTH BCE KOHBEMEPDI IPUHYIUTENLHO B COCTOSIHKE Ready, st 3TOro BOC-
MOJIB3yEMCS OTtepaTopom <§:

Main> Ready <$ convs
[Ready,Ready,Ready]

s MozenupoBaHys HICTOYHUKA CUTHAJIOB peannuszyeM GyHKLUIO getSignals:

getSignals :: Int -> [SignalState Bool]
getSignals n = replicate n (Sg { ksl=False, eo=False, avs=False, ps=True,
bsp=False, bst=False, bav=False })

Ona ¢opMHpyeT CIHCOK OIMHAKOBBIX HAOOPOB CHI'HAJIOB, KOJMYECTBO KOTOPBIX
ompeznensieTcs apryMeHToM #. [Ipi Haauuuy OTAEIbHBIX CIIMCKOB CUTHAJIOB U COCTOS-
HHUH KOHBEHEPOB UX YIOOHO OOBEANHUTD MOMAPHO B ABYX3JIEMEHTHBIE KOPTEXKH, 03~
ToMy HeoOxoaumo mpeoOpazoBath (pConvFsm B (YHKIMIO OJHOTO apryMeHTa, AJIs
3TOTO BOCTIONb3yeMcst QYHKLUEH uncurry:

tpConvFsm' = uncurry tpConvFsm

BeInoHUM MOZIENTMpOBaHUE CUCTEMBI U3 TPEX KOHBEWEPOB, KOTOPHIE M3HAYAIBHO
HaxOJSITCSl B COCTOSHUU Sfop, ¢ MCIonb30oBaHueM anroputma (pConvFsm' u cuTHaIoOB
u3 getSignals c TOMOIIBIO oneparopa <$>, KOTOpBIH SABJSIETCS aHAIOTOM finap (puc. 5):

Main> tpConvFsm' <$> zip convs (getSignals (length convs))
[Ready,Ready,Ready]

Kax y>xe Ob110 cKa3aHO paHee, AITOpPUTM (POPMHUPOBaHUS HAOOpa CUTHAJIOB ONpee-
JSIeTCsl ONEPaToOpOM, BBITIOJIHAIOMINM MozenupoBanyue. CHUrHaIBl MOTYT OBITH ITOATO-
TOBJICHBI 3apaHee 00 B3SITHI U3 0a3bl JAaHHBIX PEAIbHONW CHCTEMBI.

ITpu camocTosTENbHON peann3anuy GyHKTOpa I KOHTEHHEpa, XPaHAIIero TOmo-
JIOTHIO CHCTEMBI, HEOOXOIUMO COOTIOCTH BBITIOJIHEHUE 3aKOHOB!

1. fmap id = id,
2. fmap (f. g) = fmap f . fmap g,

rae id — 370 (QyHKIMA, KOTOpas BO3BpallaeT MEepefaHHbIl apryMEeHT B HEM3MEHHOM
Buze. 3anuch (f. g) ABIsSETCS NPEeNCTaBICHUEM KOMIIO3UIMY (DPYHKLINH, 3KBUBAJICHT-

HOH f (g(x)).
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CyTb IEPEUHCIICHHBIX 3aKOHOB 3aKIIFO4AETCs B TOM, YTOOBI IIPU IPUMEHEHHUU (PYHK-
IIUY finap TOTIOJIOTUS CUCTEMBI (CTPYKTypa KOHTEHHEepa) He U3MEHSIIACK.

I[IpuMeHeHne ANMUIMKATHBHBIX (YHKTOPOB /UIA MOAEJTUPOBAHHA THHAMUKH
KOHEYHBIX aBTOMATOB. C MOMOIIBI0 (PYHKTOPA MOXKHO PEIIMTh TOJIBKO OTPAHUYCH-
HBII HA0Op 33j]1a4, KOTOPHIC BO3HUKAIOT IMPU MOJCIHPOBA-
Huu auHamuku cucteM KA. OCHOBHOE OorpaHUYEHHE 3a-
KIIFo4aeTcss B TpeOoBaHMM, 4YTOOBI cucTeMa Obuia
TOMOI'€HHOM, T. €. BCE €€ DIEMEHTHI JO/DKHEI OIMMCHIBATHCS
omHUM 1 TeM ke KA. JIoBOJIBHO 4acTo 3TO YCIIOBUE HE BhI-

fmap fsm
[a1=a2= "'aa"] [b|7 hZa [RE) /7,,]

o o o sm
noaHsaercs. B cocraB maxTHOMI KOHBCUCPHOU CUCTCMBI MO- f
TYT BXOAWUTH KOHBEHEPhl U yCTAaHOBKH, aJlTOPUTMBI PaOOTHI “ b
KOTOPBIX OTIIMYAKOTCA APYT OT Apyra. Puc. 4. OpFaHI/ISaLIPIH

Hanpumep, 1aBHBINA KOHBEHEPHBIN KOMILIEKC BKIOYAET BBITTOHEHHS (QYHKITMH Ha
B ce0s c1<pe61<0131>1131 KOHBS:ﬁep, neperpyskareib 1 IpOOHJIKY, Fig?fger;;;zggﬁpgf a
a B COCTaB KOHBEMEpPHOU LIEMOYKH MOXKET BXOJUTH IMHUTA- function execution at the
Tenb (puc. 5). level of a container

Taxoke Ipu MOJICTUPOBAHUU MOXKET BO3HUKHYTH 3aJ]1ada
OJTHOBPEMEHHOTO TECTHPOBAHMSI HECKOJIBKUX aJTOPUTMOB pabOTHl KOHBeWepa Ha 3a-
JAaHHOM Habope COCTOSIHUM W BXOAHBIX CUTHAJIOB.

OpHo M3 pemeHuil JaHHOM 3a/1a4n — 3TO MOMECTUTH anropuTMel KA, onucsiBaro-
IIMe JIOTUKY paboThl SJIEMEHTOB CUCTEMBI, B KOHTEHHEp C TOMOJIOTHEH U CTPYKTYpPOH,
AQHAJIOTMYHON TOMY, B KOTOPOM XpaHSTCS COCTOSTHHS 3JeMEHTOB. JlaHHas 3ajaya He
MOXKET OBITh PelIeHa ¢ MOMOIIbI0 (DYHKTOPA, TaK KaK OH HE MPEIIoaraeT XpaHeHue
¢byHKIMiA B KOHTeWHepe. [ 3Toro MOryT OBITh HCIIOJB30BaHbI alllUIMKATUBHBIC (DYH-
KTOpHI [9, 12—15], KoTOpBIe MPEAOCTABISAIOT BO3MOXHOCTD XpaHEHHS (PYHKIIUK BHYTPH
KOHTEHHEpa.

’_.‘ Konaeiiep 1 H ]—P[ Komuseiiep n ]—7 [uTaTenn ;H Kouseiiep n + 1 -
CkpeOKOBBIi
ITeperpyxarens

Puc. 5. HeogHopoanas maxTHast KOHBeiiepHas cuctema
Fig. 5. Heterogeneous mine conveyor system

Jns meMoHCTpaIy MCIONb30BaHUS alTUINKATHBHBIX (DYHKTOPOB B MOJAEIHPOBA-
HUU JuHamuku cucteM KA BocCnosbp3yemcsi TeTepOreHHOM KOHBEUEPHOW LIETIOYKOM
C JINHEHHOMN TONOJOTHEN, BUA KOTOPOI MpeCTaBIEH Ha pHcC. 6.

B mpencraBnenHoii cucTeMe anroOpUTMbI paOOTHI AIEMEHTOB OTIMYAIOTCS IPYT OT
npyra. Kaxplii u3 adropuTMoB peain30BaH Kak COOTBETCTBYOMIAs (DYHKIIUS:

lvConvFsm — anroput™ paboThl CKpeOKOBOTO KOHBEiepa;
crsFsm — anroput™ paboThl JPOOUIIKH;

ldConvFsm — anroput™ paOoThI IIEperpysKaTes;
tpConvFsm — anropuT™ pabOTHI JICHTOYHOTO KOHBeHepa.

BremonauM MosienupoBanue paboThl CUCTEMEBI Ha si3bike Haskell, 3TOT s13b1K conep-
JKUT HY’)KHYIO HaM peajI3alliio CIIMCKa Kak MpeACTaBUTENs Kilacca TUTIOB Applicative,
HasbIBaeMbIi ZipList. [Ipy 3TOM OOBIYHBIN CITHCOK HE MOXKET OBITH MCIOIL30BaH, TaK
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KaK JIOTHKA €ro padoThl 3aKII0YAETCs B TOM, YTO ()YHKL[H COOTBETCTBYIOLIETO CIIUCKA
10 OYepeay MPUMEHSIOTCS KO BCEM 3JIEMEHTaM U3 CIIUCKA C JaHHBIMH.
IIponnmtoctpupyem 3To Ha mpumepe [2, 3, 6, 15]:

> fns =[x ->x *3, x ->x + 1] --cnucok ¢ynxyuii
>dt = [1, 5] --nHabop oannvix o 0bpabomru
> fns <*> dt --ebinonnenue onepayuu <*>

ZipList pef0CTaBIsAET HY)KHYIO peannu3aiiiio. B utore yrmakoBka B KOHTSHHED MPoO-
H3BOJIUTCS C TOMOIIBIO KOHCTPYKTOpA Kitacca ZipList, a pacakoBKa ¢ MOMOIIBIO (Y HK-
uuu getZipList [3, 6]:

> getZipList $ ZipList fus <*> ZipList dt

Co3zgaiuM KOHTEHHEP ¢ COCTOSHUSIMH SJIEMEHTOB TPAHCIIOPTHON CHCTEMBI:
convs' = Stop:Stop:Stop:Stop:[]

CkpeOKOBBIi ] B
Ileperpyxarens Jlpobnxa ]—»[ Konseiiep 1 ]_>

Puc. 6. I'ereporennas koHBeiiepHas 1ET10YKa C JIMHEHHOM TOIOJIOTHEH
Fig. 6. Heterogeneous conveyor system with linear topology

CO3,Z[8.}.'[I/IM KOHTeﬁHCp C aJITOpUTMaMu pa60TBI OJIEMCHTOB CUCTEMBI, AJIA 4€TO I10J-
TOTOBHM CITMCOK (byHKHHﬁI

fsms' = lvConvFsm:ldConvFsm:crsFsm:convFsm:[]

M CHOHCOK (DYHKUMH, BHIIOJHSIOUIMX ONEPaldio, OOpaTHYI0 KappUpOBaHHIO (CM. IpH-
Mep ¢ QYHKTOPOM, TA€ CENaHO TO K€ caMoe, HO UL OJHON (QyHKLINH):

mods' = replicate (length fsms') uncurry

ITocTpoum koHTeiHEp ¢ (DYHKIMSIMH MOIXOJAIIETO BH/A. 31ECh YXKE MOHAT00ATCS
BO3MOXHOCTH alILIMKAaTUBHOTO (DYHKTOpA JJIsl TOTO, YTOOBI MPUMEHUTH (DYHKIIUU W3
mods' Kk QyHKIMSME U3 fSms’, T. €. IOCTPOUTh UX KOMITO3UIIHIO, TJIE¢ OTIEPaTOPOM IMPH-
MEHEHUS SABIISIETCS <*>:

modFsms' = getZipList $§ ZipList mods' <*> ZipList fsms'
BBIMOTHUM OJIMH AT MOACTUPOBAHHS

Main> getZipList § ZipList modFsms' <*> ZipList (zip convs' (getSignals (length

convs')))
[Ready,Ready,Ready,Ready]

Jns xonreitnepa ZipList B si3bike Haskell BBITIONHSAIOTCS 3aKOHBI aNMIMKaTHBHBIX
¢ynkTopoB [3]. Ecni BO3HUKHET 3a/1a4a caMOCTOSTEIbHOM peanu3anny GyHKInoHaa
aNMIMKaTUBHOTO (PYHKTOpA Il CBOETO KOHTEHHEpa, TO HEOOXOAUMO yOeauThCs, UTO
OH COOTBETCTBYET JaHHBIM IIpaBHJIaM.

BeiBoabl. OyHKIIMOHANBHBINA TMOAXO0A K MOACIUPOBAHUIO TUHAMUKH cUCTeM KA,
Onarozmaps cBoemy ymoOCTBY, SIBIISIETCS XOPOILIMM BBIOOPOM Ipu paboTe ¢ MOAEIBIO
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B peXUME ITUKIA umerue—eviuucienue—6u1600 (REPL) [9, 12]. lokazyeMoCTh CBOHCTB
paspabaTbsIBacMOi MOJENH (IPOrpaMMBbl) anredpandeckuMu MeToaaMu [9] 1 BO3MOX-
HOCTH OpTaHU3aIH BBIYUCICHUH C HCIIONBb30BaHUEM Ul (GYHKTOPOB U alITUKaTHB-
HBIX (QYHKTOPOB AeTaeT AaHHbBII MOIX0 XOPOLIeH anbTepHAaTHBOM PH BEIOOPE CPENCTB
IUTsL pa3pabOTKU MOJIENEH cucTeM.

BUBJIMOT PAGMYECKUM CITMCOK

1. Jloruka, aBToMarsl, anroputmsl / M. A. AiizepmaH [u ap.]. M.: ®usmarrus, 1963. 556 c.

2. Xomnkpodrt ., MorBanu P., Yneman J{. BBeneH#e B TeOpHIO aBTOMATOB, SI3bIKOB 1 BEIYUCICHHIA: TTep.
¢ anr1. M.: Bunesimc, 2002. 528 c.

3. 'yt A. BBenenue B TeopHio KOHEUHbIX aBroMaToB. M.: Hayka, 1966. 272 c.

4. Crroapt T. Teopus BeluMcIeHUH 1115 TporpaMMuctos: nep. ¢ annt. M.: JIMK Ilpecc, 2014. 384 c.

5. PoGept B. CebGecra. OcHOBHBIE KOHLIETILINH SI3BIKOB IIporpaMmupoBanust. M.: Bunbsivc, 2001. 672 c.

6. AGenscon Xapomba, Caccman [Dxepansg Dxeil. CTpyKkTypa M MHTEpIpeTanys KOMIBIOTEPHBIX
nporpamm. M.: Jlo6pocser, 2018. 608 c.

7. Simon Peyton Jones. The Implementation of functional programming languages. Hemel Hempstead:
Prentice Hall, 1987. 445 c.

8. ®uig A., Xappucon 1. dynknuonansHoe nporpamMuposanue. M.: Mup, 1993. 637 c.

9. Mocksus [I. H. Kypc «®ynkiuonansHoe nporpammupoBanue». URL: https://nsk.compsciclub.ru/
courses/func-prog/2020-spring/classes/ (nara odpamienus: 21.09.2020).

10. Cogeros b. f1., SIkoBneB C. A. MoaenupoBanue cucreM. M.: Beicias mkona, 2001. 343 c.

11. Bartosz Milewski. Category Theory for Programmers. URL: https://github.com/hmemcpy/
milewski-ctfp-pdf/releases/download/v1.3.0/category-theory-for-programmers.pdf (gara oOpamenus:
21.09.2020).

12. Yunn Kyprt. Ilporpammupyii na Haskell. M.: JIMK Tlpecc, 2019. 648 c.

13. McBride Conor, Paterson Ross. Applicative programming with effects / J. Funct. Program. 2008.
No. 18(1) P. 1-13.

14. Paterson Ross. Constructing applicative functors // Mathematics of Program Construction. Lecture
Notes in Computer Science. 2012. Vol. 7342. P. 300-323.

15. Gibbons Jeremy, Oliveira Bruno C. d. S. The essence of the Iterator pattern // Journal of Functional
Programming. 2009. No. 19. P. 377-402.

IMocrynuia B penakimio 2 HosOpst 2020 roxa
CaesieHus 00 aBTopax:

Jlanun Onyapa CamywiioBMY — JOKTOp TEXHMYECKMX Hayk, mpodeccop, mpodeccop Kadenpbl
ABTOMATHKH ¥ KOMIIBIOTEPHBIX TEXHOJOTHH YpalbCKOr0 TOCYAapCTBEHHOTO TOPHOTO YHUBEPCUTETA.
E-mail: lapin.eduard2014@yandex.ru

AbapaxmanoB Mapar UiabaycoBuy — KaHIUAAT TEXHUUECKUX HayK, IIaBHBIA cnenuanuct Kommanuu
«HT'OPTEX». E-mail: marat-ab@mail.ru

DOI: 10.21440/0536-1028-2021-2-113-122

Functional approach to deterministic finite-state automata systems dynamic
modeling

Eduard S. Lapin', Marat I. Abdrakhmanov?
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Abstract
Research aim is to study the functional approach to modeling the deterministic finite-state automata system
which is not confined to the elements communication topology and the heterogeneity of the algorithm types.
Relevance. The substantial part of engineering systems applied in the mining industry may be described
through the finite-state automaton model. They include the mine conveyor systems, shaft signal systems,
processing facilities control systems, etc. Such model makes it possible to shorten the time spent on control
software development and carry out algorithm analysis, debug, and testing effectively. There are a lot of
effective approaches and tools to solve the problem of finite-state automata dynamic modeling, each
of which has its own advantages and disadvantages.
Methodology. In this article, the methodology of finite-state automata systems modeling is considered as
applied to mine conveyor systems.
Results. Final-state automata (FSA) models have been developed together with the conditions for FSA
systems dynamic modeling as applied to mine conveyor systems.
Conclusions. The considered approach to modeling, which involves functors and applicative functors
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for structure composition and its operational dynamics study, as well as the possibility to mathematically

prove the model s properties, makes the approach a good alternative when choosing tools for systems
models development.

Key words: systems modeling; dynamic modeling; finite-state automata, functors, applicative functors;
functional programming.
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