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Design of fully grouted rock bolts - a reinforcement concept:
analytical and numerical calculation
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Abstract
Introduction. Among the common support systems in tunnelling and mining, rock bolts have
been widely used to reinforce rock mass and also to reduce geological hazards. Furthermore
rock bolts can be applied under varying different geological conditions with cost-effectiveness.
Although different methods are developed for grouted rock bolts design until now, the
interaction mechanism of the rock bolts and rock mass is still very complicated issue.
Methods of research. The paper addresses a simple analytical model and numerical simulation
for the analysis and design of fully grouted rock bolts based on the reinforcement principle.
According to this concept the jointed rock mass reinforced by grouted rock bolts is considered
as composite material which includes rock mass, the grout material and the bolt shank. The
mechanical properties of this composite material depend on the ratio of the components.
The closed-form solution was developed based on the assumption that the rock mass around
a circular tunnel remained elastic after installing fully grouted rock bolts.
Results. The main parameters of the rock-bolt system (the diameter and length of bolt shank,
the space between the bolts) are then easily estimated from the obtained solution. For non-
circular tunnel, the numerical simulation is performed to show how the design of rock bolts
could be done by using numerical methods.

Keywords: grouted rock bolts; analytical model; rock reinforcement, bolt density, circular
tunnel.

INTRODUCTION. Rock bolts are nowadays an effective and widely used support
measure and an element of reinforcement in civil engineering and mining. Furthermore,
rock bolts can be applied under very different geological and technical conditions to
stabilize the rock mass. Rock bolts are cost effective because of their simple composition
and their relatively low labour and energy consumption.

Although a great number of empirical, experimental, analytical and numerical methods
have been developed to simulate bolting effects and at the end to design rock bolts as a support
means in underground excavations, informed and discussed in many published articles, the
interaction mechanisms of the rock bolts and the rock mass stay still a very complicated
issue and are not well understood. There isn’t a concrete theoretical concept for determining
all the parameters of a rock bolts system. Design of systematic rockbolt reinforcement in
tunnelling is normally done by application of empirical and rational approaches.

Several analytical models have been developed to study the interaction behavior of bolts
and rock mass, and to evaluate the effect of the bolts on stress and strain behavior of



FEOMEXAHUKA Heyen K. @. u dp. / Mzéecmust 6y306. Iopmwiii scypran. Ne 1, 2022. C. 7-22

the rock around the underground opening (Hoek and Brown, 1980 [1]; Bieniawski, 1989 [2];
Indraratna and Kaiser, 1990 [3]; Li and Stillborg, 1999 [4]; Nguyen, 2001 [5]; Nguyen
et al., 2011 [6]; Oreste, 2003 [7]; Cai et al., 2004a [8], 2004b [9]; Fahimifar and Soroush,
2005 [10]; Bobet, 2006 [11]; Osgoui and Unal, 2009 [12]; Carranza-Torres, 2009 [13];
Osgoui and Oreste, 2010 [14]; Martin et al., 2013 [15]; Cao et al., 2013 [16]).
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Figure 1. The axisymmetric tunnel problem
Pucynok 1. OcecummerpuuHas 3agada

Samit and Anand (1997) [17] proposed an analytical model using beam-column
theory to analyze the reinforcement by the rockbolts. They found that the critical buckling
load of the rock beam is influenced by the rock modulus. Another analytical model has
been suggested by Li and Stillborg (1999) [4] in order to describe the reinforcement
effect of rockbolts. Indraratna and Kaiser (1990) [3] have also developed an analytical
model using convergence - confinement method to analyze the effect of the bolt pattern
on the extent of the yield zone and tunnel deformation. Carranza-Torres (2009) [13]
has proposed an analytical model of rockbolt reinforcement around tunnels and found
that reinforcement can have a significant mechanical effect: increasing the confinement
and decreasing the convergences. A simple analytical method was proposed by Bobet
(2006) [11] for the analysis of the load on a single rockbolt. Those methods are based
on rock-support interaction theory or convergence-confinement approach or based on
composite material concept.

The analytical solutions for the composite element of the rock bolts and rock mass
have been found in elsewhere (Indraratna and Kaiser, 1990; Bernaud et al., 1995 [18];
Cai et al., 2004; Bobet, 2006 [11]; Buhan et al., 2008 [19]). A new analytical algorithm
for the interaction between the bolt and rock under a seismic load based on the bearing
mechanism of fully grouted rock bolts in underground caverns is proposed by Lui et al.
(2017) [25], but only considering shear damage on the anchoring interface.

An interesting parametric study was performed by Das R. et al. (2021) [26] to determine
the influence of different bolt parameters (bolt length and diameter) on the maximum
induced boundary displacements in jointed rockmass, using a numerical method based on
finite element code.
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However, such analytical models did not consider the material components of rock
bolt include the rock mass, steel bar and grout in detail.

Although rockbolt is the most widely used support element in support systems in
underground mines and civil tunnels. But according to Li C. C. (2017) [27] until now
rockbolting design is mainly based on experience and it appears that rockbolting design
is simply a business of selection of rockbolt types and the determination of bolt length
and spacing, but, one essentially uses, either explicitly or implicitly, a methodology in
a specific rockbolting design.

Table 1. The results for the length of rock bolts
Ta6auua 1. [1uHbI aHKepOB

a (m) 0.8 0.7 0.6
Ay 0.403 0.527 0.717

Honax 1.015 1.08 1.18
n 1 1 1

L (m) 2.9 1.1 0.5

It can be marked that Russian researchers are also underway aimed at the improving
the design methods for the rock bolts of mine workings [28-30].

The paper presents at first a simple analytical method for design of rock bolts based
on the reinforcement principle and proposes a procedure for design of rock bolts system.
Numerical simulation are carried out to demonstrate how rock bolts system could be
designed by using numerical methods, in these cases with FLAC 3D and 2D.

a b

-1.7780E405
-1.7500E+05
-1.5000E+05
-1.2500E405
-1.0000E+05
-7 S000E+04
-5.0000E+04

Figure 2. Maximum principal stress distribution around the tunnel cross-
section:
a —reinforced rock bolts; b — interaction principle
Pucynok 2. PacrnpezeiieHHe MakCHMAaJbHOTO IJIABHOTO HANPSDKEHHS MO
MIONIEPEYHOMY CEYESHUIO BHIPAOOTKH:
a — apMHUPOBAHHbBIE AaHKEPBI; b — IPUHIMI B3aUMOJEUCTBUS

ANALYTICAL SOLUTION. Simplify model and concept. The problem to be
solved is a circular tunnel of radius R excavated at a depth H in a homogeneous,
isotropic and initially elastic rock mass. The tunnel is subjected to a hydrostatic stress
field o, = yH, where 7y is the ground unit weight. The rock mass in primary state
is elastic and the mechanical properties are described by the Young modulus E_,
Poisson’s ratio v_ and axial compressive strength . After excavation a plastic zone
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would be built around the tunnel perimeter, at a certain distance behind the face if no
support is installed. So a grouted rock bolts system is to be installed just in time in
order to keep the rock mass elastic based on the assumption that the rock bolts system
could improve the strength and decrease the deformability of the supported rock
mass as a composite material. There are two zones that exist around the tunnel now,
a zone of elastic rock composite and a zone of elastic rock mass (Figure 1).
The rock composite has then the Young modulus £, the Poisson’ratio v and axial
compressive strength o_ .. For simplification it’s assumed that v_ = v = 0.5
(Nguyen et al., 2018) [20].

a

203226405

g

Figure 3. Maximum principal stress distribution around the tunnel in three-
dimensional:
a — reinforced rock bolts; b — interaction principle
Pucynok 3. Pacnpenenenne MakCHMaIbHOTO TJIABHOTO HAIIPSKEHHUST BOKPYT
BBIPAOOTKU B TPEXMEPHOM BHJIE:
@ — apMHUPOBAHHbBIC AHKEPBI; b — IPUHLIUIT B3aUMOICHCTBHSA

To evaluate the stability of the rock mass before excavation a stability factor 7, is
used in simple way based on the elastic solution for stress and displacement distribution.
The stability factor 7, is defined as the ratio between axial compressive strength of rock
mass ¢ and the maximal tangential stress on the perimeter 6, = 20, from the well-known
solution as followed:

o
n, = —<o, 1
0 20, )

The rock mass is stable if 7, > 1 and is not stable if n < 1, and needs to support, in these
case, for example, with grouted rock bolts.

The grouted bolts with the length of L are placed along the radial direction around
the tunnel. The mechanical properties of the rock mass with bolts are characterized
by elastic modulus £_,, Poisson’s ratio v and axial compressive strength ¢, and are
calculated from the mechanical parameters of the rock mass, the grouted material, the bolt
rank and the geometrical parameters of the borehole, the steel bar and the opening based
on the homogenization theory at any point as a function of 7 as follows (Nguyen, 2001 [5]):

2 2
Erm-wb _ Gc-wb _ :1 Edbh(Egrt _Ermz—'—dsb(Esb _Egﬁ)ﬁ :1+ AOB (2)
E c 4 a'E r r

m c m
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Edlfh(Egrt _Erm)+dszb(Esb _Egrt)
4 a’E .

m

with 4, = 3)

Where: d,,, d, E_, E, a and a are the diameter of the borehole, the diameter of the

et . .
steel bar, the elastic modulus of the grout, the elastic modulus of steel bar, the distance

between the rock-bolts and the reinforcement factor respectively.

38214603
5.0000E-03
7.5000E-03
1.0000E-02

290138602 & '1,
i 881
i
a‘ﬁﬂml

T
s
55 T

Figure 4. The rock mass displacement after bolting:
a — reinforced rock bolts; b — interaction principle
Pucynok 4. CMmenieHrne ropHOTO MacCHBa MOCIIe YCTAHOBKH KPETIn:
a — apMUPOBAHHBIC AHKEPBI; b — IPHHIIUIT B3aUMOACHCTBUS

By the way, it is also noted that the effect of reinforcing the rock mass when anchoring
has also been confirmed by Wullschliager and Natau (1987) [21], Wullschldger (1988) [22]
and Sakurai (2010) [23] by their experiments.

The tunnel has then a support with uniform bolts on the perimeter of the tunnel, and
it is subjected to far-field stresses 6, = yH. The rock bolts system is to design so that the
supported rock mass will be stable and remain elastic.

Solving this boundary problem, we obtain the stress field distribution in the rock mass
zone with bolts surrounding the tunnel in polar coordinates as follows:

1 1 4 1 47
O =200 757 T35 TR TR

If1 24 1 4]
Co.wb 2200— F+—+ ;

+_
B 3 2R* 3R’
c =6,—|6,—0 1—;l R+L 2. @
r-wOb 0 0 0 (R+L)2B , )
B ] 2
1 1 R+L
Go.wob =O0p T| Gy — 0, 1_(R+L)ZB B .

Where: 6_, is the radial stresses in rock mass with bolt-grout support; o, . is the
tangential stresses in rock mass with bolt-grout support; o, is the radial stresses in rock

11
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mass without bolt-grout support; 6, is the tangential stresses in rock mass without bolt-

6-w0b

grout support;
2 2
A= T dbh(Egrt _Erm)2+ dSb(Esb _Eg”) R = AR,
4 a’E,,
353
R+L) —R
gL 2, (R+D) -R
R* 3 R(R+L)

The tangential stress at the perimeter of the tunnel is determined by substitution » = R
into equation (4):

1+ 4, (1+ 4,)(R+ L)
Opwbr = 200 3 =46, . (%)
2, (R+L) -R° (1+2A0) R+LY -2 4R
1+3A0 (R+L)3 3 ( ) 3

The normal displacement at the perimeter of the tunnel can be estimated by the
following equations:

R 1
:l/lo 2 R3 .
1424 1-—
34{ <R+L)3]

Where: u, is the normal displacement of the tunnel perimeter before bolting. And the

compressive strength of the rock mass after bolting is determined from equation (2) as
follows:

30,

n-wb»R:2E 3
”“1+3A0 1—}273
3 (R+L)

u

0cm—wb—R = (1 + AO)Gcm' (6)

The tangential stress and normal displacements at the perimeter of the tunnel before
bolting can be expressed by using elastic solution as follows:

Ggp = 20,5
360
=290 p.
Uo 2E

rm

Comparison of the stress and displacement in the rock mass with bolts and without
bolts, it is shown that:

Coubr > Opo AN Upywpr < Up.
This demonstrates that the displacement of the rock mass surrounding tunnel after
bolting is smaller than rock mass before bolting. But the stress is greater. Therefore, the

stability of the rock mass after bolting needs to be estimated carefully by calculating and
adjusting the bolt parameters.

12
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Assuming that n; and n are the safety factor in terms of the rock mass before and after
bolting on the perimeter of the tunnel respectively, defined as follows:

—Om _Oem.
n, = = ;
Gy 20,

n= cscm—wb-R . (7)

GO-Wb-R

If n, < 1, the rock mass surrounding tunnel is considered instable and needs to be
bolted to maintain stable with n > 1. Hence, if the safety factor #n for the rock mass is
given, it is clearly that the bolt parameters (length, density, diameter of bolt, diameter of
borehole, etc.) can be easily determined in relation of the mechanical properties of the
rock mass and bolts.

After substituting the expressions (5) and (6) into equation (7), the safety factor of rock
mass on the perimeter of the tunnel after bolting can be presented as:

2 3 2 3
n:GCIﬂ-Wb_R:(1+A0)Gcm:(1+A0)6i(1+3A0j(R+L) _EAOR )

Go.wb-R Go.wh-R 20, (1+ 4, ) (R + L)3 ®
2 2 R’ (R+L)’ 2 an,
:(14—;140)”0—5140}10 Ril 3 = R3 = 23 .
(R+L) (1434 =
The length of bolt can be expressed from equation (8) as follows:
2
ngno
L=R| | —2——-1|. 9)

3 (1+§A0jn0—n

Because the length of the bolt must be greater than 0 (L > 0), so that means:

2 3
[1+§A0jn0—n>0 = A0>E(i—1]. (10)

n,

Combination of equation (3) and (10) leads to determine the distance between the
bolts at the perimeter of tunnel based on the diameter of bolt, diameter of borehole, grout
properties as follows:

(i d%h(Egrt_Erm)—i—dgb(Esb_Egrt)
— . (11)
4 3(n

—| —-1 Erm

2\ no

a<
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However, the distance between the bolts can be estimated also based on experience.
It can be seen from (10) that the safety factor n of the rock mass surrounding the tunnel
after bolting can be reached maximum value as following expression:

2
nmax :(1+§A0)n0‘ (12)

That means the safety factor n of the rock mass after bolting is varied in the range of:
I<n<n_ .

Calculation example. The case analyzed corresponds to a deep circular tunnel with
R =4.0 m, excavated at a depth H =300 m in a homogeneous rock mass. The rock mass
has following elastic properties: axial compressive strength, 6, = 60 MPa; unit weight,
vy = 27 kN/m?; rock mass rating index, RMR = 72; elastic modulus, E =05 GPa.
The support of the tunnel is provided by rock bolts uniformly distributed along the
perimeter of the tunnel. The properties of the rock bolts are: elastic modulus of steel bar,
E, =210 GPa; elastic modulus of grout, Eg . = 30 GPa; diameter of steel bar, d, =25 mm;

S

diameter of borehole, d,, = 42 mm.

The strength of the rock mass can be estimated according to Hoek-Brown criterion as
follows:

Gcm = Gcr \/;

Where:

s = exp(wj =exp (@j =0.0466 =

=6, =60:/0.0466 =12.96 MPa.

Assuming that the tunnel subjected to a hydrostatic stress field, the normal stress at the
perimeter of excavated tunnel is calculated as:

Gy =20, =2YH =2x0.027x300=16.2 MPa.
The safety factor of the rock mass before bolting is given as follows:

cm

Gy 162

_Oem _ 12.96 _ 0.8,

Ny

Substitute the given parameters into equation (11), it is obtained the distance between
bolts at the perimeter of the tunnel: a < 0.829 m.

Using the equations (3) and (12) to determine the values of 4 and n__with the distance
between bolts are 0.8 m; 0.7 m and 0.6 m. The safety factor of the rock mass requirement
after bolting is » = 1.0. The length of rock bolts can be estimated then by equation (9).
Table 1 lists the calculated results of rock bolts length with safety factor and distance
between rock bolts are given.

The calculated rock bolts parameters indicated that it is quite consistent with the reality
conditions and other methods.

14
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SOLVING COMPLEX PROBLEMS USING NUMERICAL MODELS.
The analytical solution proposed in the previous section is only appropriate for simple
problems. In practice, the problems are always associated with the complex geometry
conditions and nonlinear boundary conditions. Therefore, using numerical methods to
simulate problems with complex boundary conditions is needed. In this section outlines
the procedure to simulate reinforced rock bolts in the rock mass around tunnel using
FLAC program.

a b

Figure 5. Maximum principal stress and displacement of the rock mass before
bolting:
a — maximum principal stress; b — displacement
Pucynok 5. MakcumalibHOE TINIaBHOE HANPsHKEHUE U CMEILEHHE MacCHBa
TOPHBIX TIOPOJI IIEPE] YCTAHOBKOM KPETTH:
a — MaKCUMAITbHOE TJIaBHOE HAMPSDKEHHE; b — CMEIICHUE

Numerical simulation with FLAC3D. It can be easily seen that cannot be assigned
accurately rock mechanical properties according to the expression (1) and (2) when using
numerical methods to simulate reinforced rock bolts. Hence, to consider to the variation
of mechanical parameters, we need to divide the reinforced area into a smaller area and
assigned the mechanical properties to each area. The mechanical properties are mean
values and which are integral depending on the dividing of reinforced area.

a b
6

Figure 6. Rock bolts calculation scheme based on the interaction
principle — @ and the principle of reinforcement — b
Pucynok 6. Cxema pacyera aHKEpHOH Kpemu HO MPHUHLUITY
B3aMMOJCHCTBHS — @ U 110 IPUHLUILY apMUPOBAHUS — b

Circular tunnel. The problem is a circular tunnel reinforced by grouted bolts.
The rock bolts are modelled in two different ways:
(1) interaction between rock bolts and rock mass;

15
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(i1) rock mass reinforced by rock bolts, the mechanical properties of the reinforced area
and non-reinforced area is different.

The problem to be simulated is a three-dimensional horizontal tunnel of radius R=2 m,
excavated at a depth H = 60 m in a homogeneous and elastic rock mass. The mechanical
properties of the rock mass are: the rock unit weight, y = 2600 kg/m?; Poisson’s ratio,
v=0.3; elastic modulus, £_ =90 MPa; horizontal stress ratio, X = v/(1 —v). The mechanical

a b
T CANE A S / . | ST T -
\ !]i\[‘ N /// \fl ' V| — = }
L ho- i L A ] P [
\\ /U N e A\
- F. & == . A e N TS il
N CR R I ¥ p el T “\\ \ |
I ¢ \ WM (/Y |
S ,UJ.\Q ) "“ \— \77} N
ZA\ 4 ] =k
7 PN || | \e——T | \[-
/ L'}\ /f[\J \ 1 By A e /
I L, O Ik s i
/=N \|F [ — | \|-
f .\r,/f//—\ — \1 f/f —— \
I ~ o~ o~ 1

Figure 7. Maximum principal stress distribution:
a — interaction principle; b — the principle of reinforcement
Pucynoxk 7. Pacnpenenenie MakcUManbHOTO TJIABHOTO HANpPSIKEHUS
@ — TIPUHIMI B3aUMOJICHCTBHUS; b — IPUHIMI apMUPOBAHUS

properties of the grouted bolts are: the length of bolt, L = 1.5 m; diameter of steel bar,
d, =20 mm; diameter of borehole, d,, =36 mm; the bolt spacing, @ = 1 m; elastic modulus
of steel bar, £, = 98 GPa; elastic modulus of grout, £ o 29 GPa; shear modulus of grout,
G, =9 GPa; compressive strength of grout, 6, =9 MPa; tension strength of steel bar,
o, = 0.5 MN.

a b
4 | | Ll = ; 1 T .
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Figure 8. Minimum principal stress distribution:
a — interaction principle; b — the principle of reinforcement
Pucynok 8. PacnipesieneHie MUHUMAJIbHOTO TJIABHOTO HATIPSKCHUSL:
@ — TIPUHIMI B3aUMOJICHCTBHUS; b — MIPUHIMI apMUPOBAHUS

Only quarter of the tunnel was modelled because of the symmetry of the analyzed
problem.

Simulation procedure. To solve this problem using FLAC3D program, here it can
consider to the bolt spacing according to reinforced rock mass and interaction principle.
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Case 1: Reinforced rock mass.
The reinforced rock mass is divided into 5 annular areas. The mean value of elastic
modulus of each annular is calculated by equation as follows:

E (r)= EO(H—éj;
,

Azﬁdgh(E _E )+d2(Esb_Egrt)R.

art rm sb

4 azErm

Case 2: interaction principle.
In FLAC3D, the grout shear stiffness, kg, is simply given by

= 2nG,,

8
10In 1+2
dsb

and neglecting frictional confinement effects, ¢, may then be obtained from:

¢, =n(dy +2t)1 0.50

Tpeak = g

peak >

Where: G, is the grout shear modulus, 7 is the grout thickness, d is the steel bar
diameter, Tk is the peak shear strength of grout, o, is the compressive strength of grout.

i = 271',ng 219

e ) ( 2-0.008
200 10In| 1+
IOIn(lerSb 0.02

=9.628 GPa.

¢, =n(dy, +20)1,,, =n(0.02+2-0.008)0.5-9 = 0.5 MPa-m.

Results and discussions. Using the three-dimensional program can be determined
the mechanical process of rock mass surrounding the tunnel considering the sequence of the
tunnel excavation. In this study introduce some basic results indicated the effectiveness
of the proposed model. The distribution of the maximum principal stress for the case of
the reinforced rock bolts (@) and interaction principle (b) are shown in Figure 2 and
Figure 3 shows the maximum principal stress distribution around a circular tunnel in
three-dimensional.

The rock mass displacement after bolting was estimated by reinforced rock bolts (a)
and interaction principle () is shown in Figure 4.

The numerical simulation results show that the maximum principal stress
distribution around a circular tunnel is in good agreement in both the reinforced rock
bolts and interaction principle. However, the input mechanical properties of rock
mass are a little a bit different, so the amplitude of the largest and smallest of the
output parameters is slightly different. It is important for both calculations indicated
that the rock mass properties after bolting are improved comparing to the rock mass
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before bolting. This is illustrated in Figure 5 for the maximum principal stress (a) and
displacement (b) of rock mass around tunnel before bolting

JOB TITLE

FLAC (Version 5.00)

LEGEND

22-Jun-11 15:49

step 8604
-5.133E+00 =x= S.098E+00
-5.234E+00 =y= 4.996E+00

Boundary plot

[FFTRTIT PeveeTY |

i} D
Displacement vectors
max vector = 2.443E-01

N - — )
0 SE-1

QUANG PHICH
HUMG

Figure 9. The displacement vectors of reinforced rock mass
PucyHok 9. BekTophI caBUTra apMHpOBaHHOTO MaccHBa

The numerical simulation results for both reinforced rock bolts and interaction
principle are shown that the maximum principal stress distribution and displacement of
the reinforced rock mass around a circular tunnel is in good agreement. Using FLAC-3D
can be considered to be three-dimensional. However, it is not analyzed in more detail here.

JOBTITLE :

FLAC (Version 5.00)

LEGEND

22-Jun-11 18:49
step 13604

-5.A70E+00 <x< 5.096E+00
-5 2056400 <y« 5 DB1E+00

Boundary plat

| FATPRTTIT FTTITITN

o 260
Rockbolt plot

Displacement vectors
max vector = 2.216E-01
L 111 )
o SE-1

QUANG PHICH
HUMG

Figure 10. The displacement vectors calculated according to interaction
principle
Pucynox 10. BekTops! c/iBUra, pacCYMTaHHBIE 10 IPHHIHUITY B3aUMOICICTBUS

Numerical simulation with FLAC2D. The problem was simulated for both reinforced
rock bolts and interaction principle using FLAC2D.
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Figure 6, a shows the problem, the rock bolts are located in the roof and side wall of the
tunnel. The rock bolts calculation based on the principle of reinforcement is illustrated in
Figure 6, b. The reinforced area is divided into two smaller areas from the inside out with
the mechanical parameters are mean values for each areas. The mechanical parameters of
rock mass in side walls are constant because the rock bolts located in this area are parallel.

Simulation results. The maximum principal stress, minimum principal stress and
displacement of the rock mass surrounding tunnel for two cases are illustrated in Figure
7, 8,9 and 10.

CONCLUSION. The rock bolts are widely used as supporting system in mining
and tunnelling. Rockbolt systems are designed until now by application of empirical
and rational approaches. An analytical model and its theoretical solutions are presented
in this paper, and a procedure for design of fully grouted rockbolt system based on the
reinforcement principle is developed. The calculated rock bolts parameters based on this
method indicated that it is quite consistent with the reality conditions and other methods.
The numerical simulations by using Flac 3D and 2D shown that the results obtained from
the proposed model and the interaction principle model are very similar. Therefore, it is
completely possible to apply the proposed model for designing rock bolts system.
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KOHIIeHlIl/Iﬂ APpMUPOBAHUSA IIPH NPOCKTUPOBAHUH aPMOLICMECHTHLIX aHKEPOB:
AHAJIMTHYECKMH U YUCJIEHHbI MeTOAbl BBIYHCIEHHS

Hryen K. ®@.!, Hryen B. M.}, Hryen B. K.},

"Vuusepcurer Ban Jlanra, XomumuH, BoeTHam.

2 XaHOMCKU# YHUBEPCUTET TOPHOTO JeNa M TeOOrin, XaHoit, BeeTHam.
3 TynbCKHil TOCYapCTBeHHbIH yHIBepcuTeT, Tyina, Poccust.

Pegpepam

Beeoenue. Ipu npoxooxe 20pu30HmMaibHbIX 8bIPAOOMOK U Pa3pabomKe MeCmopoNCOeHUL HapsiOy
C 0OWENPUHAMbIMU MUNAMU 20PHOU KPENU OISl APMUPOBAHUSL 20PHO20 MACCUBA U YMEHbUICHUSL
BEPOSIMHOCIMU ~ BO3HUKHOBEHUSL ONACHbIX — 2€0N0SUYECKUX NPOYEcco8 U  SGNEHUL  UUPOKO
UCRONL3YEMCsl aHKepHasl Kpenb. [Ipumenenue aHKepHOU Kpenu Npu paziudHblX 2€0N02UHeCKUX
VCIOBUSIX NO36ONIAEN MAKJICe MUHUMUBUPOBAMb u30epdicku. J{o Hacmosuje2o epemenu Ovliu
paspabomansl paziuiHvie Memoobl NPOSKMUPOBAHUS APMOYEMEHMHBIX AHKEPO8, HO MeXAHUM
63AUMOOCUCMBUSL AHKEPO8 U 20PHO20 MACCUBA 6Ce euje OCAEeMCs KPAHe CILOMCHOU NPOOLeMOlL.

Memooonocusn. /[ns ananuza u NpOEKMUPOSAHUS APMOYEMEHMHBIX AHKEPO8, 3AKPENIeHHbIX
no 6cetl OnuHe Wnypd, Ha OCHOBE NPUHYUNA APMUPOBAHUS UCCIEOYIOMCs NPOCMAs paciemHast
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u yucienHas mooenu. B coomeemcmeuu ¢ amum nooxo0om mpewjuHo8amulili MAcCU8 20PHbIX
nopoo, apMupoOSaHHblll apMOYEeMEeHMHbIMU AHKEPAMU, PACCMAMPUBAEMCS KAK KOMNO3UMHbLI
mamepuan, 3aKToYAIoWUil 8 cebe MAcCcus 20PHLIX NOPOO, YEMEHMHbIL PACMEOP U CMepXHCeHb
ankepa. Mexanuueckue ceoticmea 3mo20 KOMHO3UMHO20 MAMEPUANA 3A8UCII OM COOMHOUEHUSA
KoMnoHenmos. IIpednonoscenue 0 mom, 4mo 20pHuIll MACCUB BOKPYe 6bIpADOMKU KPY2L020 CeHeHUs
coxpausiem ynpyaue ceolicmea nocie YCmaHo8Ku apMOYeMeHMHbIX aHKepos, 3aKPenieHHbIX No
cetl OnuHe Wnypa, 1e210 8 OCHOBY AHATUMUYECKO20 PEUleHU.

Pesynomamui. U3 nonyuennozo peuteHusi paccuumuléaromesi OCHOGHble NApamempul aHKepHOLU
Kpenu (Ouamemp u OIUHA CMEPHCHA AHKepd, PACCMOAHUe MexcOy wmarneamu). [nsa evipabomxu
HEKpPY21020 Ce4eHUs 8bINONHEHO YUCTIEHHOe MOOENUPOSaHLe, YmModbl NOKA3AMb, KAK NPOEKMUPYemcs
AHKEPHAsL KPenb ¢ UCRONb308AHUEM YUCTEHHBIX MEMOO0S.

Kniouesvie cnoga: apmoyemenmuulii aukep, pacuemudas Mooens, apMupoSanue 20pHbIX nopoo;
NIOMHOCMb YCMAHOBKU KPENU, 8bIpabOmMKA KPy2no2o cedeHusl.
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Abstract
Introduction. Theoretical and empirical research into rock blasting proved that detonation
wave propagation results in the development of destruction and pre-destruction zones around
the explosive cavity. In the destruction zone, rock crushes. In the pre-destruction zone, stresses
set up by the detonation wave are concentrated on rock mass structure defects, giving rise to
new micro defects and the development of the existing ones. Rock fracturing and cavitation
increase, lowering its strength properties, this is called rock pre-destruction. There are works
devoted to the qualitative analysis of rock in the pre-destruction zone, but the problem requires
elaboration to offer possibilities for practical application.
Research aims to quantify rock mass pre-destruction to use the parameters of rock blasting by
borehole charges under opencast mining in engineering calculations.
Methods of research. To assess the degree of rock mass pre-destruction at a distance from
the charge axis, a pre-destruction intensity coefficient is used. The destruction zone radius is
determined by a well-known method. In the destruction zone, the value of the pre-destruction
intensity coefficient is higher than one, i. e. there is discontinuity of the rock mass. Beyond
the destruction zone, there is a pre-destruction zone where the value of the pre-destruction
intensity coefficient is less than one. The pre-destruction zone boundary is at distances of
the order of 200-250 charge radii. The pre-destruction intensity coefficient of a particular
zone attained after all charges have been fired is determined by summing the pre-destruction
intensity coefficient from every charge. According to the energy approach, rock strength can
be assessed by the value of the specific drilling energy intensity. In order to determine the
reduction value of the specific drilling energy intensity in a particular zone, it is essential to
know the drilling specific energy capacity of this zone in the natural state, the pre-destruction
intensity coefficient attained after a large-scale blast of borehole charges, and specific drilling
energy intensity of completely disintegrated rock. The effect made by another borehole charge
explosion on the rock mass is weaker due to its pre-destruction by previous blasts. So we
propose the impact multiplicity coefficient that reflects the accumulation of pre-destruction in
a particular zone under the sequence blasting of borehole charges.
Results. The expected value of the specific drilling energy intensity has been calculated for
the individual arbitrarily spaced wells within the pre-destruction zone of a particular rock
mass zone. The calculation results were compared with the practical values measured during
blasting preparation in the preset rock mass zone.
Conclusions. The findings of this study have made it possible to quantify the impact of explosions
on rock mass pre-destruction. The developed technique makes it possible to predict the value
of drilling energy intensity in the pre-destruction zone and, as a result, establish the required
specific energy intensity of detonation and hence the consumption of explosives. Thus, it becomes
possible to reduce the consumption of explosives under the existing blasting scheme at the
enterprise and model other charge initiation types to select the least expensive one.

Keywords: rock; large-scale blasting; pre-destruction intensity coefficient; impact multiplicity
coefficient; specific drilling energy intensity; explosive consumption.

Introduction. There are a lot of works on the qualitative analysis of rock state in

the pre-destruction zone created as a result of the effect of the blast loads on the rock
mass [1-6]. However, the pre-destruction problem hasn’t been studied closely,

23



FEOMEXAHUKA Hlwwrun E. A. u dp. / H3eecmus 8y306. [oprwuii scypran. Ne 1, 2022. C. 23-33

and the results obtained are of little practical value. This work attempts to quantify rock
pre-destruction degree to use the parameters of rock blasting by borehole charges in the
conditions of opencast mining in engineering calculations.

The existing perception of the pre-destruction mechanism is as follows. The stresses
from the detonation waves concentrate on structural defects that are always abundant in
the rock mass (microcracks, pores, defects in mineral grains, etc.), giving rise to new
dispersed micro defects and the growth of the existing ones [7]. Rock fracturing and
cavitation increase, lowering its strength properties; this is called rock pre-destruction [8].
So, today pre-destruction means the process of micro defects appearance and development.

The pre-destruction is henceforth understood as the change in the relative strength of
the rock mass without visible discontinuity, associated only with impact from previous
blasts. Rock softening as a result of natural fracturing is not considered.

Methods of research. A quantitative measure is required to assess the degree of rock
mass pre-destruction. Regarding the effect, the blast has on rock, as quasi-brittle fracture
influenced by the stress wave, the following ratio can be written for the radial relative
deformation ¢ at a distance » from the charge axis [9]:

R

&(r)=¢ (—) 0]

7

where R is the charge radius, m; ¢ is a dimensionless coefficient reflecting the intensity

of explosive energy release and the degree of the energy transfer to the rock,

| YD’
\/E(Kz—l)(lefva,

where v is the initial density of the explosive, kg/m?; D is the detonation velocity, m/s;
K is the polytropic index of the detonation products; £ is Young’s modulus of the confining
material, Pa; v is the Poisson’s ratio of the confining material.

For all points of the rock mass within the destruction zone with radius »* confining
the charge, the following condition is fulfilled according to the maximum strain energy
theory:

€)=

where £* is the ultimate relative radial strain; o is the tensile strength of the confining
material, N/m?.
At the border of the indicated zone, the limit relation is fulfilled

R

s(r*)zso(—OJ =g*, )

r*

Taking (2) into account, relation (1) becomes

6(r)= g*(”—*f. 3)

r
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For rock beyond the destruction zone, i.e. if » > 7*, then (#*/r)* can formally be
considered a measure characterizing strength properties reduction caused by the charge
detonation effect. Let us call it the pre-destruction intensity coefficient:

}z(_j

e(r)=e*K.

Then (3) becomes

In this interpretation, rock is regarded as destroyed if the pre-destruction intensity
coefficient reaches a value equal to one. This condition is fulfilled within the destruction
zone, i.e. under » < r*. Under K < 1, which is typical under » > r*, the effect made by
a blast is not enough for rock destruction. However, the stress wave, concentrating on
rock mass structural defects, gives rise to new and enlarges existing discontinuities, which
reduces rock strength properties. This effect subsides with distance from the charge center,
the pre-destruction intensity coefficient decreases converging to zero. Rock mass pre-
destruction can be neglected at distances of the order of (200-250) R [10].

So, the rock mass zone surrounding the charge we shall refer to as the pre-fracture
zone; for this zone the following condition is fulfilled:

P < r < (200-250)R,.

It should be clarified that the pre-destruction intensity coefficient is not an absolute
characteristic of rock mass strength properties. It only reflects the degree of rock strength
relative change in a particular zone of the rock mass. Rock strength properties in this zone
of the rock mass in the natural state are taken as a reference point, i.e. with no explosion
load on this area of the rock mass. This means that rock mass zones with completely
different strength properties can correspond to coefficient K = 0, provided that the rock
in these zones is in natural state, porosity, fracturing and other defects considered. Rock
destruction in this rock mass zone with discontinuity and fragmentation from the explosion
load corresponds to K =1

The radius of the destruction zone r* under borehole charges detonation can be

calculated using the procedure described in [11]. The following equation therefore should

be solved for 7

pa—
. dyn
(& +Czrrct _ Gtens

(—* )” ©0.545pC,”

Fref

where 7 is the reduced radius of the destruction zone under the reference explosive
detonation, m; p is the rock density, kg/m? Cp is the velocity of the longitudinal

wave in the rock mass, m/s; ¢, and c, are coefficients that depend on rock acoustic
impedance, ¢, =0.09+0.228-107pC,, ¢, =(0.07-0.224-107pC,)107%; o s
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dynamic tensile strength, kPa; o™ =K®'c" ; K is the dynamic coefficient,

tens tens ~ tens ? tens

Kion=4.81-0.97- IO_IPCPQ O\ is the static tensile strength, kPa.
The destruction zone radius for the explosive applied is

2
= Ry (LJ ,
Yref Qref

where y_, vy and Q ., O are the charge density and explosion heat of the reference and
applied explosive respectively, kg/m*and kJ/kg.

When doing calculations, it is necessary to take the PETN as a reference explosive,
for which y_.= 1500 kg/m’, Q .= 5860 kJ/kg.

Under a large-scale blast of a group of borehole charges, the pre-destruction intensity
coefficient of the rock mass zone in question as a result of a separate i-th charge detonation

1s as follows
* 2
— r
K=|—|,
j ( p } 4)

where r, is the distance between the i-th charge center and the selected zone of the rock
mass, m, i = 1,n, and n is the number of charges in the group.

The pre-destruction intensity coefficient of the indicated zone of the rock mass, attained
after the charges have been fired, is determined by summing the pre-destruction intensity
coefficient from every charge [9]:

n

K =YK, 5)

i=1

Let us consider a small area of the rock mass. Rock within this area is naturally
disturbed, considering fracturing, porosity and other defects. Let us estimate rock
strength by the specific drilling energy intensity according to the energy approach [12—-14].
Let the specific drilling energy intensity of rock in natural state be equal to e
and in this case the pre-destruction intensity coefficient, as indicated above, is equal to
zero: K "= 0. Completely destroyed rock in the considered rock mass zone corresponds
to the specific drilling energy intensity e* and coefficient K* = 1. Any intermediate
state of rock as a result of blast effect is characterized by a well-defined value of the

specific drilling energy intensity e, and some value of the pre-destruction intensity
coefficient K corresponds to it. Naturally, the following conditions are fulfilled:

—0 —F — )
e*<e<e; K <K <K*or0<K <1.
Assuming that the specific drilling energy intensity as a result of blast effect, is equal
to the relative change in the pre-destruction intensity coefficient, we get

Ae  AK
e —e* K'-K*

26



Shishkin E. A. et al. / Minerals and Mining Engineering. No. 1, 2022. Pp. 23-33 ~ GEOMECHANICS

where
Ae=¢e" — e;
AK =K -K .
After rearrangement we get
Aez(eo —e*)Ez. (6)

So, the specific drilling energy intensity of rock in the selected area, after the blast

impacted on it at an intensity corresponding to Ez , will be
e:eo—(eo—e*)fz. (7

> . .
Note that, upon reaching K =1, e = ¢*, which corresponds to complete destruction

of rock. On the contrary, at K Y=o (no impact), e = €° which corresponds to the natural
state of rock.

To determine the value of the specific drilling energy intensity reduction Ae in a
particular rock mass zone, it is therefore necessary to know the specific drilling energy

intensity of this zone in its natural state ¢°, the pre-destruction intensity coefficient K :
resulting from the large-scale blast of borehole charges, and the specific drilling energy
intensity of completely destroyed rock e*.

A set of measurements and calculations was performed to check ratio (6).

A polymorphic rock mass, which is a conglomerate of rocks, such as argillite, siltstone,
tuffite, sandstones, etc., was studied by experiment. Fine-grained sandstone whose share
is 56% of total rock mass, was accepted as a rock mass-building rock for calculations.

Large-scale blasts of Emulast AS-30FP-90 charges in 250 mm diameter holes,
13+0,5 m deep were monitored, located on a 5 x 5 m grid on 1240,5 m high benches in the
rocks of medium blastability category. Sludge of natural moisture from drilling wells with
Atlas Copco DML LP 1200 rigs was used for stemming.

Within an open pit, we selected two adjacent, sequentially developed technological
blocks with a shared horizon and evaluated the impact made by the large-scale blasting of
block 1 charges grid on the rock mass zone directly adjacent to the exploded block (Figure 1).

Rock within the zone of well line no. 1 of control technological block 2 corresponds to
this area. Measurements and calculations were carried out for each well in the line by the
following procedure.

When preparing for blasting at the technological block, the drilling energy intensity
of a well in line 1 was measured, let it be the well p. The attained value corresponds to
the specific drilling energy intensity of rock weakened by the preceding explosion in the
adjacent block 1,1.e. e =e.

For the selected well, the value of the specific drilling energy intensity of the nearest
well g of technological block 1 measured before the explosion, was taken as the specific
drilling energy intensity of rock in natural state, i.e. e(0 ” =~ e(0 0= ¢’. This assumption is
valid because wells p and g are side by side.

The average value of specific energy intensity of drilling wells to a depth of 1.5-2 m
of all wells in technological block 2 was taken as the value of specific energy intensity
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of drilling destroyed rock e*, which corresponds to the upper part of the horizon, which
is actively destroyed by previous blasts in the subdrilling and by heavy equipment [13].

The value of the pre-destruction intensity coefficient K * attained due to the explosion
load, was calculated using specially designed software (Shishkin E. A., Leshchinskii A. V.,
Shevkun E. B. RF software registration certificate no. 2017617987. Detecting pre-
destruction near wells when carrying out large-scale blasts in quarries. Pacific National
University; 2017). This program is designed to calculate the rock pre-destruction intensity
coefficient by simulating a real explosion of a borehole charge grid considering the
location of charges on the surface of the technological block, the sequence of initiation,
the explosive type and characteristics of charging, the strength of rock building up the
rock mass, and the distance between the detonated charge and the rock mass zone under
consideration.

Technological block 1 Technological block 2
(exploded) (control)

Line no. 1

Figure 1. Scheme of adjacent technological blocks
Pucynok 1. Cxema cM@XHBIX TEXHOJOIMYECKUX OJIOKOB

The values of parameters in question for all wells in line 1 of technological block 2 were
obtained in the described way to be used in formula (6). Analysis revealed quantitative
and qualitative discrepancy between the values. The values of pre-destruction intensity
coefficient were found overestimated and exceeded one for some wells, which indicates
complete destruction of rock near these wells. However, the energy intensity measured
when drilling the wells was found much higher than the drilling energy intensity of the
destroyed rock.

The discrepancy appears to be explained by the fact that in the millisecond-delay
blasting, the sequence of impacts made by stress waves from individual charges on rock
should be considered. Defects number and size as well as rock mass cavitation grow
with each blast, which results in more intense attenuation of explosion waves [15, 16].
The effect made by another borehole charge explosion on the rock mass is therefore
weaker due to its pre-destruction by previous blasts.

28



Shishkin E. A. et al. / Minerals and Mining Engineering. No. 1, 2022. Pp. 23-33 ~ GEOMECHANICS

A correction coefficient seems indispensable which includes the accumulation of pre-
destruction in the preset zone under borehole charges sequence blasting. Let us denote
the coefficient a and call it impact multiplicity coefficient. In a millisecond-delay blasting
method we multiply the pre-destruction intensity coefficient calculated according to (4) by
the impact multiplicity coefficient. Then (4), (5), (6), and (7) become

K =Ka,;

K* = iK,.;
i=1

Aez(eo —e*)KE;

®)

ezeo—(eo—e*)Kz.

The impact multiplicity coefficient for the i-th charge blasting will be introduced as follows

i1 p o
o, =1 o, = (1—2]{&1) , i=2,n, )
1

where [ is an index that depends on the properties of rock building up the rock mass.

For i = 1, a, = 1 because rock is in its natural state before the first blast, the pre-
destruction intensity coefficient is zero, and, the effect from the first blast is therefore
transferred to rock without weakening.

It is necessary to point out that in formula (9) the numbering of wells i precisely
corresponds to the sequence of borehole charges blasting. The expression in parentheses
calculates rock softening by all preceding blasts.

To calculate the value of index [ for each well of the first line of technological block 2,
the equation was built according to (8):

Ae _x
L —ex
Or in an expanded form:
A
eo_ee*=K1+K2+...+Ki+...+Kn, (10)
where:
K =flocl, o, =1

K K("Z’ QQZ(I_K])B:
K, =K,,, [1 (K, +K,) ]

— T p
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We get one value of the index by solving equation (10) for the unknown 3. The value
of B for each well of line 1 of technological block 2 was calculated in a similar way. After
that the result was averaged over all wells in the line.

Similar calculations were done for some pairs of adjacent technological blocks within
the open pit.

Results. With the obtained value of index P, the expected value of specific drilling
energy intensity was calculated for particular wells arbitrarily located in the pre-destruction
zone of technological block 2. After that, calculation results were compared with practical
values measured during preparation of blasting at technological block 2. The value of
€’ of the nearest well of the first line was taken as ¢° for the indicated wells. Such an
assumption should not introduce a major error in the expressions because only 5 lines of
the technological block fall into the pre-destruction zone under the drilling and blasting
parameters in the coal mine.

Conclusions. The survey has made it possible to quantify the blasting effect on rock
pre-destruction. The developed method allows to predict the value of drilling energy
intensity in the pre-destruction zone and establish the necessary blasting specific energy
intensity, and, consequently, the consumption of explosives [12, 13]. So, it is possible
to reduce the consumption of explosives under the blasting scheme that exists at the
enterprise and model other ways of charge initiation to find the least expensive.

However, it is necessary to point out that the application of the method is complicated
by the fact that it is necessary to pre-determine the value of index [ for a particular mine
working.
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Ouemca BJ/IMSTHUSA B3PBIBOB Ha MPEAPA3PYLICHUE MaCCUBa FOpHOﬁ mopoabI

Iumkun E. A.!, Cmoasikos A. A.!
! THXOOKeaHCKHIi rOCYAapCTBEHHBIN YHUBepcuTeT, XabapoBck, Poccust.

Pegpepam

Beeoenue. Teopemuueckumu u SMAUPUYECKUMU UCCTEO0BAHUAMU NPOYECCA pA3PYULEHUS
20pHBIX NOPOO 63PbIGOM OOKA3AHO, YMO HOCILE PACNPOCMPAHEHUs OemMOHAYUOHHOU GONHb
B0KpY2 63DbIGHOLU NOIOCMU (DOPMUPYIOMCSL 30HbL paspyuleHus u npeopaspyuienus. B sone
paspyuwienus npoucxooum Opobrenue nopoovi. B 30ne npedpaspyuwieHus HANPINCEHUS,
6bI36AHHbIE  OCMOHAYUOHHOU BONHOU, KOHYEHMPUPYIOMCs: HA Oehekmax CcmpyKnmypbl
HOPOOHO020 MACCUBA, 4O NPUBOOUM K 3APONCOCHUIO HOBbIX U PAZGUMUIO CYUeCMEVIOUWUX
MuKpooeghexmos. Hapywennocms u nycmomnocms nopoovl 603pacmaem u, c1ed08ameibHo,
CHUDICAIOMCSL ee NPOYHOCHHbIE CEOUCMEA, YMO U XAPAKMEPU3Vemcs Kax npeopaspyuieHue
nopoovt. Cyugecmeyiom pabomol, NOCEAUEHHbLE KAYECNBEHHOMY AHAAU3ZY COCMOSHUS 20PHbIX
nopoo 6 30He npedpaspyuienus, OOHAKO mema mpebyem paszpabomku 0as NPAKMU4ecKo2o
npuUMeHenus.

Ilenv pabomel. Koruuecmeennas oyenka cmeneHu npeopaspyulenus nopoobl Maccusa s
UCTONL306AHUSL 8 UHIICEHEPHBIX PACYEmMax NAPaAMempos 63PbleHOl OMOOUKU 20PHbIX NOPOO
CKBANCUHHBIMU 3aPSOAMU NPU OMKPLIMOU pA3pAOOMKe MECTOPOICOCHUSL.

Memoodonozun. J{ns oyenku cmenenu npeopaspyulenHuss MAaccued 20pHol Nopoovl Ha
PAccmoanuy om ocu 3apaoda UCHOIb3YEnCs KOIDOUYUeHm UHMEHCUSHOCIU NPeOPaA3PYULeHUS.
Paouyc 30mbl paspyuwienusi onpedensiemcss no u38ecmuol memoouxe. B 3one paspywenus
3HaueHue KoOIpduyuenma uUHMEHCUBHOCMU NpeopaspyuleHusi 0onble eOuHUuYvl, m. e.
umeem Mecmo nomepsi CNIOWHOCIMU MAcCCu8d. 3a 30HOU paspyuwleHuss pacnoiodicena 30Hd
npeopaspyulenus, 6 KOmopou 3HayeHue Kod3Q uyueHma uHmMeHCUSHOCMU NPeopaspyuleHusl
Menbule eOuHuybl. I panuya 30HbI NPEOPAPYUICHUS PACHONONCEHA HA  PACCHOSHUU
npumepro 200-250 paouycos szapsada. Kosgduyuenm unmencusHocmu npeopaspyuieHus
3A0AHHOU 06IACTNU MACCUBA, OOCMUSHYMBLU NOCE 83PbIBAHUS BCEX 3apsA008, ONPedesiemcs
CYMMUpOBAHUEeM KOIPDuUYUenmos uHMeHCUBHOCU NpeOpaspyUleHUus Om Kaxico020 U3
3aps006. B coomeemcmeuu ¢ dHep2emuueckum nooX000M NPOYHOCHHbIE CE0UCEA 20PHOU
HOPOObL MOJCHO OYEHUMb 8EIUYUHOL YOCIbHOU IHep2oeMKocmu ee Oypenust. /s onpedenenus
BENUYUHBL CHUIICEHUsSL YOENbHOU IHepeoeMKocmu OypeHnus nopoovl 6 3adannou obracmu
Maccusa neobxooumo 3Hams YOenbHyl0 IHEPLOEMKOCMb OypeHus 3moil obnacmu Maccued 6
ecmecmeenHoM COCMOSTHUU, KOOPDUYUEHM UHMEHCUSHOCIU NPEOPA3PYUIEeHUSL, OOCTNUSHYMbLLL
8 Pe3yIbMame Macco8020 63pPbled CKEANCUHHBIX 3APSLO08, d MAKI’CE YOCTbHYIO IHEP2OEMKOCHLb
Oypenust nOIHOCMbIO PA3PYUWEHHOU NOPOObl. BiusiHue ouepeoHoco 63pbléa CKEANCUHHO2O0
3aps0a Ha NOpPooy MACCU8A OKA3bIBAEMC sl OCIAOLEHHbIM 6 pe3yTbmame ee npeopaspyuieHus
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npeowtecmeyowumu  @3pvleamu. Iloomomy npedrodcen  xkodghpuyuenm  kpamuocmu
6030elicmeusi, YHUmMbleaOWull HAKonieHue npeopaspyueHull 6 3a0aHHol 001acmu Maccusa
npu nOCe008aAMENbHOM E3PbIBAHUU CKBAICUHHBIX 3AP008.

Pezynomamut. Boinonnen pacuem o0dicudaeMou Genuduibl YOenbHOU IHeP2oeMKocmu Oypenus
OMOENLHBIX CKBAIICUH, NPOU3BOTLHO PACNOLONCEHHBIX 8 ZPAHULAX 30HbL BPEOPA3PYULEeHUsL 3A0AHHOL
obnacmu maccusa. Ilocie 3moeo pesyrvmamvl pacuema CPAGHUBAIUCH C NPAKMULECKUMU
BHAYEHUSIMU, USMEPEHHBIMU NPU NOO20MOBKE G3PbIGHLIX PAOOM 6 3A0AHHOL 00IACU MACCUBA.
Bu1600w1. [lonyuena 603moCHOCHIb KOTUMECMBEHHOU OYEHKU GIUSHUS 83DbIB08 HA NPEOPA3pYUEeHUe
maccusa 2opHou nopoovl. Paspabomannas memoouxa nosgonsiem CnpoSHO3UPOSAmb GeIUYUHY
9HepeoeMKocmu OypeHust nopoobl 8 30He NPeOPA3PYUWIEHUsl U UCXOO0S. U3 IMO20 YCMAHOGUMb
HeoOX00UMYI0 YOebHYI0 IHEPLOEMKOCTb €€ 83Pbl6AHUS, d CIE00BAMENLHO U PACXO0 E3PbLEUATNO20
sewecmea. Takum 006pazom, NOAGIAEMCS B03MONCHOCHb YMEHbUEHUS PACX00d 63Pbleuamozo
seujecmea npu Cyuecmsyioweli Ha npeonpusimuu cxeme 63pbleanusi, d MaKdice 603IMOICHOCHIL
MOOeUposanusi Opy2ux 6apuanmos UHUYUUPOBAHUS 3aps008 C Yelvblo 6blOopa HauMeHee
3amMpamuozo.

Knrouesvie cnosa: zopnas nopoda;, Maccogviili 63pule;  KOIPDuUYUeHm UHMEHCUBHOCHU
npeopaspyuieHus; Kosghguyuenm KpamHocmu 030€icmeus,; YOenbHds FHEPLOEMKOCIb OYDeHUs,
Pacxo0 83pbleuanoo gewecmaa.
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OnpepgeneHne reomexaHU4eCKMX CBOUCTB OPCKUX U JOKOPCKNX
oTnoxeHun TOMCKon obnacTu

LWappuH A. C."™, KoHowoHkuH [. B.2, AHTOHOB A. E.',
PykaBuwHukoB B. C.', Metposa [1. C.2
' HaumoHanbHbIN uccnenoBaTenbCkuin TOMCKMIA NONUTEXHUYECKUA yHUBEPCUTET, T. ToMcK, Poccust
2 KomnaHus «a3npomMHedTb—TexHomnornyeckie napTHepcTBay, r. CaHkT-MNeTepbypr, Poccus

*e-mail: shadrinandreyserg@gmail.com

Pegpepam
Bgeoenue. I'eomexanuueckue ceoticmea 20pHbvix nOpood UCNONLIVIOMCA KAK 8X0OHble 0aHHble
O/ 2e0MEXAHUYECKO20 MOOENUPOSAHUS U NOCTIEOVIOWUX PACUEMO8 OU3ANHA 2UOPABTULECKO20
paspuvlea niacma, OYeHKU NeCKONPOSAGIeHUs. CKEANCUH, pacuema cmaburbHOCmu 6GypeHus,
OYEHKU MPEeWUHOBAMOCMU U Opy2uxX onepayull pa3eeoku u paspabomru Mecmopo*cOeHull
Hepmu u 2a3a, CBA3AHHBIX ¢ 2eoMexanuKoll. Kauecmeo abinoaHAeMblx pacuemos CyujecmeeHHo
3a8ucum om MOYHOCMU ONpedeNeHUsl 2e0MeXaHUYECKUX CBOUCME COPHbIX NOPOO, OOHAKO
OISl UX MOYHO20 OnpeodeleHuss Heobxoo0um O0IbLWOU 00beM KePHOBbIX UCCLe008aHULL
Komopvle uawe 6ce2o omcymcmeylom. B oOannoii pabome 0600ujenvl KoppenayuoHHbie
CBA3U MeHCOY 2e0UIUYECKUMU NAPAMEMPAMU U 2OMEXAHUYECKUMU CEOUCMEAMU NO cepuul
mecmopoxcOenutl Tomckoil obnacmu, pacnonrodxceHHvlx 8 idcHoti yacmu Hoponvckoil
énaounvl. llpusedennvie KOppenAyuoHHble C6A3U MO2YM OblMb UCNOTIb306AHBI HA OpY2ux
MeCMOPOHCOCHUAX C AHATOSUYHBIMU 2e0N02UYECKUMU YCI08UAMU, 20e 00beM UCCTe008aAHU
HU3KULL UIU 1a00pamopHvle UCCIe008aHUsA OMCYMCMEYIO.
ILlenv padbomur. Ob606ueHUEe KOPPETAYUOHHBIX CEA3€U 6 8Ude CXeM MedNcOy 2e0PuU3UYecKUMU
napamempamu U 2eomexaHuveckumu  ceolcmeamu  (mModyne  IOnea, kospppuyuenm
Ilyaccona, npeden npounocmu Ha cocamue, MAH2EHC Yeid 6HYMPEHHe20 MPeHUs) no cepuul
mecmopoxcoenutl  Tomckoll obnacmu, pacnonodxiceHHvix 8 1dxcHol uyacmu Hroponvckoi
68NAOUHbI.
Memooonozun. B ocrogy npeonosiceHHvIX cxem NONOXMCEHbl 1aOOpamopHvie UCCIe008aHU
KepHa pasiuyHblX TUMOMUNOS, d MAKICe CIAMUCIUYECKUT] AHANU3 NOTYYEHHbIX OAHHDIX.
Pezynvmameot. Pesynomamom npoodenantoil pabomoi A6IAI0MCs CXeMbl PACYema MEXAHUYeCKUX
ceoticms. CO2NACHO NPEONONCEHHBIM CXeMAM CHAYANd PACCMAMPUBAEMCA  TUMONOSUSA
ONUCHIBAEMBIX COPHBIX NOPOO, 3AMeEM, UCX00A U3 UMewje2ocs Habopa 2eohusuyeckux
uccnedo8anuil, 8b16UPAEMcs KOPPeNAYUOHHAA 3A8UCUMOCTNG C YKAZAHHBIM 01 Hee UHINePEanom
HeonpeoeneHHOCHU.
Buv160owi. Pezynomamul npooenannoi pabomvl NO3601AI0M NPOGECHU 2€0OMeXAHUYECKOe
MOOenuposanue 6 YCio8UAX HeOOCMAmKA U OMCYMCMEUs 1a0OPaAmMopPHbIX UCCIe008AHUL
KepHa OAA  u3yuaemoco mecmoposcoenus. Ilpednacaemvle KOppensyuouHvle C8A3U
DeKOMeHOYemcs YMouHAmMb Npu NPogedeHuU 1a00pamopHulX Ucc1e008anull 08 u3y4aemozo
obvexma.

Knrwouesvie cnosa: zeomexanuxa, rxoppensyus, mooyns FOnza; koapduyuenm Ilyaccona;
npeoei npoOYHOCMU; MAH2EHC YeNd 6HYMPEHHe20 MPEHUsl, MEXAHUYecKas Payus.

Brenenne. Ha qaHHbI MOMEHT pa3BUTHSI TEXHOJIOTHI MIPSIMOE OTIPEIICIICHUE MEXaHH-
YECKHX apaMeTPOB U3 FeOPU3NUSCKUX CBOMCTB MOPOJ] HEBO3MOXHO. Mcxoms U3 atoro
TEOMEXaHUKH MIYT HAJCKHBIC SMITUPUICCKUE YPABHEHUS, KOTOPBIC MO3BOJIAT C JIOCTO-
BEPHOCTBIO IPOTHO3UPOBATH MPOYHOCTHBIC CBOMCTBA ITOPOJ.

Ha nporspkeHrH JONTHX JIET YYeHbIC PAa3HBIX CTPAH UCCICAYIOT AMIUPHYCCKHUE 3a-
BHCHMOCTH T'€OMEXaHHUECKUX CBOMCTB MTOPOJT OT Pa3INyYHBIX mapameTpoB (Tabm. 1) [1].
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Koppernsiuu myst yriia BHyTpEHHETO TPSHHSI MEHEe M3YUCHBI TI0 CPABHEHHIO C IPYTH-
MU TE€OMEXaHHMIECKAMH CBOMCTBAMU TIOPOJ, UYTO OOSCIICUMBACT aKTyaJIbHOCTh U HE00XO0-
JIMMOCTB JAHHBIX UCCIIENOBAHMIA.

Taéanua 1. IMnupuvecKne ypaBHeHHs Ul pacyeTa reoMeXaHM4eCKUX NapaMeTpoB
Table 1. Empirical equations for geomechanical parameters calculation

ABTO VpaBHeHue I'eomexannueckas
P P tdarus
Freyburg [2] UCS = 0,035V, -31,5 -
MeNally [3] UCS = 1200¢%03604 Menko3epHHUCTEIE
IICCYaHUKHN

Ilecuanuku co
3HAYEeHHEM Tpeena

Fjacr etal. [4] UCS =3,3-102pF [(1+v)/ (1-v)] x

_ HPOYHOCTH HA CHKATHE
x(1=2v)[ 140,787, | S 30 ML

Moos et al. [5] UCS =1,745-10"pV> =21 Kpynnosepuucteie

’ r HECYaHUKH U

KOHIJIOMEPAThI
Bradford [6] UCS =2,28+4,1089E -
Vernik et al. [7] UCS =254(1-2,7D) YucTble ecuaHuku
Amnom u 1p. [8] E =120,59¢5 04 _
Descamps et al. [9] E = 224800 %1122 -
[enpkoB u ap. [10] v =410V +0.138 Tlecuanuku
JIHH P H

Plumb [11] (p:26,5—37,4(1—PHI—Vday)+ Tlecuanuku

+62,1(1-PHI -V, )

UCS — npenen IpOYHOCTH HAa OJHOOCHOE CXKAaTHe; p — OOBEMHAas IUIOTHOCTB; Veay — KoddHIHEHT
00beMHON TIIIMHHCTOCTH; E — cratmyeckudi Moxmyinb IOHra; ¢ — yronm tpenus; PHI — oTkpbITas
TIOPUCTOCTb.

HccnenoBanus MpOYHOCTHBIX CBOMCTB IOpoA B Poccuu mpoBommnck Kak B XX, Tak
u B XXI Beke (B Tom uncie M. M. IlpotonesxkonoBeMm u ap. [12], . B. KapaceBsim u
T. B. Kapacesoit [13]). Onnako Ha CEroAHAIIHUN JE€Hb U3BICKaHUS IJISI TEPPUTOPUHU
Tomckoif 00JIacTH OTpaHUYHMBAIOTCS YPABHCHUSMH, TTOTYUCHHBIMU IS OMPEICICHHBIX
wiomazneit [8, 14] mubo mist onpeneneHHbIx ¢BUT [15].

Hanpumep, B crarse [16] mprBeneHs! pe3yibTaThl pabOTHl IO TOIYYSHHIO SMITHPH-
YEeCKMX ypaBHEHWH Ipejesia MPOYHOCTH M yIvIa BHYTPEHHETO TPEHWS /IS TIECYaHUKOB
ropckoit popmanuu 3anagaoit Cubupu. J[aHHbIe HCCaeI0BaHNS JOCTATOYHO TOYHO OTIpe-
JIENSIOT MPOYHOCTHBIE CBOMCTBA MOPOJ IOPCKUX OTIOKEHUH, HO HE MOTYT OBITh HCITOJb-
30BaHbI IS OTJIOKEHHUH JOIOPCKOTO BO3pACTa.

Llenvto Oannoii pabomut sBIAETCS 000OIIEHNE KOPPEISAIMOHHBIX CBS3EH MEXITY
reopU3NUECKUMH TTapaMeTpaMi B TeOMEXaHUIEeCKUMH CBOMCTBAMH UIS FOXKHOM YacTd
Hroponbckoii Biaguabl ToMCKOM 0051aCTH KaK Uit HHTEpBaIa FOPCKUX OTIIOKEHUH, Tak U
JUTSL OTJIOKEHHUI JOIOPCKOTO KoMIutekca. [lomydeHHbIe ypaBHEHUS! MOTYT OBITh HCIOMb-
30BaHBI IIPU ONPEACICHUN MEXaHUUECKHUX MapaMeTPOB FOPHBIX Mopoy 1o nanasM [TUC.

[Ipu BeIMONHEHUN PAOOTHI UCIONL30BAIKCH JaHHbIC 10 11 MectopoxneHusM Tom-
CKOi1 00MacTH.

35



Ulaopun A. C. u dp. / Hzeecmus 8y306. Topuuiii scypuan. Ne 1, 2022. C. 34—44

FEOMEXAHUKA

UOIJe[NO[ED SNNPOW S, FUNOX J1JB)S J0J SWAYDS *[ INS1
BIHO] BIATOW OIOMOORUIRLY BLOhORd BWAX)) '] MOHAOU]

[LI CIF
9L¥°0T —
- (“DuIpzIo0 =7

eI 9CF
€°€0LT —
—(puIgrore =g

eI OCF
TISHeE -
—(M"urIsy 16 =F

BILI01F
8SH'SS —
- ("MUISOrT YT = 7

B[LI I
9L¥°0T —
—UpTI0°0 =7

BILIOIF

8SH°ss — ("MIUISIPT YT = T

BILI 09 <

=

W 1OROR

/M O0FS < M O0PS < BILI 09 <
\m\»/
IoH
UMIOLOLUI SOMUHROLON
| gunerodudorHy] xiandAredorur
_ €1 KTYOXOM 1OhORJ
LoAd101K010 I9IULOLUI dUIAdY?

ey

IoH

T LOROR ]

1urrogeda ‘rurronderon
‘aurrodgore MUHBROO] |

®[L1 9TF
€coLz— (UDuET91E =7

IUNOLOY “MEHLOJLE]]

™

36



GEOMECHANICS

Shadrin A. S. et al. / Minerals and Mining Engineering. No. 1, 2022. Pp. 3444

UoI}B[NO[Ed O1jel S, U0SSI0J JOF SWayoS *7 oInSI]
BHOO0RAT | eIHOMITU(DEON BLORORd BWIX)) "7 MOHAOH

20°0F
ano _ ,—.Q>

090°0F
(HuIr) \_Nmo,mwawwono ="a

SLOOF
?Nno _ ,_,u>

T LOhOR

SLO0F
.VN»O _ HO\ﬁ
HUIOIOLUIl
sunerodudoinpg OMHHROLOM
xi9HdAredoLnir
_ €M BITOXOH 1OhOR
LoAa101K0L0) I9IULOLUI QUIAdY?

HITHOOHOLUON0Q
‘rurogeda ‘aurronderon
‘uvrrodaorre MHBROO[ |

KUIOIOLU]

/v

LoH

oy

LUWOLOY MEHILOJEE]]

37



FEOMEXAHUKA Ulaopun A. C. u op. / Hzeecmus 8y306. I'opnwiii scypran. Ne 1, 2022. C. 34—44

Mertonosorus ucciaeqoBaHuil. [eoMexaHUUeCcKUe CBOMCTBAa MOPOA U3MEHSIOTCS B
OonpImX AnamasoHax. Mcxoas u3 3Toro, Ipy MOITYYEHHH KOPPEISIUOHHBIX YPaBHEHHUIH
JUTS. YTOYHEHHS TIPOTHO3HON CIIOCOOHOCTH TeoMexaHndeckux cBorcT 1o [ IC 3agactyro
MIPOM3BOMAT JICJICHHE OOPa3IloB IO reoMexaHudecknM ¢arusaM [17], KoTopble B CBOIO
oYepe/b YacTo COBIAIAIOT C INTONIOTHYECKUAM THUIIOM MTOPO/I.

B pamkax naHHO# paboTHI TakKe OBLTO TIPOBECHO JeTIeHre 00Pa3IloB 110 TeOMEXaHH-
geckuM ¢armsaM. [leneHne mpon3BeneHo Ha OCHOBAHUH PacIipeieeHUs] 3HaYCHHH Teo-
MEXaHUYECKHX CBOMCTB TOPHBIX MOPOA. Tak, Mo 3HAYeHUsIM cTatinyeckoro Moyt FOHra,
npezena TPOYHOCTH U TaHI'€HCa yIla BHYTPEHHETO TPEeHUs ObIIO BBIAEIEHO 3 reoMexa-
HUYecKue Qarun:

— DOKCUMOHOCHBLIL Namepum;

— necuanuK, aneepoaunt, 2pasenum U Memapuoaunt;

— U38ECMHAK U 00TI0MUM.

Mexanndeckast (arusi kapOOHaTOB XapaKTepU3YeTCs MOBBIIIEHHBIMU 3HAUYCHUAMHU
MPOYHOCTHBIX H YIPYTHX CBOMCTB, 3aMETHO BBIJICILIFOIIMXCS HA (DOHE OCTANTBHBIX HCCIIe-
JoBaHWH. 3HaueHwMs Moyt FOHTa m3MeHsroTesl B Impokux npezenax (ot 10 mo 107,5 I'Tla).
Brigensercs naTepBan 45,0-47,5 (4 obpasma kepHa), a Takke mHTepBan 70-75 I'Tla.
Koadpdumment Ilyaccoma mist mexaHwmdeckod (amuyn KapOOHATOB B IIEIOM  pac-
TIpeiesieH paBHOMepHO 10 mkane 3HadeHni (0,12—0,31) ¢ BRIICIIOMUMCS HHTEPBAIIOM
0,20-0,31 (s m3BecTHAKA). 3HAUSHHS Tpe/Iesa MPOYHOCTH Ha CXKaTHe pacIpeeNeHbl
o wmkaie ot 25 no 245 Mlla c Beigenstomumcs uarepajioM 65—125 MIla. 3nauenus
TaHTeHCca yIyIa BHYTPEHHETO TPEHHs paBHOMEPHO pacrperneneHsl B uaTepsaie 0,4—1,2.

Jnst GOKCUTOHOCHOTO JIaTepUTa XapaKTepHbI MOHIKEHHbIE 3HadeHust Moxyns FOHra
Y TIPOYHOCTHBIX cBOIcTB. Moayns FOnra n3mensiercs B npeaenax 11-13 I'Tla. 3nayenus
IS TIpe/iesia MPOYHOCTH eAMHUYHBIX 00pa3oB Jarepura coctasisitor 7 u 12 Mlla. Tan-
reHca yria BHyTpeHHero Tpenus — 0,26 u 0,39.

OcranbHble JTUTOTUIBI CO3AIOT OTACTBHYI0 TeOMEXaHMUECKYIO (DaIiio CO CpeTHUMH
3HAUEHUAMH KaK MPOYHOCTHBIX, TaK U YNPYTUX CBOWCTB. 3HaueHUs momynsa FOHra m3-
Mensrotes B npenenax 20,0-47,5 I'Tla, koadgdunuenra [Tyaccona — 0,23-0,27, npenena
npouHocTd — 20-60 MIla, Tanrenca ymia BuypenHero Tpeans — 0,4—1,2.

[Ipu nccnenoBanun pacnpeneneHus 3HadeHuil kod¢p¢unmenta [lyaccona 6okcuro-
HOCHBIH JIATEPUT B OTAEIBbHYIO T€OMEXaHNIECKYTO (haIrio He BBIJIENAETCS, TaK KaK HE BBI-
TEIISCTCS U3 MEXaHUIeCKOM (haItiul Co CpeIHUMH 3HaYeHUIMH KodddurmenTta [lyaccona.

B wurore Bce mccienoBaHHBIE 00pa3lbl YETKO Pa3AEISIFOTCA Ha 2 TeOMEXaHHIeCKUe
(armm:

— HeCUaHUK, aneepoiun, 2paseum, Memapuoium u 60KCUMOHOCHbLIL 1amepunt;

— U3BECHHAK U 00I0MUMIL.

J1s1 monmy4ueHnst KOppesIIMOHHBIX METOJJOB BO3MOYKHO HCIIONb30BAHUE PA3INIHBIX Me-
TomuK [18]. B 0CHOBY MeTO0I0rMM ONpeNieNieHNs ypaBHEHUI [T pacueTa MEXaHUIEeCKIX
csoifctB o I'MIC nonoxeH KOppeNnsOHHbIN aHaIu3 3aBUCUMOCTEN THUIIA KepH—KePH IS
BBIZICTICHHBIX reoMexaHnueckue (aruii. [Ipu uccaenoBanny CTaTHYECKUX YIIPYTHX CBOWCTB
(momynb FOnra u koadduripent [Tyaccona) ObUM MOCTPOCHBI KOPPEISAIIUOHHBIC 3aBUCUMO-
CTH OT Teo(U3NUECKUX CBOMCTB MOPOJ;: CKOPOCTEH Mpobera MponoibHOH M MONepeuHOM
BOJIHBI, TUHaMU4Yeckoro Momyiist FOHra u tuHamudeckoro koddduimenta [Tyaccona.

Monyne FOnra ompenemnsiicss Ha BETBU Pa3Tpy>XEHUSI 3aBUCHMOCTH HANPSHKEHHUS OT
OTHOCHUTENBHON Aeopmanuu. CTaTHIecCKue MOIYIH 1 K03 PHUIMeHTs ObLIH Onpeeie-
HBI TIPH IBYX Pa3IMYHBIX 3HAYEHISX HArpy30K. 3HaUEHHsS HHTEPBAIIOB Harpy30K BapbH-
PYIOTCSI ISl KQXKJIOTO UCTIBITaHU, W TI03TOMY MHTEPBAJIBI HATPY30K YCIOBHO TIO/IEIEHBI
HA UHMEPBAJl BbICOKUX HASPY30K VI UHMEPBA HUSKUX HASPY30K CO 3HAUYEHHSIMU, BapbH-
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pyromumucs B muanazonax 45-55 MIla u 3545 MIla coorBercTBeHHO. st MOmyIIst
IOura Hanboiee BHICOKMI KOXPMUIMEHT qeTepMUHAINE R? MOCTHraeTCs IS Pe3yIbTa-
TOB MCCJIEZIOBAaHHUH TTPH BEICOKOM HHTEPBAJIE HATPY30K JUTS AaHATIOTUIHBIX 3aBHCUMOCTEH.
Jus koappurmenta [lyaccona nHTEpBa Harpy30K HE BIHSAET Ha PE3YIBTAT KOPPEISIIHH.

Hawnmyumeit koppensiiueit o0magaroT 3aBUCHMOCTH CTaTHYecKoro Moayias FOnra ot
JTUHAMHUYECKOTO (PacCUMTAHHOTO Yepe3 CKOPOCTh Mpodera MOonepeyHoil BOIHBI) M CKO-
pocTu npodera mpoaosIbHOM BOMHEI ¢ ko3¢ duuuentamu aerepmunanyu 0,37 u 0,35 co-
OTBETCTBEHHO ISl MEXaHWYECKOH (haluy rmecyaHuka, aJieBpoInTa, TPaBesiuTa i MeTapu-
onuta. [y kapOOHATOB HAaMITyUIIel KOppeJsiuuel o0asaeT 3aBUCUMOCTh OT CKOPOCTH
npoOera NpoAOIBHON BOHEI, KOTOpask ¥ peIIaraeTcs Juisl pacueTa napaMmerpa.

Hns xoadpdunmenta [Tyaccona KoppensquoHHas! CBSI3b MPOCIEKUBACTCS TOIBKO IS
3aBUCUMOCTH OT JTUHamMu4eckoro kodd¢unuenra [Tyaccona ¢ HU3KUM KA PUITIEHTOM
nerepmuHanun R* = (0,28. B ocTanbHbIX Ciiydasx HanOoJee paloHaTbHBIM C TOUKH 3pe-
HUSI HEOTIPEeIEHHOCTH SABJISIETCS NMPUHATHE cTaTmdeckoro kodg¢umnmenta [lyaccona
C TIOCTOSTHHBIM 3HaYEHHEM.

s 00pasoB KepHa Ha MCCIe0BaHUE MPOYHOCTHBIX CBOWCTB OO (IIPeAes mpod-
HOCTH, TAHT€HC yTJIa BHYTPEHHETO TPEHH) OBLIO OOJIbIe JAHHBIX, BCIISICTBHE YETO TIPH
MIPOBECHUN KOPPESIIMOHHOTO aHAIN3a UCXOMUIIN U3 OOJBIIEro Yuciia 3aBUCUMOCTEH
(cxopocTH mpobera MpoJoIFHON ¥ TIOTIEPEYHON BOJHBI, TUHAMUYEeCKUd Momynb FOHTa,
OTKpBITas IOPUCTOCTh, 00bEMHAS! IUIOTHOCTD TIOPOX).

IIpu onpeneneHny MPOTHO3HBIX 3aBUCHUMOCTEN Ul MpeAena MPOYHOCTH M TaHTEH-
ca yIia BHYTPEHHETO TPEHUs pacCMaTpUBAJINCh KOPPEISILUOHHBIE CBA3U C IUNIOTHOCTBIO,
CKOPOCTBIO BOJIH, OTKPBITOI IOPHUCTOCTHIO, @ TAKXKE 3aBUCHMOCTh OT JTUHAMHUYECKOT'O MO-
nynst FOwra.

HaunOonpimii Ko3hQUIMeHT [eTepMUHALIMY [Tl pe/iesia MPOYHOCTH R* HabronaeT-
Csl TIpM KOPPEJLIIAN TIpe/iena MPOYHOCTH Ha C)KaTHe CO cTaTudeckuM momyieM HOHra.
OpnHako crarmueckuii Mmomynnb FOHra Tarke paccumrthbiBaetTcs 1mo gaHHpM [ MIC u uMeet
HeonpeneneHHocTb. KoaddummenT nerepMuHanyy Mex Iy CTaTHYECKUM U JHHAMAYECKAM
momyneMm FOnra cocrasiser R? = 0,232, 4T0, COOTBETCTBEHHO, CKKETCSI M HA HU3KOU
pacyeTHOH CroCOOHOCTH TIpefieNia MPOYHOCTH Ha C)KaThe B CKBaKHHE. B mporecce Mo-
JEeTTMPOBaHus cliadble KOPPEIALHUOHHbIE 3aBUCHMOCTH IIPOYHOCTHBIX CBOMCTB BBIPA3SATCS
B HEOTIPEJETICHHOCTAX, KOTOPBIE HEOOXOIMMO YTOUHSTH B ITPOLIECCE KaTMOPOBKU MOJIEITH.

Wtorosas HeolpeneleHHOCTE OblIa ompeeieHa UCXOAs U3 CPaBHEHHS pacueToB Ha-
MPAMYIO Yepe3 CKOPOCTh MONEPEYHOM BOJHBI U Uuepe3 cTaThdeckuii Mmoxynb FOHra, a Tak-
JKe MocyIe/IoBaTeIbHBIMU pacueTaMu: cratndeckoro Moayist FOHra yepes nuHaMudeckuit
W 3aTeM MapamMerpa Impeena NpouHocTH. [Ipu cpaBHEHHH € IBYMS APYTUMH rpadukamu
CTeTeHb HEOTPENeNICHHOCTH MPU pacueTe depe3 cTaTuyeckuii Moayns FOHra u Hamps-
MYIO Yepe3 CKOPOCTh MOIIEPEIHON BOJHBI ¥ JTUHAMUYECKHI MOay b HOHTa COmoCTaBUMBI.

i TaHTeHca yriia BHYTPEHHETO TPEHHS TakXKe IMOCTPOEHA 3aBUCHUMOCTH THIIA
kepH—unmepnpemayusa [ C ot timHUCTOCTH. B pe3ynprare BBIBEICHBI SMIHPHIECKUE
YpaBHEHHS ¥ MTOCYUTAH WHTEPBAJ HEONPEAeNeHHOCTH. TaK KaK Ha MPAKTHUKE 3a9acTyIO
OTCYTCTBYIOT HEKOTOpPBIE HCCIIEIOBAHUS, TO WCXOAS W3 HMMEIONIMXCS JTaHHBIX ObLTH
COCTaBJICHBI CXEMBI PacdeTa reOMeXaHMIeCKUX CBOUCTB (puc. 1-4).

YcroBHBIE 0003HAYEHUS IS CXeM Ha puc. 1-4: E — ctarnyeckuit monyns FOHra;
E —auHamudeckuii monynb FOHra; V. — ckopocts Honepequn BOJIHBI; V — CKOpOCTh
IPOJIONBHOM BOJIHBIL; V_ — CTATUYECKUH Koa(pq)nuneHT Ilyaccona; v — I{HHaMquCKHH
k03 puUrueHT HyaCCOHa, C — npenen NPOYHOCTH Ha CIKATHEC; Kn.m — ko3 durueHT
OTKPBITOM MOpHUCTOCTH; p — 00BbEMHas IJIOTHOCTh MOPOIBI; Tan(ps — TaHTeHC yIya
BHYTPEHHETO TPEHHS.
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B kauectBe npumepa pazdepeM cxeMy BEIOOpa ypaBHEHHS IS pacyera npesiesnia mpod-
HOCTH (pHcC. 3). B mepByro odepensb BeCh pa3pe3 HeOOXOIMMO pa30UTh Ha TUTOIOTHICCKUE
TUIIBI TOpoJ. Janee UCXOs U3 MEXaHUIECKOH (alrii 1 UMEIOIINXCSI IAHHBIX TTO0UpacT-
cst hopMyIia ¢ 33JaHHBIM HHTEPBAIIOM HeompeielieHHocTH. Hanpumep, ai1st Metapronura
MPU OTCYTCTBUH JAHHBIX 00 OTKPBITON MOPHCTOCTH M PE3YIIETATOB OMPENENICHUsT 00beM-
HOM MIOTHOCTH pacyeT Mpejiena MPOYHOCTH Ha CKATHE MTPOU3BOJUTCS MO hopMyIie:

C=0,0201V, —37,878.

[Ipu 3ToM HeonpeneneHHOCTH cocTaBuT +20 MITa.

BoiBonbl. [1o reoMexaHMUYECKUM CBOMCTBAM BBIJICJICHBI T€OMEXaHUYECCKHE (halluu.
Jns kaxmoil MexaHHueckoi (hary MpeacTaBiIeHa CXeMa pacyeTa BCeX TeoMeXaHHde-
CKHX CBOMCTB M ITOKa3aH MHTEPBAJ HEOIIPEIEICHHOCTH B 3aBUCUMOCTH OT UMEOLINXCS
WICXOMIHBIX TAHHBIX.
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Abstract
Introduction. Geomechanical properties of rocks are used as input data for geomechanical modeling
and subsequent calculations of hydraulic fracturing design, assessment of sand production of wells,
calculation of drilling stability, assessment of fracturing, and other exploration and development of
oil and gas fields related to geomechanics. The quality of the calculations performed significantly
depends on the accuracy of determining the geomechanical properties of rocks. However, their
accurate determination requires a large volume of core studies, which are often absent. This paper
summarizes the correlation between geophysical parameters and geomechanical properties for
a series of fields in the Tomsk region, located in the southern part of the Nyurolskaya depression.
The above correlations can be used in other fields with similar geological conditions, where the
research volume is low or laboratory research is absent.
Research objective. Generalization of correlations in the form of diagrams between geophysical
parameters and geomechanical properties (Youngs modulus, Poissons ratio, ultimate strength,
and tangent of the angle of internal friction) for a series of fields in the Tomsk region located in the
southern part of the Nyurolskaya depression.
Methods of research. The proposed schemes are based on laboratory studies of core samples of
various lithotypes, as well as statistical analysis of the data obtained.
Research results. The result of the work is the scheme for calculating the mechanical properties.
According to the proposed schemes, first, the lithology of the described rocks is considered; then,
based on the available set of geophysical studies, a correlation dependence with the specified
uncertainty interval is selected.
Conclusion. The results of the work conducted make it possible to carry out geomechanical modeling
in the shortage or absence of laboratory core studies for the field studied. It is recommended to
clarify the proposed correlations when conducting laboratory studies for the object under study.

Keywords: geomechanics; correlations; Youngs modulus; Poissons ratio, ultimate strength;
tangent of the angle of internal friction; mechanical facies.
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Abstract
Introduction. The article highlights a new procedure of choosing special methods of
disintegration and schemes for complex refractory ore and develops an integrated approach
and criteria to comparing different types of crushers and screens, namely, reduction ratio,
grinding degree, slime formation degree, and a new selectivity criterion.
Research aims to study a new method and derive an equation to determine the crushing in the
layer force and a new selectivity criterion.
Research methods. The new methods were tested by comparing Otboynoye deposit tantalum
ore, Vishnevogorsky deposit niobium ore, and Zashihinsky deposit tantalum-niobium ore
crushing in cone inertial and centrifugal impact crushers and a roller press. The process of
crushing in machines was studied in the laboratory and semi-industrial conditions. Different
operation modes of crushers and screens were also checked.
Object of research is tantalum and niobium ore of different deposits.
Research results. The crushing selectivity criterion and reduction ratio comparison
demonstrated that centrifugal impact crusher and roller press indexes are lower than the
cone inertial crusher (KID) indexes. The reduction ratio for different crushing machines is
10.1 for the centrifugal impact crusher, 10.8 for the roller press, and 14.2 for the cone inertial
crusher. The selectivity criterion for the crushing machines is 0.632 units for the centrifugal
impact crusher, 0.730 units for the roller press, and 0.848 units for the KID. The KID-300A4
crusher performed the best for Otboynoye deposit tantalum ore and Vishnevogorsky deposit
niobium ore. The KID-300A4 crusher also has the best slime formation degree criterion.
The new method has been tested and approved.
Summary. The paper analyses different methods and criteria of selective crushing. A new
crushing selectivity criterion was proposed based on optical and electron microscopy data.
It describes the ratio of liberation in the crushed product and feed.

Keywords: ore preparation; reduction ratio; slime formation degree; selectivity criterion;
cone inertial crusher, centrifugal impact crusher, roller press.

Introduction. Technological schemes for the beneficiation of rare metal ores are
complex, energy-intensive and costly. The reasons for this include the multimetal nature
of the ores, their volatile material composition and low grade. That is why careful selection
of ore preparation circuits is of great importance for minimizing the energy inputs and
maximizing the liberation of the valuable minerals. Modern researchers [1] have found
out that the most efficient method available to the mineral processing industry are selective
disintegration, crushing and grinding, allowing liberation of the mineral particles along the
cleavage in the comminution process. These methods are indispensable for the processing
of finely disseminated refractory ores prone to slime formation. Many rare metal and
nonmetallic ores found in Russia are of this type.
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A priori [2] impact crushing, crushing in the layer with choked cone crushers, vibro-
inertial crushing, and crushing in roller press are classified as special selective ore
disintegration methods of 3—4 stages [3]. These processes can be modeled using software
such as JkSimMet or Rocky [4]. However, this ignores the selectivity of crushing, since no
effective and simple selectivity criterion has been proposed. It is known from the scientific
works [5] that it was proposed to assess the selectivity of disintegration on the basis of
the subsequent concentration performance with the determination of the concentration
grade, and also as the ratio of the effective intergrowth surface of the mineral particles
in the feed to the sum of the intergrowth surfaces in the disintegration products [6].
The proposed selectivity criteria have never been widely used because of the impossibility
and complexity of reliable estimation of the proposed indicators.

45
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Figure 1. Relationship between the compressive force applied to the material
disintegrated of single pieces with the lining and in the layer:
1 —zone of disintegration of single pieces; 2 — same — zone of compression; 3 — breakage
in the layer, (matrix) — force 20 tons; 4 — same — force 40 tons
Pucynok 1. 3aBUCHMOCTH YCWIIMS CXATHS Marepuaia OT OTHOCHUTEIBHOM
nedopmanyy npu pa3pymeHNH METOIaMH «KyCOK O OPOHIO» U «B CIIOE»:
1 —30Ha pa3pyLIeHHs IPHU JPOOICHNH KKYCOK O OPOHIO»; 2 — TO K€ — 30Ha [IPECCOBAHMS;
3 — paspyuenue «B cinoe» (Marpuina) — ycunue 20 T; 4 — 1o xe — yeuiue 40 T

The goal of this study was to develop a modern method for selecting special
disintegration methods for finely disseminated refractory rare metal (and nonmetallic
ores, such as niobium, tantalum ore, using the new effective selectivity criterion of the
disintegration process and to experimentally verify the proposed method.

The research task was to study the processes of crushing in the layer defining its
effectiveness, and to create a new criterion for the disintegration selectivity based on the
use of technological mineralogy data.

Materials and methods. Tantalum ore of Otboynoye deposit (Siberia), tantalum-
niobium ore of the Zashihinsky deposit (Central Siberia), niobium ore of Vishnevogorsky
deposit (South Ural) were the objects of the experimental research.

The studies were conducted in laboratory and semi-industrial conditions at JSC
Uralmekhanobr (Russia). The following theoretical, analytical, and experimental methods
and equipment were used:

— theoretical and experimental analysis of forces acting on the ore under disintegration
in a cylindrical matrix measuring 75 x 75 mm,
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— experimental studies on the liberation of the valuable minerals in the ore feed and
crushed products, applying process mineralogy methods with the use of the optical
microscope Axio Imager (Carl Zeiss, Germany), the software product Mineral C-7
(Russia), the electronic scanning microscope EVA-MA 15 (Carl Zeiss, Germany), and
the software suites INCA and AZtec (UK). Substantiation and selection of an effective
criterion measuring the selectivity of disintegration,

— experimental verification of the various special selective crushing processes under
different operating conditions. Comparing the slime formation degree of the ore (50.5 um)
in a selective crushing circuit using the laser granulometer Helos (Germany).

Figure 2. Forces acting on the feed under disintegration in the layer
Pucynox 2. Cuipl, AelcTByompe Ha KyCcOK Marepuana Ipu
JPOOJICHUHU «B CIIOE

Experiments to test various methods of selective crushing were carried out on
semi-industrial and industrial equipment — the cone inertial crusher KID-300A
(NPK Mekhanobr-Tekhnika, St. Petersburg) and the centrifugal impact crusher DC-05
(NPO Center, Belarus) and with the help of physical modeling of the grinding process in
roller press (LABWAL). The study sequence was as follows: the particle size distribution
by size class of the initial ore sample was determined using 25 to 0.050 mm sieves.
The liberation of the valuable mineral in the initial sample was found for each size class;
experiments were conducted to find the operating parameters of the crusher KID-300A:
eccentric mass position (change of the angle of rotation by 0, 60, and 120 degrees and
peripheral rotational speed of the cone (1,136 and 1,420 r/min). Specific power input was
measured directly by connecting an electric meter to the power mains of the crusher drive;
experiments were conducted by varying the rotational speed of the accelerator of the
crusher DC-05 using the integrated frequency converter. The speeds [6] were 1,000 and
1,400 r/min. Specific power input was measured directly in each experiment; experiments
were conducted in roller press (LABWAL), using following operating parameters
(as recommended by the vendor): roller speed is 12.5 r/min; peripheral speed is 0.16 m/s,
the power consumption was measured; the selective crushing products after all experiments
were divided by size classes to find the liberation of the valuable mineral; based on the
experimental data, the proposed crushing selectivity criterion, the reduction ratio of
the ore, and the slime formation degree degree of the crushing product were determined to
select the optimal selective crushing process and the optimal operating parameters of the
crusher. Specific energy input values were compared between the selected methods.

Results. Theoretical and experimental studies of in the layer disintegration processes.
In 1977, Prof. C. Schonert at Clausthal University (Germany) [7] patented the principle
of selective crushing in roller press. The same principle is used in choked cone crushers
and in inertial crushers. It is the most effective principle, both in terms of minimizing
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the energy costs and in terms of maximizing the liberation of the valuable minerals.
Figure 1 shows the relationship between the compressive force applied to the material and
the relative strain for tantalum ore.
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Figure 3. Breakage performance of the size class 7, crushing in the layer
Pucynok 3. D¢ dexTuBHOCTS pa3pyIIeHus] KyCKOB Pyl IPU IPOOJIECHUH «B CIOE»

The study compared two methods — the conventional uniaxial crushing of single
pieces of ore and crushing in the layer (matrix). Experiments have shown that, under
disintegration of single pieces, the piece of ore is gradually exposed to a load of up
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Figure 4. Determination of the relative strain from forces acting for the different size of mineral
particles. Tantalum-niobium ore of the Zashihinsky deposit
Pucynok 4. 3aBHCHMOCTE OTHOCHTENBHOH Ae(OpMaLlH OT YCHIIHS Pa3pyLIeHHs JUTS Pa3IMIHbIX
CPEIHUX AUAMETPOB CMECH

to 15 tons. The relative strain varies from 0.05 to 0.76. Under disintegration in the layer, to
obtain a much finer product, the loading force has to be increased to 40 tons at a limiting
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relative strain of 0.53. In the case of uniaxial static compression under disintegration of
single pieces, the required crushing force is equal to the product of the cross-sectional area
of the piece of ore by the compressive strength and by the strain ratio, and the sectional
area of the piece of ore is equal to its thickness to the power of 1.5.
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Figure 5. Size class distribution of the crushed product
PucyHok 5. 'paHyIOMETpHYECKUE XapAKTEPUCTHKH 110 + IPOIyKTOB APOOICHNUs

Forces acting on the piece of ore crushed in the layer, are shown in Figure 2.
Figure 2 shows that, in addition to the specific compressive force applied by the
crushing member b, under crushing in the layer, multiple specific compressive forces of

Table 1. Content of free mineral grains and intergrown mineral grains in
the initial sample of the niobium ore of Vishnevogorsky deposit
Ta6auna 1. Conep:kanue cBOOOAHBIX 3epeH MHHEPAJIOB U 3epeH MHHEPAJIOB,
HaxXoAsIMXCcsi B  CPOCTKAaX, B MCXOAHOW mpode HUOOMEBOW  pyAbI
BuineBoropckoro MecTopokIeHust

Size cl Pyrochlore Other minerals
ize class, - :
mm Free orains. % Intergrowth with Free orains. % Intergrowth with
EraIS, 701 other minerals, % rams, 7ol hyrochlore, %

—0.050 100 - 100 -

+0.05-0.2 90 10 100 <1

+0.2-0.8 82 18 100 <1

+0.8-2.0 42 58 100 <1

the contacting pieces b, and the respective strains are added. Thus, the required resultant
crushing in the layer force P, can be found from equation:

n oom

P=P+ c"S-J j(bicosajabéa)(ei /)b €]

i=l aj

where P, is uniaxial compressive force; b, is specific pressure exerted by a single contacting
piece in the layer on the given piece (with i from 1 to n); o, is the elementary angle at
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Table 2. Content of free mineral grains and intergrown mineral grains in
the crushed samples of the niobium ore of Vishnevogorsky deposit
Ta6nuua 2. Conep:kaHue cBOOOJHBIX 3€peH MHHEPAJOB U 3e€peH MHMHEPAaJoB,
HAXOJSIMXCS B CPOCTKAX, B Npo0ax ApoOJeHbIX NPOAYKTOB HHOOMEBOH Ppyabl
BuiHeBOropckoro MecToposKaeHust

Pyrochlore Other minerals
Sample Slzilcl:lllass, Free é%ains, I‘I;{tiiig(r;t)}ﬁt rh r;;ee o InteivgiiﬁWth
minerals, % | 8™ 7° | pyrochlore, %

Centrifugal, ~0.050 100 - 100 -
1400 r/min +0.05-0.2 100 <1 100 <1
+0.2-0.8 94 6 100 <1

+0.8-2.0 72 28 100 <1

Centrifugal, ~0.050 100 - 100 -
1000 r/min +0.05-0.2 100 <1 100 <1
+0.2-0.8 92 8 100 <1

+0.8-2.0 69 31 100 <1

LABWAL, ~0.050 100 - 100 -
Mode 4 +0.05-0.2 100 <1 100 <1
+0.2-0.8 95 5 100 <1

+0.8-2.0 79 21 100 <1

KID, ~0.050 100 - 100 -
Mode 3 +0.05-0.2 100 <1 100 <1
+0.2-0.8 94 6 100 <1

+0.8-2.0 74 26 100 <1

KID, ~0.050 100 - 100 -
Mode 5 +0.05-0.2 100 <1 100 <1
+0.2-0.8 97 3 100 <1

+0.8-2.0 71 29 100 <1

KID, ~0.050 100 - 100 -
Mode 6 +0.05-0.2 100 <1 100 <1
+0.2-0.8 95 5 100 <1

+0.8-2.0 66 34 100 <1

KID, ~0.050 100 - 100 -
Mode 7 +0.05-0.2 100 <1 100 <1
+0.2-0.8 95 5 100 <1

+0.8-2.0 77 23 100 <1

KID, ~0.050 100 - 100 -
Mode 8 +0.05-0.2 100 <1 100 <1
+0.2-0.8 97 3 100 <1

+0.8-2.0 81 19 100 <1
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which the contacting piece acts on the given piece; ¢, is relative strain in the layer at the
current time of compression; /| is specific resistance in the layer, c is thickness of the piece
of ore. From Figure 2, P, is 15 tons, the second term of equation (1) is 40-15 = 25 tons.
In addition, an analysis of equation (1) and Figure 1 shows that, for the ore under study,

Table 3. Crushing performance of the niobium ore of Vishnevogorsky deposit
in the crushers DC, KID and LABWAL
Tabmuma 3. PesyabTaThl omnpejeieHHsl NMoKa3aTesdell Apo0jaeHHsi HHOOMEBOIl pyabl
BumneBoropckoro mecropoxaenus B gpoouikax I, KW/ u UBB/{

Mode DC, 1 LABWAL KID, Mode 3 KID, Mode 8
Criterion L, 0.874 1.709 1.73 1.755
Disintegration
degree 6.5 9.2 10.0 10.2
Slime formation
degree 11.20; 2.69 29.20; 8.70 28.00; 7.50 27.30; 7.20

the crushing force in the layer is 2.67 times greater than the uniaxial compressive force
in crushing single pieces. To assess the process of crushing in the layer, the disintegration
performance E, was assessed of the size class i:

Y feedi

where y, . 1s the yield of the size class i in the feed, %; y_. is the yield of the size class i in
the crushed product, %. Figure 3 presents a graphical analysis of the breakage performance

of different size classes under crushing in the layer. The relative grain size of the class is
defined as:

_ de.ff

relative — >

max

where d  — effective diameter; d _— maximum diameter.

With single pieces disintegration, the disintegration performance of the size class does
not depend on the share of other size classes in the feed. With disintegration in the layer, the
disintegration performance of a single particle depends on the share of other size classes
and strain in the layer. At a strain close to the limit value, 0.85-0.9 ¢, the breakage
performance of all size classes in the feed is virtually identical at 0.9. As the relative strain
of the layer decreases, the disintegration performance of the size classes decreases and,
at a strain of 0.4-0.5 of the limit value, it is 0.7 for finer classes and 0.4 for coarser ones.
At low strain, 0.1-0.15 of the limit value, coarse size classes are not disintegrated and
act as grinding media. Based on the analysis of the presented experimental results, the
mechanism of crushing in the layer becomes clear, involving not only compression of the
ore piece by the active crushing members, but also compression by contacting pieces of
ore and larger pieces acting as grinding media.

It was found out that the mixture size has a grade influence on forces acting in selective
disintegration (Figure 4). The research results indicate that with an increase in the size of
the initial product, the force required to disintegrate the mixture of particles to a certain
value of the relative deformation decreases. As the layer of material passes through the
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crushing chamber, the average diameter of the mixture decreases, and the smaller the
average diameter of the mixture becomes, the more energy is required for its disintegration.

Criterion of selectivity. Based on examination of rare metal ore studies by process
mineralogy methods, a simple and effective criterion was proposed for assessing the
selectivity of the disintegration process, applicable to any crushing and grinding process
and any equipment, according to the formula given below [8]:

N

Lo :YiN_ik’ (2)

i0

where N, is the content of free grains of the valuable mineral in the given size class
of the feed; N, is the content of free grains of the valuable mineral in the given size
class of the crushed or ground product; i is the given size class (-2(3) + 0 mm); Y is
the yield of the size class i in the crushed product. If necessary, the size classes are
summed. This formula is meant to find the change in the specific mineral intergrowth
surface based on an estimate of the change in the content of free mineral grains in the
respective size classes.

Table 4. Crushing performance of Otboynoye and Zashihinsky ore
in crushers DC (MD-7), KID, and LABWAL
Ta6auna 4. Pe3yabTaTsl onpeejieHus nokasarelieii 1podJaenust pya Otoéoiinoro u
3ammxuHCcKOro Mecropoxaenuii B apodunkax 1 (MD-7), KU u UBB/{

Mode DC,1 | LABWAL | MD-7 | KID

Otboynoye

Criterion L, 0.632 0.730 - 0.848

Disintegration degree 10.1 10.8 14.2

Slime formation degree 15.2;9.5 22.3;12.3 - 20.1;10.2
Zashihinsky

Criterion L, — 1.3 1.15 1.42

Disintegration degree - 6.5 7.5 8.3

Slime formation degree — 15.3;7.0 9.0; 2.0 13.7;6.7

Pilot tests. Figure 5 presents the size class distributions of the crushed products of
KID, DC, and LABWAL under different operating modes when processing the niobium
ore of Vishnevogorsky deposit. Tables 1 and 2 show the liberation of pyrochlore, the
principal mineral in these products. The crushing selectivity criterion (L, ) was calculated
by formula (2) for the combined size class finer than 2.0 mm. The input data for the
calculation were taken from Table 1 and 2 (N, and N,) and Figure 5 (Y). The results for
the optimal operating parameters are given in Table 3.

Table 3 also compares the reduction ratio and slime formation degree degree of the
products.

A comparison of the selectivity criterion of the different crushers examined — KID,
DC, and LABWAL — demonstrated that DC has a lower selectivity criterion than KID
and roller press. For DC, the criterion L  is 0.874, while for KID, it is 1.73-1.755, and
for LABWAL, it is 1.709. The highest disintegration degree, 10.2, was observed in KID
under following operating conditions: eccentric mass angle is 120°, circumferential
rotation speed of the cone is 1420 r/min. Selectivity, reduction ratio, and slime formation
degree parameters for tantalum ore of Otboynoye deposit and tantalum-niobium ore of the
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Zashihinsky deposit are presented in Table 4. The data confirmed the conclusions drawn
from the studies of Vishnevogorsky ore.

Table 5 compares the energy efficiency of the studied equipment under the optimal
crushing modes of Vishnevogorsky and Otboynoye ores.

Estimation of screening procedure on screens Kroosh and GIL. The objects of
experimental research were niobium ore of Vishnevogorsky deposit.

Effectiveness of screening were estimate on cycle experiments scheme with Kroosh,
GIL and selective centrifugal mill - ZOM. Screening was dry and stable [9-11].

Table S. Specific energy inputs when using selective crushing in KID,
DC, LABWAL compared to Bond index, (kW - h)/ton
Tabauna 5. VYjaeabHble  pacxoAbl  3J1eKTPOIHEPrUH  NPH
HCIOJb30BAHUU cejleKTUBHOro apoduaenus B KW/, AL, UBBJ

B cpaBHeHuH ¢ uHAekcoMm ®@. bonaa, (kBT * v)/T

DC | KID | LABWAL | IW crushing

Vishnevogorsky niobium deposit
8.02 | 6.99 | 5.15 | 19.6

Otboynoye tantalum deposit
7.40 | 499 | 4.50 | 9.8

Procedure of screening is: for Kroosh:

— specific productivity for row material (g = 4 t/(h - m?);
— sieves size (b = 0.2 mm);

— acceleration of screen surface (a_ = 360 m/s’);

— slope angle surface of screen (¢ = 5 degrees).

Table 6. Procedure of screening for GIL

Tabauna 6. TexHnyeckas XapaKTepHCTHKA HAKJIOHHOI'0 HHEPLHOHHOI0 FPOX0Ta JIErKoro
Tuna 'NJI

Size of surface of screen:

WIEALH, INITL et e e e et e e et e e e eate e e eae e e eeareeeenneeas

Length, mm..............
Quantity of SIEVES, PCS...eevververreenririenienne
Max particle size in row material, mm ...
Slope angle surface of SCreen, rad. ......cocooieveriiriniieeeeeeee e 10-25
Vibrating motor shaft speed, IOEIT ettt e e et r e ee e 900; 1000
Productivity, ton/h.........ccccovveveeniennens

Electric motor power, kW

Procedure of screening for GIL are given in Table 6.
Effectiveness of screening was estimated by the following formula [12—15]

E=g,,—8,,, %)

where ¢, , is recovery size class +0.2 mm in the screen throughs; € , is recovery size
class —0.2 mm in the screen throughs.

Particle size distribution of screen throughs are shown in Table 7.

A comparison of the effectiveness of screening, screen throughs sizing of different
screens and the slime formation degree shows that the Kroosh is better than GIL. Kroosh

effectiveness of screening is 80% opposite 78% of GIL.
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Table 8 presents the effectiveness of screening and particle size distribution of
underground products in screen tape Derrik after rod mill. Sieves size was 0.2 mm.

A comparison of the effectiveness of screening, screen throughs sizing of different
screens and the slime formation degree shows the Kroosh is better then Derrik.

Table 7. Result of screening on GIL and Kroosh
Ta6auua 7. Pe3yabraTsl rpoxouenus Ha rpoxorax I'NMJI u Kroosh

Kroosh GIL
Particle size, mm ] S ] S
Part yield, % y‘;gllgj%;)y Part yield, % y‘;gllgj%;)y
—0.200+0.160 15.58 15.58 11.64 11.64
—0.160+0.125 22.26 37.85 13.98 25.61
—0.125+0.100 10.66 48.50 18.24 43.85
—0.100+0.071 18.52 67.03 11.15 55.00
-0.071+0.050 13.00 80.02 19.78 74.78
—-0.050+0.000 19.98 100.00 2522 100.00
100 100
g, ton/m’, h 3200 620
Effecti.veness of 80% 78%
screening

Kroosh effectiveness of screening is 80% opposite 78% of Derrik.
Proposed technological scheme of disintegration of tantalum ore of the Otboynoe
deposit and niobium ores of the Vishnevogorsky deposit is given below (Figure 6).

Table 8. Particle size distribution of screen throughs in Derrik

Ta6uuuna 8. 'panynoMeTpuyeckasi XapaKTepHCTHKA MOAPEIIeTHOr0
npoaykra rpoxora Derrik

. . Derrik
Particle size, mm - -
Part yield, % Summary yield, %
—-0.200+0.160 25.5 25.5
-0.160+0.125 20.3 45.8
—-0.125+0.100 10.6 56.4
-0.100+0.071 8.5 64.9
—0.071+0.050 10.0 74.9
—0.050+0.000 25.1 100.00
100
Effectiveness of screening 78%

Discussion. The proposed criterion of selectivity is simple and accurate for comparison
and selection of equipment for selective disintegration without significant energy losses.
Its definition is based on the generally accepted mineralogical analysis to determine the
liberation of useful minerals. However, it should be noted that this criterion should be
applied only together with such criteria as the degree of crushing and the slime formation
degree.

It should be noted that in the case of selective crushing, Bond index exceeds the specific
energy input by 2-3 times. Based on the experimental data, roller press like KID are
the most energy-efficient technology for the crushing of the examined ores.
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It should be noted that both crushers, roller press, and KID, belong to equipment
operating on the principle of destruction in a layer, and as theoretical studies have shown,
they work effectively in a mode when large pieces of the mixture act as crushing bodies.

A prerequisite for choosing an effective
selective crushing scheme is the choice of a fine Row material
screening apparatus from the point of view of its
efficiency and the slime formation degree of the
crushed product. The slime formation degree is
determined by two size classes — 50 and 5 microns.

Crushing in cone, I st

Conclusions. The  development  of Crushing in cone, IT st
concentration circuits for rare-metal refractory
ores requires the use of special selective Crushing in CIC, TII st
disintegration methods, of which the most |
efficient is disintegration in the layer in roller 1 Y

. . Grinding in ZOM

press and choked inertial cone crushers.

A theoretical analysis of the forces acting on ¢
a piece of ore in the process of disintegration Screening in Kroosh, 0.2 mm
in the layer showed that, in this case, uniaxial ‘J + - ¢

compression is complemented by the specific
compressive forces of the contacting ore
pieces resulting in corresponding changes ~ Figure 6. Proposed technological scheme

. . . of disintegration

in strain, as described by the proposed PricyHok 6. [Ipe/uiaraemas
formula. Analysis of the disintegration  TexHomormueckas cxema Ae3HHTETPaLUM
performance of different size classes under

crushing in the layer showed that, at low strain, 0.1-0.15 of the limit value, the
coarse size classes remain intact acting as grinding media. This mechanism ensures
the selectivity of crushing in the layer.

The paper contains an analysis of different methods and criteria of crushing selectivity.
A new criterion L of crushing selectivity was proposed based on optical and electron
microscopy data, describing the ratio of liberation in the crushed product and feed.

A comparison of the selectivity criterion L under various crushing modes in the
examined crushers, namely inertial cone crusher (KID), centrifugal crusher (DC), and
roller press (LABWAL), in a pilot test on the niobium ore of Vishnevogorsky deposit,
tantalum ore of Otboynoye deposit, and tantalium-niobium ore of the Zashihinskoy
deposit in Russia showed that DC has the lowest selectivity criterion, which is much lower
than that of KID and LABWAL.

A comparison of the specific energy inputs of the examined rare metal ore crushing
processes revealed that the most energy-efficient is selective crushing in the layer in roller
press, and that the widely used Bond index is an improper performance indicator for
selective crushing, since it increases the energy inputs by a factor of 2-3.

A comparison of the effectiveness of screening, screen throughs sizing of different
screens and slime formation degree shows the Kroosh is better than Derrik and GIL.
Kroosh effectiveness of screening is 80% opposite 78% of Derrik and GIL.

The developed methodology has been approved by the Ministry of Natural Resources
of the Russian Federation.

ready class
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Br100p criennaJbHBIX METOAO0B JIe3NHTErPAIMH U CXeM IS KOMILJIeKCHBIX
TPYAHOO0OTaTUMBIX PYA

I'azaneesa I. .., Byaaros K. B.!
' Hay4HO-HcCIIe10BaTeIbCKUI U IPOCKTHBIN HHCTHTYT «YpanmexanoOp», ExarepunOypr, Poccus.

Pecpepam
Beeoenue. Cmamus nocesawiena Ho8oMy HOOX00Y K 8b100pY CNEYUATbHBIX MemMO008 0e3UHMeSpayuu
u cxem 011 MPYOHOODO2AMUMBIX KOMIAEKCHLIX pyo. IlIpednazaemcsi KOMNWIEKCHbIL NOOX00 U
Kpumepuu 075t CPAGHEHUS PATUYHBIX MUN08 OPOOULOK U 2poxomos. Kpumepuu credyrowue: cmenets
OpobNeHUs, CIeneHb UMETbYeHUsl, CIeneHb OUIAMOBAHUS U HOBbLUL KPUMEPULL CeNeKMUSHOCIII.
Lenvto uccnedosanuii asnsemcsa uzyyeHue HO8020 Memood U 6bl800 YPAGHEHUs OnpedeneHus
yeunus OpobneHUs «8 cioey» U Kpumepust CeneKmueHOCU.
Memoowl uccnedosanuii. [Ipogepka NPeoOHCEHHO2O HOB020 MEMOOA OCYWeCMmEIANACs Npu
cpasnenuu Opobienus mawmanogvix pyo OmoOouH020 MeCmopoNCOeHUs, HUOOUESbIX pYO
Buwinesozopcrozo mecmopooicoenus u manmano-nuobuesvix pyo 3auuxuHcKo20 MecmopodicOeHus
8 KOHYCHOU UHEPYUOHHOU, YeHMPOoDeXsCcHO-yoapHol Opoburkax u poniep-npecce. HMccnedosanus
Opobnenust 6 annapamax nPoBoOUIUCH 8 1aDOPAMOPHBIX U NOTYNPOMbIULTIEHHBIX Yenosusix. Takoice
NPOBEPANUCH PA3HbIE PEACUMbL PADOMbL OPOOUNIOK U SPOXOTNOS.
O0veKkmom ucciedo8anuil A6NANUCy MAHMAIOBbLE U HUODUEbIe PYObl PASHBIX MECOPONCOCHUIL.
Pesynomamol uccnedosanuii. Cpagnenue Kpumepus CeleKmMUGHOCMU U Cmenenu OpooieHus.
NOKA3aU, YMo YeHmpoOedlcHas yoapHas OpoOuiKa u poriep-npecc umeiom 6o0lee HusKue
nokasamenu no CPAGHEeHUI ¢ KOHYCHOU unepyuorHoul opoounxou KHJ[. Cmenenv Opodnenus ons
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Opobunok cnedyrowasn: 01a yeHmpobedxcrou yoapHoti opoounxu — 10, 1; onsa pornep-npecca — 10,8;
0J151 KOHYCHOU UHEpYUOHHOU Opobunku — 14,2. Kpumepuil cenexmusnocmu 0iist YeHmMpoOeNCcHOU
yoaprou Opoounku cocmasnsem 0,632 eo0., ons ponnep-npecca — 0,730 eod., 0 Opobunku
KUJ[— 0,848 eo. [pobounka KHJ]-3004 nokasana naunyyuiue pe3yismamaol 015 MAHMAL080U pyObl
Omobotino2o mecmopodcoenusi u Huobuesou pyovl Buwunesocopckoeo mecmopodcoenus. Kpome
moeo, Kpumepuii CMeneHu OulamMosanusi makxice Hauryuwui y opoounku KH-300A4. Hosvuii
Memoo nposeper u anpooUposaH.

Bu1600wvi. Cmamusa codepocum ananus pasiuiHblx MEMoouK U Kpumepues oyeHKu cenekmueHo20
Opobnenus. Ilpednodcen HOBbIUL Kpumepuii OYeHKU CeLeKMUGHOCU OpOoOieHUs, KOMOopblil
bazupyemcs Ha OAHHBIX, NOTYUEHHBIX ¢ NOMOWBIO ONIMUYECKO20 U IEKMPOHHO20 MUKPOCKONO8, U
onucvleaem omHouleHue cmeneHu packpolmus MUHEPAios 8 OpodIeHoM NPOOYKMe K UCXOOHOMY.

Knioueswie cnosa: pyoonoozomosxa, cmenens Opodienus; cmenetb OUIAMO8aHus, Kpumepuil
CeNeKMU8HOCMU, KOHYCHASL UHEPYUOHHAS OpOOUIKA, YEeHMPOOeNCHO-y0apHas OpoOunKa;
poanep-npecc.
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Pecpepam
Axkmyanvnocme. OcHoGHOE GIUAHUE HA IKOCUCMEMbL OKpydcarowel cpeovl 8 2OPHOM
NpoU3BO0CmEe OKA3bIBAIOM MeXHO2eHHble Mecmopodcoenus. Tloosmomy npuopumemHuim
HanpasieHuem KOMIIEKCHbIX UCCIe008aHUllL ABNAEMCS CO30aHUEe MEXHON02UU U MEXHUYEeCKUX
cpeocms Ha OCHOBe MUHUMUZAYUU OMX0008 NPOU3EO0CHEA.
Ilenv uccnedosanusn. QOb6ocHosaHUe NAPAMEMPO8 HNOO3EMHOU pa3pabomxu  pyoHbIX
MecmopoxcOeHUll ¢ 3aK1A0KOU 8bIpAOOMAHHBIX NPOCMPAHCINE MEeMOoOdMU MAMeMamuiecKo2o
MOOEnUPOBaAnUss 1 MHOLOKPUMEPUATbHOU MUHUMUAYUU OMX0008 20PHO20 NPOU3BOOCTNEA
H4 OCHOBe pe3YIbmamos, NOIYYEHHbIX C HNPUMEHEHUEM Memo0o8 pecpecCUOHHO20
aHAIU3a U NIAAHUPOBAHUS IKCHEPUMEHMA, 00eCnequ8aouux NOGbIUEHUE IKOHOMUUECKOU
aghghexmuenocmu u Kon02UYECKOU OE30NACHOCHU pA3PAOOMKU PYOHBIX MeCHOPOA#COeHU,
a makxaice payuoHaIbHOE UCNOIb308AHUe U OXPAHY HeOp.
Memooonozusn uccnedosanus. Onpedensinucoy napamempvl GOpMupo8anus MexHOSeHHbIX
MecmopodcoeHutl npu 0obvlue pyo0 mpaouyuOHHbIMU U AlbIMEPHATNUGHBIMU TNEXHOIOSUSMU,
npousseden pacuem napamempos HaANpsANCeHHO-0eOPMUPOBAHHO20 COCMOSHUSA 3EMHOU
NOBEPXHOCMU U NOO3eMHbIX Gblpabomox. H3yuanucy mexnonrocuu nepesood HeaxmueHbIX
3aNACO8 MEXHOSEHHbIX MECMOPONCOCHULL 6 AKMUBHbLE NYMeM B030eliCmEUs Had HUX (u3uKo-
Xumudeckumy npoyeccamu. Pacuemvl napamempoe u pecpecCUOHHbIX 3A8UCUMOCTEN
NPOBOOUNUCH C NOMOWDBIO MAMEMAMUYLECKO20 NAKemda HPUKIaoHulx npozpamm «Maple
9.5». Ilpusooumvie epagpuxu nocmpoenwvl 6 cpede «Maple 9.5» unu «Microsoft Excel» no
CMAHOAPMHBIM U HOBbIM MEMOOUKAM.
Pesynomamet. Iloxazano, 4mo cOXpaHHOCHb MACCUBA COPHBIX NOPOO 00CMUAEMC s Nymem
3AKIAOKU MEXHO2EHHBIX NYCMOM MEEPOCIOUUMU CMECIMU PAZIUYUHO20 COCMABA U NPOYHOCMU
om 1,2 oo 6,0 MIla. Ycmanogneno, umo xoagguyuenm cmpyKmypHo2o ociabneHus
yeenuuusaemcs k nepugepuu oo 0,15. Omo o3nauaem ymenvuieHue NPOYHOCMU 20PHBIX NHOPOO
NO CPABHEHUIO ¢ HeHapyuenHbiM Maccueom om 1,5 0o 6,0 pas.
Bub1600b1. [lonyuenvt peepeccuonuvie 3a6UCUMOCIU NPUOBLLIU OM KOIPPuyuenmos nomeps u
pazybooicusanus, COBOKYNHbIX 3AMpam Ha nepepabomky, a makxoice yuepoa (IKOHOMUYECKUX
nociedcmeuti) om pazyboxicusanus pyovl 6 OKPECMHOCMU MOYKU ONMUMYMA. 3a6Ucumocmo
npuoOBLIU ABNIAEMCA 8bINYKIOU, MOHOMOHHO YOblearouieli pyHKyuel, 20e 8enuyunHa npuObLIU mem
MeHblUte, Yem bonvuie kKoagpuyuenm pazyboxcusanus pyosl. Ilpu yeenuvenuu kosgppuyuenma
pasybooicusanusi pyovt 00 0,6 eeruvuna npubsiiu ynadem 0o 50,5 p./m, m. e. bonee uem
Ha 20 %. Pexomenooeanul 2nagnvle HANPasieHus COBEPUIEHCMBOBAHUSL MEXHOLOZUU NOO3EMHOU
Paspabomry  MecmoporicOeHull NONe3HbIX UCKONAEMbIX C YYemom UX KOMOUHUPOBAHUS.
6 npedenax waxmuo2o nois.
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Knroueesvle cnosa: pyonvie u mexnozennvie Mecmopoxicoenus; nOO3eMHAs pazpabomka;
Mamemamuieckoe MOOe1uposanue; dQhexmusHocms, dKor02UecKas Oe30nacHoCmb.

BBenenne. /Io0bua mose3HBIX MCKOMAEMBIX B HEJpax U HA 3eMHOH MOBEPXHOCTH
(hopMHUpYyeT TEXHOTEHHBIE MECTOPOXKACHHMS, 3amachl KOTOPBIX YBEIUYUBAIOTCS, IPU
9TOM BO3pacTaeT HeOOXOMUMOCTh 00ECIIeYeHHsI MPOMBIIUICHHOCT MUHEPAJIbHBIM Chl-
peeM [1, 2]. OmtoxeHus HerlepepabOTaHHBIX MIUHEPATLHBIX MacC CTAHOBSTCS MICTOUHUKAMH
PacTBOPOB TSDKENBIX METAJUIOB M COJIEH, U3 YEro CleAyeT HEOOXOOUMOCTh OIpaHUYEHUS
00BEMOB BBIIAUYM MUHEPAJIBHBIX MAcC Ha 3€MHYIO IIOBEPXHOCTb, YTO SIBISIETCS] IPHOPU-
TETHBIM HAIIPaBJICHUEM COBEPIICHCTBOBAHUS TEXHOJIOTHUH M TEXHUUECKHUX CPEICTB pas-
pabOTKN MECTOPOXKICHUI TIOIE3HBIX HCKOMaeMbIX [3, 4]. CHIDKeHHe 3arpsi3HEHUS 3KO-
CHCTEM OKpY’KaloIllel cpenbl oOecrednBaeTcs yMEHbLUIEHHEM OTEPh U Pa3yOOoKUBaHUS
MUHEPaILHOTO CHIPhsI B TIpoIIecce ero ToOkIM 1 nepepabotku [5, 6]. JlanHas craTbs sB-
JSIETCS MIPOIOJKEHUEM BBINOTHEHHBIX paHEe MCCIIEA0BaHUH, OCHOBHBIE TEOPETUYECKHE
1 SKCIIEpUMEHTANIbHBIE PE3YIIBTAThl KOTOPBIX pUBeeHs! B [7—10].

Heab padorbl. OG0CHOBaHME MapaMeTPOB MOI3EMHON Pa3paOdOTKU PYIHBIX MECTO-
POXKICHUI C 3aKNaAKON BBIPAOOTaHHBIX MPOCTPAHCTB METOAAMH MaTeMaTHYeCcKOro Mo-
JIETUPOBAHUS 1 MHOTOKPUTEPHAIbHON MUHUMH3ALIMU OTXOZ0B TOPHOTO IIPOM3BO/ICTBA HA
OCHOBE PE3yJIbTaTOB, OIYyUYEHHbIX C IPUMEHEHHEM METOJIOB PErPECCHOHHOTO aHaIN3a U
TUIAHUPOBAHUS IKCIEPHMEHTA, 00ECTICYMBAIOIINX MOBBIIICHHE SKOHOMUUECKON 3 pek-
TUBHOCTH M 9KOJIOTHYECKOI 0€301MacHOCTH pa3pabOTKH PYIHBIX MECTOPOXKICHHIM, a TaK-
JKe PalMOHAIBHOE MCTIONB30BaHUE U OXPaHy Heqp.

Jist peanuzanyy oCTaBICHHOMN LIeJIM aBTOPaMU PELEHBI 3a1a4H:

— GbINONIHEH paciem TPOYHOCTHBIX XapaKTePUCTUK OOHAKEHHUH 3eMHOI MOBEPXHO-
CTH JUI COXPAHEHUS €€ OT Pa3pyILeHNUS;

— onpeodenensvl napamempyl PeryIupoBaHNs BEIMYNH HAIPSHKCHUH B Pa3HOIIPOYHBIX
y4yacTKax, 00eCIe4rBaOLINE HAIe)KHOCTh 1 O€30I1aCHOCTh BBIEMKHU PYZbI B 3aBUCHMOCTH
OT BPEMEHH CYILIECTBOBAHMSI OOHAKEHUI];

— Uccneoo6ansl U NOAYUeHbl 3aBUCUMOCTH NPUOBUIM OT SKOHOMHYECKHX MOCHe-
CTBUH, K03(p(HUIMEHTOB TOTEPh U Pa3yOOKMUBAaHUS PYIIbI, SKCILTYaTallMOHHBIX U CyMMap-
HBIX 3aTpaT Ha AOOBIYY PYIbIL.

Metonbl uccienoBanmii. Onpeaensyucy napameTpsl GOPMUPOBAHUS TEXHOTCHHBIX
MECTOPOKACHUH NPH JOOBIYE PYA TPaJULUOHHBIMHU U AlTbTEPHATHBHBIMU TEXHOJIOTHSMH.
BeironHeH pacder mapaMeTpoB HalpsHKEHHO-Ae(QOPMUPOBAHHOTO COCTOSIHUSI 3€MHOU
MOBEPXHOCTH U MOA3EMHBIX BBIPAOOTOK. M3ydannch TEXHOMOTHH MEPEBOAa HEAKTUBHBIX
3a1acoB TEXHOTCHHBIX MECTOPOXK/ICHHH B aKTHBHBIC ITyTEM BO3/ICHCTBUS Ha HUX (pu3u-
KO-XMMHYECKUMH TTporieccaMu. PacueTsl mapaMeTpoB | IoKa3aTeliei moJ3eMHOil pa3pa-
OOTKH PyAHBIX MECTOPOXKICHUH C 3aKJIaJKOM BHIPAOOTaHHBIX IIPOCTPAHCTB U PETPECCHU-
OHHBIX 3aBUCMMOCTEH IIPOBOAMINCH C IOMOIIBIO0 MaTEMaTHYECKOTO IAKeTa IMPUKIIaIHBIX
nporpamm «Maple 9.5». IlpuBomumble Tpaduku CTpOMINCh B cpene «Maple 9.5» wmm
«Microsoft Excel». Hcnonb30Bannuch METOABI PErPeCCHOHHOTO U KOPPEISIIMOHHOTO aHa-
7132 B IPUMEHEHUH UX K CTAaTUCTHYECKUM JaHHBIM paOOTHhI psiia PYAHUKOB, INIAHUPOBA-
HHS SKCIIEPUMEHTA 110 TIaHy bokca 1o cTaHIapTHBIM U HOBBIM METOAUKAM.

OO0cyxneHHe ¥ OLleHKa MOJTy4YeHHBIX pe3yabTaToB. OCHOBHOE BIMSHHE HA DKOCHU-
CTEMBI OKpYaroIeil Cpeabl B TOPHOM NMPOU3BOICTBE OKa3bIBAIOT TEXHOTEHHBIE MECTO-
poxnenus. [1o3ToMy NpUOPUTETHBIM HaNpaBJIeHUEM UCCIIEOBAaHUN SIBIISIETCS CO3/IaHHE
TEXHOJIOTUH U TEXHUUYECKUX CPEJCTB Ha OCHOBE MUHMMH3AIMH OTXOI0B IPOHU3BOJICTBA.
YacTo 3anpoeKTHpOBaHHAs MOIIIHOCTb NMPEAPHUATHS B IPOLIECCe SKCIUTyaTallii OCBanuBa-
ercst uib Ha 60 %, a o koHeuHo# poykimu Beero Ha 50 %. Tak, Ha 3A0 «Ypymickuit 'OK»
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(KapagaeBo-Uepkecckas PecrryOnuka, 1. Mexgnoropckuii, Poccuiickas @eneparust) 3arma-
CBI METAJUIOB TIOATBEPAMINCH TONBKO Ha 48 %. Kpurepnit onTHMaIbHOCTH TOPHOPYIHOTO
MIPEATIPHUATHS MOXET OBITh MPECTAaBIICH B BUE MOKa3aTeNeH, XapaKTepHU3yIOIIIX SKOHO-
MHUYHOCTh BapHaHTa 110 CPaBHEHMIO ¢ 0A30BBIM HE TONBKO B c(hepe Mpom3BOACTBA, HO U
B cdepe moTpedneHns py, KOHIIEHTPATOB M METAJUIOB. TeXHUUECKOe MepeBOOpyKeHNE
JEUCTBYIOIINX TPEIIPUSTHA W KOMIUIEKCHOE HCIIONh30BaHHE MHUHEPAILHBIX PECYPCOB
00BIYHO B 2—3 paza Oornee 3PPEKTUBHBI 110 CPABHEHHIO CO CTPOUTEIHCTBOM HOBBIX IPE/I-
npusituid [11, 13].

a

— —
— -
-

Pucynok 1. BimsHue mycTOT Ha 3eMHYIO TIOBEPXHOCTH (CXEMBI):
a — TEpEeKpBITHE W3 IPOYHBIX IIOPOX; 6 — IUIOCKas KpOBJIS IIPU
CaMOYIPOYHEHUH IOPOJ; 8 — OOpyIIEHHWE IOPOJ, HE JOCTHraolee
3EMHOW MOBEPXHOCTH; 2 — OOpYILIECHHE MOPOJ C BOBJICYCHHEM B IMPOLECC

3eMHOH OBEPXHOCTH
Figure 1. Influence of voids on the earth’s surface (schemes:
a — roofing of hard rocks; 6 — flat roof under self-hardening of rocks;
6 — rock caving below the earth’s surface; ¢ — rock caving involving
the earth’s surface

Teopusi Bompoca. B rmpaktuke HanOoee pacrpoCTpaHeHbI CIIEAYIOIINE CIOCOOBI TT0-
raimieHrs MycToT: o0pyIIeHHeM BMENIArOIIUX MOPOJ; U30JSIIUEH ITyCcTOT; TBEpISIOIIeH
3aKJIaIOYHON CMEChI0 W KOMOMHHMpOBaHHOE Toramienue (puc. 1). B paborax [14, 15]
MOKAa3aHO, YTO HauOOJbIlee BIMSHUE HAa MPUOBLIL OKa3bIBaeT (PakTop pazyOoKMBaHHS
pyabl. CoxpaHHOCTb MaccrBa TOPHBIX MOPOJ U 36MHOH MOBEPXHOCTH OIMHUCHIBAETCS Be-
POATHOCTHOM MOZENBI0 TBEPIOM JUCKPETHOM Cpelbl C IapamMeTpaMH paclpeNeicHHUs,
KOTOpBIE PacCUMTHIBAIOTCS METOIOM MakcuMajbHOTO momobus. Hecymas criocoOHOCTD
MacCHBa TOPHBIX TOPOJ M 3¢MHOW MOBEPXHOCTH 3aBUCHUT OT HAINPSDKCHUH B dIIEMEHTaX
CHCTEMBI W MPEAINONAracT BO3MOXXHOCTH YINPABICHHS HANPSHKCHUSIMH TIOCPEACTBOM
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orpaHrYeHUSI AeGOopManrii ¢ TIOMOIIBIO 3aKJIAIKA TEXHOTEHHBIX ITyCTOT TBEPACIONTUMH
CMECSIMH Pa3JIMYHOTO COCTaBa M MPOYHOCTH:

,<0,<0,=0,KK,KK,,

IJIE€ G, G,, O, — [NIABHBIC HANPSDKEHHS B 30HE HETPOHYTHIX MOPO/I, BIMAHUS OYUCTHBIX pa-
00T M 3aKJIaJ0YHOM MaccUBE COOTBETCTBEHHO, MIla; 6, — HOPMaTHBHOE CONPOTHBIECHUE
3akiazaku Ha okarue, MIla; K, K, K,, K, — K03(OUIMESHTH HEOAHOPOAHOCTH TOPHOTO
MaccHBa, HEOIHOPOAHOCTH 3aKJIaJJOYHOTO MacCUBa, yBEJIMYEHUS IPOYHOCTH 3aKJIAJIKH CO

BPEMCHEM 1 B MaCCUBE COOTBECTCTBCHHO, €/1.
Hanp;mceHHe B pE3YIIbTATC 3allOJITHCHUA ITyCTOT TBEPACIOIINMHU CMECIAMMU:

4
_ ocm
G, =m0, +I’lz(5(,3 +n36m3+n46H3+n50 +an6
1

y
m?

Iae 6, ,, 6,4, O, ,, O,, — BEJIMYMHBI [IOIIOPA, TIPOYHOIO, CPEIHENPOIHOTO U MAJIOTIPOYHO-
IO COCTaBa TBEPIACIOLIUX cMecel cooTBeTCTBeHHO, MIla; £ — yuciio yrmpouHsomux 3e-
MEHTOB; 71, ..., I, — MaCCOBOE YHCJIO MaTepuaa B KOJIMIECTBE CMECH; G, — IPOYHOCTh
TBepreroumx cmecet, MIla; 6°“” — octaTtouHas NPOYHOCTH SHEPTOHAPYILIEHHOTO TOPHOTO
MaccuBa, MlI]a.

ChopmymupyeM ONTUMU3AIMOHHYIO 3aja4y IO YIPABICHUIO COCTOSHUEM MacCUBa
MOPOJI TIPY 3aIOJIHEHUH €r0 TBEPACIOUIMMHU CMECSAMHU B 3aBUCUMOCTH OT BEJIMYHMHBI I10-

Tepb U pa3yOoKUBaHUS PYAbIL:

6,<0,<0,=0,KKKK,;
Hyr =1 =3: = Yig = Yoirs = Yoges
B =BD,,

e Il — npubbuIb OT 100bMK U MEepepaboTKu pyibl, p./T; 1, — 1EHHOCTH TOOBITOM
pyabl, p./T; 3, — HOJHbBIE 3aTPaThl HA KO00BIMY M MEPEPAObOTKY pyasl, p./T; Y. ., V. .o
Vo — YWEPO (SKOHOMMYECKHE TOCIEACTBHUA) OT 1 T MOTEPAHHON OAaHCOBOM PyIIbI,
PazyO0XKHBAIOIIIEH MaCcChI IO KOHTYPY SKCILTYaTaIFIOHHOTO OJIOKA U €€ TepepabOTKH COOTBET-
CTBEHHO, D./T; B, B, — KOJIMYECTBO YTHIM3UPYEMBIX M CTaHIAPTHBIX BSDKYIIHX
COOTBETCTBEHHO, BEC. €1.; O, — KO3(Q(OUIMEHT SKBUBAJIEHTHOCTH BSUKYILEIO Marepuasa
(OKBHBaNEHT aKTHBHOCTH — KOJIMUECTBO aKTUBUPOBAHHOTO BSDKYILETO U3 OTXOIOB, PaB-
HOLICHHOE IO BSDKYIINM CBOMcTBaM LeMeHTy. OH onpezenseTcs KOCBEHHBIM METOJIOM IO
paunOHATLHOMY COOTHOILECHHUIO BSOKYILHX ).

TexHomoruu I[O6I)ILII/I MIPUHIHUIIAAIIBHO pa3jindyaroTCs CHOCO6aMI/I y1paBJICHUA MaCCU-
BOM: 0Oe3 3alloHeHHUs MyCTOT U ¢ 3anonHeHueM. [Ipu 1-m BapuaHTe, Kak Mokasai cra-
TUCTUYCCKHUI aHaJIM3 Ha OCHOBE BBHIOOPOK cpemHeir pasmepHoctu 100 HaOmoneHuid Ha
YpOBHE 3HAYMMOCTH 5 %, IPU HU3KUX DKCILTYaTAI[HOHHBIX PACcXo/ax HEU30EKHBI TIOBbI-
IIEHHBIE TIOTepH U pasyOokuBaHue pynsl. [lpu 2-m BapmanTe 00ecreqyMBaIOTCS MHUHU-
MallbHbIE TIOTEPH U pa3yO0KHBaHUE PY/BI, HO BO3PACTAIOT PACXO/bI HA YIIpaBJIeHHE Mac-
CHBOM ITyTEM 3aKJIaJIKH JOPOTOCTOSIINM Marepraiom [16, 17].

DOKOHOMHYECKOE CpaBHEHHE TEXHOJOTHHA pa3pabOTKHM TIPOBOOUTCS Ha OCHOBE
HKOHOMHKO-MaTEMaTHYECKON MOJIENN ITyTeM CPaBHEHUs 3HAYEHUI TOYEK ONTHMYyMa JIJIs
TeNIeBBIX (BYHKIIUH 1 BRIOOpA 3HAYEHHI TTapaMeTPOB, COOTBETCTBYIOIINX TOUKE ONTHMYyMa
M0 KOHEYHOH MPOIYKIIMU C yYETOM H3BIICUSHHS MeTalia.
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OCHOBHBIE ITOKA3aTeIIH 110 OYUCTHOMN BBIEMKE IPUHSTHI 110 TaHHBIM OTYETOB U TIPOEK-
TOB OTPaOOTKH MECTOPOKICHUS:

"+0! " 4 ' " ' "
H = 3T0 I—QH Qg +3i 1+QH+QTI +3 QH+QH+3THQH+QH

0, p 0, "o, 0,
R 3 1-P
_A’YTL[TG(H_W 3To+% +(1_AYT)yTRS - X
« 3T63—B(3T0+3%j +(1_P)(1;B)(l_g)(l—AyT)YTRP,

rae Il ~— UEHHOCTh TepseMOi pyIabl ¢ CONEPKAHUEM MeTama o, p.; 3., 3., 3.,
3, — 3arparbl Ha OTOO¥HKY, BBIYCK M TPAHCIIOPTUPOBKY PYJbl, Ha HApE3HBIE, TOPHO-
TIOJITOTOBUTENBHBIC M 3aKIIA/J0YHBIE PAOOTBI COOTBETCTBEHHO, P.; Os, Oy, O, O — 00be-
MBI PYIBI, IOPOJ ¥ 3a0a1aHCOBOM PyIBI B TPAaHHUIIAX PYTHOTO TENa, a TAK)Ke HAPE3HBIX U
TOPHO-TIOATOTOBUTEIBHBIX PAOOT IO Py/IE U MOPOIE COOTBETCTBEHHO, M, p — INIOTHOCTD
pyasL, T/M% 3., —3aTpaThl Ha 00bIMY TepsieMoli GanancoBoi py/pl, p; R — pasyOoxusa-
HHE PyIbL, T; P — IOTepH pybl, T; B — KOIMYECTBO Pa3yOOKUBAIOIINX MTOPOL, T; 6 — COAEP-
KaHUe MeTaJlla B pa3yOOKUBAIOIINX TOPOAAX, NOJIH €.

HcxonHble naHHBIE W TEXHUKO-3KOHOMHYECKHE ITOKa3aTeNd MpUBEACHHI B TaOM. 1.
MonenrpoBaHUeM M0 ONTHMAIBHBIM 3HAUSHHUSIM TOJyYEHHBIX MapamMeTpoB ObLIO ycTa-
HOBJICHO, KaK H3MEHSETCS ITPUOBLIL IPEANPHUSTHS B 3aBUCHMOCTH OT BEJTHYMHBI TOTEPH U
pa3yOOKMBaHUS IO KOHEYHOMY MPORYKTY. Ha 0CHOBE AKCIIEpUMEHTAILHBIX U PACYETHBIX
MoKa3areJieil cCo3/1aH CUMMETPHUYHBIN Tutad bokca B , 1O TAHHBIM [IPAKTHKH CaoHCKOro
CBHHITOBO-IIMHKOBOTO KoMOMHaTa (1moc. Mm3yp, CeBepubiii Kaska3, PCO-Ananus) B mie-
PHOI HOPMATEHOW paOOTHI MIPEIIPHSTHSI.

Hons pazyboxkuBaHus cocTaBisieT 65—67 %, 4To 103BOJISIET UCTIONB30BATh €r0 B Ka-
YeCTBE OCHOBHOTO KPUTEPHS ONTHMHU3AINH. 3HAYEHUS HE3aBUCHMBIX (DUKTHUBHBIX TI€-
PEMEHHBIX, 00€CIIEYNBAIOIIME MUHMMAIBHBIE 3aTpaThl Ha J00bMy: X, = —1; X = +1;
X, =-1; X, =+1.

I'pahux 3aBMCHMOCTH CyMMapHBIX 3aTpar OT mapaMmerpa X, — pasyOoKUBaHHE Py/Ibl
TIPY ONITMMAJIbHBIX 3HAYEHUSX MIEPEMEHHBIX X, X, X, — NPE/ICTaBIIEH Ha puc. 2.

B nepeBoze Ha HaTypasbHBINH MacTabd OCHOBHBIE TAPAMETPhI ONTUMHU3AIIMOHHOMH 3a-
JIa4M COCTABJIAIOT: 10ObIYa pyabl — 200 ThiC. T/TOM; CollepKaHUEe METAJLIOB B pyne — 5 %o;
notepu — 6 %; pasydoxxkuBanue — 25 %. 3HaueHHe 3aTpar B TOYKE ONTUMYMa COCTABIISIET
280 p./T. AHAJIOTMYHBIM 00Pa30M PACCUUTHIBAIOTCS CyMMAapHBIC 3aTparhl Ha MPOM3BOJI-
CTBO KOHIIEHTPATOB, P./T:

31, = 36,65-7,70 X, +0,0058 X, +0,305 X, +
+1,47 X7 +0,03 X7 +0,58 X; —0,01 X, X,,

e X, — 3arparhl Ha 0TOO¥KY, p./T; X, — 3aTpaThl Ha TPAHCTIOPTUPOBKY, P./T; X, — 3aTpaThl
Ha o0orarieHue, p./T.

Pe3ynberarsl MOETHMPOBAHKS MOKA3BIBAIOT, YTO HANOOJIEEe CHITBHOE BIMSHUE Ha 3aTpa-
ThI OKA3BIBAIOT MPOIIECC OOOTAICHUs Pyl MM KOMIIEHCAIMS pa3yO0KWBaHUS Ha dTarie
TOPHOTO TIepeena. BeayuM HampaBieHHeM MOACPHHU3AINN TEXHOJIOTHH TOI3EMHOM
pa3pabOTKH MECTOPOXKICHUIN TOJIE3HBIX MCKOMACMBIX SIBISIETCS MX KOMOMHHUPOBAHUE
B TIpeJIesIax MIaXTHOTO OIS,
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OxoHoMuueckas 3(ppeKTHBHOCTH KOMOMHMPOBAHHUS TEXHOJIOTHH OTIPEeNsieTcs CpaB-
HEHUEM I0/136MHOM BBIEMKH KOHAMIMOHHBIX PYZ C U3BJIEUEHHEM METAJUIOB Ha (adpuke
(TpagUIMOHHBI METOX) ¥ TOI3EMHOTO BBHITIECTauYMBaHMS (MHHOBAITMOHHBIA METOM) Me-
Tajyia, B TOM 4Hcle U3 OeIHBIX M 3a0aJlaHCOBBIX Py M XBOCTOB oOoramieHunsi. Komou-
HUPOBaHUE TPAAULHOHHOTO M WHHOBAIL[HIOHHOI'O METOIOB O3HA4YaeT BHIOOP pasIMuHBIX
3HAYEHUH 1 TapaMeTPOB ONTHUMHU3ALIUH C YIE€TOM JI0ITycTUMBIX. [lokazarenu koMOMHU-
POBaHHOH pa3pabOTKH ONPEEIISIFOTCS IS 30JI0TOPYAHOTO MECTOPOXKICHUS C yCITOBHAMHU:
n1yOnHa ropHbIX padot 10 400 M, Ha 3Tarne | B TeueHue roxa 100bIBaeTCs ¢ nepepaboTKoM
Ha 3aBozie 40 000 T 6aaHCOBBIX PY/ C coAepX)aHueM 7 T/T, Ha 3Tare 2 epepadaTbIBaeTCs
60 000 T GayaHCOBBIX PYJI C COACPKaHUEM 3 T/T BBHIIIEIAYNBAHAEM Ha MECTE 3aJIeTaHus,
a 40 000 T xBocToB oOorameHus copep:kanueM 0,5 T/T BBIIICIAYUBAIOTCS B IITA0CIIIX
C KOMOMHUPOBAaHHOM MEXaHOXMMUYECKOW akTuBarmen [18, 19].

Taoauna 1. TexHUKO-IKOHOMUHYECKHE NTOKA3aTeJIM CPABHEHNSI BADUAHTOB Pa3padoTKu
Table 1. Technical and economic indicators of options of development comparison

IToxazarenn Bapuanr 1 Bapuanr 2

V ienpHbIH BEC TEXHOIOTHH, % 100 100
OGbeM OYNCTHOH BhIEMKH Ha 1 T 3amacos, M°/T 0,63 0,52
Pacxon TopHO-TIOATOTOBUTENBHBIX PadOT Ha 1 T 3amacos, M/T 0,087 0,056
[Torepu, % 15 5
Pasy6osxuBanue, % 30 15
Jons pynsl, mocTynarolieii Ha py10000oraTutelbHyo Gadbpuky, % 50 50
Cpennuii BBIXOII XBOCTOB oborameHus, % 21 21
MecsiuHasi IPOU3BOAUTEIBHOCTE OJIOKa, TBIC./M 1,6 1,8
l'omoBast MpOM3BOAUTENHFHOCTD OJIOKA, TIC./M> 18,8 21,2
Tpya0EeMKOCTh OUUCTHON BHIEMKH, HeIL.-CM/M 0,11 0,98
OtpabatsiBacMble OaTaHCOBBIC 3amachl, % 100 100
Boixox pynsl Ha 1 T GasiaHCOBBIX 3a1acoB 1,2 1,8
KommaectBo 106BITON TOPHOI Macchl, %o 105 100
KagecTBo mo0bITOM pymbL, % 90 100
W3Bneuenne Meramia B TOTOBYIO IPOAYKIHIO, %o 91 100
3aTpaThl Ha BEIEMKY | M TOPHOH Macchl, p./M3 16,3 21,2
[IpubbuTs Ha 1 T GaTAHCOBBIX 3aMMacoB, p./T 52,2 57,2
DxoHoMuueckuii apdext Ha 1 T 3amacos, p./T —4.5 0
T'onoroii sxkoHOMHYecKu 3G hekT (yiiep0), ThIC. p. -1700 0

1o uroram 0OpabOTKH pe3yIIbTaTOB SKCIIEPUMEHTA F OTCEBa CTATUCTHYECKH He3HAYH-

MBIX KOA((HUIIMEHTOB PETPECCHH TIOTyYeHbI YPaBHEHUS PETPECCHH, OKa3aBIIIHEeCs CTaTh-
CTHUYECKH HAJEKHBIMU Ha ypoBHE 3Hauumoctu 0,05.

Monenb sKoHOMIYECKOH 3(h(EKTHBHOCTH KOMOWHUPOBAHUS TEXHOJOTHI Ha 3Tarax
pa3paboTKi MECTOPOXKACHUS C HE3aBUCHUMBIMH IEPEMEHHBIMH B O€3pasMepHOM Mac-
mrade TakoBa:

W =-0,365X, +68288,391.X, +0,437.X, +2215,482X,

e W — npubbuib, p./T; X| — KONIMYECTBO TOPHOM MAacChl, T; X, — COIEPKaHHUE 30J10Ta
B pyJie, I/T; X, — H3BJICYECHHE 30J10Ta U3 PYJIbL, T; X, — pyIHUIHAS C€0ECTOMMOCTB, P./T.
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Kosddurment nerepmunarmu: R? = 0,9991. Pacuetnoe 3Hauenue kpurepus Durire-
pa prl = 1662,35. Tabnuunoe 3nauenue kpurepus @umepa F = 19,25. Ilockonbky
F i > F 5, 3ABUCHMOCTD NPUHAMACTCS KaK npasrononoOHast. Tak kak K0dhHUIUEHTHI

npu X, u X, BO MHOTO pa3 MeHblue kodppuumnentos npu X, u X,, 10 pakropsr X, u X,
MIPAKTHYECKA HE OKA3hIBAIOT BIFSHMS Ha TIOKa3aTels mpuosim [20, 21].

3arparst
50 T

-1 0,8 0,6 -0,4 0,2 0 0,2 0,4 0,6 0,8 X,

Pucynok 2. 3aBucUMOCTh CyMMapHBIX 3aTpaT Ha JOOBIUY PYABI OT €€ pa3yOoKUBaHUS
(9KOHOMHYECKHE MOCIICACTBHUS) B OKPECTHOCTH TOYKH ONTHMyMa
Figure 2. Dependence between the total expenditures for ore mining and its dilution
(economic results) at a point of optimum

Biustnue paxropa X, 6ombiue, yem daxropa X,, mockonbKy kodpduument npu X, Ha
nopsok 6omnbiie. Hanbonee cuinbHOE BIUSHNE HA PE3YJIBTaTUBHBIN OKA3aTelb NPUObI-
JIM OKa3bIBaeT (pakTop cozmep:kaHuA 30J70Ta B pyae. Jlonsa 3arpar Ha ropHble paboThI B
CTPYKType pyZHH4HOU cebecToumocTy npesbimaet 50 %, 9To M03BOJSIET UCIONb30BaTh
9THU 3aTparhl B KAYECTBE OCHOBHOI'O KPUTEPHS ONTHMU3ALNH, a TAKXKE IJIs1 OLUCHKU KO-
HOMHYECKOH 3(P(EKTUBHOCTH KOMOMHHPOBAHMS STAllOB pa3pabOTKH MECTOPOXKACHHS
[22, 23]. OueHka 3¢ HeKTHBHOCTH KOMOMHUPOBAHHBIX CHOCOOOB Pa3pabOTKH PyIHBIX
MECTOPOXKACHUH C ONTUMH3ALUEH MO KPUTEPHUIO MOTHOTHI UCTIOJIB30BAHUS HEIP MPO-
W3BOJUTCS Ha OCHOBAaHHUU PE3YJIBTaTOB SKOHOMHKO-MaTeMaTHUECKOr0 MOAEIUPOBAaHHUS
(Tabm. 2-4).

Maremarnyeckas MozIeNb 3aBUCUMOCTH MeXy (hakropamu X, X, X, X, o cumme-
TpuuHOMY TU1aHy bokca [24, 25]:

X, =23,092-0,005X7 +3,657X; +0,015X, —0,423X,X, +17,768 X,.

Monenb ykasbiBaeT Ha HauOONIEE TECHYIO CBA3b MEXy (pakropamu X, u X,, Tak KaK
K03 QUIMEnT npu X, Ha NOPSAIOK OOJbILIE OCTANBHBIX KOI()QUIIMEHTOB.

[osTanmHoe M3BJIEUEHHE 3aMacoB PYIHBIX MECTOPOXKICHHH OOBSICHAETCS Tpexmep-
HBIM HOPMAaJIbHBIM 3aKOHOM paclpeieIeHusl Py 1O MPOILEHTHOMY COIEPKAHUIO METal-
J1a, mapamMeTpbl KOTOPOTO OMPENEIISIOTCS HA OCHOBE CTaTUCTUYECKOTO aHalM3a JaHHBIX
IIpH BBIEMKE pyn [26]. V3BiIekaeMasi IIEHHOCTh PY/bI 3aKOHOMEPHO TMOBBIIIACTCS TOCIIE
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ee 000raTUTEIHHOTO ¥ METAJUTyPTUIECKOTO IMepeiena, MO3TOMY POIIECC ONTUMH3ALINT
MIPOHM3BOICTBA METAJIIOB IOJKEH OCYIIECTBISITHCS CIIOCOOOM KOMIIPOMHCCHOTO OIITUMY-
Ma — HaXO)KICHUEM TaKO# TOYKH, B KOTOPOI 3HAYCHNE IIeJICBON (QYHKITHN OJIM3KO K OTITH-
MaJIFHOMY TI0 K&KIOMY H3 TIEPEIETOB B OTACTHHOCTH.

Bueapenne pe3yabraToB ucciaenopanmii. [Ipusenenrnoe obocHoBaHnE pacdera Ia-
paMeTpoB M3BJIEUCHHUS PYIbl MMO3BOJSET MPEIJIOKHUTH HOBBIE MPUPOIIOOXPAHHBIE U pe-
cypcocOeperarIie TeXHOIOTUN W TEXHUYECKHUE CPENCTBa, NAIOIIUE ITOJIOKUTEIHHBIE
Pe3ysIbTaThl IPH MOA3EMHON Pa3padOTKe PYIHBIX MECTOPOKICHUH CIOXKHOM CTPYKTYPBI
B Poccuiickoit @enepannn, Pecryonuke Kazaxcran, Ykpaune u Ip. pa3BUTBIX TOPHOIO-
ObIBaroIIMX cTpaHax mupa [27, 28].

Tabuauna 2. [Toxa3aTeau KOMOMHHPOBAHHOIO U3BJICYEHHUS 30J10Ta HA ITANAX A00bIYH
Table 2. Indicators of combined methods of gold recovery at the stage of production

[Toxa3zaTenn Oran 1 Oram 2 Oran 3 Bcero
T'opHO-KanuTanbHble paboThl, $/1 1,9 1,15 - -
T'OpHO-TIOArOTOBUTENbHBIC paboThI, $/T 3,8 5,0 - -
OuvictHble paboTsl, $/T 32 4,0 — —
Topusie paboTsl (Bcero), $/1 8,9 10,15 — —
3aknagounble padoTsl, $/1 2,7 — — —
TMo3eMubIi Tpancnoprt, $/1 0,5 0,39 - -
IMoaseM u copTHPOBKA, $/T 0,73 0,18 - -
IposerpuBanue, $/1 1,2 0,31 - -
Bomoornus (mepexauka pacTBopoB), $/1 0,3 1,17 - -
Ob6opynoBaHue Kyu BblleaadnBanus, $/1 - - 1.0 -
BeliienaunBanue XBoCcToB, $/T - - 1,0 -
OO1epy IHUYHBIE PACXOJIBL, $/T 3,85 2,45 - -
Pynununas cebectouMocTsh, $/1 18,3 14,9 2,0 -
KonuuectBo ropnoii Maccel, T 40 000 60 000 40 000 140 000
Coneprkanue 3070Ta, I/T 7 3 0,5 -
KonnuecTBo 3070Ta B ropHO# Macce, T 280 000 180 000 20 000 480 000
H3Bneuenue 3051012, % 90 60 60 77
Jlo6bITO 30710TA, T 252 000 108 000 12 000 372 000
Iponaxuas nena, $/v 10 10 10 10
Prinounas nena, $/v 12 12 12 12
Ipuodsus, $ 504 000 216 000 24 000 744 000
O dexTuBHOCTS, % 100 - - 148

IlepcnekTHBHBIE HATIPaBJIEHUS Hcclel0BaHUIl. be30macHOCTh TOPHOTO MPOU3BO-
CTBa 00eCIeYnBaeTCsl MUHUMU3a1Keil 00beMOB JOOBIBAEMbIX MUHEPAJIOB U yTHIIN3ALIHU-
el y’ke BBITaHHOTO Ha MIOBEPXHOCTh HEKOHJULIMOHHOTO CHIPbs. DKOJIOrHYecKas Oe3omac-
HOCTb TOPHOTO HPOW3BOACTBA MperoaraeT ynpaejeHHE MPoLeccoM (HOPMUpPOBAHMS
TEXHOTCHHBIX OTBAJIOB MOPOJ NPH Pa3padOTKe MPHUPOTHBIX MECTOPOXXKICHUM U MEPEeBO-
JIOM HEaKTHBHBIX 3allaCOB TEXHOTCHHBIX MECTOPOXKAECHUI B aKTUBHBIE, BO3JICHCTBYS Ha
HUX (PU3UKO-XUMHYECKAMH TPOLIECCAMH.

TpaI[I/IHI/IOHHI)IG METOAbI nepepa60TK1/I HE NO3BOIAIOT JIMKBUAUPOBATHL 3alaCbl TCX-
HOI'€HHBbIX MeCTOpO)KIlCHI/H\/'I, YTO BJICUECT HCO6XOI[I/IMOCTI) CO31aHuA AJIBTCPHATUBHBIX
croco0OB TepepaboTKK TMOPOIHBIX OTBAJIOB JJISl W3BJICUCHUS TOJIC3HBIX KOMITIOHEHTOB
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H3 CBIPbA. HepCHeKTI/IBHI)IM HaIpaBJICHUEM I/ICCJIe)IOBaHI/Iﬁ CTAHOBATCA aJIBTCPHATUB-
HBIE CIIOCOOBI TIEPEPadOTKU CHIPHS Ha OCHOBE TEXHOJIOTHIECKUX MPOIIECCOB JOOBITH 110
KPHUTEPHIO MUHUMH3AIIUHA OTXO/IOB MPOHU3BOJCTRA. [10TydeHHbBIE Pe3ysIbTaThl MO3BOIISIOT
KOMITJICKCHO OIEHUTH d((HEKTUBHOCTD IPOEKTA B IIEJIOM H Pa3padoTaTh CIIOCOOHI €T0 pe-
anu3anuu. JocTIKeHre 1ienield MPOoeKTa BOSMMKHO Ha OCHOBE aHaJIM3a MapaMeTPpOB TeX-
HOJIOTHYECKHX TPOIECCOB TPATUIIUOHHON U aJIbTePHATUBHOM TEXHOJIOTHIA TOOBIYHU PYJI 1
nx nepepaborku [29, 30].

Ta0uuna 3. I'panuyHble yC10BUs HE3aBHCHMBbIX NIEPEMEHHBIX 10 YPOBHAM
Table 3. Boundary conditions of variables by levels

YpoBeHb
Iokasarens Hwxnauit, | CpenHnuii, Bepxumii, | MuTepnan,
-1 0 +1 A
KonnuectBo ropHoii Macchl, ThIC. T (X)) 40 90 140 50
Coneprxanue 30J0Ta B pyae, /T (X3) 0,50 3,75 7,00 3,25
W3Bneuenue 3010Ta U3 pyasl, % (Xs) 60 75 90 15
Pynuuunas cedbecroumocts, $/1 (Xy) 2,00 10,15 18,30 8,15

BeiBoasl. [TapameTpbl MaccHBa TOPHBIX TOPOJ] OIIMCHIBAIOTCSI BEPOSTHOCTHOM TpeX-

MEPHON MOZEIBIO TBEPAOH JUCKPETHOM Cpelbl HA OCHOBE METO/a MaKCHUMAJIBHOTO II0O-
I[O6I/I$[, y‘-II/ITBIBaIOIlIeﬁ HaIIpsOKCHUA Ha Pa3JIMYHBIX YYaCTKax MacCruBa C BOSMOXHOCTBIO
YHOpaBJICHUA TTIaBHBIMU HAIPsSKCHUAMU IMOCPEACTBOM 3aKJIAAKU TEXHOT'CHHBIX ITYCTOT
TBEPACIONTUMH CMECSIMH Pa3HOTO COCTaBa M MPOYHOCTH — OT 1,2 1o 6,0 MIla. Tak, B 30He
HapyIIEHHBIX TTOpo MOITHOCTEIO OT 0,5 10 10 M k03 dHUITMEHT 0CTa0ICHUS CHIDKASTCS
ot 0,25 10 1,15. 30Ha IOBBIIICHHOH 0cTa0IeHHOCTH UMeeT MOIHOCTE 0,5—1,5 M. Koad-
(UIHEHT CTPYKTYPHOTO OCIIabiIeHus yBennurBaeTcs K nepudepuu go 0,15, aTo o3HaqaeT
YMEHBIIIEHUE TPOYHOCTH B CPABHEHUH C HEHAPYIIEHHBIM MaccuBoM OT 1,5 1o 6,0 pas.

Tabuauna 4. 'pannyHbIe YCI0BUS HE3aBUCUMBIX NIEPEMEHHBIX 110 3TallaM
Table 4. Boundary conditions of variables by stages

Oran 1 Oran 2 Oran 3 Bcero
ITokazarens ; - - -
min | max | min | max | min | max | min | max
KommaecTBo ropHO#t Maccsl, ThIC. T (X)) 20 60 40 80 20 60 80 200
CopepxaHue 30J10Ta B pyze, I/T (X5) 5 9 2 5 1 3 1 9
W3Bneuenne 3omota u3 pynast, % (X3) 70 90 60 70 50 60 50 90
Pynununas cebecroumMocts, $/1 (Xy) 19,2 | 12,0 | 10,7 | 19,2 52 14,9 52 19,2

[NomyueHsl perpeccHOHHBIE 3aBUCUMOCTH MPUOBLIH OT KOI(D(PHUIMEHTOB TOTEPh M
pa3yOOKMBaHUs, TOKa3areliell BBIEMKH T'PYHTa, COBOKYIHBIX 3aTpar Ha IepepaboTKy,
a TaKKe yiiepda (3KOHOMHUYECKUX TTOCIIEICTBHII) OT pa3yO0oKUBAHUS PY/bI B OKPECTHOCTH
TOYKH ONITUMYMa. 3aBHCUMOCTH MTPUOBLIHN SIBIISIETCS BBITYKJIOH, MOHOTOHHO YOBIBatoIIeH
(hyHKIHEH, TIIe BETMIMHA PUOBIIN TEM MEHBIIIE, YeM O0JbIe KOAPGHUITHEHT pa3yOoKu-
BaHus pyapl. [Ipu yBennueHun koddduimenTa pazyookuBanus pyast 1o 0,6 BennunHa
npudsL ynanet Ao 50,5 p./1, 1. e. 6onee gem Ha 20 %. Takum oOpazom, BrusHHEE PaKTO-
pa pa3yOoKHBaHUS PYIBI TEM CHIIbHEE, YeM OOITBIIE €ro BEIMYHHA.

PexoMeH10BaHbI TIABHBIC HAMTPABICHUS MOJCPHU3AIMN TEXHOJIOTHI TIO3EMHON pa3-
paboTKK MECTOPOXKICHHI TIOJIE3HBIX UCKOIIAEMBIX C YY€TOM X KOMOMHHPOBAHUS B TIpe-
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JieNiax IaxTHOro moss. Tak, /Ui 30JI0TOPYIHOTO MECTOPOXKACHHUS C YCIIOBHSIMU: IIyOHHA
TopHBIX padoT 10 400 M Ha 3Tame | B TedeHWe roma JOOBIBaeTCS ¢ IepepaboOTKoi Ha
3aBozae 40 000 T 6aTaHCOBBIX PyX C colepKaHWeM 7 T/T, Ha drame 2 mepepadaTsiBacTCs
60 000 T GamaHCOBBIX Py C cofep KaHNeM 3 T/T BEHIIIEIaYNBAHAEM Ha MECTE 3aJeTaHus,
u 40 000 T xBOCTOB OOOTameHus cogepkanueM 0,5 T/T BBIIETaYUBAIOTCS B MITA0EITIX
C KOMOMHHAPOBAaHHOW MEXaHOXMMUYECKOW aKTHBAIMEH.

BUBJIMOT PAGMYECKII CITMCOK

1. Zhanchiv B., Rudakov D., Khomenko O., Tsendzhav L. Substantiation of mining parameters of Mongolia
uranium deposits // Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu. 2013. No. 4. P. 10-18.

2. Chetveryk M., Bubnova O., Babiy K. The rate of deformation development in the rock massif on
the basis of surveying monitoring on the earth surface // Mining of Mineral Deposits. 2017. No. 11(1).
P. 57-64. https://doi.org/10.15407/mining11.01.057

3. Rysbekov K., Huayang D., Kalybekov T., Sandybekov M., Idrissov K., Zhakypbek Y., Bakhmagambetova G.
Application features of the surface laser scanning technology when solving the main tasks of surveying
support for reclamation // Mining of Mineral Deposits. 2019. No. 13(3). P. 40-48. https://doi.org/10.33271/
mining13.03.040

4. Kalinichenko V., Dolgikh O., Dolgikh L., Pysmennyi S. Choosing a camera for mine surveying of
mining enterprise facilities using unmanned aerial vehicles / Mining of Mineral Deposits. 2020. No. 14(4).
P. 31-39. https://doi.org/10.33271/mining14.04.031

5. XomsikoB B. 1. 3apyOerxHblii ONBIT 3aknaaki Ha pynHukax. M.: Henpa, 1984. 224 c.

6. JloObrua u mepepaboTKa ypaHOBBIX pya B YKpamHe: MoHorpadus / mox pex. A. I1. YUepHosa. Kues:
Aned—Ykpauna, 2001. 238 c.

7. JIamenxo B. ., T'onuk B. 1. HayuHoe 1 KOHCTPYKTOPCKO-TEXHOIOTUUECKOE COIIPOBOXKICHUE Pa3BUTUSA
ypanoBoro npomnsBozcTsa. Jloctmwkenns u 3agauun // TUAB. 2017. Ne 7. C. 137-152.

8. Xomenko O. E., Jlamenko B. U. PaumonansHOE HCIONB30BaHHE M OXpaHa HEAp HPH IMOA3EMHOMN
Ppa3paboTKe PYIHBIX MECTOPOKICHUI B YCIIOBHSIX TEXHOTeHe3a // PazBenka u oxpana Hezp. 2019. Ne 4. C. 60-65.

9. l'onuk B. U., Komamenko B. Y., JIsmenko B. U. PannonansHoe ncnonb30BaHUE U OXpaHa HEp MpU
KOMOWHHMPOBaHHOM pa3paboTKe pyAHBIX MecTopokieHuH // Pa3Benka u oxpana Henp. 2019. Ne 11. C. 47-52.

10. JIssmenxo B. U., Tonuk B. U., Jatuun B. 3. [ToBblieHHE SKOIOTHUECKON OS30MACHOCTH CHIYKEHUEM
TEXHOTEHHOH Harpy3K B TOpPHONOOBIBAIOIIMX pervoHax // M3Bectus By3oB. UepHas merammyprus. 2020.
T. 63. Ne 7. C. 529-538. DOI: 10.17073/0368-0797-2020-7-529-538

11. Bondarenko V., Kovalevska I., Svystun R., Cherednichenko Yu. Optimal parameters of wall bolts
computation in the united bearing system of extraction workings frame-bolt support // Annual Scientific-
Technical Collection — Mining of Mineral Deposits. 2013. P. 5-9.

12. Yuctsikos E. I1. CoBepleHCcTBOBaHNE CIIOCOOOB MOAIEPKAHNUS ITOA3EMHBIX TOPHBIX BEIPAOOTOK IIAXT
Kpusopoxckoro 6acceitna // Bicauk KpuBopizbkoro Texaiunoro yaisepcurery. 2006. Ne 13. C. 16-20.

13. Epemenxo B. A., Ecuna E. H., Cemenskun E. H. TexHomorus omeparMBHOr0O MOHHTOPHHIa
HanpspKEHHO-71e(hOPMHUPOBAHHOTO COCTOSIHHS pa3padaTbiBaeéMOro MacCHBa FTOPHBIX MOpoy // TopHbIH KypHaIL.
2015. Ne 8. C. 42-47.

14. Tpynosa U. A., Cunopenxo P. B., Bakan C. B., Kapnosuu 3. A. AHanu3 0CHOBHBIX HaIlpaBICHUI
yTanmm3anuu Gocgorurca — oTxona MpousBoncTsa GochopHoit kuciorel // Exonoriuna Oesmeka. 2010.
Ne 2/10. C. 31-35.

15. Tpy6emnkoit K. H. Pa3Burtre pecypcocOeperaroninx U pecypcoBOCIPOU3BOASAIIAX T€OTEXHOIOTHIA
KOMIDIEKCHOTO OCBOCHHSI MECTOPOXKICHHUI TToNe3HbIX nckonaeMsix. M.: UTIKOH PAH, 2014. 196 c.

16. Jonson D. Controlled shock waves and vibrations during large and intensive blasting operations
under Stockholm city // Workshop on Tunneling by Drilling and Blasting hosted by the 10th Int. Symp. on
Fragmentation due to Blasting (Fragblast 10). New Delhi, India, 24-25 November, 2012. P. 49-58.

17. Monalas F. I., Arusu T. Blasting works in urban area: a Singapore case study / Workshop on Tunneling
by Drilling and Blasting hosted by the 10th Int. Symp. on Fragmentation due to Blasting (Fragblast 10). New
Delhi, India, 24-25 November, 2012. P. 23-30.

18. Gupta 1. D., Trapathy G. R. Comparison of construction and mining blast with specific reference to
structural safety // Indian Mining and Engineering Journal. 2013. Vol. 54. No. 4. P. 13-17.

19. Kammtynos . P., Paguenko JI. H. [IprHIMIEI TpOEKTHPOBAHUS M BEIOOP TEXHOJIOTHH OCBOSHHMS HEAp,
o0eceYnBarOIX YCTOWYNBOE PA3BUTHE MTOA3EMHBIX PyAHUKOB // TopHbIH sxypHa. 2017. Ne 11. C. 121-125.

20. Pynmur M. A., Masypos A. K., Pesa 1. B., CrebneroB M. JI.. IlepcriekTHBbl KOMIIJIEKCHOTO
ocBoeHUst bakdapckoro xene3opyaHoro Mectopoxnernus (3amamaas Cudups, Pocens) / U3Bectust Tomckoro
MONUTEXHUYECKOro yHIBepcuTeTa. mkunupuHr reopecypcon. 2018. Ne 10. C. 87-99.

21. Myxamernmma B. B., Annpee B. E. IloBbimieHne 3((EKTHBHOCTH OLCHKH pE3YIETaTHBHOCTH
TEXHOJIOTHH, HANpaBICHHBIX HAa paCUIMPEHHE HCIIONb30BAaHUSA DPECYpPCHOH 0a3bl MECTOpOXXKICHHH ¢
TpyIHOU3BICKaeMbIMHU 3anacaMu // Vi3BecTnst TOMCKOTO MOJIMTEXHUYECKOTO yHHBepcUTeTa. VHXMHUPUHT
reopecypcos. 2018. Ne 329(8). C. 30-36.

67



FEOTEXHONOMUA  JLuuenxo B. U. u dp. / Hseecmust 8y306. opnuiit sicypran. Ne 1, 2022. C. 58-71

22. Kapses B. U., KomxoB A. A., Kyznenos A. B., [Inotaukos W. 1. 3Bneuenne menu um nuHKa
W3 MeJCIUIaBUIBHBIX I[UIAKOB IIPH BOCCTAaHOBHUTEIBHO-CYIbGuupytomeld obpaborke // BecTHuk
MarsauToropcKoro rocynapcTBEHHOTO TexHHdeckoro yHuBepcutera uM. [. W. Hocosa. 2020. T. 18. No 2.
C. 4-12. https://doi.org/10.18503/1995-2732-2020-18-2-4-12

23. Volkov E. P., Anushenkov A. N. Developing the technology of mine stowing with processing tailings
based hardening blends // Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal = News of the Higher
Institutions. Mining Journal. 2019; 7: 5-13. DOI: 10.21440/0536-1028-2019-7-5-13

24. Kpynckas JI. T., Tony6es /1. A., Pactanuna H. K., ®unarosa M. 0. PexynpsraBanus moBepXHOCTH
XBOCTOXPaHMJIHILA 3aKPBITOTO TOPHOTO TpepusiTisi [IpuMopcKoro Kpast ¢ CToNb30BaHHeM Onopemeauanuu //
I'MAB. 2019. Ne 9. C. 138-148. DOI: 10.25018/0236-1493-2019-09-0-138-148

25. Antonelli C., Feder C. The new direction of technological change in the global economy // Structural
Change and Economic Dynamics. 2020. No. 52. P. 1-12.

26. Xoborosa J. b., Urnarenxo M. U., bemmuenxko E. A., [Torukaposckas C. B. Paguanonssie cBoiicTa
OTXOJI0B yIIIeZI00bIBAIOIIEH U TEIIOIHEpreTnyecKoil orpacieii / be3onacHOCTh Tpyaa B POMBIIUICHHOCTH.
2020. Ne 8. C. 60—67. DOI: 10.24000/0409-2961-2020-8-60-67

27. Lazareva E., Anopchenko T., Murzin A. Human capital in the system of urban territory sustainable
development management // Springer Geography. 2020. P. 269-277.

28. Komaposa O. I, Ctposckuii B. E., Ileperon 1. B. VIHHOBallMOHHOCTH TOPHBIX MPEINPUATHH C
HO3HIMU 3HAYMMOCTH YeNoBedecKkoro kKarnuraina // 3Bectus By3oB. [opHblii xkyprain. 2020. Ne 2. C. 52-58.
DOI: 10.21440/0536-1028-2020-2-52-58

29. T'onuk B. U., Pasopenos 0. U., Barun B. C., Jlsmenko B. . NccnenoBanue u pa3paboTka COCTaBOB
TBEpJCIOIel CMECH Ha OCHOBE HETPAAMIMOHHBIX OTXOIOB Ipom3BoxcTBa // V3Bectust By3oB. [OpHBIi
xypHai 2021. Ne 3. C. 13-27. DOI: 10.21440/0536-1028-2021-3-13-27

30. Xomenko O. E., Kononenko M. H., JIsmenko B. M. Oxpana Henp npu pa3paboTKe COILy TCTBYIOMIUX
HCKOIIaeMBIX B SHEprOHAPYyIICHHBIX MaccuBax mopox // Pa3senka n oxpana nenp. 2021. Ne 4. C. 61-68.

Toctynuna B pegakuuto 24 mas 2021 roga
Caenenus 00 aBTopax:

JIsmenko Bacunuii WBaHOBHY — KaHIMIAT TEXHUYECKUX HAyK, CTApIIMi HAaydHBI COTpPYIHUK,
Ha4allbHUK  HAyYHO-HCCIIEJIOBATENIbCKOTO ~ OTAENA TOCYAApPCTBEHHOTO  MPENNPUSATHS — YKPAUHCKOTO
Hay4HO-HCCIIEZIOBATENIbCKOTO U IPOEKTHO-M3BICKATENILCKOTO HMHCTHTYTA IIPOMBIIUICHHOW TEXHOJOTHU.
E-mail: vilyashenko2017@gmail.com; https://orcid.org/0000-0001-8361-4179

Xomenko Ouier EBreHbeBHY — JJOKTOpP TEXHHYECKUX HayK, npodeccop kadeapsl Moa3eMHOH pa3paboTKu
MecTopokieHNH HaruoHaabHOTO TEeXHHYECKOro yHuBepcuTeTa «JlHempoBckas MONUTeXHUWKa». E-mail:
rudana.in.ua@gmail.com; https://orcid.org/0000-0001-7498-8494

Tonnk Bragmvup UBaHOBHY — JOKTOp TEXHHMYECKHX Hayk, mpodeccop, npodeccop Kaheapbl TopHOTro
nena CeBepo-KaBka3ckoro rocyaapcTBeHHOTO TEXHOIOTHIECKoro yHuBepcurera. E-mail: v.i.golik@mail.ru;
https://orcid.org/0000-0002-1181-8452

Mumuk Muxania ®exopoBuy — KaHIUIaT TEXHAYESCKUX HAyK, JOLEHT Kadeapbl MaTeMaTUKU 1 HPUKIIAHOM
nHpopmaruku MHCTHTYTa chepbl 00CTyKUBaHKS U NPESANPHHAMATENBCTBA (punrana JIoHCKOro TocynapcTBeH-
HOTO TEXHUYECKOTo yHUBepcHuTeTa. E-mail: m mits@mail.ru; https://orcid.org/0000-0002-6746-2053

DOI: 10.21440/0536-1028-2022-1-58-71
Justifying the parameters of ore fields underground mining with goaf backfilling

Vasilii I. Liashenko!, Oleg E. Khomenko?, Vladimir I. Golik®, Mikhail F. Mitsik*

! Ukrainian Research and Design Institute for Industrial Technology, Zhovti Vody, Ukraine.

2 Dnipro University of Technology, Dnipro, Ukraine.

3 North Caucasian Institute of Mining and Metallurgy (State Technological University), Vladikavkaz, Russia.
4 Institute of Service and Business (branch) of Don State Technical University, Shakhty, Russia.

Abstract

Relevance. Manmade deposits have a major impact on environmental ecosystems in mining.
Therefore, the priority direction of comprehensive research is the creation of technologies and
technical means based on minimizing production waste.

Research objective is to justify the parameters of ore fields underground mining with goaf backfilling
using mathematical modeling and multi-criteria minimization of mining waste based on the results
obtained by the regression analysis and planning of an experiment, ensuring economic efficiency
and environmental safety growth, as well as subsoil rational use and protection.
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Methods of research. The parameters of technogenic deposit formation when extracting ore by
traditional and alternative technologies were determined. The earths surface and underground
working stress-strain state parameters were calculated. The technologies of converting inactive
reserves of technogenic deposits into active ones by influencing them by physicochemical processes
were studied. Parameters and regression dependences were calculated using the Maple 9.5
mathematical software package. The presented graphs were built in Maple 9.5 or Microsoft Excel
using standard and new methods.

Results. It is shown that the preservation of the rock mass implies the possibility of controlling the
main stresses by limiting their deformations by filling technogenic voids with hardening mixtures
of different composition and strength from 1.2 to 6.0 MPa. The structural weakening coefficient
increases towards the periphery to 0.15, which means a decrease in strength in comparison with
the undisturbed massif from 1.5 to 6.0 times.

Conclusions. The regression dependences of profit on the coefficients of losses and dilution,
indicators of soil excavation, total processing costs, as well as damage (economic consequences)
from dilution of ore in the vicinity of the optimum point are obtained. The profit dependence is
a convex monotonically decreasing function, where the profit value is the smaller, the greater
the ore dilution coefficient. With an increase in the ore dilution coefficient to 0.6, the profit value
will fall to 50.5 rubles/t, i.e. more than 20%. The main directions of modernization of technologies
for underground mining of mineral deposits are recommended, taking into account their
combination within a single mine field.

Keywords: ore and technogenic deposits, underground mining; mathematical modeling; efficiency;
environmental safety.
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YnpaBsnenue nokansHou Anddy30pHOCTLI0 — AIPPeKTUBHBIN CNOCO6
NOBbIWEHNA aAanTUBHOCTU BEHTUNATOPHbIX YCTAHOBOK annapaTos
BO3AYLUHOrO OXnaXaeHus rasa

Makapos H. B.!, Makapos B. H.!, YronbHukoB A. B."™,
Yypakos E. O.!, ApcnaHoB A. A"
! Ypanbckuii rocyaapCTBEHHbI TOPHbIN YHUBEPCUTET, T. EkaTepunbypr, Poccus
*e-mail: ugolnikov@yandex.ru

Pecpepam
Ilocmanoeka 3adauu. 3adauu nogviuleHst NPOMbIULIEHHOU Oe30NacHOCMU U 3 hekmugHocmu
OXNANCOEHUSI  KOMAPUMUPYEMO20 203d HA KOMAPECCOPHBIX CMAHYUAX MASUCMPATbHO20
2a30NP0B00A AKMYAIUIUPYIOM NPOOIEMY MAMEMAMUYECKO20 MOOETUPOSAnUs YNPAGLeHUs.
npoyeccamu npeodpaAz06anus dHepeUul 6 Padoyuux KoLecax GeHMUISIMOPHBIX YCMAHOBOK
0N annapamog  8030yuiHoz2o oxaadcoenuss (ABO) ecaza, omauvaiowuxcs 601bWON
ObICMPOXOOHOCMBIO U AOANMUBHOCBIO Ol OOCMUdICeHUs.  mpedyemMo2o  YpOGHs
KOHKYPEHMOCNOCOOHOCmU Hehme2a306020 komniekca PD ¢ ycrosusx enobaruzayuu.
ILens. Pazpabomka memooa ynpasienus 10KAIbHOU Oudy30pHOCMbIO0 HA NPOPDUIAX TONATOK
pabouux Konec, AAOUEUC OCHOBHOU NPUYUHOU HUZKOU a0anmueHOCMU BeHMUNIAMOPHbIX
yemanogok 0as ABO easa.
Memoouxa uccnedosanuii. J[na pacuema OOMUHAHMBL YNPAGLEHUSL AOANMUBHOCHIbLIO
BEHMUNAMOPHLIX — YCIMAHOBOK — NPUHSAM  2UOPOOUHAMUYECKULl  AHAN02  JOKATbHOU
oughgyzoprocmu — uzmenenue ckopocmu nomoxa Ha npogune ronamox. C ucnonvsosanuem
KoHnopmublx  npeobpazosanuil,  2UOPOOUHAMUYECKOU  aHALO2UU,  OCODbIX — MOUeK
C. A. Yannvieuna paspaboman memoo YHpAGIeHusi NOKANbHOU OUud@dy30pHoCmvio nymem
UBMEHEHUsL CKOPOCTU HOMOKA C ROMOWbIO UCHOYHUKOS GIIUSIHUSL HA 0OMeKanue npoguiel TIOnamox.
Pesynomamet. [Joxazano, umo OOMUHAHMOU YNPAGIeHUs JIOKALbHOU Oupgy3opHocmbio
AGNSLEMCS UHMEHCUBHOCTb PACHPEOETIeHHBIX UCIMOYHUKOS NO NPOPUII0 TONAMOK paboyezo
Koleca GeHmuIAmMOpHbIX ycmaHoeok 0aa ABO easza, onpedenarowux ouggdyzoprocmo
NOMOKA U, KAK pe3yibmam, UMeHeHUue CKOPOCmU B0KpYe Npo@uis. DKCNepUMEHMAlbHO
NOOMBEPIUCOEHO, YUMo  NpuUMeHeHue npoghuieli, HOCMPOEHHbIX ¢  UCNOLb30GAHUEM
NPEONONCEHHOL MEMOOUKU, CHUIICAem KOIPDUuyueHm npopuibHo20 COnPOMUBIEHUst 1ONAMOK
pabouux xonec eHMUIAMOPHBLIX ycmanosok 011 ABO eaza 6onee yem 6 3 paza, ygeruuusas
001acmb UX IKOHOMUUHOU pabombl He Menee yem Ha 43 %.
Oonacmov npumenenun. Illonyuennvlii pezyiomam Modicem OblMb  UCHONL308AH HA
npeonpusmusx Hegpmezazo6020 komniexca PD ons oxaasicoenuss KoMnpumupyemozo 2asa ¢
nomowbio ABO komnpeccoprvlX cmanyuil MazucmpanbHblX 2a30MPo60008.

Kniwouegvie cnoea: senmunsmop; yupkyisyus;, UCMOYHUK, AOANMUGHOCMb, DeulemKa
npogueii, KoHghopmHoe npeobpazosanue.

BBenenue. OCOOCHHOCTH TPAaHCTIOPTUPOBAHUS KOMIIPUMHPOBAHHOTO Ta3a 00yCIIOB-
JIEHBI CYILIECTBEHHBIMU U3MEHEHUSIMU TEMIIEPATYPHBIX YCIOBUI OKpyXarolen cpensl [ 1, 2].
VYkazaHHbIe (aKTOPBI YXYAIIAIOT aAalTHBHOCTD BEHTHIIISTOPHBIX ycTaHOBOK aiusi ABO
rasa, CHIKas KOHKYpPEeHTOCHOCOOHOCTh mnpennpusathii. [loBblmeHne KOHKYpeHTO-
CIOCOOHOCTH TOPHBIX NIPEATIPUATHIA B COYSTAHUH C MTPOMBIIUTIEHHOH 0€30MTaCHOCTHIO aK-
TyaJH3HupyeT 3a/a4y pa3paboTKH MareMaTU4eCKUX MOJENICH YIPaBICHUS MEXaHU3MOM
peoOpa3oBaHusl PHEPrUM B pabOuYMX KoJecaX BEHTHISTOPHBIX YCTaHOBOK st ABO
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ra3a [3]. HeoOXomuMbl HOBBIE MOMXOMBI K TIPOSKTUPOBAHHUIO M CO3JAHUIO aTallTHUBHBIX
BEHTWISITOPHBIX YCTaHOBOK Ui ABO rasa, anexkBaTHO ¥ OIHOBPEMEHHO 3KOHOMHYECKU
000CHOBaHHO CO3JAIOUIMX TpeOyeMble yCIOBHS BO3LYILIHONW CPEAbl B TEXHOJIOTHUECKOM
HPOCTPAHCTBE, PEAIN3YIOIINX KOHLEILINIO ONTUMAIbHON 3KOTEXHOJIOTUH HEPOIIOb30-
BaHus [4].

B ocHoBe nnen npuponononoOus NPUMEHUTEIBHO K BEHTHWISTOPHBIM YCTaHOBKaM
it ABO rasa nexuT 3aa4a yCTaHOBJICHUSI JOMHHAHTBl MEXaHH3Ma B3aHMMOACHCTBUS
JIonaToK paboyvero Kojieca BEHTHISITOPHBIX YCTAHOBOK C TOTOKOM, YIIPABJIEHHE KOTOPBIM
MO3BOJISIET aI€KBaTHO, C MUHUMAJILHBIMH MOTEPSIMU aJlaliTHPOBATHCS K M3MEHSIOMINMCS
napaMeTpaM TEXHOJIOTHUECKOTO MPOoLecca OXIIaXIeHUs rasa.

IocTanoBka 3agaun. B3anmozelicTBre MOTOKA BO3/yXa C JIONIATKaMU pabovero Ko-
Jieca BEHTWJIATOPHBIX ycTaHOBOK Uit ABO rasa ocymiecTpisieTcs uepe3 YCTOHUUBYIO
BUXPEBYIO JOpOXKy Kapmana, popmupyeMyto cHCTEMOM MTPUCOSTUHEHHBIX BUXPEH, SB-
JSTFOLIYIOCSI TUAPOIUHAMIYESCKUM aHAJIOroM Mpoduieit Jonarok [5—7].

[Tpu n3MeHeHUIX TEMIIEPaTyPHBIX YCIOBHI OKPYKAIOIIEH CPeIbl TPOUCXOAUT Jedop-
Mals BUXpeBo# crcteMbl KapmaHa Ha pouiTsix JIOmarok pabodrx KojieC BEHTHUIIITOPHBIX
ycTaHoBOK 11 ABO raza, CHIKeHHe HHTEHCHBHOCTH ITPUCOSINHEHHBIX BUXpei [8—10].
JloxanbHast 1 (y30pHOCTE, OTPULIATEIBHBIC TPAJAUCHTHI CKOPOCTEL, T. €. pe3K0oe 3aMe-
JICHHE IOTOKa Ha Npo(uiie JIONATOK, NPUBOIAT K POCTY IOTEPh HEPIUU HA OTPHIBHOE
BHUXpeoOpa3oBaHue.

OOycloBIE€HHOE TPaJMEHTOM [aBJCHUs JIOKAJIBHOE 3aMeIUIeHHE CKOPOCTH Ooiee
JOIyCTUMOH BEJIMYMHBI (OTPHLIATETIEHOE YCKOPEHHE) MPUBOIHUT K TOPMOMKEHHIO TTIOTOKA J10
cKopocTH, paBHOH 0, GopMHUPOBaHHMIO TOUKU OTPHIBA MIOTOKA, T. €. OTPHIBHOMY BUXPEO00-
Ppa30BaHUIO.

Takum 00pa3oM, 3HAYMUTENBHOE JIOKAIFHOE 3aMe/JICHHE MTOTOKa Ha Ipoduiie JTONaTKH
00ycTaBIMBaeT Jaxke B YCIOBUSIX MOTEHIIAIBHOTO TEUEHHSI €T0 OTPBIB [IPU JOMUHHUPYIO-
IIeM 3HAaYCHUH JIOKaJIbHOH T dy30pHOCTH.

C y4eToM KMHEMaTHYeCKUX apaMeTpoB Ha nmpoduiie TokaibHyo A Py30pHOCTE 1
yTOJ ee pacKphITUs moayduM B Buje [11-13]:

v do
A, V V
o = —arct d—V——arcsind—V—arct ﬂ (1)
. i TS

re V — OTHOCUTENbHas CKOPOCTH IOTOKA BO3AyXa Ha mpoduie nonarku, V =V / u;
U — OKPY’KHasi CKOPOCTb JIONIATKH, M/C; d /' — CHU’KEHHE OTHOCHUTEIBHOH CKOPOCTH I10-
TOKa BO3MyXa Ha MpoQuie JIOMaTkd, O0yCIOBICHHOE JOKATBHOH anbdy30pHOCTHIO;

d(Q — CHIDKEHHE OTHOCUTEIILHOTO PacXo/ia MOTOKa Ha poduie, 00yCIOBICHHOE JTIOKAIIb-
HOM 1(QPy30pHOCTBIO; ) — OTHOCUTEIbHAS KOOPAMHATA TOYEK NPO(uIIs JIONaTKU B pe-
IIeTKe paboyero Kojieca BEHTUIATOPHBIX YCTAaHOBOK; y =) / b; b — Xop/a jomarku, M;
X =x/b; S — OTHOCUTENbHAS JUTMHA MPOQUIIS JIOIATKU B TOUKE ¢ KOOPIMHATAMH (X, ));
S =S8/b;x =x/b.

Takum 00pazom, jokanbHas AU(E(OY30pHOCTH MOTOKA U YIOJI €€ PACKPBITHS OKa3bl-
BAIOT CYIIECTBEHHOE BIIMSIHUE HA MEXaHW3M €ro SHEPreTHYECKOrO B3auMOJICHCTBHS
C pelIeTKol npoduiel, a MaBHOe — Ha (JOPMUPOBaHHE HEOOPATHMBIX TTOTEPh SHEPTHU
B paboueM KoJiece BEHTWIATOPHBIX ycTaHOBOK st ABO rasa.
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Jns xmaccmyeckux mpodreld omaTok pabodumx KOJEC BEHTHISTOPHBIX YCTaHO-
BoK 11 ABO raza cymecTByeT BHYTpPEHHEE IIPOTUBOPEUHE MEXIY YBEIUYEHHEM Ipa-
IMEHTa CKOPOCTH Ul POCTa LUPKY/IILUY, ONPEAEIAIONIEr0 TEOPETUIECKOEe AaBICHHE,
T. €. YPOBEHb PHEPIeTHYECKOTO B3aMMOAEHCTBHS A0 TOUKM MaKCUMaJbHON CKOPOCTH,
1 00ecreyeHneM MaKCUMAJIBHO JIOITYCTUMOT'O 3aMEJICHHS CKOPOCTH, WIIM OTPULIATENEHOTO
YCKOPEHUSI TOTOKA, OTPAKAIOIIEro ITMAPOANHAMUYECKYIO aHAJIOTHIO JIOKaJIbHOU quddy-
30pHOCTH M YIJIa €€ PACKPBITHS, IPH KOTOPOM AaXK€ B YCIOBHSAX MOTCHLHMAIBHOIO Te-
YeHUsI BO3HUKAIOT BO3BPATHBIE TEUECHHS MOTOKa 10 3axHer kputudeckor Touku (3KT)
npoduiis TonaTtok pabovnx KoJec.

OO6naznast BEICOKOH SKOHOMHUYHOCTBIO M a3pOJHMHAMUYECKOH aJaliTUBHOCTHIO, Ha HO-
MHUHAJIBHOM PEXKHUME BEHTHISTOpPHBbIE ycTaHOBKM Ui ABO rasza pe3ko cHKawoT 3¢-
(DEeKTUBHOCTh NPU M3MEHEHHH TEMIEPAaTYPHBIX YCIOBHH OKPY)KAarOIIEH Cpelbl B CBS3H
C M3MEHEHHEM KMHEMaTH4eCKHUX MapaMeTpoB ITOTOKA Ha BXOJE B paboyee KOJIEco, YTO
MPUBOIUT K OOJNBIINM OTPULATENIHHBIM YCKOPEHUSIM TI0TOKA U OTPHIBHOMY BUXpeoOpa-
30BaHUIO.

JLiis MomenmpoBaHus YIIpaBIeHUS JTOKATEHOW TG (HY30PHOCTHIO B CTAThE TIPEIIIONKE-
HO NIPUHSTH €€ B KAUECTBE KPUTEPHS, ONPEAEIIAIOIIEI0 COOTHOLIEHHE MEXIy [TapaMeTpa-
MH HEPTeTUUECKOTO B3aNMOJCHCTBUS peIeTKy npoduiieil pabouero koieca ¢ OTOKOM
1 TIOTEPSMH 3HEPTUH B HEM, CBI3aHHBIMH C N3MEHEHHEM KMHEMaTHYE€CKUX [TapaMeTpoB
MIOTOKA, 00YCIIaBIMBAIOLINX W3MEHEHUE TTOJIOKEHHUS TOUKU OTPBIBA ITOTOKA B CBSI3M C U3-
MeHeHueM nuddy30pHOCTH TeUeHus Ha podure.

Takum o6pasom, nokanbHas auddy3opHocTs K, U yron o, ABISAIOTCSA JOMHHAHTAMH
yIpaBJeHHs HOJI0KEHHEM ToueK oTpbiBa otoka u 3KT B pemieTke npoduei.

CornacHo rumnotese JKykoBckoro—Yarubirnaa—KyTra mUpKYISIIAsS BOKPYT TPOGUIL,
COOTBETCTBYIOIIAs DHEPTETHUECKOMY B3aHUMOJICUCTBHIO IPO(HIIS C TIOTOKOM, OIIPE/IEIIseT-
cst nonoxkearneM 3KT. Kak ycraHoBieHO paHee, MoJIoyKeHHe TOYKH OTPBIBA IIOTOKA IO OTHO-
mennto k 3KT omnpenemnsier notepu sHeprun. CirenoBaTellbHO, HEOOXOIMMMO HAMTH CTIOCO0
YIpaBIeHUs JOKaTbHOH 11 (y30pHOCTBIO, TTO3BOJLIIONINI COBMEIIATh TOUKY OTpBIBA IIO-
ToKa ¢ 3KT npu u3MeHeHnn TeMIepaTypHbIX YCIOBUIA OKpy»arolen cpensl [12, 13].

Jnst ycTpaHeHus! OTPBIBHOTO BUXPEOOpa30BaHUsI HEOOXOAMMO CHHKATH JIOKAJIbHYIO
1 y30pHOCTH NOTOKA Ha Mpoduiie, aHaJOTUYHO TOMY, Kak MeHseTcs (opMa Kpblia
OTULBL A1 o0ecrieyeHus MIaBHOrO OOTEKaHWs NPU M3MEHEHHU TPAeKTOPUH IOJIeTa.
OnHako Ha MPaKTHKE CIIOKHO peajM30BaTh WAEI0 npoduiis jomarok pabodero kojieca
BEHTHJIATOPHBIX ycTaHOBOK /i1 ABO rasza uameHseMol reoOMeTpHH.

MeTonoJi0rust HecsieI0BaHMii. AKTHBHBIE METObI YIIPaBJICHHUS 0OTEKaHHEM JIOMIATOK
pabouero Koseca Mo3BOJISIOT aJIeKBaTHO PEeaIM30BaTh N3MEHEHHE TeOMETPUH NMPoduiis ¢
MOMOIIIBI0 BHELTHUX WCTOYHUKOB M BHUXpEH, (OPMHUPYIOIINX «a3pPOra3oAnHAMUYECKIN
npoduiky nepeMeHHol GopMBI ITyTeM TPaHC(HOPMUPOBAHNS JIMHUH TOKA.

KoHcTpyKTHBHBIE 0COOCHHOCTH BEHTHIISITOPHBIX YCTaHOBOK Juisi ABO raza mo3Bonsi-
FOT BCTPOUTH B JIOMATKH paboduX KOJIeC HCTOYHUKH U BUXPEBBIE KaMepsl (puc. 1).

Wcrtounnkwn 2 (i — KOTMYECTBO HCTOYHHUKOB, i = 1, 2, 3 ... 1) ympaBiieHusI O0TEeKaHUEM
C MHTEHCHBHOCTBIO pacxona ()., a3pOIMHAMMYECKH CBA3aHHBIE C IAPAMETPAMK TEXHOJIO-
TMYECKOTO MpOoIiecca, 3a CUEeT BO3AEHCTBYU Ha BUXPEBYIO TOpOKKy KapmaHa 3ameisator
J00 YCKOPSIOT CKOPOCTH BO3LyXa Vp, V. na paboueil ¥ ThLIBHON IIOBEPXHOCTAX IPOQHUIs
nonatku /, copmemast 3KT 3 u TouKy oTpbIBa OTOKA 4 B 3(PEKTHBHONW KPUTUUECKOM
touke DKT 5, u3MeHsas ero yCkopeHue U, Kak pe3ysbTaT, adpOAHMHAMHUYECKYIO XapaKTe-
PUCTHKY BEHTWJIATOPHBIX ycTaHOBOK Uii ABO rasa ajanTvBHO BHEUIHHM YCIOBHSIM.
Taxum 06pa3zom, CKOPOCTB TIOTOKA MPH BXOJIE Ha JIONATKY V., SHEPreTUECKUE IapaMeTphl
MIPUCOEIMHEHHBIX BUXpEH, cMeleHrne Touku oTpbiBa motoka 4 u 3KT 3 B monoxenne

74



Makarov N. V. et al. / Minerals and Mining Engineering. No. 1, 2022. Pp. 72-83  GEOTECHNOLOGY

OKT 5, mpu KoTopoM obectieurBaeTcst 0e30TPEIBHOE 00TEKAaHUE PO, T. €. YCTpaHe-
HHE OTPBIBHOTO BUXPEOOPA30BaHUS HA «a3pPOTra30MHAMUUECKIX MPO(UIIIX», Onpeens-
I0TCS XapaKTEPUCTUKAMHU UCTOYHUKOB YIIPABJICHHS OOTCKAHUEM.

VYder 00paTHON CBA3M MCTOYHWUKOB C BHENIHUMH (haKTOpaMH MpU (OPMHUPOBAHUM
MaTeMaTHYECKOM MOJICITH adpOJMHAMHUKY BEHTHIATOPHBIX ycTaHOBOK st ABO rasa o
HACTOSIIIETO BPEMEHH HE IPUMEHSIICS ITPU MPOCSKTHPOBAHUH M CO3JJAHUM BEHTHIIATOPHBIX
yCTaHOBOK. B a’porazommHaMuveckux Npo(UiIsSX CHIOBOE B3aMMOJCHCTBUE JIOMIATOK

PucyHok 1. A3porazoquHamMudecKuii mpoduib JIOnaTkyu paboyero Koseca BEHTHIISATOPHBIX
ycranoBok a1t ABO rasa ¢ ycTpolCTBOM JUIsl yCTpaHEHHs! OTPBIBHOTO BUXPEOOPa30BaHMUs
Figure 1. Aerogasdynamic profile of the GAC fan unit impeller blade with a device for
eliminating separation vortex formation

pabouero kKoieca U MOTOKa IPOUCXOAUT Yepe3 aJalTHBHYIO CUCTEMY BUXpPEH, yCTpaHs-
IOIIMX OTPBIBHOE BHXpeoOpazoBaHHe, 0OecneunBaonux 3QQPeKTUBHOCT BEHTUIISTOP-
HBIX ycTaHOBOK A5t ABO raza u ux BOCIPHUUMYMBOCTD K H3MEHEHHSAM TeMIIePaTypHBIX
YCIIOBHI OKpY’Karomel cpeiibl, aHAIOTHYHO TOMY, KaK KPBUIO NTHUIBI BO BPeMs IojeTa
«B3aUMOJICHCTBYET» C TIOTOKOM Bo3ayxa. [10100HO TOMy, KaK KPBUIO MTHIBI, H3MEHSS
CBOIO (hOpMY TIpY B3aWMOJICHCTBHH C TIOTOKOM BO3IyXa, obecrieunBaeT 3(h(eKTHBHOE
0€30TpbhIBHOE TEUECHHUE, CUCTEMA IPUCOEANHEHHBIX BUXPEHl, CO3aBa€MbIX HCTOUHUKAMU
YIpaBJICHHAS BUXPEOOPA30BAHHEM «adPOTa30IMHAMHYECKOTO IMPOMHII JTOMAaTOK pabode-
IO KoJIeca, yIpasisis JOKAIBHOH 1 (y30pHOCTEIO, yCTpaHIeT OTPbIBHOE BUXpeoOpas3o-
BaHue. CIIpOeKTUPOBaHHBIE HAa 0a3e JaHHOTO NPHHIMIA BEHTHISTOPHBIE YCTAHOBKHU CY-
IECTBEHHO PACIIMPSIOT AMANA30H U3MEHEHHS TEMIIEPAaTypHbIX YCIOBHM OKpY>Karomen
Cpelbl, COOTBETCTBYIOLHI 3HEProdPPEeKTUBHBIM PEKUMaM UX PadOTHI.

Buxpesas nopoxka KapmaHa xapakrepusyeT OTHOBPEMEHHO CTETIeHb YHEPIeTHYECKO-
rO B3aUMOJCUCTBUS PEIIETKH NPOQUIIel ¢ IIOTOKOM U YPOBEHb MOTEPh YHEPTHUHU B MPO-
necce 31oro B3aumoaeiicTBus. C TOUkM 3peHusi Teopun [ enbMronbia, BUXpeBasi cuctemMa
(bopMupyeTcs pu MOTEHINAIBLHOM TEUeHUH UIealIbHOTO rasa [14].

Pe3ynbrar Bo3aelicTBHSI ICTOYHUKOB YIIpaBIIeHHs1 0OTEKaHHEM Ha TeUeHHE BOKPYT pe-
HIETKH Mpoduiel pabodyero Kolieca BEHTHIATOPHBIX ycTaHOBOK it ABO raza nMeer npa
MPUHIMITHATBHEIX acekra [12, 13, 15, 16]:

— yrpaeJeHHe [UPKYISIIUOHHBIM O0TEKaHUEM PEIIETKH MPOQHIIeH, KOTOpOe CIoco0-
CTBYET IOBBIIICHUIO €€ a3POMHAMUYECKOH alaliTUBHOCTY;

— YIIpaBJIEHHE OTPBHIBHBIM BHUXPEOOPa30BAHMEM Ha MOBEPXHOCTSX JIOIATOK paboyero
KOJIECa, YTO CIIOCOOCTBYET CHIDKCHHUIO MOTEPh SHEPTHU M, KaK PE3yNbTaT, IOBBILICHUIO
HKOHOMHYHOCTH U aJalITUBHOCTH.

ITpu pa3paboTke aKTHBHBIX METOJOB YNPABJICHUS TCUYCHHUEM B PEILIETKAX «a’poraso-
JUHAMHUYECKuX npoduiei» 3amaya 3aKioyaeTcs B ONpeeeH!H TapaMeTpOB UCTOYHH-
KOB, IIPU KOTOPBIX JIOCTHTaeTCsl yCTpaHEHHE OTPHIBHOIO BUXPEOOpa3oBaHUs, JOCTHXKE-
HHE IMPKY/ISLUH MOTOKa C MUHUMAIBHO JOIMYCTUMOH JOKaTbHOH An((y30pHOCTHIO,
COOTBETCTBYIOLIEH MOTEHIINAIBHOMY TEUECHHIO HJIEaIbHOTO ra3a.
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st pa3paboTky MaTeMaTHaecKoi MOIEIH YIPaBIeHHS JIOKaIbHOM T Hy30pHOCTHIO
B CTaTh€ IPEUIOKEHA Hay4Has runore3a. JlIOMUHAaHTOH ynpaBieHus 3Heprod3¢h¢exTus-
HOCTBIO aJallTUBHBIX BEHTWIATOPHBIX YCTaHOBOK il ABO rasa, aspoarHaMH4eCKUM
KaueCTBOM PEeIeTOK Mporieit nx pabodnx KoJec SBIseTcs JToKaidbHas up(y30pHOCTH
MIOTOKa Ha Ipo(uiie JOMaToK pabouero Kojaeca MpH 3aJaHHON HUPKYISALIHA CKOPOCTH.

JU71s1 aanTUBHBIX BEHTHIISITOPHBIX ycTaHOBOK ABO rasa ¢ «asporazonuHaMuUyeCKUMH
MPOGHUIAMID JIOMIATOK pabouux Kojiec ¢ yueroM (1) mokanpHyro auddy30pHOCTH mMOTy-
YUM B BUJIE:

a _ _dé_délz _AQ
=1 7 ===, )

e dQ) — NpUPOCT OTHOCHUTEIBLHOTO PACX0/Ia BO3AyXa OT i-r0 HCTOYHHKA YIIPABJICHHUS 00-

tekauueM; AQ, — U3MEHEHHE OTHOCHUTEIBLHOIO pacxojia MOToKa Ha mpoduie, 00yciIoB-
JICHHOE JIOKaIbHOU IU(M(PY30PHOCTHIO U [-M WCTOYHHKOM C WHTEHCHBHOCTBIO Pacxoja

Bo3ayxa AQ,.

Maremarnueckoe MoaempoBanme. Kiacciueckast TeOpusi KPyroBbIX PEIIETOK PO-
¢uneii 6azupyercss Ha TCOPHUH JTUCKPETHBIX BHXPEH, UCTIONB3YET TEOPUIO KOH(POPMHBIX
npeoOpa3oBaHuii, YTO HE TMO3BOJSET MOCTPOUTh KOMIUIEKCHBIA TTOTEHIIMANl TEUCHUS B
pelieTke «a’pora3oJMHaMUYeCKUX MPOQIIIei» CO BCTPOCHHBIMH UCTOYHHKAMU YIIPaB-
JeHus1 00TeKaHHEM, YCTaHOBUTh 3aBUCHMOCTb MEXIY a3pOJMHAMUYECKUMH XapakTe-
PHUCTHKaMH, JIOKAIBHON Iu()(Yy30pHOCTBIO MOTOKA M 3HEPIeTHYECKUMH IapaMeTpaMu
HCTOYHHKOB.

W3BecTHBIC METOABI PacCMaTpHUBAaIOT TEOPUIO PelIeTKH npoduieil ¢ KoHPOPMHBIM
0TOOpaXEHHEM OTHOJMCTHOM PUMaHOBOW OONAacTW HA BHEIIHOCTb MHOTOJNMCTHOHM Ka-
HOHHMYECKOH 001acTu MO0 U3Yy4aloT a3poIMHAMMKY OJHOCBS3HOTO Tejla CO CTPYSIMH C
KOH(OPMHBIM 0TOOpaKeHHEM MHOTOJIMCTHOM OIHOCBS3HON PUMaHOBOM 00J1aCTH TeJia co
CTPYSIMH Ha OTHOJIUCTHYIO KAHOHWYECKYI0 o0nacTs. Kpome Toro, B HayYHBIX HCTOYHHUKAX
OTCYTCTBYIOT AaHHBIE O MATEMaTHIECKUX MOAEISX, YUUTHIBAIOIINX OOPAaTHYIO CBA3b 3a-
BUCHMOCTH SHEPTETUUECKUX XapaKTePUCTHK MPUCOEANHEHHBIX BUXPEH OT HEMpPEphIBHO
MEHSIIOIINXCSI BHELITHUX YCIIOBUH.

Hcnonb3oBanue 06a30BOro MpHHIMIA KOHGOPMHOTO MpeoOpa3oBaHus Ui MOCTPO-
CHUSl KQaHOHMYECKOTO TIOTCHIMANIA TEUSHUs JUISl ONpeEJIeieHNs] TTapaMeTpOB JIOKAIBLHOM
1 Gy30pHOCTH TPUBOAUT K KOHPOPMHOMY OTOOPKEHUIO MHOTOJIMCTHOM PUMAaHOBOH
00JacT! KPYroBoM pelieTKy a3pora3oMHaMHIECKUX MPOGHIIeH ¢ HICTOYHUKAMU YTIPABICHHS
00TeKaHNEeM, FHEPIeTUUECKUE XapaKTEPUCTUKH KOTOPBIX SIBJIAIOTCS (DYHKIMSAMU 00paTHON
CBA3M C [TapaMeTpaMU BHELIHUX yCJIOBUM, HA MHOTOJIMCTHYIO KAHOHMYIECKYIO 00JIacTb.

Ha puc. 2 n3o0pakeHsl kKOHGOPMHBIE MTpeoOpa3oBaHusl peleTku npoduiei ¢ oTo-
OpaxeHHeM MX KPUTHUYECKHX TOYeK: MpeoOpazoBaHHE KPYroBOW pelieTk npoduiieil B
obmactu D_ Ha KPYTOBYIO PELIETKY JIOTapM(MHUUECKUX CrMpasiel B obnactu Dy, vepes
o0macte Dy, jutst ydera TomuuHbl C 1 KPHBH3HBI A npoduieii nonarok obnactu D ; mpe-
00pa3oBaHKe 71 -TMCTHOM PUMaHOBOW 001acTy DBy Ha 71 -JIMCTHYI0 PUMAHOBY O0JIacTh
D, xpyroeqmuudHOro pajuyca; 0, — MOISpHBI yron B mI0CKOCTH D, ONpe/iesromii
MOJIOKEHHE HMCTOYHHWKOB YIPABICHUS TEYCHHEM M KPUTHYECKHX TO4YeK mpodueii;

Ty Toir — KoOpauHarel nonoxkenus 3KT u OKT npodueii Ha Kpyre eIMHAYHOIO pa-

JuIyca PUMAHOBOI 7 -IIUCTHO# 0bmacTy D ; A, — KOOpAMHATA TIONOKCHIS i-TO HCTOYHHKA

yIpaBJIeHUs! OOTEKAHUEM C HHTEHCUBHOCTBIO pacxona (), B oonactu D; I, . — UHTEHCHB-
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HOCTb BUXPsl B 3a/IHEM KPUTHYECKOM TOUKE Ipoduieit B o0mactu D ; I'— WMPKyIISALHES 110-
TOKa BOKPYT npodueit B obmactu D ; I , — MHTCHCHBHOCTb BUXDSI B 3a/IHEM KPUTHUYECKOU
ToYKe mpodrIieii B o0JacTi DBZ§ I" — 1MpKysyst HOTOKA BOKPYT Npodusiei B obmactu D
¢, — MHTEHCUBHOCTb PAaCcXo/a i-r0 MCTOYHMKA YIIpaBlIeHUs o0TekanueM B obnactu D, ;
D, — nnametp pabouero Kojeca Ha BXoje; D, — quameTp pabovero Kojeca Ha BBIXOIE;
.= exp(i0i).

VB
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e
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Pucynok 2. KorndopMHble npeobpa3zoBaHus perieTku npoduiieli ¢ 0ToOpakeHHeM UX KPUTHIECKHX TOUeK
Figure 2. Conformal transformations of profile grid with their critical points

Ucnionb3yst rpaduuecKyro Mojeib, MPUBEICHHYIO Ha pHC. 2, TMOMYYUM MOTCHIHAT
TEUYCHUSI HA MHOTOJIFICTHOM KaHOHWYECKOH PUMAaHOBOW 00IacTH, apaMeTphl KOTOPOTO
SBIISIFOTCS (DYHKIMSIME OT ITApaMETPOB BHEIITHEH CETH, U TOCTPOUM MaTeMaTHIECKYIO MO-
JIeNb pacdera JJokaiapHoH nuddy3opHoctH [8, 9, 12, 13, 15].

KoMITIeKCHBII TOTEHITHAT TEUCHHS Ha PUMAaHOBOW O0JIaCTH Dy C yueroM [6] 3anuiieM
B BUJIE:

HO)= D ,0)+ 6, (0. 3

n
e Z¢qt(e) — KOMIUICKCHBIN NOTCHIMAJ TCUCHUA BOKPYI' OKPY>KHOCTU CAUHUYHOIO

i=1
pajuyca B n,-TMCTHOH PUMAHOBOI 0OMacTH D OT n-MCTOYHHKOB YNpPaBICHHs 00TeKa-
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HUEM B QYHKIHMHU OT MOJSIPHOTO ymia 6. B INIOCKOCTH Y KOHPOPMHOTO NpeobpasoBaHust;
¢p5 (93KT ) — KOMILUIEKCHBIN IIOTEHLIUAN TEYEHHSI BOKPYT OKPYKHOCTU €JUHUYHOTO pajny-

ca B 1 -IMCTHOH PUMAHOBOM 001acTH Dy oT Buxpeuctoynrka B 3KT.

KoMILIeKCHBIA MOTEHIMA TEYEHUs Ha 71 -IMCTHOM PMMaHOBOHM 00macTu Dy BOKpYT'
OKPYKHOCTH €AMHUYHOTO PAANyca OT UCTOUHHKOB YIPaBICHUsI OOTEKaHUEM C UHTCHCHB-
HOCTBIO ¢, ¢ yuetom [10, 12] monyuum B BuzeE:

b= 10(0-0)-1n(e - )i - 2)]. @

rae P — ¢opMnapaMeTp 3KBHBAICHTHOH peleTky npoduiieil B Buae JorapupmMuIecKux
crmpaeid; ¢, (0) — MHTEHCMBHOCTH PAcXoJia i-ro UCTOYHUKA YTIPABJICHUs OOTEKaHUEM,
PACIOJIOKEHHOTO Ha IPO(HIIE, OJIOKEHHUE KOTOPOTO Ha 71 -JIMCTHOW PUMAHOBON 0071acTH
D, onpenensercs yrmom 0, B coOTBETCTBUHU € KOH(POPMHBIM NPEOOPA30BAHHUEM «a3pOra-
30[JMHAMUYECKUX Tpoduieid» (puc. 1) Ha OKpyKHOCTh €AMHIYHOTO panuyca (puc. 2).
KOMILTEKCHBIN MOTEHIMAN TEYEHUS HA 11 -IMCTHOW PUMAaHOBOM 00macTu Dv BOKPYT
OKPYXHOCTH €MHUIHOTO paauyca oT Buxps B 3KT ¢ ygerom [8, 10, 12] momyunm B BHE:

Pakr 1. Oger — P B
= In ,
= o ™. P ©)

3KT

TIE Py — UWMPKYJAMsS (MHTEHCUBHOCTH BUXps) B 3KT Ha MHOrOMMCTHON pUMaHOBOH
obmnacru, onpenenstoueii cmemenue 3KT na Benuunny A6, .

CKOpOCTh TEUEeHHs MOTOKAa BOKPYT OKPY)KHOCTH €AMHUYHOTO paguyca Ha pUMaHO-
BOI 00IaCTH ¢ y4eTOM BIHMSHUS MCTOUYHHKOB yIpasieHUs oOTekanueM M BuUxps B 3KT,
cormacHo (1)~(5), momyuum u3 GopMyIbL:

1 n n
q£9+P— J q-n.2.4. | |9-n,2.4
F _ d¢ _ G_P i=1 i=1
e(V)—%— + -
nn, 2nn (0, +P) 2mn (0, +P) ©)

inp+in Py —n, g, —q inp+inpy+n.g+q g,
i=1

i=1 i=1

2nn (0, + P) 2nn, (0. + P") (-0,

I1e 7 — KOJIMYECTBO JIONATOK KPYTOBOH pemeTku npopuieii; ¢ — kosdGuuent pacxo-
J1a MCTOYHHKA, PACIIONIOKEHHOTO B LICHTPE KPYroBOii pemmeTku npoduei 8 obmact D, ;
N — KONMYECTBO BUXPEHCTOYHNKOB B 3KT; p — MHTCHCHBHOCTB BUXPSI B LICHTPE KPYTOBOH
pemeTku npoduneii B obnactu D,

C yuerom (1)~(5), [5-8] BbIpaxkeHue s JOKaIbHON Ju(Qy30pHOCTH MOTOKA Ha
«a3pOrazoAMHAMUYECKOM MPOQHIIe» MOTYYUM B BUE:

. d2¢ " ¢ -1

OG6cy:xeHue pe3yJbTaToB. TakuM 00pa3oM, COBMECTHOE HCIOIb30BaHUE KOH(OP-
MHOTO TIpeoOpa3zoBaHus U MeTofa 0coObix Touek C. A. YarbIriHa ¢ y4eToM IMpemio-
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YKCHHOU THITOTE3HI O THIPOAMHAMUICCKOHN aHAIOTHH JIOKaIbHOU TG (Y30pHOCTH ITOTOKA
BOKPYT poQHIIei U MOTEPSIMHU YHEPTUH, 00YCIOBIEHHBIMHA OTPBIBHBIM BHXpE0Opa3oBa-
HUEM I[IOTOKA IPU U3MEHEHMSIX TEMIIEPATYPHBIX YCJIOBUM OKpY KarOLIeH Cpebl, TO3BOJIS-
€T TIOJYYUTh MareMaTHIeCKyI0 MOJIENb YIIPaBIeHUs SHeProd(h(eKTHBHOCTHIO a/IalTHB-
HBIX BEHTWISATOPHBIX yCTaHOBOK aisi ABO rasza. JloMuHaHTON ynpaBieHHs SBISETCS
MHTEHCHBHOCTD PACIIPENEIEHHS 110 IPO(UIIAM HCTOYHHUKOB ¢, KOTOPast ONPENETIAECTCS U3
yCI0BHS 00ecniedeH!st MUHUMANbHBIX 3HaueHUH 1uddy3opHOCTH.

IIpenyioxenHas TunoTe3a MO3BOJIAET CBECTHU 3ajjady MPOEKTUPOBAHMS PEILIETKH IPO-
¢unelr pabouero kKomeca BEHTHIITOPHBIX ycTaHoBOK aist ABO rasza ¢ makcumanbHON
9Heprod(pHeKTUBHOCTHIO K KIACCHUECKOW 3a/1auye «MHUHHMAKCa» B YCJIOBHSIX IOTEHIIH-
QJIBHOTO TEYEHUS, T. €. ONPEIETICHUs ONTUMAJIBLHOTO 3Ha4eHus napamerpa P (¢.0, = f(q))
U3 YCIIOBHUSI MUHUMAIBEHOTO 3HaueHus1 pyHKironana (7) npu GUKCHpOBaHHOM TOJIOMKeE-
auu 3KT.

st monTBep K IeHNsI JOCTOBEPHOCTH MPEIOKEHHON MaTeMaTU4eCKOW MOJIENU Mpo-
BE/ICHBI WCTIBITAHUS PEIIeTKH KIIACCHYECKHX M «a’dpPOTra3oluHAMHUYECKHUX TPOdUIEi.
B xavecTBe JOMUHAHTHI yTIPaBIeHHUS JOKATBHON T Py30pHOCTHIO TOTOKA MTPUHST KO-
(uIeHT POGMITEHOTO COMTPOTHRIICHHUS PEIISTKH MPpoduie tonarok padbodyero komeca
BEHTHJIAITOPHBIX YCTAHOBOK, IOCKOJIBKY OH SIBJISIETCS €€ THIPOANHAMUYECKUM aHATIOIOM:

C, = K(P)gbcosp I, (8)

rae K(P) — xo3QduuueHT NponopuuOHaIbHOCTH, OIpEAessieMblid (opMIapaMeTpoM
P pemetku npoduneii [4, 6, 7]; b — OTHOCHTENbHAS IIMPHHA JIONATKH Ha BXOZIE B pabo-
yee KOoJIeco.

WcneiTanusa pemeTkdn npoduield NMpOBOAWINCH HAa adpOJMHAMHYECKOM CTEHE,
BemmonHeHHoM 1o ['OCT 10921-90 «BenTtumnsitopsl pamuansHble M OoceBble. MeToabl
a3pOIMHAMHYECKHX UCTIBITaHui» B Jaboparopun «CMK-tect». B manHo# crarse pac-
CMaTpUBAJICS BapUaHT HCIIOIHEHUS PaUajIbHOTO BEHTHJISATOpPA, KOHCTPYKTHBHO Oolee
MIPHUCIIOCOOJIEHHBIA K (hOPMHUPOBAHUIO HCTOYHUKOB YIIPaBICHHS JoKaabHOU auddy3op-
HOCTBIO BHYTpHU npoduiiei ero sonarok. I10ckoibKy SKCiepuMEHTaIbHOE ONPEACICHHE
JIOKaITbHOM TUQ(y30pHOCTH MPeACTaBISIET OOBIINE TEXHUIECKUE TPYTHOCTH, B JAHHOM
IKCIIEPUMEHTE ¢ ydeToM (GOpMYITHI (8) OMpenesioch adpoIHHAMIYECKOE COMPOTHBIIC-
HUe NpoduiIeH B 3aBUCMMOCTH OT CKOPOCTH IOTOKa V. npu (PMKCMPOBAaHHOH €ro Lup-
Ky/siqud. Pacxoi MCTOYHUKOB YIIPaBIICHUS JIOKATBHOH AH((PYy30pHOCTBIO U CKOPOCTh
MOTOKa OMpPEENIITUCH C MOMOoIIbI0 TepmoanemomeTpa PT-8880 u uzmeputens pacxona
Bo3xyxa u TeMneparypsl CEMPT-619. Ha xaxxaom pekume CKOPOCTH MOTOKa OIpene-
JISUICS. MUHMMAJILHBIA pacxon uctodnuka Q(g,), pU KOTOPOM TPO(HIBHOE COMPOTHUBIIE-
Hue C MMEET MUHMMAIIBHOE 3HAYEHHUE, YTO B COOTBETCTBHH C HAYYHOH THIIOTE30M PABHO
MHUHUMaJIbHON T(dy30pHOCTH.

Ha puc. 3 mpusenena 3aBucuMocTh koddduimeHTa npoQuiIbHOTO CONPOTHBICHHS
KaK aHayora 1uQy30pHOCTH IIOTOKA OT CKOPOCTH HAOETAKOIIETO Ha TPOQuIIb noToka V.
Kaxnplil rpaduk xapakrepusyeT HaIMIUe HCTOYHUKA KOHKPETHOM TOUKH Mpoduis oo
€ro OTCYTCTBHE.

M3 anamm3a nMpuBENEHHBIX Ha PUC. 3 PE3yIBTaTOB HCIBITAHUN PEIIETKH Mpoduici
BHITHO, YTO HaHOOJbIast 3 ()EKTUBHOCTD YIPABICHUS ITOTEPSMH SHEPTHUH, O0YCIIOBIICH-
HBIMH OTPBIBHBIM BHUXPEOOpa30BaHUEM, IPH MUHUMAJIBHOM YCIOKHEHHH KOHCTPYKLMU
pabouero koseca JOCTUraercsl NMPUMEHEHHEM HCTOYHMKA YIIPABICHUS OOTEKaHUEM B

001acTH 3a MaKCUMAJIBHOM TommuHON npoduns V.. A0 ero 3KT Var- YBenuuenue

79



FEOTEXHONOMUA  Maxapos H. B. u dp. / Hzeecmusi 6y306. Topruiii scypran. Ne 1, 2022. C. 72-83

00IacTH SKOHOMUYHOH paboThI cocTaBMIIO He MeHee 43 % 3a cueT CHrKeHHs IPO(HITEHOTO
COTIPOTHUBIICHUS Ha TpaHuUIle 001acTy Ooree yeM B 3 pasa.

I[Tpu npopubHOoM conporusnennn C < 0,04, uto coorserctByer KIIJ[ BenTHIATOD-
HBIX ycTaHoBOK st ABO razan = 0,85, 00macTs SKOHOMHYHOM pabOoThl yBETMUUBAETCS
Ha 43 %, a ynenbHOe 3HepronoTpedienne cHkaercs Ha 15 %.

C, 1072

22 +
20

18 +

14 +

2 , ‘T-\\P\: .
0 02 04 06 08 1,0 1,2 14 1,6 18 7 .10

Pucynok 3. 3aBucumMocTs kodddurrenta npohuILHOro
CONPOTHUBJIEHUS OT CKOPOCTHU MOTOKA!
I — 6e3 HCTOUHHUKOB; 2 — UCTOYHHK B TOUKE Yy ; 3 — HCTOUHUK
B TOUKE y, ;4 — HCTOUHMKH Ha Npoduie B 00aCTH OT . 10 Vyer

Figure 3. Dependence between the profile drag coefficient and the
flow velocity:
I — without sources; 2 — source in point y, . ; 3 — source in point

Voaes 4 —sources on the profile anywhere from y_ to y,.,

BouiBoasl. [loaTeeprkaeHa rumore3a 0 JOMUHUPYIOIEM BIMSHAN JOKIBHOH nuddy-
30pHOCTH IIOTOKA, 00TEKArOIIEero npoduib Jomarok padoyero koieca, Ha sHeproaddex-
TUBHOCTh M 00JIaCTh SKOHOMHUYHOM Pa0OThl BEHTHISATOPHBIX ycTaHOBOK /it ABO raza.

C ucnonp30BaHUEM TMPEATIOKEHHON THITOTE3HI MTOCTPOCHA MareMaTHdeckasi MOAesb
B (opme ¢yHKIFOHATIA, MUHUMAJIbHOE 3HAYEHHE KOTOPOTO OTpPENENsieT ONTHMAlIbHbIE
MapaMeTpsl HICTOYHUKOB YIIPaBIICHNS 00TeKaHHEM, 00ECTIEINBAIOIINX HANOOIBIINAHA MTPH-
pocT 3HEProdPPEKTUBHOCTH, W 00JTaCTH SKOHOMHYHOM PabOTHI BEHTHIIATOPHBIX YCTaHO-
Bok a1 ABO raza.

PacnipenenenHple HCTOYHUKYN YIpaBIeHUs OOTEKaHHEM Ha BBIXOJHOM y4acTKe TpO-
¢ws nonarok pabouero kojeca Ha 43 % pacmmpsIOT 00JaCTh IKOHOMHYHOH pabOTHI
BEHTWJIITOPHBIX ycTaHOBOK 11t ABO rasa u cHukarot sHepronotpednenue Ha 15 %.
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Abstract
Problem statement. Industrial safety and compressed gas cooling efficiency at compressor stations
of the main gas pipeline is an essential task that gives urgency to the issue of mathematical modeling
of energy conversion control in the impellers of gas air cooler (GAC) fan units. GAC fan units are
high-speed and adaptable. So, they can make the Russian oil and gas complex highly competitive
globally.
Research objective is to develop a method of controlling the diffusion airfoil of the impeller blade
profiles, which is the main reason for GAC fan units’ low adaptability.
Methods of research. To calculate the majorant of fan unit adaptability control, we accepted
a hydrodynamic analog of local diffusion airfoil, namely, flow velocity change on the blade profile.
Having applied conformal transformations, hydrodynamic analogy, and S. A. Chaplygin singular
points, we have developed a method of local diffusion airfoil control which consists in changing the
flow velocity using sources of influence on the blade profiles flow.
Results. It has been proved that the intensity of the sources distributed along the impeller blade
profile is the majorant of local diffusion airfoil control. The sources determine the diffusion airfoil
of the flow and, therefore, the velocity change around the profile. The experiment confirmed that the
profiles constructed according to the proposed method reduce the profile drag coefficient of GAC
fan unit impeller blades by more than three times, increasing the cost-effective performance by at
least 43%.
Scope of results. The result obtained can be used at the enterprises of the Russian oil and gas
complex when cooling the compressed gas with the main gas pipeline compressor station GACs.

Keywords: fan; circulation; source; adaptability, profile grid; conformal transformation.
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MOHVITOpMHF TeXHUYeCKOro COCToAHUA PyaAHNYHbIX YCTAaHOBOK
rnaBHOrro nognema

3anasuHckun A. I
' MHcTuTyT MawmHoBeaeHus YpO PAH, r. Ekatepunbypr, Poccust

e-mail: zalaz@list.ru

Peghepam
Beeoenue. Obecneuenue 6e30nacHoil SKCniyamayu CKUROBLIX U KIEMesblX HOObEMHbIX
VCMAHOBOK 6X00UM 8 YUCLO BANCHEUWUX 3a0ay MeopemuiecKux u 3KCHepUMeHMATbHbIX
uccnedo8aHull 8 obracmu 2opHou mexanuku. /s 0ocmudicenus YKa3aHHoU yeau Heobxooumo
npoenosHoe (npoakmusnoe) oocuyxcusanue. OHo 3aKN04AEMCA 8 BLINOTHEHUU HEODXOOUMBIX
PEMOHMHBIX  8030€UCMBULl NO CHUNCEHUI) CKOPOCMU DA3GUMUsL UIU NPedOmEpaueHuro
HeucnpasHocmell, 8biA61EeHHbIX HA OCHOBE C8EOeHUL O haKMULeCKOM MeXHULEeCKOM COCTOAHUU
obopyoosanus. Ilpoakmusnoe obcayscusanue 6a3upyemcs Ha MOHUMOPUHEe MEXHUYECKO20
cocmosinusi 00vekma, oMo Haubonee PekmuerHo 8 niaHe NPeOOMEPAUeHUs OMKA308 U
HaumeHee 3ampamHo.
Memoouka npoeedenus ucciedosanuil. Badicneiwum @uzuxo-mexanuueckum ceoucmeom
KOMNOHEHMO8 NOObEMHBIX YCMAHOBOK ¢ MOYKU 3PEHUSL HAOEHCHOCMU UX (DYHKYUOHUPOBAHUS
ABNAECMCSA BLIHOCTUBOCHIL OMEENCMBEHHBIX Oemaiell U MemailoKOHCmpyKyuil. s pearuzayuu
cucmemvbl  MOHUMOPUHeA HEOOXOOUMbL  OAMUYUKY, NO38ONAIOWUE NOTYYUMb Haubonee
00CMOBePHYIO UHPOPMAYUIO O NPOSHOZUPOBAHUS USMEHEHUS (PUSUKO-MEXAHUUECKUX CEOUCME
HAZPYHCEHHBIX 2NEeMEHMOs. 3a0aua OYeHKU MeXHUYecKo2o COCMOAHUA NO OelcmByIoWuUM 6
Mamepuane HaAnPAXCEHUAM OCTIONCHAEMCA YUKIULECKUM Xapakmepom nazpysku. Hedocmamox
WUPOKO  UCNONb3YEMO20 CROCOOA ONpedelleus HANPANCeHUll u3MepeHuem Oepopmayuu
MEH30MemPOM ¢ NOCAEOVIOUUM PACYETOM COCTNOUM 8 THOM, YO HANPANCEHUS NOTYYAIOMCS
KOCBEHHbIM NymeM, ¢ HeuzbexcHeiMu nospewnocmamnu. K owubke, céa3annoll ¢ iuucieHuem
SHAYeHUIl N0 AHATUMUYECKUM 3A8UCUMOCAM, 000aBNAemcs OWUOKA, BO3HUKAIOWAL U3-30
HeB03MONCHOCIU Yiema 0elcmeUmenbHo20 Xapakmepa HazpyHceHus.
Pezynemamui. B cucmeme MoHumopumea yeiecooopasHo npumeHams nieHouHvle Oamyuxu
Odehopmayuu UHMe2PATLHO20 MUNA, NO360AIOWUE NPOSHOIUPOBANb PA3PYUIEHUEe 0emanu 3d
cyem BuiAGIEHUA MUKDOMPEWUH HA ee NOGEPXHOCTIU.
Bu1600. Hazepyska na odvexmvl MOHUMOPUH2A AGNAEMCA PE3YIbIMAMOM CLOMHCEHUS KOTeOaHul
PA3HOU 4acmomvl U AMIAUMYObl, U NIEHOYHble O0amuuxku Oeopmayuy UHMeZPaibHO2O0
muna 0adym 803MONCHOCMb NOAYYUMb HAUbOee 00CMOBEPHYI0 UHDOPMAYUIO O COCMOAHUU
omeemcmeeHHbIX Oemanel MexaHu3mMo8 U MemailoKOHCMPYKYuil.

Knrwueesvie cnosa: znasnwiii nO()'beM,' mexHuyecKkoe Cocmosinue, MORUmopuHe, npoakmueHoe
06czzy:)/cu6aﬂue; HQOEWCHOCmb,' oamuux uHmezcpajibHoco mund.

Beenenue. Obecneyenne 06€30mMacHON IKCIUTyaTallud CKUTIOBBIX M KJIETEBBIX MOAB-
EMHBIX YCTAaHOBOK BXOAMT B YHMCJIO BaYKHEHININX 3a]1a4 TEOPETHUECKUX U IKCIIEPUMEH-
TaJbHBIX UCCIIEOBAHUI B 00JacTH TopHOI MexaHuku [ 1-7]. CoBpeMeHHbIEe pyJHHYHEIE
YCTaHOBKH TJTABHOTO TIOABEMa BKIIIOYAIOT PsIJl CPEICTB, MO3BOJISIONINX MPEI0TBPATHTD
MEePerpy3Ku SHEPreTHUECKUX U MEXaHWYECKHX KOMIIOHEHTOB, a MX TEXHHYECKOe 00-
CITy)KUBaHHUE MPEAYyCMaTPUBAET OCMOTP W MPOBEPKY COCTOSHUSI KAHATOB, TIO/IBECHBIX,
MIPHUIIETIHBIX ¥ MAPANIIOTHBIX YCTPOMCTB, METAIUIOKOHCTPYKIMH | T. 1. [8, 9].

B nyGmuxamum [10] w3nokeHa KOHIICIIINS, B COOTBETCTBHU C KOTOPOW CTpaTerws
TEXHUYECKOr0 OOCIIy>KMBAHUS TEXHOJIOTMYECKOTO O0OPYZOBAHUS BKIIOYAET CIEAYIO-
LIME Pa3HOBUIHOCTH:
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— asaputinoe obcnycusanue (reactive maintenance), T. €. NPOBEJACHHE PEMOHTA
HoCJIe 0TKa3a;

— npeeenmusHoe, WA TUIAHOBO-TIPEAYNPEIUTEIbHOE obcaydicusanue (preventive
maintenance), OCHOBAHHOE Ha TEXHUUECKOM O00CITY)KHBaHIH 000PY/ITOBaHHUS JI0 BO3HHK-
HOBCHHUSI MTOJIOMKH 110 CIICHIUAIbHOMY PEIrlIaMEHTY;

— obcayacusanue no cocmosinuio (condition based maintenance), noppasymeBaro-
mee 00CIy)KMBaHHE COCTaBHBIX YacTedl 00O0pYyIOBaHHs C HAHOOJIBIIUM HM3HOCOM M
PHUCKOM aBapHH B OMPEACICHHBIH MOMEHT BPEMEHHU;

— npoenosnoe (npoakmugroe) oocryscusanue (predictive maintenance), KOTOpoe 3a-
KJTFOYAETCs B BBIMOJTHEHUN HEOOXOMUMBIX PEMOHTHBIX BO3/ICHCTBHIA IO CHIYKEHHUIO CKO-
POCTH Pa3BUTHSI HJIH YCTPAHCHUIO HEUCIIPABHOCTEH, BBISIBJICHHBIX HA OCHOBE CBEICHHI
0 (haKTHYECKOM TEXHHYECKOM COCTOSTHHU 000PYIOBaHUSI.

ol > I >
=
5 2
02 o 2 & | ik | =
[ > =
=
=

03 > /3 =

Pucynoxk 1. HuwxHuit 1 cpeiHuil ypOBHU CHCTEMbI MOHUTOPUHTA
Figure 1. Lower and middle levels of the monitoring system

AHaJn3 MepedncIIeHHBIX Pa3HOBUIHOCTEH MOKa3all, YTO MPOAKTHBHOE OOCITYKHBa-
HHue Hanbonee 3pQeKTHBHO B IUIaHe MPEIOTBPAICHUSI OTKa30B M HAUMEHEEe 3aTPaTHoO,
B CBSI3M C Y€M UMEHHO €My CJIeIyeT yIEJIUTh IpHucTajibHoe BHUMaHue. [IpoakrusHOe
o0ciry>kHBaHue 0a3upyeTcsi HA MOHUTOPUHIE TEXHUUECKOTO COCTOSHUS 000pyIOBaHUs,
IUISL KOTOPOTO, B CBOIO 0Yepelb, HEOOXOAMMO BHEIPEHHE HOBBIX JaTYNKOB, CUCTEM aHa-
nr3a cOOMpPaeMbIX JaHHBIX U ONIEPaTUBHOTO MPUHATHA perienuii [11].

Metoanka npoBefeHus1 uccaefoBaHmMil. Pa3sutue anmaparypsl Mody4eHus, rnepe-
Jaud 1 oOpaboTKu MHPOPMALUK JIOCTHUIIO YPOBHS, KOTOPBIHA MO3BOJISIET pEaii30BaTh
€IMHYIO0 CUCTEMY MOHUTOPHUHIA TEXHUUECKOIO COCTOSIHUS YCTAaHOBKH INIABHOTO IIOABEMA.

Baxsedmummy (QU3NKO-MEXaHUYECKUMH CBOWCTBAMU KOMIIOHEHTOB ITOJBEMHBIX
YCTaHOBOK C TOYKH 3PEHHsI HaJEKHOCTH X (DYHKLIMOHUPOBAHUS SIBIAIOTCS] BEIHOCIH-
BOCTh OTBETCTBEHHBIX J€Taled M METAJUIOKOHCTPYKIUI, a TakkKe M3HOCOCTOMKOCTh
¢byTepoBkH OapabaHOB U KOMPOBBIX IIKWBOB. KOHTPOIIIO yKa3aHHBIX CBOWMCTB LIEJIECO-
00pa3Ho yAenuTh 0co00e BHUMaHUE, a B CTPYKTYPE CHCTEMBI MOHUTOPHHTA MTPETYCMOT-
PETh COOTBETCTBYIOLIYIO IIOICHCTEMY.

OOBEKTb MOHUTOPHHIa TEXHUYECKOTO COCTOSIHUS ACIATCS Ha ABE TPYIIIbL:

— pacrojoKeHHbIE Ha TOPU30HTaX (HE MEpeMENIAroIIrecs] OTHOCUTEILHO CTBOJIA,
WJIN HETIOABM)KHEIE);

— MepeMelalorecst BMECTE C COCY/IOM HJTM BXOASIIUE B €70 METAJUIOKOHCTPYKIIHIO
(TIoABIKHEIE).
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[Mpumep opraHu3anuy HUKHETO U CPETHETO YPOBHEH CHCTEMBI MOHUTOPHHTA TIOKa-
3aH Ha puc. 1.

WNndopmanus o cocrosHnu HenmoABMKHBIX 00bekTOB O1...03 (umcio oObEKTOB
TIPUHSATO MPON3BONBHO) OT maTaukoB [[1.../]3 HIKHETO YPOBHS MTOCTYIIAET B MapIIpy-
TH3aTOp (POYTEP), a OT HETO — B IPOTpaMMHPyEeMbIi JTornueckuii kouTpoiniep (IUVIK),
T. €. Ha CPEIHUI YPOBEHb CUCTEMBL. B COOTBETCTBUU C 3aJI0)KEHHOH B HETO MpPOrpam-
moii [TJIK ananm3upyeT mocTyUBIIYI0 HHPOPMAIIHIO U PE3YNNBTaThl aHAIH3a M0 JIMHUN
CBSI3U JIOKAJIBHON CETH OTIPABISIET HA IIEHTPANBHBIN qUCTeTYepcKkuil MyHKT. [Ipume-
HUTEIFHO K HETIOJIBHKHBIM 00BbEKTaM HUCTIOIB3YETCs POBOAHAS CBs3b poyTepa ¢ [1JIK
(crutomHas cTpenka), K MOABMKHBIM — OecpoBoAHAs (IIyHKTUpHAs cTpenka). B Hactos-
Iee BpeMs armapaTHblie CPeCTBa YIPaBICHUS U CBSI3H BEChbMa MHOTOOOPa3HBI, TIOATO-
My KOHKPETHBII BApHAHT CHCTEMbI MOHHUTOPHHTA OTIPENEIsieT pa3padoTUHK.
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Pucynok 2. JliHaMHYeCKHe HATPY3KH B KAHATE YCTAHOBKH IIABHOTO IIOAbEMa
Figure 2. Dynamic loads in the rope of the main hoist installation

3a/iaua mepBOCTETICHHOW BAYKHOCTH, KOTOpasi TOJKHA OBITh PellieHa Ha CTaIuH MPO-
EKTUPOBAHHS, COCTOUT B BHIOOpPE MH(POPMAIMOHHBIX YCTPOMCTB — MAaT4YUKOB. BeIOOD
OCYIIECTRISICTCS B 3aBUCUMOCTH OT MOJISIKAIICH W3MEPEHHIO XapaKTePHUCTHKH COCTOS-
HUS 00BEKTA.

Pe3ynbrarbl. BEIHOCIMBOCTE 3lIEeMEHTa, BOCIIPUHUMAIOIIETO NIEPEMEHHBIC HArpys3-
KH, MOXKET OBITh OIlEHEHa KaK 3KCIIEPUMEHTaIbHO-TEOPETUYSCKUM IIyTEM Ha OCHOBE
pacueTa 3anaca ycmanioCmuol npoYHOCMU M CPABHEHUS €T0 C JIOYCKAaeMOW BEJINYH-
HOM, TaK ¥ HEMOCPEICTBCHHON PEruCTpaIlieil usMeHeHUull 8 cmpyKkmype mamepuanda,
MTPOU3OIIEAIINX 32 YCTAHOBICHHBIN TIEPUO]] BPEMEHHU.

[IpuHsTas B CONPOTUBICHUN MaTePHAIIOB METOIMKA ITPOBEPKHU I10 3aracy yCTaaocT-
HOW MPOYHOCTH JICTAIH B ClIydae ¢ Harpy>KCHUs IUKIMYECKUMU HOPMAJIbHBIMU U Ka-
CaTeNIbHBIMU HAPSOKEHUSIMU 3aKTI0UaeTCs B caemyromeM [12].

BbIMUCIISIOT 3anac 71 yCTaIOCTHOM IIPOYHOCTH MO HOPMAJIbHBIM HATIPSKEHUAM

o

n =———,
Ko, +v,0,

(1)
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3ariac n yCTaHOCTHOﬁ IIPOYHOCTH I1O KaCaTCJIbHBIM HAIIPSXKCHUAM

T

n,=————1—— 2
Kt, +vy. 1, )

a 3aTeM IOJIHBIM 3aI1ac # yCTaJ'IOCTHOfI MMPOYHOCTHU

n.n
ot (3)
Jn.+n?

B Beipaxenusx (1)-(3) o , t

| — TpEeNen BBIHOCIMBOCTH NPH CUMMETPUYHOM
[IUKJIe HATPYXEHHS TI0 HOPMaJbHBIM M KacaTeIbHBIM HAIPSKEHUSM COOTBETCTBEHHO;
K — x05()puumeHT CHIKEHUS PEIETA BBIHOCIMBOCTH; G , T, — AMIUIUTYAHOE HOPMaJlb-
HO€ W aMIUIMTYJIHOE KacaTelbHOE HANPSHKEHHE COOTBETCTBEHHO; Y, Y, — KO3(du-
IIUEHT aCHMMETPHH [IUKJIa Harpy»KEHUS] HOPMaJIbHBIMU U KacaTeIbHBIMH HAIPSHKEHUSIMU
COOTBETCTBEHHO; G, , T — CPEIHEE HOPMAIBHOE U CPEIHEE KACATENLHOE HANPSIKEHUE
COOTBETCTBEHHO.

OO0BeKT cUnTaeTCs YAOBICTBOPSIIOIIUM TPEOOBAHUIO YCTAIOCTHOM IPOYHOCTH, €CITU
BBITIONTHSIETCS YCIOBUE

n=

n[n],

e [n] — JomycKaeMbli 3amac IpOYHOCTH.

CrnenyeT y4nuThIBaTh, 4TO 3aBUCUMOCTD HAIPSHKEHUS B 3JIEMEHTAX YCTaHOBKH IJIaB-
HOTO TIObEMa OT BPEMEHH TIpENICTaBIsieT cO00M pe3yabTaT CIOKEHHsI KoJieOaHuid pas-
JMYHBIX YacTOT, TIO3TOMY aMILIHTYJHbIC 3HAYCHUS HANPSHDKEHUH HE SIBJISIOTCS TIOCTOSTH-
HeIMU. Ha puc. 2 mokaszaH rpaduk 3aBUCHMOCTH JUHAMHYECKOH HArpy3Kkd B KaHaTe
B TeueHHe paboyero nukia ycTaHoBkH [13].

HaunGonpmas HecTaOMIBHOCTh aMIUTMTY/IBI KOJICOAHUN HArpy3KH B KaHaTe HaOI0-
JaeTcsl B peXKMMax pasroHa U TOpMOXKeHHs cocyaa. KpoMe cuil TshkecTd 1 MHepLUH Ha
BEJIMYMHE HATSHKCHHS CKa3bIBAFOTCS YCUJIMsI, UMEIOIINE BHJI KOJICOAHUN W BhI3BAaHHBIE
psaoM QakTopoB, TakuX Kak [14]:

— BOJIHOBOM XapakxTep Iepenadun IBIKYIIEel CHITBI 110 KaHaTy OT OapabaHa WM IIKH-
Ba TPEHUS K COCYAy B Hadalle mogbemMa (PHIBOK);

— MIOTPEITHOCTH pa3MepoB U (popMeI OapabaHa WIIH IITKWBA TPEHUS;

— nedhopMarys MPOBOIHHUKOB;

— BXOJ] COCy/Ia B pa3rpy30uHbIe KPUBBIE U IP.

ITony4ast OT gaTymka CUrHai ¢ nepeMmeHHon amutyznoi, I1IJIK Beimonsser ero ma-
TEMATUYECKYI0 00pabOTKy C Ie/IbI0 IIPUBEACHUS CIIOKHBIX KOJICOAHWH K SKBHBaJICHT-
HBIM OJIHOYAaCTOTHBIM.

TpaIuHOHHKIH CIOCO0 OTpeeNieH sl HApsDKEHH B MaTepralie OCHOBAH Ha U3Me-
penun nedopMarui 00beKTa ¢ MOCISAYIONIMM PacueToM 10 (opMyJie, OIHCHIBAIOIICH
cBs3b Jepopmaruu ¢ HanpspkeHueM. i u3mepenust aedopmaiiuii Haudoee NMPOKO
MPUMEHSIOT TEH30J]aTYUKU (TCH30METPHI), YYBCTBUTEIBHBII 3JIEMEHT KOTOPHIX HAaKIIC-
MBAIOT Ha TIOBEPXHOCTh OOBEKTa B 30HE MPEATMOJOKHUTEILHO HAWBBICHIMX Harpsbke-
Hui [15]. MeToap! TeH30MeTprH OTpabOTaHbI M BO MHOTHX CIIydasxX MOKa3alH J0CTaTOYHO
BBICOKYIO JIOCTOBEPHOCTb.

Hemocrarok >ke TEH30METpHH HECYIIMX JeTajeldl YCTAaHOBOK IIIABHOTO IOIbeMa
COCTOUT B TOM, YTO HAIPsDKEHUS IOJyYalOTCS KOCBEHHBIM IyTeM, C HEM30€KHBIMU
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norpemHocTsiME. K ommnoke, CBI3aHHO ¢ BEIYUCICHUEM 3HAUCHHH 110 aHATUTUIESCKIM
3aBHCHMOCTSIM, H00aBisieTcss ommOKa, BO3HHKAIOMIAs M3-32 HEBO3MOXKHOCTH ydeTa
JEHCTBUTEIHHOTO XapaKTepa HarpyKEeHHS.

Crioco0 oTciexuBaHUS N3MEHEHHH CTPYKTYPBI MaTepHalia, B OTIIMYHE OT TeH30Me-
TPUH, TTO3BOJISIET HEMOCPEACTBEHHO HAOIIONATh MOSBICHUE U Pa3BUTHE MHUKponedek-
TOB ¥ CBOEBPEMEHHO MPEIOTBPAIATh YCTAIOCT-
HOE pa3pyllIeHue JIeTaH.

B Hay4HO-TeXHHWYECKOW mHTEeparype OIH-
CaHbI IUJICHOYHBIC JIATYMKH JePOopMaIiid UHTET-
PaJILHOTO THIIA, TO3BOJISIONIIE IPOTHO3UPOBATH
paspylieHHe JeTaad 3a CYET BBISBICHHUS MHU-
KpOTpEeIUH Ha ee oBepxHocTH [16—18].

JlaT4rk M3roTaBIMBAcTCS B BUJE IUICHKU H3
MeTajuinueckor (onbru tonmpaon 1040 MrkM
MO CHEeNUAILHOW TEXHONIOTHH. B Marepuaie
IUICHKH Ja)Ke TPU MaJIbIX [0 BEJIMYUHE IMKIIH-
gecKknx AchopMaIusix IMPOUCXOAST HeoOpaTH-
MBI€ CMEIICHHUS CII0EB 3€PEH, KOTOPbIE BBHITIISIISAT

. KaK TIOJIOCHI U TIATHA, OTPAYKAIOIINE H3MEHEHUS
Pucynox 3. XapaxrepHblii BuA JaTuuKa .
nedopmanmii mHTerpansHoro THma mocte — CTPYKTYPBI ITOBEPXHOCTH, Ha KOTOPOM pasMe-
JUINTCJIIBHOIO IUKIIMYECKOI'0 HAarpyXeHUst 1IC€Ha ITJICHKa (pI/IC 3)
obpasia [IpeIoxKeHsl pasaM4HbIe CIIOCOObI aHAIU3a

Figure 3. Characteristic view of the integral
type strain gauge after prolonged cyclic =~ 4HCJa, pasMEPOB U (POPMBI HATEH, MO3BOISIO-

loading of the sample IIME OLICHUTD JTUHAMUKY Pa3BHTHSI IIOBEPXHOCT-
HBIX MUKpoaedekToB. OnuH U3 CIoco00B OCHO-
BaH HA U3MEPEHUH OTPaKaTeNbHON CIIOCOOHOCTH TIICHKH.

Wudopmanus, nonydaemas ¢ TOMOIIBIO JaTYHKa HHTETPAILHOTO THIIA, IPSIMO YKa-
3BIBACT Ha CTA/UIO Pa3pyILICHUs AETAJIH, B YEM U COCTOUT CYLIECTBEHHOE IIpEeUMYyIlie-
CTBO JTaHHOTO CpEJCTBA IO CPaBHEHMIO C TEH30METPOM. M3mepeHus, B KOTOPBIX HC-
MOJIb3YETCS AATYUK MHTETPATBHOTO THUIIA, MOYKHO CUHUTATh 00JIee JOCTOBEPHBIMH.

CreneHp W3HOMICHHOCTH (PyTEPOBKH IIKMBOB TPEHHS, COIVIACHO JEHCTBYIOLINM
MpaBWiaM, YCTAHABIUBAETCA IyTEM M3MEPEHHUs JTUHEWKOM, U CBEJIEHUM O CpeicTBax
anmapaTHOTO KOHTPOJST 0OHAPYKUTH HE ynajaock. B To jke Bpems 3afiada co3IaHus Co-
OTBETCTBYIOILIETO MH(POPMAITMOHHOTO YCTPOMCTBA MPEACTABISIETCS BIOJHE pa3periu-
MO Jake Ha YPOBHE MEXaHHKHL.

BeiBoabl. HagexxHOoCTh M 0€30MACHOCTH JKCIDTyaTallMd PYIHUYHBIX yCTaHOBOK
IJIaBHOTO TMOIbeMa HAMITYUIINM 00pa3oM 00ecIeunBaeTCsl MPOAKTUBHBIM 00CITyKHBa-
HUEeM Ha 6a3e MOHUTOPHHI'A TEXHUYECKOTO COCTOSIHUSI OTBETCTBEHHBIX 3JIEMEHTOB 000-
pyznoBaHust. DGHEKTUBHOCTH CHCTEMbI MOHUTOPHHTA ONPEAEISIETCS] TOCTOBEPHOCTHIO
WHpOpMaIHMHY, TOCTYHAIOLIEH 0T AaTYnKOB. Harpys3ka Ha 0OBEKTHl MOHUTOPHHTA SBIIS-
eTcs pe3ylbTaToM CIOKEHHUS KOJIeOaHUH pa3IMYHON 4acTOTHl U aMILUIUTY/IbI, TOSTOMY
IUIs TOTTyYeHUs HanOoJiee JOCTOBEPHOM HH(OPMALIUK O COCTOSIHUU OTBETCTBEHHBIX Jie-
Tajeld MexaHM3MOB M METAJNIOKOHCTPYKIUH 11e1eco00pa3Ho HCIONb30BaTh MJICHOYHEIE
JaT4ruKy AeopMalii HHTETPaIbHOTO THIIA.
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Monitoring the technical condition of the main mine hoist
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Abstract

Introduction. Ensuring the safe operation of skip and cage hoisting installations is one of the
most important tasks of theoretical and experimental research in the field of mining mechanics.
To achieve this goal, predictive (proactive) maintenance is required. It consists in performing the
necessary repair actions to reduce the rate of development or prevent malfunctions identified on
the basis of information about the actual technical condition of the equipment. Proactive
maintenance is based on monitoring the technical condition of an object, it is the most effective in
terms of preventing failures and the least expensive.

Methods of research. The most important physical and mechanical properties of the components
of hoisting equipment from the point of view of the reliability of their functioning are the endurance
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of critical parts and metal structures. To implement the monitoring system, sensors are needed
to obtain the most reliable information for predicting changes in the physical and mechanical
properties of loaded elements. The task of assessing the technical state from the stresses acting in
the material is complicated by the cyclical nature of the load. The disadvantage of the widely used
method for determining stresses by measuring the deformation with a tensometer with subsequent
calculation is that the stresses are obtained indirectly with inevitable errors. An error arising
from the impossibility of taking into account the actual nature of the loading is added to the error
associated with calculating values from analytical dependencies.

Results. In the monitoring system, it is advisable to use integral-type film strain gauges, which
make it possible to predict the destruction of a part by detecting microcracks on its surface.
Conclusion. The load on the monitoring objects is the result of the addition of vibrations of different
frequencies and amplitudes, and integral-type film strain gauges will make it possible to obtain the
most reliable information about the state of critical parts of mechanisms and metal structures.

Keywords: main hoist; technical condition;, monitoring, proactive maintenance; reliability;
integral type sensor.
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TexHonorus oTpadboTku BONb(hpamMoBO-MONNOAEHOBLIX PYA
Cnenowu 3anexu TbIpHbIay3CKOro MeCTOPOXAEeHUSA

labapaes O. 3.", lenerkaeBa H. T."™, Mla6apaes I". O.!
! CeBepo-KaBkaackuin ropHO-MeTannypruyeckiii MHCTUTYT (rOCYAapCTBEHHBIA TEXHOMOTUYECKMIA
yHuBepcuTeT), . Bnagukaskas, Pecnybnuka CesepHas Ocetus-Ananus, Poccus
*e-mail: kafedra-trm@skgmi-gtu.ru

Peghepam
Beeoenue. Paccmompenvt 6onpocvl 3¢hexmusrnoiic ompabomxu nomepsanHuwvix 6eOHbIX pyo
To1pHvlay3cko2o 801bHpamo8o-moarub0eno8020 MeCmMopOHICOeHUs 8APUAHMAMU C 3ANOTHEHUEM
mexHozenHvlx nycmom. Llenvio uccnedoganus saeniemcs 060CHOSAHUE CHUJICEHUS. 3ampam
Ha ynpaeieHue COCMOAHUEM PYOOBMewaiouje20 MAaccueéa nymem UCNOIbL308AHUA OMX0008
nepepabomku pyo 015 RpUcOMOBLeHUS 3AKIA0OYHbIX CMecell.
Memoouka. Komniaexc uccnedoganuil exaouaem 6 ceds usyieHue UH*CeHePHO-2e0102UtecKUx
yenoguil  paspabomiuy,  UCCIe008AHUe  CB0UCME KOMNOHEHMOS Meepoerwmux cmecel,
meopemuueckoe 000CHO8aHUE CHOCOO08 YNPAGIEHUA YCMOUYUBOCNBIO MACCUBA U OYEHKY
npeoniodceHHbIX peutenuii. Jlabopamoprvle uUccied08aHUs NPOUIBOOAMCS HA MOOENX U3
IKBUBATIEHIMHBIX U ONMUYECKU AKMUBHBIX MAMepUanos, QU3UKO-Mexanuyeckue ceolicmed
nopoo u cmecel ONPeOeNsIOMCA C UCNOAb308AHUEM NPUHSMBIX Memoo08 ¢ 00pabomkou
De3VIbMAmos Memooamu MamemMamuieckoll Crmamucmuxu.
Pesynomamet. /lan anaiuz cocmosiHusi pyooSMewaiowux MAaccugo8 npu UCHONb308AHUU
cucmemvl  paspabomKu ¢ OMKPLIMbIM UAU  3ANOTHEHHLIM HECEA3AHHLIM MAMepUaiom.
Ipeonoscena munuzayus mexHono2ul 000bINY Pyo NO KPUMePUio YRpagieHus HanpsiCeHUsIMU
6 maccusax. Ilpugedenvi pes3ynomamuvl  MOOETUPOSAHUSA — BAPUAHMOE  pAPAOOMKU
MecmopodcOenull — gbleMKa 0e3 3aNOIHeHUs. U ¢ 3aNOIHeHUeM NYCMom — ¢ NOCHPOeHUeM
Mamemamuieckoli mooeau u pacyemom ee 6 Maple. Paccuumanvl onmumanbuvle napamempbul
8bIEMKU NOMEPSIHHBIX 3aNACO8. YCMaAHOB1eHA IKGUBATIEHNMHOCHb KAYeCMBEHHbIX NOKA3ameinell
nomepwv u Opyeux nokazameineu dgppexmusnocmu paspabomxu mecmoposicoenus. Ilpusedernvi
pe3yibmamsl MOOETUPOBAHUs BAPUAHNOE MEXHONO2UN C DA3HOU CMENneHbio 3aNnOaHeHUs
nycmom. Ilokazano, ymo cuudcenue ywepba om nomepb U pazyooxrcueanus pyosvl npu
ONMUMU3AYUYU YRPABTIEHUS COCIOAHUEM MACCUBA KOMNEHCUPYem 3ampanmvl Ha meepoeiouyue
cmecu.
Bbi6oobt u o6nacme npumenenusn pesynomamos. Paspabomka mecmopodcoenuss 6es
KOoMneHcayuy NyCmOmHOCMY  Y@enruyusaem nomepu u pasybodxcusanue 00 npeoena
9KOHOMUYecKoU yenecoobpaznocmu. Medcdy noxazamenamu Kauyecmea pyo U Opyeumu
nOKaA3amenamMu MexHON0Ull CYWecmseyiom 3KeUSAIeHMHble COOMHOWEHUS, ABNANUUEC
OCHOBOU Ol COBEPUICHCMBOBAHUSL NOKA3amenell 6bleMKU HOMEPSHHbIX 3anacog pyo.
[lonyuennvie pesynomamut moeym Oblimb 80CMpPeOOSAHBI NPU MOOEPHUIAYUU MEXHONOUT
paspabomru meepoo2o MemaioCoOePHcae20 MUHEPALbHO2O CIPbA.

Knrwouegwie cnoea: mecmopoosicoenue; maccug; omxoovl nepepabomxil; 3aK1A00YHASL CMECh;
cucmema paspadomxu; HANPAXCEHUA, MAMEMAmu4ecKkas Mooeb.

Bgenenmne. IlepBoie cBenenusi 00 opyneHeHHH B ThIpHBIay3e OoTHOCSTCS K 1898 1.
BonbdpamoBoe opynenenne Obuto ycranoeieHo B 1935 r, a paszpaboTka ero Havara
B 1938 1. [lo 1968 1. MecTOpOXKIIeHNE pa3pabaThIBAIOCh TIOA3EMHBIM CIIOCO00M, a ¢ 1968 T.
KOMOWHHUPOBAHHO: OTKPBITHIM (Kapbepbl « BEICOTHBIN 1 « MYKYTaHCKHID» ) ¥ TIO/I3EMHBIM
cniocobamu (pyaHuk «Momubaen»). B 2002 1. mectopoxieHre ObIT0 3aKOHCEPBUPOBAHO.
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TeIpHBIAY3CKOE MECTOPOXKIEHHE OTHOCHUTCS K KPYHHBIM MO 3amacaM Bosib(hpama
¥ MONHO/IeHa, a TaK)Ke MMEEeT 3aIachl MEJH, BUCMYTa, 30JI0Ta U cepedpa. Pymsr mpuypo-
YeHBI K CepHUU KPYTOIAJArOIINX CKApPHOBBIX 3aJIeKell CeBepO-3arafHoOrO MPOCTUPAHHUS
¢ MOJHOIEHUTOBEIM | IIEEIMTOBEIM OpyaeHeHneM. K KOHTakTaM pyIaHBIX TN MPHypPo-
4YeHbI CyIbGUIHBIE CKAPHBI CO C(haIepuToM, TUPPOTHHOM, XaITBKOTUPHUTOM | Ap. [1-3].

L1 S = VTP E
F-’_:—jIQ [oooon]m 711 B?A‘VZI‘?—_,_ﬂls 4
Ip" Db»J” I—"/118 }.r-r-r'f]]Q

Pucynok 1. TeipHBIay3ckO€ MECTOPOXKICHUE:
] — d4erBepTHYHbIE OTIOXKEHUS; 2 — MyKyJaHcKas CBHTa; 3 — MpaMopbl; 4 — OHOTHTOBBIE POTOBHKH;
5—BYJIKAHOTCHHAs CBUTA; 6 —IECUAHUKH; 7 — DHILTATHL; 8 —3IbKYPTHHCKAS CBUTA; 9— CITAHIIbI, THEHCHI, MATMATHTHI;
10 — mecyaHUKU ¥ KOHIIIoMepathl, [/ — KBapueBble miarnonopdupsr; /2 — nunaputhl; /3 — 3NbIKYPTUHCKUN
rpaHuT; /4 — NeHKOKpaToBblE TPAaHUTOUJBI; /5 — YIBTPAOCHOBHbIE MOPOABI;, /6 — CKapHBI M IHUPOKCEHOBBIE
poroBuky; /7 — Opexunu; /8 — TEKTOHUUECKHE KOHTAKTHI; /9 — 3MEHCKUI HAJABUT
Figure 1. Tyrnyauz field:
1 — Quaternary deposits; 2 — Mukulan Formation; 3 — marbles; 4 — biotite hornfelses; 5 — volcanogenic formation;
6 — sandstones; 7 — phyllites; § — Eldzhurta Formation; 9 — shales, gneisses, and magmatites; /0 — sandstones and
conglomerates; // — quartz plagioporphyry; 12 — liparites; /3 — Eldzhurta granite; /4 — leucocratic granitoids;
15 — ultramafic rocks; /6 —skarns and pyroxene hornfelses; /7 — breccias; /8 —tectonic contacts; 19 — Zmeisky thrust

Pa3paboTka pyaHBIX MECTOPOXKIIECHHI OTKPHITHIM U TIOI3EMHBIM CIIOCO0aMH YIyd-
mae€T TEXHHUKO-D3KOHOMHYCCKHE I10Ka3aTCInu HpCI[HpHﬁTHfI, HO aKTHUBU3UPYET Ir€oOMeE-
XaHMYECKUE TPOIIECCHl B pPAMKax I'€OCHCTEMbI U BIIMSET Ha COCTOSHHUE OKPYIKaroIien
cpenbl peruona [4-8].
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TeIpHBIAy3CcKOE BOIB(HPAMOBO-MOINOAEHOBOE MECTOPOXKICHUE XapaKTePH3YeTCs
00MIMEM TEKTOHUYECKUX HapyIeHui (puc. 1).

[Ipu pa3paboTke aHAIOTUYHBIX MECTOPOXKICHUN CHMXKAETCS YCTOWYHMBOCTH OOHa-
YKEHH TOPHBIX BBIPAOOTOK, YBEIHMUUBAIOTCS MOTEPHU U pa3yOokuBaHue pyasl [9—12].

AHanu3 pe3ynbTaToB BBIIIOJHEHHBIX HayYHBIX HCCIECIOBAaHUHN, IPOCKTHBIX U IpakK-
TUYECKHUX PELICHUI Mo pa3paboTKe MECTOPOXKIEHHS IOKA3bIBAET, YTO BO3MOXKHOCTb
3¢ PeKTUBHON OTPaOOTKH paHee MOTEPSIHHBIX OCIHBIX Py HE paccMaTpHUBaIach.

Kamepsl ¢ cyxoii 3akiagkoif. OT6oiika
BEPTUKAIBHBIMH MPUPE3KAMU OT OTPE3HOH IIen
K TpaHWLIAM C  3alOJHCHHEM IMyCTOT CyXOi
3AKIIAIKOM )

ITaKHOe IPUHYAUTEIbHOE 00pyLICHHE. )

KommnencanuonHoe  NpocTpaHCTBO — 00pasyroT
BbIeMKOH  cmoeB.  OcranpHoe — OTOMBAKOT
CKBRXHHAMU T1yOnHOI 10 30 M )

MunHble Kamepbl. HIDKHSAA 4YacTh  OJOKa
OTOMBAeTCA CKBOXMHAMU OT OTPE3HOW MIeNH K
rpaHHLlaM, BEPXHAS — MHMHHBIMH 3apsiiaMH BO
B3PBIBHBIX KaMepax )

32](.]]2}11(3 HEKOHAUIIMOHHBIMU  pyJdaMu Cj

TOCIIeyIoIe BBIEMKOH kapbepoM. OtOolika
CKBaxMHaMHU. KaMmepsl HIDKeNeKamux JTakel
101 LIEJIMKAMH BBIIIEIIEKALINX y

IMomTakuble mTpekH. OTpe3Has Melb B )

cepequHe  Onoka  oOpasyeTcsi — B3pbIBaHHEM
BCTPEUYHBIX ITy4KOB CKBaXHH. Ilocie OTOGOMKH
CpeHel YacTu CHU3Y BBEPX OTOMBAIOT IPHPE3KH

Pucynok 2. Tunm3zanusi npUMEHEHHBIX CHCTEM pa3padoTKH
Figure 2. Type-designs of applied development systems

CyIIHOCTh TEXHOJIOTUH C HCIIOJIB30BAHUEM TBEPACIOIINX CMECEH 3aKIII04aeTCs B 3a-
MTOJTHEHUH OYMCTHBIX KaMep 3aKJIaI0UHON CMECHIO C COXPAaHEHHEM CILIOIIHOTO (hpOHTA
pabot u auddepeHmanyedi TEXHOIOTMUSCKUX PEIICHUH 10 KpuTeputo 3arpar. [lep-
CIICKTUBBI TEXHOJIOTHIA C 3aKJIaJKOH TBEPICIONIMMH CMECSIMHU CBA3BIBAIOT C 0Oecreye-
HHEM WX 00BEMHOTO CKAaTHS B MPOIIECCE TIPUTOTOBIICHUS U Pa3MEIICHIS CMECEH.

Pa6oramu U. B. bakmamona, B. U. bopm-Komnanwmiina, /[I. M. bponHukosa,
B. U. I'onuka, M. A. Noduca, [JI. M. Kasukaesa, JI. A. Kpynuuka, A. JI. TpeOykoBa,
B. A. lllecrakoBa u jip. onpeziesieHa Hecyas CriocoOHOCTh MaTepualia B 3aBUCUMOCTH
OT yCJIOBHIA €ro paboTHI.

[NorepsiHHbIe MPH 00BIYE OOraThIX 3alacoB PYIbI HEPEAKO MPEACTABIISIOT HHTEPEC
JUTSL TIOCIIEYIONIEH BBIEMKH pecypcocOeperatonuMi TEXHOJIOTHSIMH, K KOTOPBIM OTHO-
CATCSI BAPHAHTHI C 3aIIOJTHEHNEM ITyCTOT TIOCJIE BRIEMKH ITOJIE3HOTO UCKOITAEMOT0 U3 HeIp.
Takue TEXHOIOTHH OTHOCATCS K BBICOKO3aTPaTHBIM, IMO3TOMY UX IMPUMEHEHHE TpeOyeT
TIIATEIBHOTO 0OOCHOBAHMS, UTO U SIBIIICTCS LEbI0 HACTOSIIETO HCCICIOBAHMU.

MeToaoJiorus ucciaenoBanusa. KoMmmieke ucciuenoBaHmui Il TOCTHUKEHHS II0CTaB-
JICHHOH I1€JIM BKJIIOYAET B €0 M3yUCHNE MHIKCHEPHO-T€0JIOTHYECKUX YCIOBHM, HCCIIe-
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JOBAaHHEC CBOWCTB TBEPACIOIINX cMecel n METOOOB UX KOPPEKTHUPOBKHU, UCCIICTOBAHNUE
paboThl IPUPOAHBIX U TEXHOTEHHBIX MacCHBOB, TEOPETHYECKOE OOOCHOBAHHE CIIOCO-
0OB ympaBIeHHS YCTOWYMBOCTHIO MAacCHBAa W KOPPEKTHPOBKH CBOWMCTB TBEPICIOIINX
cMeceH, a TakKe TEeXHUKO-9KOHOMUYIECKYIO OIIeHKY MPeNIOKEHHBIX pemeHui [ 13—16].

s pereHns mocTaBIeHHBIX 33/1ad BRITIONHSIETCS aHaN3 PE3yNBTaTOB PaHee Mpo-
BEJICHHBIX UCCIIEJOBaHUH, JTaOOpaTOPHBIE H TIPOU3BOJICTBEHHBIE DKCIIEPUMEHTHI, TEOpe-
TUYECKUE 0OOCHOBAHUS U TEXHUKO-YKOHOMHUYECKUE PACUETHI.

Ta6uuna 1. Tunuzanus TeXHOJIOTHiil ynpaBJ/jieHUuss MacCHBAMHU
Table 1. Type-designs of rock mass control technologies

Kiace I'pynmna Bapuanr
C nonHoit 3axiiajika TBEpACIOIUMU CMECIMH Ouens npounast — 6oxee 2,5 MIla
KOMIICHCAIIHEH [pounas — 1,2-2,5 MIla
HanpsOKEHUN Manomnpounas — go 1,2 MIla
C gyacTU4HOM 3aKiIajika ChIIIy4UM MaTepHaioM Cyxast, TupaBIInuecKast
KOMIIEHCaluen [IpunynurensHOe 0OpylIeHHE bnokoBoe, nog3rasxkHOE
HanpsLKeHUH Camoo0pymeHne mopoz biokoBoe, nogdraxkHoe
W3ons1us He3anoMHEHHbIX MyCTOT Llenvku, NCKyCCTBEHHbBIE MACCHUBBI
KomOunnpoBannsii | TBepaeronias 3akiagKa U H30ISINST B 3aBucumocTr ot 00beMa
TBepaeroiast U cyxast 3aKiIajka TBEPICIOLICH 3aKIa K1
Teeperomas 1 cyxas 3aKiajKa, a
TaKKe U30JIIIHS

JlaGoparopHble HCCIIEIOBaHUS MPOBOAATCS HAa MOJENSX U3 SKBUBAICHTHBIX U OII-
TUYECKU aKTUBHBIX MaTepUalioB, (GPU3UKO-MEXaHHMYECKHE CBOMCTBA MOPOJ U 3aKJIAAKH
OTIpENeNsoTCs ¢ 00pabOTKON pe3ynbTaTOB METOJaMU MaTeMaTHYECKOM CTaTUCTUKY.

Ha ocHOBaHuU pe3ynbTaToB UCCIIENOBaHUI (HOPMYTUPYIOTCS 3aKOHOMEPHOCTH I10-
BE/ICHUs HAIPsDKEHHO-IE(OPMUPOBAHHBIX MAaCCHBOB M ONPEACISIOTCS IapaMeTphl
TEXHOJIOTUH yNpaBiCHHUS COCTOSIHUEM MAacCHBOB IIPY M3BJICUYCHUU paHEEe MOTEPSIHHBIX
3amnacos [ 17-20].

Pe3yabTathl U ux odcy:kaenne. I[lomkaprepHas gacTh 3amacoB mo Clernoi 3aire-
KU Ha Topm30HTE 2165 M oTpadarsiBagach MOJ3EMHBIM CITOCOOOM, IPEUMYIIIECTBEHHO
3TaXKHO-KaMepHOU cucTteMoil pa3padbotku. Kameps! BeicoToit 80-95 M u pasmepamu B
wiade 30 x 30 M oTpabarkiBaiy ¢ OCTaBICHHEM MEXIYKaMEPHOTO IeNMKa TaKuX Ke
pa3mepoB. ITyCTOTHI 3aM0MHAIN CyXOM 3aKJIaIKOM.

[IpumensieMble cUCTEMBI pa3pabOTKU HECKOJIBKO Pa3iniaincCh COCTOSHUEM BBIPa0o-
TAHHOTO MPOCTPAHCTBA, HO OOBEANHSUIUCH TEM, YTO BEIPaOOTaHHOE MPOCTPAHCTBO HIIH
0CTaBaJIOCh OTKPBITHIM, MJIH 3alIOJHSJIOCH HECBA3aHHBIM MaTepHajoM (puc. 2).

[lorepu pynel npu no0bIYe TOA3eMHBIM criocobom gocturanu 20 %, pa3yOoxuBa-
Hue — 40 %.

ITpu m3mepenun nedopmanuil cABIKEHHS NOAPaOATHIBAEMOIO PYIHOI'O MAacCHBa
MyTeM 00O0pYI0BaHUS MPOPHUIEHON JIMHUU PENepOB UIMHONW 485 M yCTaHOBIEHO, YTO
MaKCHMaJIbHBIE Je(OopMalMy IPUYPOUYEHbI K KOHTAKTY PYIHOIO Teja C HOPOLaMH BU-
cstuero 6oka u coctaBmii 4 -+ 1072 mm/c. [lepes BHIXOIOM BOPOHKH OOPYIICHHS HA T10-
BEPXHOCTbH JeopMalius coctaBuia 17-25 mMm.

OTtpaboTaHHbIe KaMephl JJINTEIbHOE BpeMsl He 3akiaabiBaau. OObeMbl IyCTOT CO-
CTaBJISAIOT, HANIPUMED, TI0 Kamepe 4 — 22 Thic. M?, 0 Kamepe 5 — 87 Thic. M.

BrInonHeHHBIMU HCCIIEIOBAaHUSIME 000CHOBaHA HEOOXOAUMOCTH BBHIEMKH TOTEPSH-
HBIX 3aI1acoB B Mpejesiax BIUSHUS Kapbepa H30JIMPOBAaHHBIMH KaMepaMH C 3all0JHEeHH-
€M TBEPACIOIUMHI CMECSIMH.
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OnbIT KOMOMHUPOBAHHON OTPAOOTKH MECTOPOXKIEHHUS IMOKA3bIBAET, YTO MPH OTpa-
0OTKE 3a1macoB ¢ OTKPHITHIM BHIPAOOTAHHBIM IPOCTPAHCTBOM JehOpMaIiy 36MHOMU TT0-
BEPXHOCTH HEM30EKHBI, 2 COCTOSHHUE ITyCTOT HE TOMJIEKHT JOCTOBEPHOMY KOHTPOJIIO.

Texnonorun n00b4M pyx THIPHBIAY3CKOTO MECTOPOKISHUS THITU3UPOBAHEI 110 KPH-
TEPHIO YIIPaBICHHS HAPSHKSHUSIMHA B MaccuBax (Taodm. 1).

Ta0una 2. McxonHble JaHHBIE 17151 IKOHOMHYECKOI0 CPABHEHUS] BADUAHTOB

pa3paboTKu

Table 2. Input data for economic comparison of development methods

[Toxa3zarens Bapwuant 1 Bapuant 2
VY nenbHBIA BeC TEXHOJIOTHH, % 100 100
O0OBeM OYMCTHOM BLIEMKHU Ha 1 T 3a1macos, M/t 0,6 0,5
Pacxon I'TIP na 1 T 3amacos, M/T 0,11 0,06
Iotepn, % 15 5
Pazy6oxxusanue, % 30 15
[IpousBoauTENEHOCTH OJIOKA B MECSII, TBIC./M 2,0 2,0
T'omoBast MpOM3BOAUTENHFHOCTD OJIOKA, TBIC./M> 24 24
Tpya0EMKOCTh OUMCTHOM BHIEMKH, YEIL-CM./M° 0,11 1,00

Pynnoe teno I'maBHOrO ckapHa, B KOTOPOM 3akitoueHo Oonee 60 % 3amacoB mMecTo-

POXJIeHUs, IPEACTABIsET COOON 3alleXb C MaJeHueM moja yrioM 60°—70° u MoIHO-
cteto B eperude 100-120 m, Ha pnanrax — o 3—5 M. Kpenocts mo M. M. Iporoass-
KOHOBY M IUIOTHOCTH CKapHOBBIX pya — 1620 u 3 1/M°, poroBukoB — 12—14 u 2,6 T/™?,

MpamopoB — 8—12 u 2,5 1/m>.

Taéuauua 3. TexHUKO-IKOHOMHYECKHE T0KA3aTeJH BADHAHTOB Pa3padoTKu
Table 3. Technical and economic indicators of development methods

Iloxazatens Bapuant 1 | Bapmanr 2
OtpabaTsIiBaeMble OaaHCOBBIE 3amackl, % 100 100
Bexon pyzst Ha 1 T 6alaHCOBBIX 3a11acoB, T/T 1,2 1,8
KommaecTBo no0bITO rOpHOIT Macchl, % 105 100
KauectBo 10065ITOM pyabL, % 90 100
W3Bneuenne Mertamia B TOTOBYIO IPOAYKIHIO, %o 91 100
3aTpaThl Ha BEIGMKY TOPHON MacChl, p./M° 16 21
[TpuOBLTE OT BEIEMKH 3aI1acos, p./T 52 57

Kpurepuem sxkoHoMuueckoit 3¢ (HeKTUBHOCTH TEXHOJOTHHI SBISETCS Pa3HOCTb MEXK-
Jly CTOMMOCTBIO MPOAYKIIMHU U 3aTparaMu Ha €€ mojydeHue. Bo3MoxxHble K IpUMEHE-
HUIO MPHU J00bIYE MOTEPSHHBIX PYA TEXHOJIOTHH Pa3IMYalOTCs CIIOCOO0M YIIpaBICHUS
MacCHBOM: BBIeMKa 0e3 3aroTHeHus (BapyuaHT 1) U ¢ 3armoHeHneM (BapruaHT 2) TEXHO-
JIOTHYECKHUX IYCTOT.

Kak mokasan craTucTH4YecKuii aHaJlM3 Ha OCHOBE BHIOOPOK CpeAHEH pa3MepHOCTH
npuMepHo 100 HaOMOACHNI Ha YPOBHE 3HAYUMOCTH 5 %, I TpyHmbl 1 MPU HU3KHX
SKCIUTYaTaIMOHHBIX PacXoJaX XapakTepHBI MOBBIIICHHBIE MMOTEPH W Pa3yOOKHBaHUE
pyzbl. Y BapuaHTOB IPYHIbI 2 MOTEPH U Pa3yOOKHUBaHUE PYIbl MUHUMAIBHBI, HO BO3-
pacTaroT pacxo/bl Ha YIIpaBlIEeHUE MAaCCHUBOM.

[Ipu cpaBHEHMH TEXHOJOTHH Pa3pabOTKU COMOCTABIISIOTCS 3HAUYEHUS TOYCK OIITH-
MyMa IeJNeBbIX (QYHKIWH W BHIOMPAIOTCS 3HAYEHHs MapamMeTpoOB, COOTBETCTBYIOIIUX
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TOYKE OIITUMYMaA I10 KOHEYHOM MMPOAYKIHHU C YUCTOM MU3BJICHCHHUA METaJlJIa. I/ICXOIIHBIG

JTaHHBIC IPUBEICHBI B Ta0JI. 2, 8 TEXHUKO-YKOHOMHYECKHE ITOKa3aTelid — B TaOII. 3.
Ha ocHOBe 3KCHEpHUMEHTABHBIX M PACUYETHBIX MAHHBIX CO3JaH CHMMETPUYHBIN

miaH bokca.

3aBHCUMOCTb 3aTpar Ha JOOBIUY PyAbI OT IEPEMEHHBIX (PaKTOPOB ONpEneseTcs MO-

JienupoBaHueM (Tadi. 4).

Tabuauna 4. 'pannyHbIe YCI0BUS HE3aBUCUMBIX NEPEeMEHHBIX

Table 4. Boundary conditions for independent variables

VpoBers HI/EﬁH)I/H?I Cp?(:)[;mﬁ Beaxl};ylﬁ I/IH"EeA;;Ban
3arpatsl Ha J00BIYY pyIbI 3, . 200 300 400 100
Jo6b1ua pyzast Xj, ThIC. T 80 100 120 20
Copeprxanue MeTajuioB X, % 4 6
[otepu pyast X3, THIC. T 5 15 20
Pazy6oxxusanne nopomgamu Xy, % 20 40 60 20

IMocTpoeHa Maremarndeckas MOJIe)ib, OIIMCHIBAIOIIAsE 3aBUCUMOCTb 3aTpar 3 oT (ax-
TOpoB X, X, X;, X, 1 IPOM3BEIICH pacueT MOJICIH B Maple.
Monens 3aTpat Ha TOOBITY PYABI C HE3aBUCUMBIMHU TIEPEMEHHBIMU

3=-1,572 X,-0,6014 X, +1,3897 X, 17,037 X, +0,3073 X +0,5159 X, —
-0,2123 X7 +35,402 X; —1,8129 X, X, +2,1476 X, X, —0,2259 X, X, —
~1,6698 X, X, —1,8389 X, X, +0,3533 X, X ,,

e 3 — CyMMapHBbI€ 3aTpaThl, p./T pyabl; X, — 100b14a py/psl; X, — CONEPIKaHUE METAIIIOB
B pyne; X, — norepu pyasl; X, — pasyboxknBaHue py/ibl TOPOJAMH.

I'mnore3a 0 3aBUCUMOCTH B IIOIYYEHHOM BHJI€ POBEpEHa o Kputepuo Ouiiepa Ha
YpOBHE 3HAYMMOCTH 5 % ¥ NMPUHSATA KaK PaBIOIOI00HAS.

Hons pa3yOoxxuBanus coctaBuna 65—67 %, 4To MO3BOJISET MCIIOIB30BATh 3TOT IO-
KasaTesib B Ka4ecTBE KpuTepHs onTuMusaimn. Kosddurments: nepen X, u X Gonbie
OCTJILHBIX KO3(PMHUIMEHTOB, MO3TOMY (aKTop X, — 10JIs pasyOOKUBAHHS PY/IbI — SABJIS-
€TCsI KpUTEPUEM ONTHMHU3ALNH.

O hexTHBHOCTH BapraHTa C yBEJIMYSHHOW BHICOTOH MOA3Ta)Ka ONpeaesieTcs Moie-
nupoBanueM npu macmrtade 1 : 50. Moaens 6710Ka U3TOTOBIICHA B CTEKIITHHOM SITITHIKE
pasmepoMm 800 x 700 x 700 mM. Pyny UMUTUpOBAIIM YacTUIIAMU Pa3MEPOM JI0 S5 MM,
a KpyImHOCTb NopoJ Oblia Gonbiie (10 25 MM).

TomnmuHa nepBoOro cios pyabl OT MOYBHI cocTaBmiia 20 cM, a MOCIEAYIOUINX CIOEB
10 cm. Crnou pa3znensin npocioiikamu necka. IloBepx BepXHEro ciosi pyabl 3achlain
MyCTYyIO0 MOPORY U yCTaHaBIMBaIU penepsl. Illar BeImycka cocTaBiIsul 5 ¢cM B MOAETH
Wi 2,5 M B HaType.

Pyny ynansmm ¢ riryOuHoii BHeapeHus 1,5 cM, uro coorBerctByeT 0,75 M B Harype,
u BeImyckamu o3amu 1o 800—1100 r u3 nsiTu opToOB B mocieaoBarenbHoctu 1, 3, 5, 2, 4.
MaxkcuManbHasi ToNIuHa (GUTYpHI BBITyCKa HAOMIOfatachk Ha BBICOTE OT TIOYBHI OpTa
20-30 cMm B mogenu wiu 10—15 M B Hatype (puc. 3).

OCHOBHYIO 4YacTh MOTEph COCTABISET HE W3BJICUEHHAsl ¢ Jiekauero Ooka pyna,
a 9acTh €€ OCTAeTCA B «MEPTBOM» 30HE MEXKIY BHIITYCKHBIMUA BBIPAOOTKaMH.
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YcTaHOBIIEHO, UTO NP OTPAOOTKE MOTEPSHHBIX 3aM1acoB IeIeco00pa3Ho yBemude-
HHUE BBICOTHI BBITYCKaeMOro cjiosi 10 20—-25 M ¥ yMEHbIIEHUE TOJIINHBI MEXOPTOBBIX
menukoB 10 4 M. [Ipu BeicoTe mogdTaka 20 M B HanbosIee HEYCTOMYNBOM 30HE MECTO-
POXICHHS MEKOPTOBBIE LETMKH MIMPUHON 4 M COXPAHSIOT HECYILYIO CIIOCOOHOCTH B
TeueHue 2—2,5 Mec., a IpH BbICOTe moadTaxa 10 M BEIpabOTKH HApyIIAOTCS CPasy.
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PucyHok 3. Cxema TOPLOBOTO BBIITYCKa PY/IbI:
1 — o6py1IeHHBIC TOPOJIBL; 2 — PYJHOE TEJI0; 3 — IPaHMIIA PYJIbI U TOPOJBL; d—f — CIIOH PY/IbI
Figure 3. Scheme of the end ore draw:
I — caved rock; 2 — ore body; 3 — ore-rock boundary; a—f— ore layers

BapuaHT ¢ NOBBIIIEHHOW BBICOTON MoadTaxa 3((eKTHBHEE 3a CUET COKpAIICHHS
o0beMa Hape3HbIX pa0oT B 2 pa3a, COKpAIICHUS YUCiIa ACHCTBYIOMUX 3a00€B 3a CUeT
YBCINYCHUSA o0bemMa PyaAbl B CJIOC W TIOBBIIICHHUA 3arpy>XCHHOCTU IOTPYy304YHO-
JIOCTaBOYHOM TEXHUKH.

MogenupoBaHHEeM YCTaHOBJIEHO, 4To moTepu 1 % GamaHCcoBOM pyabl ¢ CoAep KaHU-
em metajuta 20 Kr/T SKBUBaJICHTHBI:

—5 % pa3y0OokuBaHuUs 10 KOHTYpPY OJIOKa ¢ conepxkanuem Metamia 10 kr/T;

— 17 % pa3yOoxuBaHHA PYIBI 32 CUET BKIIOUEHH ¢ cogepxkanneM 10 Kr/t;

— 24 % CHWXEHUS POU3BOIUTENLHOCTH TPy/Ja Ha OYMCTHBIX paboTax;

— 18 % cHWXeHUs IPON3BOTUTEIFHOCTH OJI0Ka;

— 15 % cHuXeHHsd NPOU3BOIUTENBHOCTH TPYIa.

[Tokazarenu TexHONOTHI OTPabOTKHM TMOTEPSHHBIX 3allacoB MpPU MPOYHX PaBHBIX
YCIIOBUSIX Pa3MualoTcs AOJIei MCIOIBb30BaHus TBEpACIOIUX cMeceld. s aToro mpu
MOCTOSIHHOM O0BeMe MPOM3BOACTBA MOIenupyercs 4 BapuaHTa TexHoJorui: 1 — 6e3
3aMoJHEeHHs MyCTOT; 2 — ¢ 3anonHeHueM Ha 50 %; 3 — c 3almoiHEeHHeM CMECsSIMU Ha
65 %; 4 — ¢ 3anonHeHueM cMmecsamu Ha 80 % (Tabm. 5).
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W3 pe3ynbTaToB MOIEIMPOBAHNS CIIEAYET, YTO CHHIKEHHE yIepOa OT oTeph U pasy-
OOKHMBaHUS PYyAbl IIpU yIIpaBJICHHUU COCTOAHUEM MAaCCUBa KOMIICHCHPYET YBCIUMYCHUC
3arpar Ha TBepAeromne cmecu [21-24].

BeiBoabI M 00/1aCTH MPUMEHEHUs Pe3yabTaToB. MaccuB THIpHBIAY3CKOTO MECTO-
POXIEHUS TIPENICTABIAET COO0M Cpeay ¢ HE3aKOHOMEPHO M3MEHSFOIINMUCS CBOICTBA-
MM, BTOPKCHHUE B KOTOPYIO oe3 KOMIICHCAIIUN ITYCTOTHOCTH YBCJIMYMUBACT IIOTEPU OO
30 % u paszyookuBanus 110 60 %.

Ta6auna 5. [Toka3aTeau TeXHOJOTHIl 0TPAGOTKH MOTEPSHHBIX Py
Table 5. Lost ore mining technology indicators

BapuaHTbl TEXHOJIOTUH
[Toxazarens
1 2 3 4
IleHHOCTH PY/IBI, THIC. P./T 7,2 7,2 7,2 7,2
DKCIUTyaTallMOHHBIC 3aTPaThl, ThIC. P./T 1,45 1,58 1,58 1,58
VYiuep6 3amacam OT MOTEPb PYIbl, THIC. P./T 1,04 0,6 0,39 0,14
VYiep6 3anacam ot pa3y00KUBaHHs, ThIC. P./T 0,93 0,62 0,49 0,18
3arparsl Ha OTAalIeHUE MYCTOT, THIC. P./T - 0,6 0,8 1,0
3arpatsl ¢ yuyeToMm ymiepda i MorameHus, ThIC. P./T 3,42 34 3,26 2,9
DKkoHOMHYECKUH 3 PEKT MO BapUaHTY, THIC. P./T - 0,02 0,16 0,52
DxkoHoMHUuecKui 3G deKT Mo BapuaHTy B TOJ, THIC. P. - 2400 19 200 62 400

Mexay norepsMu U pa3yOOKMBaHUEM PYI U APYTMMH MOKA3aTENIMHU TEXHOJIOTHH
CYIIECTBYIOT aJIcKBaTHbIC 3KBUBAJICHTHBIC COOTHOLICHUS, SBIISIFOIIUECS OCHOBOM UIs
HNPOEKTHPOBAaHMUS, B TOM YHCIIE 10pab0TKa MECTOPOXKICHUS C BBIEMKOI MOTEPSHHBIX HA
MIEPBOM 3TaIle HKCIUIyaTalli MECTOPOXKACHUS PY.

IToy4eHHbIe pe3yabTaThl MOTYT OBITH BOCTPEOOBAaHBI IPH MOJCPHU3ALINHI TEXHOIO-
Ui pa3paboTKK TBEPAOTO MHUHEPAIBHOIO CHIPbs, MPEUMYIIECTBEHHO METAJIJIOCOACP-
JKAIero, B YCJIOBHUSIX BBICOKOW MPUPOTHON M TEXHOTCHHOW HAINPSKEHHOCTH HPUPOL-
HBIX U HCKyCCTBEHHBIX MaCCHBOB.
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The technology of mining tungsten-molybdenum ore of Slepaya Zalezh
at Tyrnyauz deposit

Oleg Z. Gabaraev', Nina T. Dedegkaeva!, Georgii O. Gabaraev'
' North Caucasian Institute of Mining and Metallurgy (State Technological University), Vladikavkaz, Russia.

Abstract
Introduction. The article considers the issues of base ore effective mining at the Tyrnyauz
tungsten-molybdenum deposit with different methods for filling man-made voids. The objective
is to substantiate the reduction in expenditure on the ore-hosting rock mass state control by using
tailings to prepare the backfill blends.
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Methods of research. The complex of studies includes the study of engineering and geological
conditions of development, the study of the properties of hardening mixture components,
the theoretical justification of rock mass stability control methods, and the proposed solutions
evaluation. Laboratory studies are carried out on samples made of equivalent and optically active
materials. Physical and mechanical properties of rocks and blends are determined using the
accepted methods, results are processed by mathematical statistics methods.

Results. Ore-hosting rock mass states are analyzed when using a development system with open or
Sfilled unbound material. The ore mining technologies type designs by the criterion of rock mass stress
control is proposed. The results of modeling the methods of fields development are presented, with
and without voids filling, as well as a mathematical model construction and calculation in Maple.
The optimal parameters of lost reserves dredging are calculated. The equivalence of qualitative
indicators of losses and other field development efficiency indicators has been established.
The results of modeling various technologies with different degrees of void filling are given.
It is shown that ore loss and dilution mitigation, when optimizing the rock mass state control,
compensates for the costs of hardening mixtures.

Conclusions and scope of results. Field development without void filling increases losses and
dilution to the limit of economic feasibility. There are equivalent ratios between ore quality
indicators and other technology indicators, which are the basis for improving the indicators of the
lost ore reserves extraction. The obtained results may be in demand when modernizing technologies
for the development of solid metal-containing mineral raw materials.

Keywords: deposit; rock mass, tailings, filling mixture; development system, stresses; mathematical
model.
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OueHKa reogMHaMU4eCKOW aKTUBHOCTM roOpHbIX NOpoa
Nno pe3ynbTaTaM CKBaXWHHbIX UCCNegoBaHUN
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" YHcTutyT reocomsmkm um. 0. M. Bynawesuya YpO PAH, r. EkatepuHbypr, Poccus
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Peghepam
Ilenvro uccnedosanuii s61emcsi OYeHKA COBPEMEHHOU 2e00UHAMUYECKOU O00CMAHOBKU
2€01102UYeCKOll Cpedbl NOCPEOCMBOM CKBANCUHHBIX UIMEPEHU CUSHANO08 2€0aKYCMU4ecKol
IMUCCUU U ITNEKMPOMASHUIMHO20 U3LYYEHUS.
Akmyansnocms  padomuvt 00yCi081eHA HEOOXOOUMOCHbIO GbLOCNICHUS 2e00UHAMUYECKU
AKMUBHBIX 30H U YHACMKO8 NOBLIUEHHO20 MPEeUUHO0OPA308AHUSL 20PHBIX NOPOO 8 CKEANCUHAX.
Memooonozusa nposedenus uccnedosanuil. Viccnedosanus 2e00unamMuyeckol akmusHoCmu
20pHBIX NOPOO NPOBOOUNUCL 8 00HoU u3 ckeadicurn Cesepo-Tapamauickoeo yuacmka
MECmOpOdNCOeHUsT MASHEMUMOGLIX Keapyumoe 6 Yensbunckou obnacmu. Jns peuwienus
NOCMABIEHHOU 3a0a4u NPUMEHSIC annapamypHo-npocpammusiii xomniexc MOIII-42,
NPeOHA3HAYEeHHbIL OISl CUHXPOHHOU PecUCmpayuu CUSHANI08 2e0aKyCMUYecKOU AMUCCUl
U 9NEKMPOMASHUMHO20 U3YHEeHUsl. 3anuco CUSHAN08 2e0aKyCMUYECKOU JSMUCCUU U
INEKMPOMASHUNHO20 UZIYHEHUS OCYWECMBISIAC, N0 MeMOOUKe YeIHOYHO20 KApPOMadicd,
NO360NAI0U€20 BbISGNAMb 30HbL 200UHAMUYECKOU AKMUBHOCMU 2OPHBIX NOPOO NO PA3PE3AM
CKBAICUH U OMCILENCUBAMb OUHAMUKY IMUX YUACHKOE 60 8PEMEHUL.
Pesynomamol. [lokazanvl pesyiomamvl NpuUMeHEHUs MeMmOOUKU HelIHOYHO20 Kapomaicd
CUCHANI08 2e0aKYCMUYECKOU IMUCCUU U DNIEKMPOMASHUMHO20 U3TYYeHUs 6 cKeadicune Ne 7
Cesepo-Tapamauickozo yuacmxa.
Bbi6oovl. B x00e npogedenHblx UCCIE008AHULL CUCHANO08 2e0aKyCMUYecKoU IMUCCUU U
INEKMPOMACHUMHO20 usnyuenuss 6 ckeadxcune Ne 7 Ceesepo-Tapamawickozo yuacmka
O MemoouKe YeIHOYHO20 KAPOMAdICA GblOELeHbl 30Hbl NOBLIUEHHOU HANPSINCEHHOCMU
2€e01102UMeCKOll CPeobl U YHACMKU NOBLIUEHHO20 MPEWUHO0OPAZ068AHUS, YMO 8 C80I0 04epedb
NO360ULO PA3OENUMb UCCTIEOVeMbI UHMEPBAL N0 2e00UHAMUYECKOU AKMUBHOCHU 2OPHbIX
nopoo.

Knioueesvie ciaosa: 2OpHble nOpOdbl,’ Kapomaosic, ceoaKkycmuvyeckas IMUcCCcu,
J/1EKMPOMACHUMHOE U3TYUeHrHue, 2e00UHAMUYECKAST AKMUBHOCb.

BBenenue. 3eMHast Kopa OCTOSTHHO HAXOIUTCS IO BIUSHUEM (PaKTOPOB YHIOTCH-
HOTO Y 3K30TE€HHOTO MpOoucXokaeHus. CoueTaHue pa3IUIHbIX (PU3NIECKUX MPOLIECCOB
(hopMHUpYyeT CIOXKHBIN KoneOaTenbHBIA PEKUM 3EMHON KOPBI, KOTOPBIH OTpa)KaeTcs
B COBPEMEHHOW TeOJIMHAMUYECKON 00CTaHOBKE reosiorndeckod cpensl. [Ipu sTom Ha
MECTOPOXICHUSIX TOJIE3HBIX UCKOMAEMbIX Ha HAINPSHKEHHO-IE(POPMUPOBAHHOE COCTOS-
HUE TEOJIOTHUECKON Cpebl OKA3bIBAIOT JOMOIHUTEIHHOE BO3JCHCTBHE TEXHOTCHHEIE
(hakTophI, CBSI3aHHBIC C Pa3pabOTKOI U TOObIUEH MOIEe3HBIX UCKOMTaeMbIX [1].

B HacTosimee Bpemst Hanbosee pacpoCTpaHEeHHBIMH CIIOCO0aMU KOHTPOJIS 33 I'eo-
MUHAMAYECKON 0OCTAaHOBKOW MacCHBOB TOPHBIX MOPOJ SBISIOTCS M3MEpeHUs aedop-
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Manuii [2] u reone3ndeckue uccienoBanus [3]. B pe3ynbsraTe MHOTOJNIETHUX HCCIIEIO-
BaHWH CHUTHAJIOB Te0aKyCTHUeCKol sMuccuu (I'AD) B IEKTPOMArHUTHOTO H3TYUICHUS
(BMN) ycra"oBIEHO, 9TO TCOPUZNISCKIE OIS TAaKXKE TTO3BOJISIOT IIPOBOIUTE OIICHKY
COBPEMECHHOW T€OTUHAMHUYICCKOM OOCTAaHOBKHM MAacCHBOB TOPHBIX mmopoxa. Ha mpots-
KEHUA MHOTHX JECSATHIECTHH MPOBOIIINCH WCCIEIOBAaHUS B OOJIACTH yCTaHOBIICHUS
CBSI3W MEXIY CUTHAJIAMH T€0aKyCTUYEeCKON IMHUCCHH, DIIEKTPOMArHUTHOTO WU3ITyUYESHHSI
1 TakuMH J1e(hOpMAIMOHHBIMU TPOIIECCaMU, KaK JIyHHO-COJIHEYHbIE TPWIHBHI [4—7],
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— | —
— 1 G
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Pucynok 1. Cxema wuccnemoBanus cursanoB [AD u OMU
B CKBa)XKHHAX IT0 METOANKE YEITHOYHOTO KapoTaka:
K.T. — KOHTpOJIbHAS TOYKA
Figure 1. Diagram of the study of GAE and EMR signals
in wells using the shuttle logging method

coOcTBeHHbIE Kojiebanus 3emMiu [8, 9], mropmoBsie MuKpocelicMbl [10] u mpouee. [Ipu
3TOM JI0CTaTOYHO IIUPOKO Pa3BUTO HalpaBlIeHUE UcciieoBaHui curHainoB OMU u 'AD
B YCIJIOBHSIX JICUCTBYIOMUX KapbepoB [11] u maxr [12—15]. B nabopaTopHBIX yCIoBHSIX
AKTHUBHO IPOBOJATCS SKCHEPHUMEHTHI 10 YCTAHOBJICHUIO CBA3M MEXAY CTaIUsAMM pas-
PYLICHUS Pa3IHYHBIX 00pa3loB TOpHBIX Mopox M curHanamu [AD u OMU [16-20].
B mocneanee BpeMs Bce Halie IS MCCIEAOBAaHUS HANpsKEHHO-Ie()OPMHPOBAHHOTO
COCTOSIHHS TOPHBIX MTOPOJ ¥ OLIEHKH I'€0IMHAMHYECKOM aKTHBHOCTH MacCHBOB TpUMe-
HSIOT CKBOKWHHBIE HCCIIEIOBAHNS CUTHAJIOB T€0aKyCTHYECKONH SMUCCHH U DJIEKTpOMar-
HUTHOTO m3mydeHus [21-23].

B nacTosmieit pabote mokazaHbl pe3yiabTaThl H3Mepenuit curaaioB ['AD u OMMU mo
METOMKE YETTHOUHOI'O KapOoTaXka, IPOBEJCHHBIX B OJHOM U3 CKBAXKUH HAa MECTOPOXKIC-
HUM MarHETUTOBBIX KBAPLUTOB C LIEIbIO OLEHKH IeOANHAMUYIECKOH 00CTaHOBKHU B pe-
XKHME PeaNbHOTO BPEMEHHU.

Anmaparypa M MeTOAMKa HccjenoBanmii. /s M3MepeHus CUTHalOB TeoaKy-
CTUYECKOW AMMCCHUU M SJIEKTPOMAarHUTHOTO HM3Iy4eHHsS NMPHUMEHSJICS anmnapaTrypHO-
nporpamMmHbIi komiuieke MOIII-42, pa3paboTaHHbIH B 1a00paTopry CKBRKMHHOM Teopu-
3uku MHctutyta reodpusuku YpO PAH [24]. 3a cueT KOHCTPYKTUBHBIX 0COOEHHOCTEH
JaHHBIH TPUOOP MO3BOJSET MPOBOIUTH CHHXPOHHYIO PETHUCTpanuio curHaioB [AD u
OMMU. Curnanst ['AD peructpupyrorcs B TpexX 4acTOTHBIX AMANa30HAX C TPeX B3au-
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Figure 2. Results of shuttle logging in well no. 7 of the
Severo-Taratashsky section

MOOPTOTOHAJIBHBIX JIaTYNKOB-aKCEICPOMETPOB M MPOTPAMMHBIM CIIOCOOOM Ipeodpa-
3yIOTCS B MapaMeTpbl CUTHAIIOB reoaKycTHYeckoi smuccuu: H1 (pesynmsrupyromast ¢
JIByX TOPU3OHTAIBHBIX JaTYMKOB B yacToTHOM nuamnazone 100-500 I'mm), H2 (pesyms-
THPYIOIIAs C IBYX TOPU30HTAIHHBIX JAaTYUKOB B YacTOTHOM nuarnaszone 500—5000 I'm),
H4 (pesynsrupyromas ¢ JByX TOPU3OHTAIBHBIX JIATYMKOB B YACTOTHOM JIMAIa30HE
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2500-5000 I'm), Z1 (BepTHKaIbHBIA JaTYWK B YacTOoTHOM nuamnazone 100-500 I'm),
72 (BepTUKaJIBHBIN JaTduK B yacToTHOM auana3zone S00—5000 '), Z4 (BepTUKAIBLHBII
naTduk B yactoTHOM auamazone 2500-5000 I'm). Curnaner OMU peructpupyrores Ha
Tpex gactorax: F1 (45 kI'm), F2 (80 xI'm) m F3 (120 xI'm).

JJis OlleHKH TeoAMHAMUYEeCKOH OOCTaHOBKH T€OJOTHYECKOW CpPebl MOCPEACTBOM
M3MEPEHHH CUTHAJIOB Te0aKyCTHYeCKOW AIMHCCHU M DJIEKTPOMArHUTHOTO H3ITyYeHUS
MPUMEHSJIaCh METOINKA YEITHOYHOTO KapoTaxka, pa3paboTaHHas B 1aOOpPaTOPUH CKBa-
xuHHOU reodusuku Uuctutyra reopuzuxu YpO PAH [25]. Ha puc. 1 nokazana cxema
npoBeneHus u3Mepenuit curnanoB [AD u OMMU no MeToanKe 4eTHOYHOTO KapoTaxKa.

MeToauka 4eJTHOYHOr0 KapoTta:ka. [locne mpoBeneHus] CTaHIAPTHOIO KapoTaxka
curHasioB ['AD u OMU (xkapoTaxx TUCKPETHBIA ¢ maroM oT 1 10 5 M, B 3aBUCUMOCTH
OT pelraeMoi 3aJa4i U BpeMEeHH, BBIJICJIEHHOTO Ha KapoTaXHble paboThl) BEIOUpaeTCs
YUYacTOK, T/ie ObUTH BBISIBICHBI aHOMAJUH UCCIIENYyEeMbIX TeO(PU3HIECKIX MONEeH. DTOT
WHTepBaj pa30MBaeTcs Ha paBHbIE YYACTKU C KOHTPOJBHBIMHM TOYKAaMH Ha T'paHUIAX,
Ha KOTOPBIX 3aT€M BBIMOJIHAIOTCS KPAaTKOCPOYHBIE PEKUMHBIE M3MepeHus. MexX Ty KOH-
TPOJHHBIMHU TOYKAMH C (PUKCHPOBAHHBIM IIATOM ITPOBOJUTCS KapOTaX Ha CITyCKE CKBa-
YKUHHOTO TIproopa. [Tocie 3anmucu pexkuMHBIX U3MEPEHUH Ha MTOCIeIHeH KOHTPOJIBLHOM
TOYKE MPUOOP BO3BPAIIAETCS HA TIEPBYIO KOHTPOIBHYIO TOUKY U TIPOU3BOIUTCS ITOBTOP
Bcero I1ukia uamepeHuit. Mamepenus curainoB I'AD u OMU no naHHONW METONMKE
MTO3BOJISTIOT HE TOJIBKO Pa3IeNIUTh TEONIOTUIECKUI pa3pes 1Mo TeoJUHAMHIECKON aKTHB-
HOCTH, HO Y OTCJICIUTh TUHAMHKY BBISBJICHHBIX aHOMaJIH BO BpeMEHHU.

Pesyabrarbl uccaenoBanmii. VccrnenoBaHus reoquHAMHYECKOH OOCTaHOBKU Te€O-
JIOTUYECKOHN cpenbl npoBoawiInch B ckBaxkuHe Ne 7 CeBepo-Taparalickoro yuyacrka,
npoOypenHoit 1o ryounsl 940 M (Texuuxo-sxoHomuueckoe 0O0CHOBAHUE 8PEMEHHBIX
PA38E00UHbIX KOHOUYUIL 011 NOOCHema 3andco8 Jcelle3Hblx pyo nposerenus Kysaman
Cegepo-Tapamawckozo yyacmka ¢ HYenabunckoi oonacmu (noo3emHuas ompabomxa):
omuem o HUP / ome. ucnornumens A. C. 3axmc, Masnumozopckuil memaniypeute-
ckuti kombunam. Yensabunck, 2017). JIutonornueckuidl pazpe3 CKBaKHHBI TPEICTaB-
JIeH TiepecianBaHueM OWOTUTOBBIX IUIATHOMHUTMATHUTOB, Tab0pO, KBapIMTO-THEHCOB,
JIaeK JTOJIEPUTOB, aM(UOOIUTOBBIX THEMCOB, KBAPLIUTOB M MarHETHTOBBIX KBApPIUTOB.
[To pesynmpraraM M3MepeHHII OCHOBHOTO KapoTa)ka, IMPOBEIEHHOTO MO0 BCEMY CTBOIY
CKBaXXHMHBI, 17151 ICCIIEIOBAHMIA IT0 METOIUKE YETHOYHOTO KapoTa)ka BRIOpaH WHTEPBAT
mryouH 280-370 M, TIe BBIACICHBI aMIUTHTYIHBIC aHOMau curHaioB [AD u DMU.
KoHTpobHBIC TOUKH M1 YSTHOTHBIX peXUMHBIX HaOmonenuii: 280, 325 u 370 m. Illar
YeITHOYHOTO KapoTaka COCTABISIT 5 M. BpeMs 0IHOTO TOHOTO IMKIIA YETHOYHBIX U3-
MepeHuil coctaBisuio 1 4. B xome mpoBeneHns vccaenoBaHUd BHITOTHEHBI [BA [IUKIIA
n3Mepennid. Ha puc. 2 moka3zaHbl pe3ynbTaThl YeTHOYHBIX U3MEPEHHUN B PEXKUME Kapo-
Ta)ka B CONOCTABIICHUH C Pe3yJbTaTaMH OCHOBHOTO KapOTaxa.

Ha guarpammax mapamerpoB 'AD ocHOBHOTro kaporaxa (3amep 1) HaOmrOmaroTcs
BBICOKOAMILIMTYIHBIE aHOMaNKHU B nHTepBasie ryonH 300-335 m. ['eonornueckas cpe-
Jla B 3TOM HMHTEpBaJle HEOJHOPOAHA M HapyllleHa INepeciauBaHheM TOpHBIX MOpoj C
pa3IUYHBIMUA (PU3MKO-MEXaHUYCCKUMU CBOMCTBAMH: OMOTHTOBBIX TJIATHOMUTMATHUTOB,
MarHeTUTOBBIX KBapIUTOB, Ta00pO U JAMKOH JOJEPUTOB, HO MPH MPOBEACHUU JIBYX
IUKJIOB YEJIHOYHOTO KapoTaxa (3amepsl 2 ¥ 3) JaHHbIC aHOMAJIMK He OBbUIH TOATBEPXK-
neHbl. B 3TOM ke mHTepBasie Ha quarpamme napamerpa OMU F1 (45 kI'm) ormedaeTcs
cTabnipHAs BO BpeMeHU aHoMaus Ha TiryOnHe 320 M (KOHTaKT MarHETUTOBBIX KBapIIU-
TOB B OMOTHUTOBBIX IUIATHOMUTMATHTOB), a Ha TiryomHe 310 M (koHTAaKT Tab0pO U O6WOo-
THTOBBIX TIATHOMUTMATUTOB) — aHAJIOTHYHAS aHoManws 1o mapameTpy F2 (80 kI'm).
AMIUTHTY/IHBIE YPOBHU aHOMAIFHBIX y49acTKoB Ha amarpammax Fl m F2 ¢ xaxapim
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IIAKJIOM YEITHOYHBIX H3MEPECHUH YBEITUINBAIOTCS, YTO CBHICTEILCTBYET O HapacTaHUH
HaNPsDKEHHOCTH TOPHBIX TTOPO HA ATHX yJacTKaX. Eciy cpaBHUTE AMarpaMMbl IapaMeT-
poB I'AD u DMU, T0 MOXHO 3aMETHUTh, YTO AHOMAJTHH CHTHAJIOB AJIEKTPOMArHATHOTO
W3ITydeHns] HaXOMATCS B TpeeaX aHOMaJIbHOTO MHTEpBaia MapaMeTpoB Te0aKyCTHIec-
koii amuccuu. C y4eToM TPUPOABI H3MEPSEMBIX Teo(hU3NIeCKnX MoJieii Takoe «I1oBe-
neHuey» curHanoB 'AD u OMU cBUAETENBCTBYET O HAMPSKEHHOM COCTOSIHUM TOPHBIX
MOPOJI B KICCTIElyeMOM UHTEPBAJIC M O HATMYHH MPOIIECCOB TpemuHooOpa3zoBanus. [Ipu
3TOM OTCYTCTBUE aHOMaJuii o napamerpaM ['AD Ha 3amepax 2 1 3 mMOKa3bIBaeT HeCTa-
UOHAPHOCTh BO BPEMEHU JTaHHBIX MPOILIECCOB, YTO SBIAETCS XapaKTEPUCTUKON reoau-
HaMUYECKOM aKTUBHOCTH I€OIOTUYECKOMN Cpepl.
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Pucynok 3. Pe3ynbTrarsl 4eTHOYHBIX PEeXKUMHBIX HaOmroneHnid B ckBakuHe Ne 7 CeBepo-Taparamickoro
ydacTka
Figure 3. Results of shuttle regime observations in well no. 7 of the Severo-Taratashsky area

Haubonee nonnyo kapTHHY reoqnHaAMUYEeCKO 00OCTaHOBKH B HCCIIEyEMOM HHTEP-
BaJIe TMOKa3bIBAIOT PEXKUMHBIC YEITHOUHBIE U3MepeHHs (pHc. 3), MPOBeACHHBIE Ha KOH-
TPOJIbHBIX TOUKax. Bpems 3amucu Ha oHOH TITyOMHE OKOJI0 BOCBMHU MUHYT (256 Touek
yepes 2 c). Pazauna mexay 3amepamu — 1 4. I[lo nuarpammam napametpon ['AD Ha rty-
ounax 280 u 325 M HaOMIOAAI0TCS JIOKAJIbHBIE aHOMAJIMU BO BCEM paboveM Juara3oHe
gactot oT 100 go 5000 I'i, ¢ pa3nuyHON MHTEHCUBHOCTHIO M aMIUIUTYIHBIM YPOBHEM
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KaK C TOPU30HTAJBHBIX, TaK M C BEPTHKAJIBHOTO JAaTYNKOB. B nuTomormueckoM ruiaHe
Ha mmyOnHe 280 M 3aierarotr rabopo, a Ha 325 M — OMOTHUTOBBIC TIATHOMHUTMATHTEI.
To ecTh B TaHHOM Cily4ae IPOLECCH TPEIIMHOOOPa30BaHMUs IPOUCXOISAT B YCIOBHO OI-
HOpomHOH cpene. [Ipu 3ToM IIposBICHIE aHOMAIMI Ha 3aHUCsSIX 000HX 3aMEPOB CBHIC-
TEJBCTBYET O TOM, YTO T€0JOTHYECKas Cpeia B 3THX TOUKaX re0fNHAMUYECKH aKTHBHA.
[To mapamerpam OMU Ha rmyOmHax 280 u 325 M Takke OTMEYArOTCs JIOKaJIbHBIE aM-
IUTATYAHBIE BCIJIECKH CUTHAJIOB, ITPH 3TOM ()OpMa KPUBBIX CUIBHO An(depeHIIMpOBaHa
1 HaOJIOOAr0TCs 3aMETHBIE OTKJIOHEHHSI aMIUTUTYA OT (JOHOBBIX 3HaueHUH. Ha riryOune
370 M (rab6po) mo 3amucsm curHanoB I'AD He 3apUKCHPOBAaHO aHOMAaJbHBIX U3MEHE-
nuil. Torga kak mo mapamerpy OMU na wactote 120 I’ (F3) dukcupyercs nocra-
TOYHO MOUIHBIH YPOBEHb CUTHAIA B 000OMX LUKJIax n3MepeHuid. CiaeqoBareinbHO, 30Ha
rab0po Ha riryouHe 370 M HaXOAUTCA B HAMPSHKEHHOM COCTOSIHMH, HO TIPH 3TOM YCJIOBHH
JUIsl Hauasa MpoLEecCOB TPEIMHOOOpa30BaHus, KOTOpoe oTMedaeTcsl curnanamu [AD,
eIle He BO3HUKIIO.

OO0cy:xneHue pe3yabTaTOB M BbIBOAbI. B X01e MPOBENEHHBIX HCCIICTIOBAHUI
B ckBaknHe Ne 7 CeBepo-Taparamckoro ygacTka yCTaHOBJIEHO, YTO BEIOpaHHBIN HHTEP-
BaJI 17151 OLIEHKYU I'€OIMHAMUYECKON aKTUBHOCTH IT'OPHBIX IIOPOJ ABJIIETCS. HAPYILICHHBIM
1 HEeCTaOMJIbHBIM. DTO MOATBEPKAACTCS KaK Pe3yabTaTaMu KapoTaXKHbBIX paldoT, Tak U
3aMucsIMU peXXUMHBIX HaOmoneHui. [lo 3ammcsam curranoB OMU Bech ucciemxyemblit
HMHTEPBAJl HAXOAUTCS B HANPSHDKEHHOM COCTOSIHMU. 30HBI KOHTaKTOB MOPOA OTOOpaKa-
IOTCSI IPEUMYILIECTBEHHO Ha yacToTax 45 u 80 k['1, a yCIOBHO OAHOPOIAHBIE CPEIBI —
Ha yactore 120 x['u. [Ipu 3TOM B HEKOTOPBIX MECTAaX JAHHOTO MHTEpBaJla MPOTEKAIOT
MpoIecCh TPEIMHOOOPa30BaHusl, OoTMeHaromuecss 1o mapamerpam [AD, mpuuem,
YUUTBIBASL, YTO 3TH MPOLECCHl OTOOPaKAIOTCS HA 3aMHCSX U C TOPH3OHTAIBHBIX, U C BEPTH-
KaJIbHOTO JIaTYMKOB, MOYKHO MPEANOIOKNTh, YTO PACTIPOCTPAHEHNE HOBBIX TOBEPXHOC-
Tel TPELIMH NPOUCXOANT U B CYOTOPU30HTAIBHOM, 1 B CyOBEPTUKANBHON TIIOCKOCTSIX.

Takum oOpa3om, HcciIeoBaHNEe FeOJUHAMUYECKONH aKTHBHOCTH TOPHBIX MTOPOJ TO-
CPEICTBOM CKBa)KMHHBIX U3MEPEHUH CUTHAJIOB T'€0aKyCTHYECKOM 3MUCCUH U 3JIEKTPO-
MarHUTHOTO M3JIy4YEeHHS MO METONMKE YETHOYHOTO KapoTaka JaeT BO3MOXKHOCTH Ha
Ka4eCTBEHHOM YPOBHE Pa3[eiIsTh T'€OJIOTHYECKUI pa3pe3 Ha JUHAMHUYECKH aKTHBHBIC
Y TIACCHBHBIE YYaCTKH{, YTO B CBOIO OY€peb IMO3BONSIET IMPOTHO3UPOBATH BO3MOXKHBIE
MecTa OOpyIIEHUH CKBaXXMHHOTO MPOCTPAHCTBA, 00pa30BaHUs KaBEPH U MECT IIPUXBATa
TTOI3EMHOTO 000PYIOBAHUS.
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Assessing geodynamic activity of rock by the borehole survey results
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Abstract
Research objective is to assess the modern geodynamic environment of the geological environment
through borehole measurements of signals of geoacoustic emission and electromagnetic radiation.
Research relevance is due to the need to identify geodynamically active zones and areas of
increased rock fracturing in wells.
Methods of research. Rock geodynamic activity was studied in a well of the North-Taratashsky
area of a magnetite quartzite deposit in the Chelyabinsk region. MESh-42 hardware and software
complex designed for synchronous registration of geoacoustic emission and electromagnetic radiation
signals was used to solve this problem. Geoacoustic emission (GAE) and electromagnetic
radiation (EMR) signals were recorded using the shuttle logging technique, which makes it possible
to identify zones of rock geodynamic activity along well sections and track the dynamics of these
sections in time.
Results. The results of the method of geoacoustic emission and electromagnetic radiation signals
shuttle logging in well no. 7 of the North-Taratashsky area are shown.
Conclusions. In the course of geoacoustic emission and electromagnetic radiation signals studies
in well no. 7 of the Severo-Taratashsky area according to the shuttle logging method, zones of
increased stress in the geological environment and areas of increased fracture formation were
identified, which, in turn, made it possible to subdivide the studied interval according to the
geodynamic activity of rocks.

Keywords: rock; logging; geoacoustic emission; electromagnetic radiation, geodynamic activity
of rocks.
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rnobanbHbIX BbI30OBOB HACTOALWEro U Byaywero
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Peghepam

Beeoenue. B cmamve npueoodsmcs O0CHOGHbIE 6bl3068bl HAYUOHANLHO2O U 2100aANTbHO20
macwmaba, cmosuue neped PoCCUiiCKOl MUHEPALIbHO-ChIPbEBGOU OMPACLblO, 00YC08IeHHblE
IKONOSUYECKUMU NPUYUHAMU U (akmopamu u umeiowue 0dieKo udywue IKON0SUHEeCKUe
nocnedcmeust. C ucnonb308anuem OAHHbIX, 835MbLX U3 OMKPbIMbIX POCCUTICKUX U 30PYOEIHCHBIX
UCTNOYHUKOB, OMOOPANCEHA OUHAMUKA PAZTUYHBIX (DAKIMOPOE, NPSMO ULU KOCBEHHO GIUSIOUUX
Ha cocmosinue oKkpyscaroueii cpedvl 6 Poccuu u ¢ mupe. 9mo, 6 uacmuocmu, npou3800CHE0
NPOOYKYUU  MONIUBHO-IHEPLEMUUECKO20, MUHEPATbHO-CHIPLEEO20 U  MEMALLYPIULECKO20
KOMNIEKCO8, 00beMbl 00PA306aHUSI NPOMBIUIEHHBIX U KOMMYHATbHBIX OMX0008, 00beMbl UX
nepepabomxu, 8bl0POC NAPHUKOBbIX 2a308 U Opyaue (akmopwl. Tlokazanbl dKOHOMUYECKASL
63AUMOCES13b OMPACAEll NPOMBIUACHHOCMU C UX B030CUCMEUEM HA OKPYICATOUYI0 cpedy,
Oelicmgusi  2ocydapcmea U OusHeca, HANPAGNIeHHble HA MUHUMU3AYUIO IKONOSUHECKU
He2amusHo20 BO30€liCMBUsl HA OKpYAscaowyio cpedy u e2o nociedcmeuti. Ilepeuucnenvi
OCHOBHbLE 2T100ANbHBLE IKOHOMULECKUE U MEXHOLO2UYECKUE 8bl308bl, CMOSUUE 8 C83U C IMUM
neped ompacivlO: YICECMOYaOUUecst IKOL02uYecKue mpebosanust, HeobXo0UMOCms nepexood
Ha Hauayyuwiue 00CMynHvle MexXHOI02UU, NO38ONAI0OUUEe MUHUMUIUPOBAMb CONYMCMBYIoujee
ompuyamenbHoe 8030€tiCMeUe Ha OKPYIHCAIOWYIO CPedy, CHUNCEHUE NOMPeDIeHUsl UCKONAeMO20
monausea — yais, Hepmu u npupoOHO20 2A3d, U, YMO SGISAENCsl He MeHee, d uHo20a u bonee
BANCHBIM, HEOOXOOUMOCMb UHGECMUYUL 8 KAYeCMBEHHO HOGbL Yelo8eHecKuti Kanumai,
m. e. 8 paccCMAmMpugaeMom Ciyuae — 6 NOO20MOBKY CHEYUAUCINOB-IKONL0208 HOB020 NOKONEHUS,
€ NOMOWBIO KOMOPBIX MO2Ym OblMb COBEPULEHbL HAYYHbIE U MEeXHUYECKUue npopwlebl 8 chepe
BHEOPEHUsL (3ETIEHbIXY» MEXHOLOSULL.

Pesynomamer u ux ananui. Ilpoananusuposauvl u 0000WeHbl BadXCHeNWUE IKOLOSUYECKU
06ycosNenHble Gbl306bl, BCMAIOWUE Neped CMPAHAMU, OMPACIAMU NPOMbIULIEHHOCTU U
omoenvhbiMu Komnanusimu 6 onusicatiwue 10—15—20 nem, komopvie mpedyom HOBbIX HOOX0008,
HOBbIX MEXHONLO2UHECKUX U HAYYHBIX NPOPLLE0S, MHOLOMULIUAPOHBIX UHEECTNIUYUL U HECYm 6 cebe
MHO20CcmOponKue pucku. Tlokazano, umo peulenue 6cCmalouux 8 Ces13u ¢ Smum 3a0ay mpeoyem
HO020MOBKU HOB020 NOKOLEHUSL CNEYUATUCTNO8 8 UHIICEHEPHOU IKON0SUU U IKONOSUYECKOM
MeHeONHCMeHme, OPUSHMUPYIOUUXCSL 8 «3€NLeHbIXY U YUPDPOBBIX MEXHONLO2USX, GAAOCIOUUX
HOBbIMU NPOMECCUOHATILHLIMU HABBIKAMU U 63271510aMU, 0ONA0AIOWUX WUPOMOU Kpy2o30pd,
KOMOopasi NO3601Um NPOMUBOCMOAMb 6bl308AM BPEMEHU U OLICIPO MEHAIOUWUMCSL YCIOGUSIM.
Bu1600bl. AHanu3 0CHOBHBIX 6b130608 HAUYUOHAILHO2O U 2100ATLHO20 MACWUMAbA, CMOSWUX
neped poccutickoil. MUHEPATIbHO-CbIPbEBOL OMPACIbIO U 00YCIOGIEHHBIX IKOLOSUHECKUMU
Gaxmopamu, noxasvieaem, 4mo noO20MOBKA CREYUATUCTO8 HOB020 NOKOLEHUS SGISEeMCsl
OOHUM U3 KJIOYEBLIX INEMEHMO8 (DOPMUPOSAHUS KOHKYPEHMHbIX NPEUMYyWecmes Ompaciu.
B yenom mooicno ymeepoicoams, umo Ha Ce200Hs UMeEmcs anpoOupo8aAHHbLIL HAYYHO-
nedazozuyeckuii hynoamenm 0 08UINCEHUs. 6NEPed 8 HOBLIX YCI0BGUSX 8 YACMU NOO2OMOBKU

112



Khokhryakov A. V. et al. / Minerals and Mining Engineering. No. 1, 2022. Pp. 112-126 GEOECOLOGY

CReYUanUCmo8-IKoN0208, CHOCOOHBIX NPOMECCUOHATbHO peuiams HOble MACumabHble
3adauu 6ydyweeo.

Knrwueevie cnosa: MUHEPATIBHO-CbIPbeBAsl OMpPAClb, «3€/IE€HblE) MEXHON02UU, IKOTI02UYEeCKUEe
mpe606anz; cneyuaitucmosl-3Koao2cu.

BBenenue. MuHepansHO-CBIPBEBasi OTPACIb POCCHUICKON MPOMBIIUIEHHOCTH Oblia
M oCcTaeTcsl Ha 0003pUMBII IEPHOJ CTPATETUUECKU BaXKHBIM 3JIEMEHTOM HALlMOHAIBHON
SKOHOMHMKH, OTPEAEISIONINM B 3HAUNTENIbHOW CTETIeHH OJarocoCTOSHUE CTPaHBI U ee
pasBUTHE.

Jonst moObpran mose3HbIX HckonaeMblx B BBIT P 1o maHHBIM MOCIEIHUX JIET
cocrasisa ot 11,5 o 15 % [1, 2]. B cTpykType poCcCHIICKOTO SKCIOPTa MUHEPAIbHBIE
MPOAYKTHI COCTABIAIOT 63—65 % [3], U3 HUX MPaKTHYECKU TOJIOBHHA MPUXOAUTCS Ha
NPOAYKLHUIO TOINIUBHO-3HEPreTHUECKOr0 KoMIuIeKkca [4].

ITo uroram 2020 r. Poccus 3aHsna 2-e MeCTO B MHUpPE IO 3KCIIOPTY MPORYKIIUU
TOIUTMBHO-3HepreTrdeckoro komiuiekca (TOK) B cTOMMOCTHOM BBIpaXKEHUH C JOJICH
9,4 % (B 2010 . — 11,2 %). Ilo ¢usuueckum oObemam dkcriopra Poccus 3ansia 1-¢
MECTO TIO Ta3y, 2-e MecTo 1o HedTH (Tocne CaynoBckoir ApaBun) U 3-€ MECTO I10 YIITIO
(mocnie Unnonesuun u Asctpanun) [4].

Ha MupoBoM pbiHKE KannidHBIX ynoOpeHuit Poccust 3annMaeT 3-e Mecto ¢ moneit
16,1 % nocne Kanansi (40,9 %) u benopyccuu (17,8 %). B 2020 . Poccus o oobemam
9KCIIOPTa METAJUIypPrU4eCKOr MPOLYKIHH B CTOMMOCTHOM BBIPAKCHUH, KaK M TOAOM
paHee, 3aHs5a 7-¢ MecTo B Mupe ¢ poneit 3,1 %. Hanbomnee BbICOKYIO MO3MILINIO Cpenn
MHPOBBIX 3KCIIOPTEPOB MeTa/uIoB Poccuu ynanoch 3aHsATh Ha phIHKE HUKENd — 1-e Mec-
To ¢ goner 13,4 %. Jons Poccun B MEpPOBOM 3KCIIOPTE YEPHBIX METAJJIOB COCTABUJIA
4,9 % (5-e mecro), amomunams — 3,3 % (6-e mecto), menu — 3,8 % (8-e mecTo).

Menp 1 u3aenus U3 Hee 3aHUMAaloT BTOPOE MECTO 1o o0beMaM 3Kcropra u3 Poccun
cpean MetauioB. [1o naHHbIM MUHSKOHOMpPA3BUTHUS AMHAMUKA U IIEPCIIEKTUBBI POC-
CHICKOTO HKCTIOpTa MEIH B LIEJIOM ONarompHsTHBI B CBS3H C YBEJINYMBAIOIIUMHUCS T10-
TpeOHOCTSIMH MUPOBOTO XO3SIIICTBa B TaHHOM MeETalJIe, B YaCTHOCTH Ollarofiapst pocTy
100aJIbHOTO PBIHKA SJIEKTPOMOOMIIEH M CEKTOpa BO30OHOBIISIEMBIX HCTOUHUKOB SHEP-
ruu [4].

O HOBBIX BBI30BAX, CTOSILUX Mepe] NPeINpHATHIMUA MUHEPAJIbHO-CHIPHEBOI0
KoMIuIekca. OHAKO POCCUHCKUN MUHEPaJIbHO-CHIPHEBOI U CBSI3aHHBIA C HUM MeTall-
JypruyuecKuii KOMIIEKCHI CTOAT MEPe/t LIEbIM PSAOM BBI30BOB KaK HALIMOHAJIBHOTO, TAK
1 m100anpHOTO MacTada. M oT cnocoOHOCTH MPHUHSATH 3TH BBI30BBI H OTBETUTH HA HUX
B HEMAJIOH CTENIeHH 3aBHCUT MX Oyaymiee B ommkaime 20-30 jer.

BoT maBHBIE U3 3TUX BBI30OBOB:

— Y’KECTOYAIOLINECS 3KOJIOTMYECKHE OIPAaHUYCHUS KaK Ha MUPOBBIX PhIHKAX, TAK U B
HAIIMOHAJBHBIX MacITabaX, COMPOBOKAAIONINECS COLIMATBHBIM, IOTUTHICCKIM 1 KO-
HOMHYECKUM JIaBJICHHUEM Ha IPOU3BOIUTEIICH U SKCIIOPTEPOB MUHEPAIIBHOTO ChHIPHS;

— yXyALIeHWE KadeCTBEHHBIX M KOJINYECTBEHHBIX XapaKTEPUCTUK MHUHEPAIBHO-
CHIPbEBOI 0a3kbl;

— YCHJIMBAIOMIMICS TPEH]I HA TIepeXO]l K albTEPHATUBHBIM, B TOM YHCJIe BO30OHOB-
JSIeMbIM UCTOYHHMKAM SHEPIHH;

— POCT JI0JIM «3EJEHBIX» TEXHOJIOTUH B CEILCKOM XO3SIHCTBE C COKpAIlEeHUEM MOTpeO-
JICHUS! MUHEPAJIbHBIX YI0OpEeHUH;

— aKTUBHBIE [TOUCKU U IPOPaOOTKU HOBBIX HAIIPABICHUH MOTY4YEeHUS] MUHEPAILHOTO
CBHIPB (TITyOOKOBOHAS TOOBIYA TTOJIC3HBIX NCKOTIAEMBIX, TOPHBIE pa0OTHI 32 TIpeIeIaMH
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3CMJ'II/I, BHCAPCHUEC MPUHIUIINAJIBHO HOBBIX METOI0B, IIPOLIECCOB U TEXHOJIOTHUH )1061)1-
91 MUHEPAITEHOTO CHIPH);

— pacTyIas NIoTpeOHOCTh B KAY€CTBEHHO HOBOM «UEJIOBEYECKOM KalTUTaye» — KBa-
TUQHUIMPOBAHHBIX CHEIUAINCTaX HOBOTO OKOJICHUS, KOTOPHIM M MIPEJICTOUT HAXOIUTh
OTBET Ha TH BBI30BHI B OJIKANIINE ACCATUICTHS.

B 1ienoM peub uieT 0 MHOTOBEKTOPHOM KOMOWHAIIMHU MTPOTUBOCTOSIHUH, XOTS U M-
IOIIMX PA3THYHYIO MPUPOAY, HO TAaK WM HHAUE CBI3AHHBIX OMPEICICHHBIMH OOIUMHU
TPEH/IaMHU W OTPAHUYCHHUSIMH, B IEPBYIO OYEPEb IKOJIOTUIECKUMU, 00y CIaBINBAIOIIH-
MU TIOTPEOHOCTh B CIEIIMATUCTAX-3KOJIOTaX HOBOTO MTOKOJICHHUS.
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Pucynok 1. [lunamuka namenenust oobema oopazoBanus orxo10B B PO n EC 3a 20042018 rT.
Figure 1. Dynamics of changing waste generation volume in the RF and EU for 2004-2018

Ha sTom (hoHe moHMMaHKe TEHACHIINN N3MEHEHUS IKOJIOTUYCSCKON CUTYAIINH B CTpa-
HE U B MHUpE U YMEHHUE TMEPECTPanuBaTh CBOIO JESITEIBHOCTh B COOTBETCTBUH C STUMH
TEHJICHIIUSMU CTAHOBSITCS )KU3HEHHO BAKHBIMH KaK JUIsl OTpaciieil IPOMBIIICHHOCTH B
1IEJIOM, TaK U JJISl OTACTHHBIX MPEIIPUSTHH.

00 3kos1oruyeckoii curyanuuu B P@® u mupe. Ha cerogHamnuil AeHp 3KOJIOTHYEC-
Kas CUTyalluisi Kak B MHpPE B LIEJIOM, TaKk U B Poccuu HaxOmUTCs B MOCTOSHHOW JMHA-
Muke. OHUM W3 BaXXHBIX UHJIUKATOPOB, XapaKTEPU3YIOIIUX JUHAMUKY TEXHOTEHHOTO
BO3/ICHCTBUS Ha OKPYXKAIOIIYIO CPELY, SIBISIETCS €KETOIHO 00pa3syrolieecs KOJINIeCTBO
OTXOZIOB MPOUM3BOCTBA U NOTpebaeHUs. OTXOBI MPSIMO JTHOO OTIOCPEAOBAHHO OKa3bl-
BafOT HETaTUBHOE BIUSHUE HAa BCE KOMITOHCHTHI OKpYKaroIiei cpemsl. OobeM 00pazo-
BaHUS OTXO/IOB KOCBEHHO XapaKTepHu3yeT OOIIYyI0 aHTPOIIOTEHHYIO0 Harpy3Ky Ha OKpy-
KaroIIylo cpeny. PaccMoTpuM cuTyanuio ¢ 0TXoaaMu B uQpax.

B Poccuiickoii ®enepaunu 3a 15 net ¢ 2006 o 2020 1. exeronHsiii o6bem oOpa-
30BaHMs OTXO/OB BBIpOC Oosee ueM B 2 pa3za — ¢ 3,5 mapa T B 2006 . 1o 7 Mapa T B
2020 1. (7,2 mapa 1 B 2019 1) [5]. B crpanax Espomneiickoro Coro3a o6beM 00pazo-
BaHUs 0TX070B 3a nepuoa ¢ 2004 go 2018 1. BeIpoc ¢ 2,2 MIIpA T B rof 10 2,3 MIpa T
B o1 (pocT coctaBui okoino 4 %) [6]. Auramuka o Poccun u EBpocorosy mokazana
Ha puc. 1.
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B CaepmtoBckoii o0macTi cpemHerogoBoe 00pa3oBaHue OTXOA0B 3a YKa3aHHBIH Tie-
puon coctaBuio 175,4 muH T/rom. [1pu 3TOM BKJIa[ TOPHBIX MPEATIPUATHI B 00BeM 00-
pa3oBaHHBIX 0TX0M0B B CBepstoBcKoit obmactu gocruraet 90 % [7].

B CIIA o6pa3oBaHre TOIBKO TBEPABIX KOMMYHAIBHBIX OTX0#0B (manee TKO) B
nepuog 1960-2000 rr. yenuuunocsk ¢ 90 MaH T B rog A0 220 MJH T B rof, T. €. Ha
144 %. OgHako IpH 3TOM KOJIMYECTBO OTXOI0B, PA3MELIEHHBIX IIOCIIE U3BJICUECHUS LICH-
HBIX KOMIIOHEHTOB, B 2000 1. coctaBisiio 60 % ot o0bemMa ux 00pa3oBaHusl, B TO BpeMs
kak B 1960 T. KOJMYECTBO TAKUX OTXOAOB OBLIO MPAKTHYECKU PABHO KOJIUYECTBY HMX
oOpasoBanusi (puc. 2) [8].
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Pucynok 2. Jlunamuka o0pa3oBaHus U pa3MeNeHHUs TBEPABIX
koMMyHanpHBIX 0TX010B B CILA B mepmoxn 1960-2000 rr.
HOCJIE U3BJICUEHUS U3 HUX MOJE3HBIX KOMIOHEHTOB:
1 — o0pa3oBaHO; 2 — pa3MELICHO MOCJE M3BJICYEHHS IOJIE3HBIX
KOMIIOHEHTOB
Figure 2. Dynamics of generation and emplacement of
municipal solid waste in the USA in 1960-2000 after
extracting commercial components from them:
I — generated; 2 — deposited after extracting commercial components

OO0pa3oBaHHe OMACHBIX XUMHYECKUX OTXOJ0B, 00Pa3yIOLINXCS MPH T00BIYE Iparo-
1eHHbIX MeTtamuioB, B CIHA ysenmnuunocs ¢ 2007 mo 2019 . Ha 23 % u cocTaBmiIo
noutu 700 ThIC. T [9].

Ecnu B3Th rOpHYIO IPOMBIILIEHHOCTD B LIEJIOM B MEPOBOM MacIiuTade, To o0beM oOpa-
3YIOIIMXCS €KETOHO B MUPE OTXOIOB TOPHBIX paboT 1 oOoralieHusl oJIe3HbIX HCKoTae-
MBIX BbIpactaet ¢ 173,64 mupa T B 2017 . o (kak oxxkupmaercsi) 233,56 mpn T8 2022 1 [10].

BaXHBIM 3KO0JIOTO-TEXHOJIOTHYECKUM TIOKA3aTENIeM SIBISICTCS IO YTHIU3UPYEMBIX
OTXOJIOB OT OOIIET0 KOJMYECTBA UX €KETOAHOTO 00pa30BaHus.

B EBporeiickom corose B 1eioM 31a o koaeomnercs ot 39 % aiist aneKTpoTexHuyec-
KHAX OTXOJ0B /10 66 % I OTXOMOB YIAKOBKH, COCTaBIIsis B cpemneM 48 % (puc. 3) [11].

ITo mamaeM PBK (Kax npoucxooum ymunuzayus omxodoe 8 Poccuu u opyeux
cmpanax. URL: https://trends.rbc.ru/trends/green/cmrm/60adl10399a794783c51ea200
(0ama oopawenus. 05.12.2021)), B Poccun 6onee 90 % KOMMYHAIBHBIX OTXOIOB OT-
MIPaBIsieTCS Ha MOJIMTOHBI U CBAJIKH, W JUIIb 7 % — Ha mepepaboTky. [Ipu sTom, co-
IIacHO OTYeTHOCTH PocmpupoaHanzopa, B LIEJIOM A0S YTUIM3HPYEMBIX OTXOAOB OT
roioBoro oOpa3oBaHus BcexX BUAOB 0TX0mM0B B 2020 1. coctapmsina 48 % [12].

B CIIA k 2018 r. monst yTUIM3UPYEMBIX KOMMYHAJIBHBIX OTX00B cocTaBuiua 32 %
OT UX rogoBoro odpasoBanus (puc. 4) [13]. YTwimzanus onacHbIX MPOMBIIUIEHHBIX
orxozoB B CIIIA cocraBuna B 2017 1. okono 11 % (puc. 5) [14, 15].
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O nuHamuke o0beMa BHIOPOCOB NAPHUKOBBIX razax B P® u mupe. Ene oqaum
Ba)YKHBIM JKOJIOTHUECKUM TIOKa3aTeneM Kak B MaclTabax oTpacieil IpOMBIIUICHHOCTH
OT/ICNBHBIX CTPaH, TAK U B MACIITA0C MEKAYHAPOTHOM SIBIISETCS BRIOPOC MAPHUKOBBIX
ra3oB B arMoc(epy U CBSI3aHHBIE C 3TUM YKOHOMHYECKHE U TEXHOJIOTMYECKHE BHI3OBBI.

OsxkupmaeTcsi, 4TO MOCTABUIMKH POCCHHCKUX TOBAPOB C OONBIINM YIJIEPOAHBIM Clie-
noM OyayT mumaTuth B Oromker EBpocorosa He menee 1,1 mupn € B ron, Kora BiacTH
eBPOMCHCKUX CTPaH HAYHYT B MOJHOH Mepe B3MMaTh TPAHCTPAHUYHBIA «YTIICPOIHBIN
Hanor» (Bonvuue 6ceco mozym nocmpadams dIKCnopmepul Jcenesd, CMaau U Memaio-
xoucmpykyuti. URL: https://www.rbc.ru/economics/26/07/2021/60fac8469a7947d1f48
71b47 (0ama obpawenus: 05.12.2021)).
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PrcyHOK 3. YpoBeHb mepepaboTKH OTXOJOB YIAKOBKH, JICKTPOHHUKH U TBEPIBIX KOMMYHAIbHBIX
otxon0B B EBpocotose B mepuog 20042019 rr.
Figure 3. Recycling rates for packaging, electronics and municipal solid waste in the EU
in 2004-2019

Poccus, B cBOIO Ouepenpb, MpeANPUHUMACT 1Aard K BBEACHUIO YIIICPOJHOTO HAJIOra
(Muwycmun 3aa6un o nauane dgudicenus 8 Poccuu k 6sedenuio yenepooHo2o HANoza.
URL: https://tass.ru/ekonomika/12489807 (dama obpawenus: 05.12.2021)). llpaBu-
TEJIBCTBOM 0003HAYECHO HANpaBiCHHWE HAa CTUMYJINPOBAHUE «3EJIEHBIX» MHBECTHLUH B
TEXHOJIOI'MYECKOE IEPEOCHALICHNE IIPOU3BOICTB, YTO B YCIOBUAX INI00AILHOTO SHEPTO-
Hepexosa JO0HKHO IOBBICUTh KOHKYPEHTHBIE IPEUMYIIECTBA OT€YECTBEHHOM IPOMBIILII-
JICHHOCTHU. A 3TO BPsJ JIM BO3MOXXHO 0€3 HOBBIX 3KOJOI'MYECKUX IOIXO00B, METONOB U
TEXHOJIOTHH.

Crpanamun EC mocTaBiieHa 3amada COKpallleHUS BBIOpOCA MApPHHUKOBBIX Ta30B K
2030 r. Ha 55 % mo cpaBuenuto ¢ 1990 r. (The EU has adopted ambitious new targets
to curb climate change. URL: https://www.bbc.com/news/world-europe-56828383
(accessed: 05.12.2021)). B Poccun HaMe4eHO CHU3UTH BBIOPOCHI MTAPHUKOBBIX T'a30B
3a TOT e nepuoi Ha 30 % ¢ IOCTHKEHHEM HYJIEBOTO OasiaHca 1o BeiOpocam k 2060 T.
[16, 17]. B nmnmanax CIIA — cHusuth k 2030 1. amuccuto CO2 Ha 50-52 % oT ypoBHsA
2005 r. [18].

Mo cocrosHuio Ha 2020 1. Poccus BeiOpaceiBana B rof 1,68 muipn  CO2 (4,6 % Mu-
poBoro oosema BbiOpocoB). Ctpansl EC B coBokynHOCTH BBIOpackiBaiu 2,93 Mipa 1/rox,
(8,02 %), CILLIA—4,71 mupn 1/rox (12,89 %) [19] (puc. 6, 7).
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00 uHBeCcTHIMAX B MEPONPHUATHS 10 3aLUTe OKpY:Kaomieii cpeabl. Macmtadbl
HETaTHBHOI'O BO3/ICHCTBHS Ha OKPY’XKAIOIIYIO CPEAY ONPENEIAIOT U MacIuTaObl 3KOHO-
MHUYECKUX MOCIEICTBUN 3TOr0 BO3AEHCTBHSA A OM3HECA U HACENICHHS, M MacIITaObl
HPEACTOSIINX UHBECTHLNH, HEOOXOAUMBIX ISl CHUKEHHSI 3TOTO BO3/EHCTBUS B Ipen-
CTOSIILIUE JECSTUIETHSL.

Tak, cormacho [20, c. 23], 10X0bI OIOIKETOB BCEX YPOBHEH OT IKOJIOTUIECKUX He-
HAJIOTOBBIX MaTexxed coctaBwiu B 2017 . 221,5 mapa p., B 2018 . — 278,8 mupa p.
(yBennueHue B CpaBHEHUH C MPEABILYIINM rofoM Ha 28 %), B 2019 1. — 334,7 mupxa p.
(yBenmnuenue Ha 20 %), B 2020 1. — 382,8 mupa p. (yBenumuenue Ha 14 %), puc. 8.
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Pucynoxk 4. /luHamuka 00beMOB yTHIM3AILMH TBEPABIX KOMMYHaJIbHBIX 0TX010B B CILIA B mepuon
19602018 rr.
Figure 4. Dynamics of municipal solid waste disposal in the USA in 1960-2018

HauGonpmyio 10d10 B J0XOAaX OT OKOJOTHUECKUMX HEHAJIOTOBBIX IUIATEXEH B
2017-2020 rT. cocTaBIsUT YTHIH3AMOHHBIA cO0p (okomo 94 %), muara 3a HETaTUBHOE
BO3zelicTBHE Ha okpyxaromyto cpexy (HBOC) cocraBuna okomo 5 %, 3Kkomorndeckuit
c6op —okoino 1 %. 3a 3Tot ke nepuoa odmmit 00bem nocrymuieHui miarsl HBOC cocra-
Bun B 2017 1. 14 220,9 mun p., 8 2018 . — 13 050,9 mun p., B 2019 & — 13 093,7 miH p.,
B 2020 1. — 14 484,0 muH p. [20, c. 24], puc. 9.

O0beM TOCTYIUIGHWH  YTHIM3allMOHHOTO cOopa cocramn B 2017 T
205 926,8 maH p., B 2018 . — 263 189,5 Mman p., 820191 —319 181,5 mn p., B 2020 . —
364 320,9 mutH p. [20, c. 26].

Cnyd4aroTcsi ¥ HEIITaTHBIE CUTYAIlMU C KaTacTpOQUIECKUMHU SKOIOTUICCKHMH T10-
CIICACTBUSIMM, BJIEKYyILIHE 3a COOOW COOTBETCTBYIOIIHUE, B Psilie CIyyacB MHOTOMMJI-
nuapasele, skoHoMudeckue caHkuuu. Tak, ITAO «I'MK «Hopunbckuil HHUKEIB» B
2020 r. 3amaTuio yiiep0 3a 3arps3HeHUE BOJHBIX peCcypcoB B pasmepe 146,2 mips p.
(«Hopnuxenvy eviniamun pekopouuiil wimpag @ 146,2 mapo pyonei. URL: https://
iz.ru/1134937/2021-03-10/nornikel-vyplatil-rekordnyi-shtraf-v-1462-mlrd-rublei
(Oama obpawenus: 05.12.2021)), a 3a pa3nuB HeTHU B MEKCHKAHCKOM 3aJIMBE B
2016 . cyn CIIA o6s3an kommnanuto British Petroleum 3armiatute 20,8 mups g0, mrpa-
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tba (Cyo 6 CLLIA ymsepoun pexoponwiii wumpagh BP 3a asapuio 6 Mexcuxanckom 3ause.
URL: https.://www.interfax.ru/business/502047 (oama obopawenus.: 05.12.2021)).

W3 Bcero ckazaHHOTO cienyeT 4to, B Ommkaimme 10-15-20 mer ctpassl, oTpac-
JM TPOMBILIUICHHOCTH M OTHENbHBIE KOMIIAHWU OYyOyT BBIHYKAEHBI pelarb 3KOJO-
THYECKH OOYCIIOBJICHHBIE 3aJa4d, TpeOylolre HOBBIX IOIXOAOB, HOBBIX TEXHOJIO-
TMYECKUX M HAyYHBIX MPOPHIBOB, MHOTOMWJUTHAPAHBIX WHBECTHLHUN W HECYyIIUE B
ceb¢e MHOTOCTOPOHHHE PHUCKH, KOTOPBIE MOTYT ITOCTaBHTH OTIEJIbHBIE KOMIIAHWH
W TeNble OTpacid Ha rpaHb BeDKMBaHUA. [lo oreHkam BcemupHoro Oanka, ams mpe-
00pa3oBaHUi, CBSI3aHHBIX C IMEPEXOIOM K «3eJeHON» sKoHOMHKe, Poccnn morpely-
IOTCSl TPWIITHOHBI pyOnei. Tonmbko Ui mepexoja Ha HaWiIydIlUe JOCTYIHBIC TEX-
nojorun (HAT) norpebyetcst ¢puHancupoBanue B pazmepe oT 4 no 8 TpmH p. [21].
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Pucynok 5. O6beMbl 00pa3oBaHMs, pPa3MELICHUS M YTWJIM3ALMH OIACHBIX MPOMBIIIICHHBIX OTXOZO0B
B CIIA B nepuox 20012017 rr.
Figure 5. Volumes of generation, emplacement and disposal of hazardous industrial waste in the USA
in 2001-2017

O noaAroToBKEe HOBOrO MOKOJIEHHSI CHEIHAJINCTOB B HWH)KEHEPHON JKOJIOTUHU
U IKOJIOTHYECKOM MeHeIKMeHTe. PernieHne mojqo0HbIX 3a/1au TpeOyeT COOTBETCTBY-
IONIETO KaJpOBOr0 00ECIeUEeHUs] — MOJTOTOBKA HOBOTO IMOKOJICHHS CIICI[UAUCTOB B
WH)KEHEPHOH 3KOJIOTHU U 3KOJIOTHYECKOM MEHE/DKMEHTE, OPHEHTHPYIOIIUXCS B «3elie-
HBIX» U IIU(POBBIX TEXHOJIOTHUIX, BIAJICIONINX HHBIMHU, YeM TPEXK/Ie, MPOPECCHOHATb-
HBIMH HaBBIKAMH U B3IJISaMH, 00JIaAar0IIUX IIHPOTON KPyro3opa, KoTopas MO3BOJIUT
MIPOTHUBOCTOSTH BBI30BAM BPEMEHH U OBICTPO MEHSIOLIUMCS YCIIOBHUSIM.

[Iporpamma pa3BuTHs YPaabCKOrO rOCYJIapCTBEHHOTO TOPHOIO YHHUBEPCHTETA JIO
2030 . (Vpanvcxuii eopnviti ynusepcumem — yyacmuux npoepammel «llpuopumem
2030». URL: http://mobile.ursmu.ru/news/14900215 (0ama obpawenus: 05.12.2021))
MpelyCMaTpUBaET CPEI MPOUCTO €r0 MHCTUTYIIMOHANIBHYIO TPAaHC(OPMALIUIO B BEIY-
W YHUBEPCUTET WHKEHEPHBIX KOMIICTECHIUH, YTO MO3BOIUT 3((HEKTUBHO MPOTHUBO-
CTOSITh PACCMOTPEHHBIM PaHEE BHI30BAM U COBEPIIUThH KAYECTBEHHBIN MTPOPHIB B Pa3BU-
THUW WHXKEHEPHOTO, B TOM YHUCIIC HHKEHEPHO-IKOJIOTHUECKOTO 00pa30BaHusl.

VYpasbckuii TOCYAapCTBEHHBIN TOPHBIA YHUBEPCUTET 3a CBOIO 0OJiee YeM BEKOBYIO
HCTOPHIO BCET/a SIBIISUICA MOIIHOW JBIDKYIICH CUIIOW TOpPHOW HAayKH W 00pa30BaHUs,
HaXO/SACh HA TEPEHEM Kpae MaciTaOHBIX MPeoOpa3oBaHUN MHHEPATbHO-CBIPHEBOTO
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KOMIUIEKCa CTPaHBI M BHOCS B JIEJIO MTOJITOTOBKY KaAPOB IS TOPHOW TPOMBIIIIJIEHHOCTH
BKJIaJl, KOTOPBIH TPYJHO IEPEOLICHUTD.

OnHUM HX NEPBBIX B CTPaHE YHUBEPCUTET Hayall IIOATOTOBKY HHKEHEPOB-IKOIOTOB
U1 TOpHOH mpombinnieHHOCTH. bosee 30 et Ha3an OblTa co3gana Kadeapa HHKEHep-
HOW AKOJIOTHH, KOTOPYIO BO3MIaBwiI pod. A. B. Xoxpsakos, a B 1991 1. cocrosics nep-
BEII IPHEM CTYIEHTOB. 3a MPOIIEIIee ¢ TeX Hop BpeMst ObUIo moarotoBieHo oomee 500
BBIITYCKHUKOB — MH)KEHEPOB, 0aKaJlaBpOB U MarucTpoB.
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PrcyHOK 6. BeIOpocs! rokcHa yrieposa B arMoCc(epHbIil BO3LYX BCICICTBHUE CKUTaHUS HCKOTIAEMOTO
torwmsa B CILIA, EBpocoroze u Poccun B mepron 1750-2020 rr.
Figure 6. Emissions of carbon dioxide to the atmosphere as consequence of fossil fuel combustion
in the USA, EU and Russia in 1750-2020

Ha cerogusimamii 1eHb kadenpa eXeroHo BITycKaeT OakalaBpoB, MOATOTOBJICH-
HBIX 10 mpoduiio «/HXeHepHas 3aluTa OKpPYXarolled cpenp» U MarucTpos, Mpo-
HIEIINX TOATOTOBKY MO MporpaMMe «DKOIOTMYECKUN MEHEKMEHT MpeInpUaTuil u
TEPPUTOPHID».

C MomeHTa ocHOBaHUs KaeApbl mpoiecc O0y4YeHHsI CTYACHTOB CIEUUATbHBIM
JWICIMIIIMHAM OCHOBBIBACTCSl Ha PE3YNBTaTaX HAy4YHBIX W HAyYHO-TPAKTHYECKUX Pador,
MPOBOMAIIMXCS Ha Kadenpe. 3a 9TH TOAbl IUPOKUHA CHEKTP WHIKEHEPHO-IKOJIOTHYEC-
KHX 3a7[ad YCHEIIHO pemIajcs IS HECKOJBKHX AECSITKOB MPEANPHUATHH pa3iIHIHBIX
otpacneii. Co cBoeil CTOPOHBI MHOTHE TPEATPUATHS BHECIH CBOW BECOMBIH BKIIAJ B
CTaHOBJICHHE M PAa3BUTHE MOATOTOBKHU CTYIEHTOB. bIIaronapHOCTh 3a COTPYIHUYECTBO
XOTEJIOCh OBl BEIPA3UTh KOMOMHATY YpanacOect, YpaabCKOH 30JI0TO-TUTATHHOBOW KOM-
naany, Himkxae-TarmibckoMy MeTayuTyprideckoMy KOMOHWHATY, BEICOKOTOpCKOMY TOpPHO-
oOorarutenbHOMY KOMOHMHaTy, KaukaHapckoMy ropHO-00OraTUTEIbHOMY KOMOHMHATY,
MautpieBckoMy pyaOyIpaBieHuIo, koMOuHary Y danelinukens, Peprunckoit I'POC
Y MHOTHM JPYTHM IPEIIpPUATHAM, KOTOPble HAXOAWIN U HaXOAAT BO3MOXKHOCTh IOJI-
JepKUBaTh Kadenpy.

OO0 opranu3anuy ¥ NPoBeIeHNH NMPAKTHK Ha Kaeape HHKEHEPHOH IKOJIOTHH.
2Ku3HeHHO BasKHBIM 3JIEMEHTOM MOJATOTOBKH CIICIATICTOB-IKOJIOTOB Ha Kadeape cuu-
TaeTCsl OpraHu3alus U npoBeeHue npakTuk. [lokanyi BakHelIIeH mo 00pa3oBareib-
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Pucynok 7. BpiOpockl OuokcHaa yriepoma B aTMOC(EpHBIH BO3LyX BCIIEACTBHE CHKUTAHUS

HCKOIIaeMOT'0 TOILIMBA B MUpE (Ha JyNTy HaCEICHHU)

Figure 7. Emissions of carbon dioxide to the atmosphere as consequence of fossil fuel combustion

in the world (per capita)
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Pucynok 8. Jloxompl OromkeToB Bcex ypoBHel B PD oT skoiornueckux
HeHaJNoroBbIX miarexei B 2017-2020 rr., mupa p.
Figure 8. All levels of RF government revenues from environmental non-
tax charges in 2017-2020, billion rubles
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HOMY 3 eKTy ABIAeTCS y1eOHO-03HAaKOMUTENbHAs MPAKTHKA. JJIs TPOXOXKICHNS TIPaK-
THKH CTYAEHTHI BTOPOTO Kypca B COIPOBOXKICHNH ITpENoiaBaTesneil Kageapsl BBIC3HKAIOT
Ha HECKOJIbKO HEAETbh Ha IPOMBIIUICHHbIC MPEANPHUIATUS I. ACOECT U NPHUIIETAIOIIEro
paiioHa. ba3oBbIM AJIst STOW MPAKTHKH SBISETCS KOMOMHAT YpanacOecT, rjie CTYIEeHTHI
3HAKOMSITCS C OTKPBITHIMH TOPHBIMH pab0oTaMu, IPOLIECCOM OTBAI000pa30BaHusl, Ioce-
Ial0T 00oraruTensHyIo GadprKy, CMEXHbIE IPOU3BOACTBA. B KaxmoM noxpasaeneHun

3,0 3,0 3,0 2,9

2017 1. 2018 . 2019 . 2020 T.

I[nata 3a BRIOPOCHI 3arpA3HSIONINX BEIIECTB, 00Pa3yIOMNXCS IPU CKUTAaHUH Ha
(hakeTBbHBIX YCTAaHOBKAX M(MJIM) PacCEMBAHHUU MOITYTHOTO HE(TSHOTO rasa

[lnara 3a pasMEIICHUE OTXOJ0B ITPOU3BOJACTBA

[Tnata 3a cOpPOCHI 3arps3HSIONINX BEIICCTB B BOJAHBIC OOBEKTHI

Ilnata 3a BEIOPOCKI 3arpsI3HAIONINX BELIECTB B aTMOC(HEPHBIH BO3IYX
CTaI[MOHAPHBIMU 00BEKTAMH

Pucynok 9. Ilnara 3a HeraTUBHOE BO3/eiicTBHE Ha OKpyXaroulyio cpeny B PO mo Bumam
HeratuBHOro Bo3zeicTsus 3a nepuoa 2017-2020 rr., %
Figure 9. Charges for negative environmental impact in the RF by type of negative impact
for 2017-2020, %

JUIL HUX TIPOBOJAT AETANIBHYI0 SKCKYpPCHIO, 3HAKOMST C TEXHOJIOTMYECKHMH O0COOEH-
HOCTSIMH Y 9KOJIOTHYECKHMH aclieKTaMu ero paboThl. B Xoze 3Tol MpaKkTHKH CTYACHTHI
TaKKe MOCEIIAIT Apyrue ONu3iieKalue npeanpuaTus, Takue kak Pedrunckas ['POC
(kpymHEHIas yrojapHas TeIUIOIEKTpoCcTaHIus Poccnn), ManbImeBckoe pyJoypaBIie-
Hue (crapeitmee B Poccun nmpeanpusTre 1mo J00s9e U epepadoTKe MOJIEBOIITATOBBIX
PYIl, U3BECTHOE TAK)KE CBOMM YHHUKaIbHBIM M3YMPYIHBIM PYIHUKOM), HAXOMSAIIHICS B
I. AcOecT YpanbCKHid 3aBOJ aBTOTEKCTUIIBHBIX M3IENUil, BHITYCKAIOUIMH TOPMO3HBIE,
(DpUKIIMOHHBIE W YIIJIOTHUTEIFHBIE MaTepPHAallbl, MECTHBIE TEXHOJIOTHUECKHE OOBEKTHI
npennpustus «Bomokanamy.

[maBHOH 1eNbIO 3TON NPAKTHKH U €€ UTOTOM SIBIISIETCS HEMOCPEACTBEHHOE 3HAKOM-
CTBO Ha MECTE C OCHOBHBIMU OCOOCHHOCTSMH W OOLIMMHK YepTaMH Pa3HOOOpa3HBIX
MIPOMBIIUIEHHBIX MTPOU3BOACTB, MHOTOOOpa3HeM HX HKOJOTHUECKUX XapPaKTEPUCTHK,
(hopMHpOBaHHE OCHOBHI CHCTEMHOTO HH)KEHEPHO-3KOJIOTHMYECKOTO MHPOBO33PEHHUS,
MO3BOJISIIONIEro 3aTeM S((EKTHBHO OCBauBaTh MPOQECCHOHATbHBIE TUCHUTUINHBI U
NPETBOPSITH B NATbHEHIIIEM B )KH3HD TIOTyYEHHBIC 3HAHUSL.
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Pucynok 10. JluHamuka pocTa KOJIMYECTBA BBITYCKHUKOB Kadeapsl HHXeHepHOit axostorun YITY
Figure 10. Dynamics of growth in the number of graduates of the Department of Environmental
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Engineering, UrSMU

Pucynox 11. Cryments! rpynmel M3C-19 Ha yueOHO-03HAKOMHTENBHOH 3KCKYpCHH B
HenrtpansroMm kapbepe [TAO «Ypanacbect»
Figure 11. Students of IZS-19 group on a study tour in Tsentralny open pit of PLSC Uralasbest
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B nienom MOXXHO yTBEpIKAaTh, YTO HAyYHO-TIEIATOTMYECKIHA ()YHIAMEHT IS IBIKSHHUS
BIIEPEZl B HOBBIX YCJIOBUSIX IIO BHIOPaHHOMY HAIIPaBJICHUIO IIOATOTOBKHU CIICLUAINCTOB-
9KOJIOTOB €CTb.

ITpu oOyuyeHuu cTyaeHTOB Kadeapbl B MAarucTpaTrype ymop IeNaeTcs Ha HaydHO-
NPaKTHYECKUI MOAXOJ K OCBOCHHUIO IPENOoAaBaeMbIX NUCLUIUIMH. M 31ech BechbMma
BO)XHBIMU SIBJISIIOTCS BO3MOKHOCTH, KOTOPbIE OTKPBIBAIOTCS Onaromapsi COTpyIHHYeE-
cTBy yHHMBepcuTeTa ¢ MHcTHTyTOM ropHoro aena YpO PAH. Cnennanuctel HHCTUTYTa
NPUBIEKAIOTCS I y4acTrs B yueOHOM Mpolecce B KadecTBe npenoaasarencid. OqHo-
BPEMEHHO MaruCTPaHTHl Kadeapsl MPOXOAIT MPAKTUKY, OCBAaUBAIOT HAYYHBIE U MpaK-
TUYECKUE HAaBBIKM B Ja0OPaTOPHUSAX HHCTUTYTa, B TOM YUCIIE B Ja0OPaTOPHU SKOJIOTHH
TOPHOTO MTPOM3BOACTBA, B J1a0OPAaTOPUN FeOMH()OPMALIMOHHBIX M HU(PPOBBIX TEXHOIO-
TUIl B HEAPOIOIH30BAHUH. 31€Ch CTYAEHTHI O] PyKOBOJCTBOM COTPYIHUKOB HHCTUTY-
Ta TOPHOTO JieJa YNIyOJsIoT U COBEPIIEHCTBYIOT CBOM 3HAHMS B 4acTH O0TOOpa M aHa-
nu3a mpod BOIBI, CHETa, MOYBHI, IPYTHMX KOMIIOHEHTOB OKPYXKAlOIIEeW cpenbl, ydarcs
3G HEKTUBHO MPUMEHSITh TCOMHPOPMAIIMOHHBIC TEXHOJIOTHHU JUISl PEIICHUS] HAyYHBIX U
MPAKTHYECKUX NHKEHEPHO-IKOJIOTHIECKUX U CMEXHBIX 3a/1a4, H3y9JaroT OCHOBHI IPaK-
THUYECKOTO IIPUMEHEHUS] MaTeMaTU4eCKON CTaTUCTUKHA M MOJAEIHUPOBAHMA UL IeneH
9KOJIOTHYECKOT0 MEHEDKMEHTA.

CTOUT OTMETHUTH, YTO TAKOH IOIXOA HaXOAUT OTKIIMK Y PYyKOBOZUTENEH HMPOMBIII-
neHHbIX npeanpustuid. [pennpusatus YpDO nepuoauyecku NpakTHUKYHOT HampaBlie-
HHE CBOMX COTPYIHHMKOB Ha OOyueHHE B MarucTparype Ha Kadeape WHXEHEPHOH KO-
JIOTHH 7151 TOBBILIEHUS UX TPO(eCcCHOHANTBHOTO YPOBHSL.

3akirioueHne. AHaIM3 OCHOBHBIX BBI30BOB HALIMOHANBHOTO M TNIOOAIBHOIO Mac-
mrada, CTOALIMX Mepel] pOCCUICKOH MUHEPaTbHO-ChHIPBEBOM OTPACIIBIO U 00YCIOBIICH-
HBIX KOJIOTHYECKUMHU (PaKTOPaMH, MOKA3bIBAET, YTO MOATOTOBKA CIIEUATMCTOB HOBOTO
MOKOJICHUS SIBJISIETCS] OJHUM W3 KIIOUEBBIX 3JIEMEHTOB (DOPMHUPOBAHMS KOHKYPEHTHBIX
MIPEUMYILECTB OTpaciy. B 11enoM MOXXHO yTBepKIaTh, UYTO Ha CErofHs UMEETCs arpo-
OMpOBaHHBIN HAyYHO-TIEAArOTHYeCKUd (PyHIAMEHT JUISL ABHIKCHUS BIIEPE]] B HOBBIX YC-
JIOBUSIX TIO BEIOpAHHOMY HAIPaBJICHHUIO TOATOTOBKH CIIEHATHCTOB-3KOJIOTOB, CIIOCO0-
HBIX IPOPECCHOHATIBHO PellaTh HOBbIC MACIITAOHbIC 3a1a41 OyIyIIero.
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Training of a new generation of environmental professionals as an important part
of the national mineral and mining industry competitive advantages creation in the
face of the present and future global challenges
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! Ural State Mining University, Ekaterinburg, Russia.

Abstract
Introduction. The article presents the main national and global challenges that the Russian natural
resources sector faces. The challenges are conditioned by environmental reasons and factors and
have far-reaching environmental consequences. The data from open Russian and foreign sources
was used to demonstrate the dynamics of various factors that have a direct or indirect impact on
the Russian or global environment. These include the manufacturing work of the fuel and energy
complex, mineral resources sector, and metallurgical complexes, as well as the volume of waste
generation, including solid municipal waste and the volume of their processing, and the emission
of greenhouse gases. The economic relationship is shown between industries and their impact on
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the environment, as well as the relationship between the government and business actions aimed at
minimizing adverse environmental effects and their consequences. The main global economic and
technological challenges the industry faces in this regard are as follows: increasingly restrictive
environmental requirements, need for best available technologies to minimize the associated
adverse environmental effects, reduce fossil fuels consumption, namely coal, oil and natural gas.
Even more important, is the need to invest in a whole new human capital, in this case, in the
training of a new generation of environmental professionals who might make a scientific and
technical breakthrough in introducing green technologies.

Results and analysis. The paper compiles and analyses major environmental challenges that
countries, industries, and particular companies have been facing in the last 10—15-20 years.
The indicated issues require new approaches, new technological and scientific breakthroughs,
multi-billion investments, and bear multilateral risks. It is shown, a new generation of engineering
ecology and ecological management professionals should be trained to address the associated
challenges. The new generation of environmental professionals should focus on green and digital
technologies, possess fresh views and professional skills, be broad-minded and able to confront the
challenges of the time and rapidly changing circumstances.

Conclusions. Analysis of the main national and global environmental challenges that the Russian
mineral and mining industry faces, shows that new generation professionals’training is a key pillar
in the development of the industry’s competitive advantages. It can be generally stated, that for
today there is an approved scientific and educational background that allows to move forward in
the new circumstances in terms of training the environmental professionals able to address large-
scale environmental challenges of the future.

Keywords: challenges, natural resources sector, environmental requirements; environmental
professionals.
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reo(u3rKa, MapKIIEHIEPCKOE JIEI0 ¥ TeOMETPHS HEeIlp
I'eomexanmka, pa3pyiieHre TOpHBIX TOPO, PyAHUIHAS
a’porazolMHaMKKa M TOpHAas TeIio(u3rka

TeopeTndeckre OCHOBBI IPOSKTUPOBAHMS TOPHOTCXHUYECKUX
CUCTEM

I'eoTexHOMOTHS, TOPHBIE MAIITUHBI

OOorareHue MoJIe3HbIX HCKOMAEMBIX

Oxpana Tpy/1a, MPOMBIIUICHHAs! 0€30I1aCHOCTh, 0€30MIaCHOCTh B
Ype3BBIYANHBIX CUTYAIMSIX (HEIPOIIOIh30BAHNUE)

ITonBM>XHOM COCTaB JKEIE3HBIX JOPOT, TAra I0e310B U
NEKTPUPHUKAIHSL

DKCITyaTanusi aBTOMOOMIBHOTO TPaHCIIOPTa

WcTopust Hayku ¥ TEXHUKH

MGTOI[OJ'IOI‘I/IH 1 TCXHOJIOTUA HpO(l)eCCI/IOHaJ'IBHOFO 06p3.30BaHI/I$I




C 2022 FOAA XYPHAN NMYBNUKYET CTATbU B CNEAYIOLLUX PA3MENAX:

* TI'eorexHoJiorusi, ropHble MaIIMHBI

* J'eomexanmuka. Paspyiienue ropHbsix nopoa

* Mapkumeiigepckoe aeio. [opHonpoMbIIeHHasi T€0JIOTHSA
e OOorameHue MoJe3HbIX HCKONAEMBbIX

e T'eodkosrorusi. Oxpana Tpyaa

* MHpopManMOHHbIEC TEXHOJOIMH B TOPHOM JeJIe

* Bpicuiee ropuoe o0OpazoBanue

* Hcropusa. Undopmanus. Penensuu

Ten: (343) 257-65-59 E-mail: gornij journal@ursmu.ru




