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Abstract

Purpose is to determine a function of the reduced expenditures connected with drilling-and-blasting operations, loading and
hauling operations, and rock fragmentation depending upon the cost of machine-shift of the applied facility, its operation
modes, hardness of rock being blasted, cost of the used explosive, and rock fragmentation quality based upon the developed
optimization mathematical model.

Methods. Method of statistical evaluation of natural blockiness structure of the rock as well as quality of its fragmentation
by means of explosive energy has been applied. Statistical studies have been carried out concerning the basic indices of rock
fragmentation depending upon its largeness and block hardness. Purposely-designed experimental equipment has been ap-
plied for sampling analysis of the rock fracturing in the process of its drilling by means of rotary drilling rig. The abovemen-
tioned supported representativeness of the sampling.

Findings. Statistical distributions of the rock blockiness structure in terms of each bar length involving its place within the
drilling assembly as well as in terms of the well depth have been compiled. Visual comparison of experimental data and
theoretical data has helped determine that the statistical distributions of natural blockiness structure of the rock have the
closest correlation with gamma distribution which differential function has two positive parameters. Statistical dependence
has been defined between drilling-and-blasting results and the total expenditures connected with hard rock mining.

Originality. A concept of oversize crushing coefficient has been introduced; its statistical dependence upon the mined rock
hardness and specific consumption of the applied explosive has been derived. An alternative has been proposed concerning
changes in parameters of the differential function of the assumed gamma distribution relative to the predicted granulometric
composition of rock mass.

Practical implications. Economic and mathematical model has been developed involving a target function of the total
expenditures connected with the listed operations as well as a set of constraints avoiding incorrect decisions. The optimiza-
tion method makes it possible to control drilling-and-blasting parameters at each stage of hard rock mining.

Keywords: open pit, excavator, efficiency, granulometric composition, rock mass

1. Introduction

Technological procedure of hard rock extraction by means
of surface mining operations involves its preliminary fragmen-
tation with the help of drilling-and-blasting (DB) and further
processing of the obtained rock mass [1]-[3]. In this context,
the rock mass crushing quality (i.e. its granulometric composi-
tion) depends upon the strength of rocks being blasted as well
as upon the implemented DB parameters among which well
spacing and blasting charge formula are the key ones [2]-[4].
The parameters are used to identify specific consumption of
the explosive (E) which value dominates both in calculations
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and real-world applications. Rock mass crushing quality is
evaluated with the help of an average rock diameter and a
dominant fraction value, i.e. both mode and modal amount of
statistical rock distribution within its known volume [5].
Control methods of DB system, applied under the specif-
ic mining and geological conditions, are quite important to
determine economic performance of the whole mining cy-
cle [6]. Increase in the specific E consumption factors into
more intensive rock mass fragmentation making it possible
to reduce costs for its loading, hauling, and fragmentation.
However, in this case expenditures connected with execution
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of the whole set of DB operations increase [7]. To the contra-
ry, fragmentation of rock mass using blasting results in op-
posite changes in expenditures connected with the technolog-
ical procedures [8]. Hence, such a granulometric rock mass
composition is available for each mining and geological
condition in terms of which minimum total costs for hard
rock are provided for its mining and processing (Fig. 1).
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Figure 1. Graphic representation of the independence of the
reduced cost for hard rock mining upon specific E
consumption and average rock size

It is almost impossible to develop a versatile physical
model of stress field formation within hard rock mass mak-
ing it possible to identify its fragmentation degree in terms of
different types of drilling-and-blasting operations [9]. The
abovementioned can explain the interest of scientists and
researchers in the statistical analysis as applied to the real
casual situations at each mining stage.

Increasing complexity of mining and geological as well
as technical conditions of hard rock extraction, stipulated by
the necessity to deepen open pit, needs more pragmatic and
feasible approach as for the selection of methods to control
set of drilling-and-blasting operations. Theoretical prerequi-
sites to decide on rational firing parameters using computer
modeling methods (i.e. problem-solving technique to analyze
or synthesize complex multicriteria system) are known [10].
For the purpose, it was proposed to abstract from the nature
of physical process of rock mass blasting to a model, evaluat-
ing its performance indicators. Standard deviations of such
three performance indicators as fragmentation degree, shot-
pile width, and safe distance have been selected [11], [12].

However, the required granulometric rock mass composi-
tion is evaluated through a tolerance percent of oversize yield
rather than average rock diameter being determined in terms
of minimum direct costs for rock mass preparation under
specific conditions. Moreover, there are no means to obtain
operatively objective information on the hardness of rocks
intended to be blasted massively [13].

Generally, use of the model to solve optimization prob-
lem is impossible due to high level of its complexity, and
multidimensionality of possible alternate approaches.

Optimization of the basic DB parameters based upon
their statistical analysis and consideration of direct costs in
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terms of each procedure is more productive at the stage of
mining activity progress. Control of rock mass fracturing
with the help of automation device provides sampling repre-
sentativeness being the most important condition while com-
piling statistical distribution of its natural blockiness. Quanti-
tative evaluation of rock mass fragmentation ability on the
data, comparing volumes of oversize fractions contained in it
before blasting and after it, differs in its originality and ap-
plicative relevance [14], [15].

Use of the method optimizing a set of DB operations in
terms of minimum total costs per whole mining cycle will
help improve performance indicators of the activities involv-
ing no extra means. Hence, determination of optimum re-
source distribution to execute DB under various blasting
conditions is burning and crucial in the long term.

The objectives are as follows: to analyze regularities of
changes in the reduced costs for drilling-and-blasting, load-
ing and hauling, and fragmentation in the process of open-
pit mining of hard rock depending upon the value of ma-
chine-shift of the applied facility, its operation modes, hard-
ness of rocks being blasted, cost of the used explosive, and
rock mass fragmentation quality; to carry out sampling anal-
ysis of hard rock mass fracturing using automatic device; to
use the findings to compile statistical distributions of its
natural blockiness in terms of each bar taking into considera-
tion its location as well as the whole well depth; to determine
differential distribution function having the closest correla-
tion with the observed feature; to identify the statistical de-
pendence between a crushability factor of oversize blocks
and specific consumption of the explosive being applied; to
develop economic and mathematical model involving a tar-
get function of the total reduced expenditures connected with
the operating processes, and set of constraints to avoid incor-
rect decisions; to represent a method to define optimum DB
parameters in terms of minimum reduced costs per whole
mining cycle using the economic and mathematical model
solving; and to draw conclusions concerning implementation
of DB optimization while controlling the operations at each
stage of the hard rock deposit extraction.

2. Methods

Define expenditures connected with the performance of
the basic technological mining operations depending upon
structural behaviour of hard rock as well as the rock mass
fragmentation. Costs for blasthole drilling reduced to 1 m?® of
rock mass being mined are:

_ Car - Ngr

Ear =~ —

1
Vi - Ky @

where:

Car — machine-shift cost of the applied drill rig opera-
tion, UAH;

Ngr — number of the machine-shifts required to drill the
block of rocks to be blasted;

Vp — block volume, m?3;

Ki —rock mass fragmentation index.

In this context:

Iy - Ny

= : 2
I:)dr 'Tsh

Ndr

where:
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lw — well depth, m;
Par — drill rig efficiency, m/h;
Tsh — shift duration, h;
Nw — number of wells from the rock block.
Vbl
" (axb)-hy ®)
where:
(axb) — the assumed parameters of well distribution, mxm;
h; — bench height, m.
According to [1]-[5], [11], [12], [16] and [17] studies,
efficiency of roller-bit drilling rig, being common for open
pits, is determined as follows:

ky \/ﬁ
f2\Vd ’
where:
f — Protodyakonov hardness of the drilled rocks;
p — pressure developed within a hydraulic system of drill
rig, atm;
n — rotation frequency of a drilling assembly, rpm;
d —roller cone diameter, mm;
ki — dimension coefficient.
Taking into consideration (1-4), the reduced expenditures
connected with drilling operations are determined as follows:

Par = 4)

Cyr - F2-1 d
B = (aa) b T\ o (5)
| kg -(axb)-hy T, \ pn
The reduced costs for blasting operations are:
1
Eim = m(cheQ + CovVov) , (6)

where:
Che — cost per a ton of the applied E, UAH;
Q —amount of E required to break down the rock block, t;
Cov — cost for oversize fraction grinding, UAH/m?;
Vv — Oversize amount within the blasted rock mass, m®.
In this context:

3
d
Q =0.001gVp, K; and Vj, =( dmd ] Vi K| @)
ov
where:
g — specific E consumption, kg/m3;
dmg — average rock within the blasted rock mass, m;
dov — Oversize dimension, m.
doy = 0-8§/\Z’ ©))

where:
Vs — shovel size, me.
Taking into consideration (6-8), the reduced expendi-
tures, connected with blasting operations, are determined as
follows:
3
Ejy = 0.001C;,o g +Co, zii/—md :

S

©)

The reduced costs for the blasted rock mass loading using
single bucket excavator are:
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Ct -N¢

Bt =V K
bl =™

: (10)

where:

C:t— cost of machine-shift of the applied excavator opera-
tion, UAH;

N:—number of machine-shifts to load the blasted rock
block.

N = Vi Ki ] (11)
Ps 'Tsh
where:
Ps — applied excavator efficiency, m%h.
According to [3], [5], [18], [19] and [20], we have:
2RK K
;= - (12)

2 Ll
2
d
1+e\ "o K|

where:

P — theoretical efficiency of the excavator, m%h;

K — bucket fill factor;

Ky — coefficient involving a period of preparation and fi-
nal operations.

Taking into consideration (10), (11) and (12), the reduced
expenditures, connected with loading operations, are deter-
mined as follows:

2
%)
1+e Yo ) (KK,

(13)

E; =Cy -
f f 2F)t'Kov'Tsh

The reduced costs for rock mass transportation by means
of vehicles are:

Er = ﬂ7 (14)
\TRLS
where:

Cr and Nt — costs of machine-shift of a dumper operation
and their required number to transport rock mass of the blas-
ted block respectively:

Ny = Vi Ky (15)
pl_
where:
y —volume weight of the rock mass, t/m?;
Pt — dumper efficiency per shift, t/s.
SERCHE (16)
th
where:

G — weight of rock mass transported per trip not excee-
ding the dumper capacity, t;
tr—trip time, h.
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tﬂ :t| +td y (17)
where:

ti and tgs—loading time and travel time of the dumper
respectively, h.

=" (18)
Ry
Hence,

tﬂ = +td . (19)

%

Taking into consideration (12), (15), (16), (18) and (19),
the reduced expenditures, connected with rock mass trans-
portation by means of vehicles, are determined as follows:

2
2)
Gl1+e %) K, +2/RK Kty
E; =C; - 20
T 2GRK  TgK,, (20)
The reduced costs for the mineral crushing are:
Co N
B = ¢ (21)
Voi - K
where:

Cer and N¢r — cost of a machine-shift of the applied mill
operation and the number of machine-shifts required to crush
rock mass of the blasted block.

Vi - K -
o= bl "™ Y ’ 22)
Pcr 'Tsh
where:
Pcr — technical performance of the applied mill, t/s;
Py =R, - Kgr, (23)

where:

P, —design capacity of the applied mill;

Ker — coefficient of the mill use depending upon granulo-
metric composition of the blasted rock mass.

Statistical analysis of the basic indices of rock mass
crushing has been performed. It concerned different sizes of
rocks as well as their hardness. In this, fragmentation quality
of the rock mass during blasting was evaluated objectively
using a purposely designed automation [12], [21] and [22].
Moreover, similar studies were carried out under laboratory
conditions using simulation of stage one of hard rock crush-
ing. To this effect, experimental model of jaw breaker was
manufactured to decompose freeform rocks with maximum
60-80 mm dimensions in terms of 4-5 compression degree,
and f = 10-18 allowable rock hardness (Fig. 2).

Following dependence results from the studies:

Ky = o410 % ding g T

(24)

Taking into consideration (21), (22), (23) and (24) the re-
duced expenditures, connected with the rock mass fragment-
ed by blasting into various degrees of largeness, are deter-
mined as follows:

28

7/6_410*6 dind /dma T

Eer =Cer - (25)

Py Teh

Figure 2. General configuration of the experimental jaw breaker

To evaluate the effect of DB means on the fragmentation
degree of rock mass, statistical studies of a process of its
granulometric formation have been carried out taking into
consideration structural behaviour of the hard rock mass as
well as the applied force field [23] and [24].

It is proposed to consider hard rock fragmentation by
means of blasting in the form of a transitional process from
one degree of its fracturing being both of natural and engi-
neering nature (i.e. natural blockiness) to another one being
more intensive owing to the blasted E. Distribution of the
natural blockiness within the rock mass was evaluated basing
upon the objective information obtained with the help of the
manufactured device which used a radial chart to record
drops of pressure within a hydraulic system of a roller-bit
drilling rig observed when its operating bit was passing cavi-
ties. Figure 3 is typical representation of the record.

77N\

Figure 3. Fragment of the radial chart with the drilled rock
fracturing

Distance between the pressure drops within a hydraulic
system of a drilling rig, recorded by the diagram, characte-
rizes a size of the natural rock block in terms of its height; the
drop depth characterizes opening degree of cavities between
the blocks. Hence, it becomes possible to evaluate objectively
preliminary fragmentation of the blasted rock mass.



P. Shcherbakov, S. Tymchenko, M. Bitimbayev, N. Sarybayev, S. Moldabayev. (2021). Mining of Mineral Deposits, 15(2), 25-34

3. Results and discussion

Thirty granite open pits, producing gravel, were involved
in the statistical observations. A random selection method
was applied for each of them to identify four wells drilled by
means of a rig equipped with the mentioned device. The
diagrams were interpreted differentially in terms of each bar
length (8 m), taking into consideration its location relative to

a bench height, as well as depth of the drilled well (16 m).
The observations results were summarized in groups involv-
ing ten wells each; that is why the total number of natural
separateness (i.e. blocks) within a group was a sample for it.
Table 1 shows statistical distributions of the dimensions of
natural blocks in terms of three measurement types (bar and
well) for the most representative group of the wells.

Table 1. Statistical representation of natural blockiness of the rock according to three samples

Xi, Xi+1 0;04 0.4;0.8 0.8;1.2 12,16 1.6;2.0 2.0;24 24,28 2.8;3.2 3.2;36
i=1
Qi 0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0 34

| N 50 42 26 24 16 11 6 3 2 180
! mi 0.28 0.24 0.14 0.13 0.09 0.06 0.03 0.02 0.01 1.0
| N 1 26 28 19 14 12 10 6 4 120
b mi 0.01 0.22 0.23 0.16 0.12 0.1 0.08 0.05 0.03 1.0
| N 51 68 54 43 30 23 16 9 6 300

mi 0.17 0.23 0.18 0.14 0.1 0.08 0.05 0.03 0.02 1.0

Symbols:

Xi, Xi+1 — are intervals of sizes of natural separateness obtained while the diagram interpreting; h = 0.4 m is interval length;

Xi — centres of the intervals;

ly, Ip, I — measurements on the upper bar, lower bar, and well length respectively;

ni, m;i — variants and frequencies.

Table 2 explains basic characteristics of the distributions.

Table 2. Evaluations of the statistical distributions

Measurement ~ Sample Mathematical Standard
type volume, n  expectation, M(x)  deviation, o(x)
ly 180 1.0 0.76
) 120 1.5 0.84
[ 300 1.2 0.91

As it follows from Table 2, sample volume in terms of |,
measurement is more than in terms of l,. The abovemen-
tioned can be explained by extra fragmentation of the upper
bench share using blasting of charges located in overdrills of
wells within a level above the bench [25] and [26]. Along
the well length (1), blockiness is involved in terms of both
measurements. Hence, mathematical expectation is an in-
termediate and standard deviation exceeds previous ones.
Figure 4 demonstrates frequency diagrams of the considered
statistical distributions.

0.30
0.25

—a— |y

0.20 —— 1y

0.15

0.10

blockiness on intervals

0.05

Relative frequencies of natural rock

0
0 04 08 12 16 20 24 28 32 36
Dimensions of natural rock separateness

(blockiness), (xi), m

Figure 4. Frequency polygons of statistical distributions of hard
rock blockiness

Apply visual selection of a model to distribute random val-
ue of x, i.e. dimensions of natural blocks into which fracturing
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divides the hard rock mass [27]. A form of the frequency pol-
ygon to measure I, resembles exponential curve; in turn, fre-
quency polygons for Iy and I differ fundamentally from it.

Hence, it is impossible to simulate all distributions of a
random x value with the help of one-parameter function.
Apply two-parameter G-distribution in terms of which expo-
nential distribution of the same random value is the special
case [28]. Differential function of G-distribution (i.e. density)
is as follows:

0 at x<0

t(x)

ixa—le—ﬂx ' (26)

I(a)

where:
o and g — positive parameters;

I'()) — Euler Gamma function 7" («) = Of x% Yo Xdx .
0
o —
F(a —1)
ver, if o is a positive integer then 7" () = !. In this context,
r(1y=1.

If o =1 and g = 1/A then we will obtain exponential distri-
bution of a random x value with the density:

-2

0 at

It should be mentioned that /()

, moreo-

at x>0

(27)
x<0

where:

A — positive parameter.

Analyze correspondence of the assumed distribution law
of random x feature with data of statistical processing of
sample observations in terms of each measurement (Tables 1
and 2). To perform measurements within the upper bench
share (lp), apply (27) formula, if M(x)=1 and A=1
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(M(x) =1/4 is for exponential distribution). When x>0,
we have:

f(x)=e™. (28)

Table 3 demonstrates the function values for the observed
xi of the random x value.

Table 3. Values of differential function of natural rock blockiness
while measuring lu

02 06 10

Xi 14 18 22 26 30 34

f(;i) 0.82 055 0.37 0.25 0.17 0.11 0.08 0.05 0.03

Compare the function graph with frequency polygon of
statistical distribution of natural blockiness (Fig. 5).

=
o

blockiness distribution (f (Xi))

e o o =
> o ™ o

o
N

Differential function of natural rock

0 02 06 10 14 18 22 26 30 34
Dimensions of natural rock separateness

(blockiness), (Xi), m

Figure 5. Distribution of natural hard rock blockiness for lu: 1—
density value f(x); 2 — polygon of relative frequencies Wi

To perform measurements within the lower bench share
(Iv), apply (26) formula and following ratios:

M(x)=aB, D(X)=af?. (29)

While solving simultaneously the equations for
M(x) = 1.5 and ¢ =0.84 (Table 2), we find that o = 3.2. As-
sume integer value o = 3; then, g = 0.5. Taking into considera-
tion the parameter values, distribution density is as follows:

f(x)=4x%2*. (30)

Table 4 shows values of the function.

Figure 6 demonstrates the represented function graph to-
gether with the polygon of relative frequencies.

g 07
=X 06
S
€505
=
° 3 1
§E 04
235 03 2
=
T 202
5301
a“:’ =
=
02 06 10 14 18 22 26 30 34

Dimensions of natural rock separateness
(blockiness), (Xi), m

Figure 6. Graphs of natural rock blockiness distribution for Ip: 1 —
density value f(x); 2 — polygon of relative frequencies Wi

Measurements throughout the well length (I) are per-
formed as follows. While solving simultaneously (28) equa-
tion for M(x)=1.2 and =091 (Table2), we find that
a=1.74. Apply a = 2; then = 0.6.

In this context, distribution density is:
f(x)=2.78xe 7%, (31)

Table 5 contains values of the function. Figure 7 demon-
strates the function graph together with the relative frequency.

Table 4. Values of distribution density of natural blockiness if I» is measured

Xi 02 06 10

1.4

1.8 2.2 2.6 3.0 3.4

0.11 0.43 0.54

f(;i)

0.48

0.35 0.23 0.15 0.09 0.05

Table 5. Values of distribution density of natural blockiness if I is measured

Xi 02 06 10 14 18 22 26 30 34

f(x) 04 061 053 037 025 015 009 006 003
g 07 Visual comparison of Figures 3, 4, and 5 makes it possi-
= R06 ble to conclude that statistical distribution of natural blocki-
% e 1 ness within the hard rock mass can be simulated in the clos-
= § 0.5 est manner by means of the differential function throughout
c304 2 the well length (I). Relying upon the fact and serving the
-%E 03 engineering acceptability of statistical evaluation of rock
E ; ' blastability, consider use of mathematical modeling only
s 202 from the viewpoint of the mined block height (1) [29]. In this
s3 01 context, distribution density is as follows:
3=
£ 0 X
=) -

0 04 08 12 16 20 24 28 32 36 f(x)= S xe A (32)
Dimensions of natural rock separateness [5’2 '

(blockiness), (Xi), m

Figure 7. Graph of rock natural blockiness distribution to observe I:
1 — density value f(x); 2 — relative frequency polygon Wi

30

Forecast the content of oversize natural blocks within the
rock, i.e.:
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4, X

1 YH
_1_ B
A4 =1 5 g xe Pdx, (33)

where:
Aw — content of natural oversize blocks;
dw — dimensions of a block considered as the oversize one
depending upon the applied mining and hoisting facilities.
While integrating by parts (7), we determine:

X

Ay =1+% e B (dy+5)-5|. (34)

It is customary to mining that dyy = 0.8‘3lvsh , where Vg is

bucket capacity of loading shovel; in term of a crawler mount-
ed mining shovel -4,6, it is dy = 1.3 m; then, 44 = 0.37 or 37%.

Oversize content within the blasted rock mass 4/, was

evaluated on those rock blocks where natural blockiness was
observed statistically. As a result, Ky (i.e. oversize crushabil-
ity factor) was determined in terms of each measurement:

_ 4

Ky =—. 35
HAH (35)

The factor dependence upon the blasted rock strength (f)
as well as upon specific E consumption (g) has been identi-
fied with the help of the statistical function:
Ky = o.ooziz. (36)
g

Table 6 shows values of Ky factor calculated using the for-
mula. Figure 8 demonstrates schematic graph of the function.

Table 6. The calculated values of Kn factor

f 14 16 18 20
g 04 06 08 10 04 06 08 10 04 06 08 10 04 06 08 10
Ku 0.17 0.08 0.04 0.03 0.2 0.09 0.05 0.03 023 0.1 0.06 0.04 0.25 0.11 0.08 0.04
ko f (x) _o%
f(x)= xe U-ez (38)
0.18 (0.22)°
0.15 Table 7 shows values calculated on the formula.

0.12

Figure 8. Dependence graph of the oversize crushing factor of
natural blockiness (Kn) upon the rock strength and spe-
cific E consumption (g)

Consider transition of natural blockiness of rock mass to
rock mass under explosion energy. Use the case when f =18
and g = 0.8 being typical for granite fragmentation. In this
context, Kr=0.053 (according to 36) and Ay = 0.37; then,
Ay =0.02. Apply 4 instead of Ay to (34):

_dy

0.02:1+% e P (dy+pB)-p5|. (37)

Relative to g (if dn = 1.3), the equation solution helps de-
termine that its value is 0.22; i.e. § = 0.22. While substituting it
into (32), we obtain distribution density of rock mass gra-
nulometric composition instead of distribution of natural rock
blockiness under the same mining and geological conditions:

31

Table 7. Values of differential function of rock mass granulo-
metric composition distribution

0.2 0.6 1.0 1.4
167 081 021 0.05

1.8 2.2
0.01 0.002

X

f(x)

Figure 9 demonstrates a graph representing transition of
natural rock blockiness (Table 7) to rock mass resulting from
the rock blasting.

2.00
175
1.50
1.25
1.00
0.75
0.50
0.25

—~
—~

f (X

=

blockiness distribution

° —
0
0 025 05 0.75 1.0 125 15 1.75 20 2.25 25
Dimensions of natural rock separateness
(blockiness), (X)), m

Differential function of natural rock

Figure 9. Mapping of a function of granulometric composition of
rock mass resulting from blasting operations, onto natu-
ral blockiness distribution function under the same
conditions: 1 —distribution graph of granulometric
composition of rock mass; 2 — distribution graph of na-
tural blockiness of rock blastability

The graphs, represented in Figure 9, illustrate qualitative
changes in rock mass crushing under fissuring into smaller
fragments under the effect of explosion energy ([5], [12],
[27]). For the first time, statistical simulation of the consid-
ered technological process makes it possible to involve quali-
tatively a degree of preliminary rock destruction while select-
ing DB parameters ([11], [22], [29]).
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Average rock size, forecasted for the parameters, is de-
termined by means of mathematical expectation of the as-
sumed G-distribution, i.e. dmg = af. It has been defined
during natural density of granite mass measuring on a well
depth (I) that the most probable values of a parameter are
within (1.65-2.3) interval. Using the a ccuracy, being toler-
able for mining, assume its integer value (a = 2) to simplify
significantly subsequent calculations. § parameter is deter-
mined based on condition (34) for 4/, estimated using (35)

and (36) formulae.

Integrally, economic and mathematical optimization
model of DB complex is:
ij i
where:
. 4-10%g(a-b)hK,
E —> Min |f < |3 y Ic = IW— Iis, (40)

2
7w he

where:

E;; — reduced expenditures connected with DB operations
(formulae (5) and (9));

Ei —reduced expenditures connected with loading and
hauling operations as well as the mineral crushing (13), (20),
and (25) formulae);

dw — a well diameter, mm;

7ne — Volume weight of the applied E, kg/m?3;

L. and l;s — borehole charge length and inertial stemming
length, m, respectively.

Figure 10 explains a structural scheme of the model
implementation.

The represented model to select optimal DB parameters
will be implemented in the algorithm controlling a complex
of the operations in terms of a criterion of minimum total
expenditures connected with the basic technological proces-
ses of open-pit hard rock mining.

4, Conclusions

The statistical analysis of operating costs in the process
of roller-bit drilling rig and loading shovel operation has
been performed relying upon the objective information ob-
tained using the developed automation devices.

A function of the total costs for DB operations depending
upon the applied parameters under the specific mining and
geological conditions has been defined.

A function of the total costs for loading-unloading-
hoisting operation as well as rock mass crushing depending
upon its forecasted fragmentation quality while implement-
ing different DB parameters has been determined.

Statistical studies of natural blockiness of rock, being
blasted in granite open pits producing gravel, have been
carried out. In this context, sample representativeness was
provided owing to the use of the applied device helping rec-
ord fissuring on the pressure drop within a hydraulic system
of roller-bit drilling rig.

Statistical distributions of natural rock blockiness have
been compiled on the height of each bar, taking into consid-
eration its location, as well as throughout the well length. It
has been proposed to approximate them with the help of two-
parameter G-distribution.

32

f
0 % Gi On
!
ahy | azbp ajh; w | Qinbim g
' v ' !
EDr,ij QDr‘ij Ef,i E?Tt Emi
' ' I
Eiw,jj
¢
v
22E;
ij
!
'
E:%‘%‘E”"'IZE
Emin

.

Optimal blasting
parameters

Figure 10. Logical diagram to optimize DB operations in open pits

It has been identified visually that the assumed G-dis-
tribution has the closest correlation with the statistical block-
iness distribution while measuring throughout the well depth;
the abovementioned is also processible during observations.
The measurement type has been approved for further studies.

A method has been proposed to transform distribution
function of natural rock blockiness into the forecasted func-
tion of distribution of granulometric composition of rock
mass obtained while the formation fragmenting using DB
operations according to the approved schedule. On the basis
of the method, statistical dependence between average rock
size and blasting conditions has been defined.

Economic and mathematical model of the total reduced
expenditures, connected with whole mining cycle, has been
compiled inclusive of a target function and set of constraints.

Logical diagram to select optimum DB parameters in
terms of minimum total costs has been proposed.

In the long run, the logical diagram will be used as the
basis of an algorithm for optimum control of DB complex in
terms of various rock strength parameters.
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MartemMaTH4YHa MO/eJIb ONITUMI3anii OyponiapuBHUX podiT npn

BiAKpHUTiil po3podui pogoBHI CKeJILHAX KOPHCHUX KONATHH

I1. llep6akoB, C. Tumuenko, M. bitimbaeB, H. Capubaes, C. Monnabaes

Merta. BusnauenHst QyHKIii mpuBeeHIX BUTpAT Ha OypOIiAPHMBHI, BAHTAXKHO-TPAHCIIOPTHI POOOTH 1 MeXaHIuHe IpOOIEHHS 3aJIe)KHO
BiJl BapTOCTi MAIIMHO-3MIiHM 3aCTOCOBYBAHOTO TEXHIYHOIO 3aco0y, peXHMIB HOro ekcrulyaramii, MiIIHOCTI MiIpUBAEMHX TOPIiJ, BapTOCTi
3aCTOCOBYBaHOI BUOYXOBOI pPEUOBHHH Ta SIKOCTi JPOOJICHHS TipHUYO0i MacH Ha OCHOBI PO3pPO0OJICHOT MaTeMaTHYHOT MOZIEINI ONTUMI3allii.

MeToanka. 3aCTOCOBaHO METOJ] CTATUCTUYHOI OLIHKH MPUPOHOT GIOYHOCTI CKENbHOT MOPOM Ta SIKOCTI ii ApOOJIeHHs eHeprielo BUOY-
Xy. BUKOHaHO CTaTUCTHYHI JOCIIKEHHS! OCHOBHUX MMOKa3HHKIB MPOLIECY MEXaHIYHOro APOOJICHHs FipHHYOI MacH pi3HOT KPyMHOCTI i Mill-
HOCTI CKJIafOBHX II IIMAaTKiB. 3a JOMOMOTIOIO CIHENiaJIbHO PO3pOOIEHOro 3paska eKCIEepHMEHTATEHOTO O0JaqHAHHS MPOBEIeHI BHOIPKOBI
JIOCITIPKEHHS TPIIIMHYBATOCTI TOPOAH B MpoIieci 11 OypiHHS MapOIIeYHHM BEPCTATOM, IO 3a0€3MEeUYHII0 PEeNPE3eHTATHBHICTh BUOIPKH.

PesyabraT. CKi1a/IeHO CTaTUCTHYHI PO3MOALTN OJIOYHOCTI HOPO/IH 3a JOBXKHHOK KOXHOI ITAHTU 3 ypaXyBaHHAM i1 MOJIOKEHHS B Oy-
POBOMY CTaBi, a TAKOX 32 TIHOMHOIO CBEPAJIOBUHU. BCTAHOBICHO Bi3yalbHUM TMOPIBHSIHHAM €KCHEPUMEHTAJIBHNX 1 TEOPETHYHHX JAHUX, IO
CTaTHCTUYHI PO3MOITY MPHUPOIHOI GIOYHOCTI MOPOIH TICHO KOPETIOIOTh 3 raMMa-po3moniiioM, qudepeniiaibHa QyHKIlsS SKOro Mae 1Ba
JIOIaTHUX IapaMeTpa. BcTaHoBIGHA CTATHCTHYHA 3aJICXKHICTh MK pe3yibTaTaMu OypomiApUBHUX POOIT i CyMapHUMH BUTpaTaMH Ha BHJIO-
OYTOK CKENTbHUX KOPUCHUX KOTIAIHH.

HaykoBa HoBH3HA. 3ampornoOHOBaHO MOHSTTS KoedilieHTa qpobiieHHs HerabapuTy Ta OTpUMaHa HOro CTaTHCTHYHA 3aJI€XKHICTh BiJ Mill-
HOCTI po3po0IIsieMoi TIOPOAN i MUTOMOI BUTPATH 3aCTOCOBAHOI BHOYXOBOi pEYOBHHU. 3allpOIIOHOBAHO BapiaHT 3MiHU IapaMeTpiB AudepeH-
nianbHOI (QYHKIIT IPUHHATOTO0 TaMMa-pO3MOALTY CTOCOBHO IIPOTHO30BAHOTO TPAHYJIOMETPUYHOMY CKIIAIy TipHHYOI MacH.
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IMpakTnuna 3HaYUMicTh. CKIIaICHO €KOHOMIKO-MaTeMaTHYHy MOJIEIb, 110 BKIIIOYAE LiIbOBY (YHKIIIO CyMapHHX BUTpAT Ha 3a3Ha4YeHi
BUPOOHUYI MPOLIECH, a TAKOXK CHUCTEMY OOMEXKEHb, 1[0 BUKIIOYAIOTh HEKOPEKTHI pilieHHs. MeTox ontuMisanii 103BoJIsi€ yIPABISTH Mapa-
MeTpaMHu OypoIiAPUBHUX POOIT HAa KOXKHOMY €Talll BiZIPALOBAaHHS POJOBHUIIA CKEIIBHIX KOPUCHUX KOIAJIHH.

Knrwuosi cnosa: : kap 'ep, exckagamop, npoOyKmMuGHICmy, SpanyioMempuyHull CKIao, 2ipHuua maca, memoo onmumizayii

MatemaTH4eckast MoAeJdb ONTUMH3AIUH OYyPOB3PLIBHBIX PadoT NpH
OTKPBITOIi pa3padoTke MeCTOPOAKICHMI CKAJbLHBIX M0JIe3HbIX HCKOMAaeMbIX

I1. llep6akos, C. Tumuenko, M. butumbaes, H. Capsibaes, C. Mongabacs

Leas. Onpenenenne GyHKINH IPUBEICHHBIX 3aTpaT Ha OypOB3PHIBHBIC, TOTPY309HO-TPAHCIOPTHEIE PA0OTHl M MEXaHWYEcKoe Ipoliie-
HHE B 3aBUCHMOCTHU OT CTOMMOCTH MAIIMHO-CMEHbI IIPUMEHAEMOT0 TEXHUUECKOTO CPEICTBA, PEKHUMOB €r0 3KCIUTyaTalluH, KPEOCTH B3PHI-
BAEMBIX MOPOJ, CTOMMOCTH NIPUMEHSIEMOT0 B3PBIBUATOIO BEIIECTBA U KauecTBa APOOJIEHHUs TOPHON MacChl HA OCHOBE pa3pabOTaHHOM MaTe-
MaTHYECKOH MOJIENH ONTUMH3AIINY.

Metoauka. [IpuMeHeH METoA CTAaTUCTUYECKON OIIEHKH €CTECTBEHHON OOYHOCTH CKAJIbHOM MOPOJBI U KadecTBa ee IpOoOICHUs SHEPTH-
eif B3pbIBa. BEHIMOIHEHB! cTaTHCTHYECKUE HCCIIEIOBAHUS OCHOBHBIX ITOKa3aTeNlel Ipolecca MEXaHHIeCKOro IpOoOIeH s TOPHOIT Macchl pas-
JMYHON KPYITHOCTH M KPEMOCTH COCTAaBILIIONIMX €€ KycKoB. C IIOMOIIBIO CHEIHaNbHO pa3paboTaHHOro oOpasia SKCIepUMEHTAILHOTO 000-
PYZOBaHHS IPOBEICHB! BHIOOPOYHBIE MCCIICIOBAHNS TPEIIMHOBATOCTH ITOPOAEI B TIpoIiecce ee OypeHHs MapoIeYHbIM CTaHKOM, 4TO obecrie-
YHJIO PETPE3eHTaTUBHOCTD BHIOOPKH.

Pe3yabTaThl. CoCcTaBIEHBI CTATUCTUYECKUE PACTIPEAENICHUS OIOYHOCTH TOPOABI IO UIMHE KaXkKAOW IITAHTH C YIETOM €€ IOJIOKEHHUS B
OypOBOM cTaBe, a TAKXKE 110 TTyOHHE CKBaXXMHBI. Y CTAHOBJICHO BHU3YalIbHBIM CPAaBHEHHEM 3KCHEPUMEHTAIBHBIX U TEOPETHYECKHX JAHHBIX,
YTO CTaTHCTUYECKHE PACIPEeTICHHs eCTECTBEHHON OOYHOCTH MOPOJBI TECHO KOPPETIHUPYIOT ¢ TaMMa-pacipeeneHueM, auddepeHnnans-
Hast GyHKIUSI KOTOPOTO MMEET JIBa MOJIOKUTENBHBIX apaMeTpa. Y CTAaHOBJIEHA CTATHCTHYECKas 3aBUCHMOCTb MEXAY Pe3ylbTaTaMy MpOou3-
BOJICTBa OypOB3PHIBHBIX PA0OT M CyMMapHBIMH 3aTpaTaMy Ha JOOBITY CKaJbHBIX IOJIC3HBIX HCKOITAeMBIX.

Hayunas HoBu3Ha. BeneHo nonstre ko3 puurenTa Apo0ieHns Heradbapyra H MOJIydeHa ero CTaTHCTHYECKasl 3aBUCHMOCTD OT KpeIto-
CTH pa3pabaThiBacMOl MMOPOABI U YASIBHOTO PAacXoja IMPUMEHSIEMOr0 B3pEIBYATOTO BelecTBa. [IpeanokeH BapHaHT H3MEHEHUs TapaMeTpoB
muddepeHIMAIBEHON (QYHKINH NPUHATOTO raMMa-paclpeielieHUss NPUMEHHUTEIBHO K IPOTHO3UPYEMOMY I'PaHYJIOMETPHYECKOMY COCTaBy
TOPHOW Macchl.

IIpakTnyeckas 3HaUMMOCTb. CocTaBlieHa YKOHOMHIKO-MaTeMaTHdecKas MOJIENb, BKIFOYAIONIAs IENeByI0 (DYHKIHIO CyMMAapHBIX 3aTpatr
Ha yKa3aHHBIEC IPOU3BOJCTBEHHBIC TIPOLIECCHI, a TAKKEe CHCTEMY OrPaHMYCHHUH, NCKIFOYAIONINE HEKOPPEKTHBIEC PEIleHHs. MeToa ONTHMH3aiN
TIO3BOJISIET YIIPABIIATH apaMeTpaMu OypOB3pBIBHBIX PabOT Ha KaXJOM 3Tare 0TPabOTKH MECTOPOKICHHUS CKAIbHOTO MOJIE3HOTO HCKOMaeMOro.

Kniwoueswie cnosa: xapwvep, sxckasamop, npou3eo0umenbHOCmb, 2PAHYIOMEMpPUIecKull COCmMag, 20pHas Macca

34



