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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 

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 

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 m3 of 

rock mass being mined are: 

dr dr
dr

bl l

C N
E

V K


=


,              (1) 

where: 

Cdr – machine-shift cost of the applied drill rig opera-

tion, UAH; 

Ndr – number of the machine-shifts required to drill the 

block of rocks to be blasted; 

Vbl – block volume, m3; 

Kl – rock mass fragmentation index. 

In this context: 

w w
dr

dr sh

l N
N

P T


=


,              (2) 

where: 
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lw – well depth, m; 

Pdr – drill rig efficiency, m/h; 

Tsh – shift duration, h; 

Nw – number of wells from the rock block. 

( )
bl

w
l

V
N

a b h
=

 
,             (3) 

where: 

(a×b) – the assumed parameters of well distribution, m×m; 

hl – 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: 

1

2dr

k pn
P

df
= ,              (4) 

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; 

k1 – dimension coefficient. 

Taking into consideration (1-4), the reduced expenditures 

connected with drilling operations are determined as follows: 

( )

2

1

dr w
dr

l l sh

C f l d
E

K k a b h T pn

 
=

    
.           (5) 

The reduced costs for blasting operations are: 

( )
1

im he ov ov
bl l

E C Q C V
V K

= +


,            (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/m3; 

Vov – oversize amount within the blasted rock mass, m3. 

In this context: 

0.001 bl lQ gV K=  and 

3

md
ov bl l

ov

d
V V K

d

 
=  

 
,          (7) 

where: 

g – specific E consumption, kg/m3; 

dmd – average rock within the blasted  rock mass, m; 

dov – oversize dimension, m. 

30.8ov sd V= ,              (8) 

where: 

Vs – shovel size, m3. 

Taking into consideration (6-8), the reduced expendi-

tures, connected with blasting operations, are determined as 

follows: 

32
0.001 md

iw he ov
s

d
E C g C

V
= + .            (9) 

The reduced costs for the blasted rock mass loading using 

single bucket excavator are: 

f f
f

bl l

C N
E

V K


=


,            (10) 

where: 

Cf – cost of machine-shift of the applied excavator opera-

tion, UAH; 

Nf – number of machine-shifts to load the blasted rock 

block. 

bl l
f

s sh

V K
N

P T
=


,            (11) 

where: 

Ps – applied excavator efficiency, m3/h. 

According to [3], [5], [18], [19] and [20], we have: 

2

2

1

md

ov

t f u
s

d

d
l

P K K
P

e K

 
 
 

=
 
 
 +
 
 
 

,           (12) 

where: 

Pt – theoretical efficiency of the excavator, m3/h; 

Kf – bucket fill factor; 

Ku – 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

2

md

ov

d

d
l u

f f
t ov sh

e K K

E C
P K T

 
 
 

 
 
 +
 
 
 

= 
 

.          (13) 

The reduced costs for rock mass transportation by means 

of vehicles are: 

T T
T

bl l

C N
E

V K


=


,            (14) 

where: 

CT and NT – costs of machine-shift of a dumper operation 

and their required number to transport rock mass of the blas-

ted block respectively: 

bl l
T

T

v K
N

P

 
= ,           (15) 

where: 

  – volume weight of the rock mass, t/m3; 

PT – dumper efficiency per shift, t/s. 

sh
T

fl

G T
P

t


= ,            (16) 

where: 

G – weight of rock mass transported per trip not excee-

ding the dumper capacity, t; 

tf – trip time, h. 
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fl l dt t t= + ,            (17) 

where: 

tl and td – loading time and travel time of the dumper  

respectively, h. 

l
s

G
t

P 
=


.            (18) 

Hence, 

fl d
s

G
t t

P 
= +


.            (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

1 2

2

md

ov

d

d
l t f u d

T T
t f sh u

G e K P K K t

E C
GP K T K



 
 
 

 
 
 + +
 
 
 

=  .        (20) 

The reduced costs for the mineral crushing are: 

cr cr
cr

bl l

C N
E

V K


=


,            (21) 

where: 

Ccr and Ncr – 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. 

bl l
cr

cr sh

V K
N

P T

 
=


,           (22) 

where: 

Pcr – technical performance of the applied mill, t/s; 

cr u crP P K=  ,            (23) 

where: 

Pu – design capacity of the applied mill; 

Kcr – 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: 

6410 md mdd d f
crK e

−− 
= .           (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: 

6410 md mdd d f

cr cr
p sh

e
E C

P T


−

= 


.          (25) 

 

 

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. 

 

 

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. 
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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; 0.4 0.4; 0.8 0.8; 1.2 1.2; 1.6 1.6; 2.0 2.0; 2.4 2.4; 2.8 2.8; 3.2 3.2; 3.6 
9

1i=


 

ix  0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0 3.4  

lu 
ni 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 

lb 
ni 1 26 28 19 14 12 10 6 4 120 

mi 0.01 0.22 0.23 0.16 0.12 0.1 0.08 0.05 0.03 1.0 

l 
ni 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; 

ix  – centres of the intervals; 

lu, lb, l – measurements on the upper bar, lower bar, and well length respectively; 

ni, mi – variants and frequencies.  
 

Table 2 explains basic characteristics of the distributions.  

Table 2. Evaluations of the statistical distributions 

Measurement 

type 

Sample 

volume, n 

Mathematical 

expectation, М(х) 

Standard 

deviation, (x) 

lu 180 1.0 0.76 

lb 120 1.5 0.84 

l 300 1.2 0.91 

 

As it follows from Table 2, sample volume in terms of lu 

measurement is more than in terms of lb. 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 (l), 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. 
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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 

divides the hard rock mass [27]. A form of the frequency pol-

ygon to measure lu resembles exponential curve; in turn, fre-

quency polygons for lb and l 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: 

( )

( )
1

0 0

0x

at x

f x
x e at x


 

 

− −




= 




,         (26) 

where: 

α and β – positive parameters; 

Γ(α) – Euler Gamma function ( ) 1

0

xx e dx 


− −=  . 

It should be mentioned that ( )
( )

1

1Г


 



−
=

−
; moreo-

ver, if α is a positive integer then ( ) !  = . In this context, 

( )1 1 = . 

If α =1 and β = 1/λ then we will obtain exponential distri-

bution of a random x value with the density: 

( )
0

0 0

xe at x
f x

at x

 − 
= 



,          (27) 

where: 

λ – 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 (lb), apply (27) formula, if М(х) = 1 and λ = 1 
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(M(x) = 1/λ is for exponential distribution). When x ≥ 0,  

we have: 

( ) xf 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 

xi  0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0 3.4 

( )if x  0.82 0.55 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). 
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density value f(x); 2 – polygon of relative frequencies Wi 

To perform measurements within the lower bench share 

(lb), apply (26) formula and following ratios: 

( )M x = , ( ) 2D x = .          (29) 

While solving simultaneously the equations for 

М(х) = 1.5 and σ = 0.84 (Table 2), we find that α = 3.2. As-

sume integer value α = 3; then, β = 0.5. Taking into considera-

tion the parameter values, distribution density is as follows: 

( ) 2 24 xf x x e−= .            (30) 

Table 4 shows values of the function.  

Figure 6 demonstrates the represented function graph to-

gether with the polygon of relative frequencies. 
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Figure 6. Graphs of natural rock blockiness distribution for lb: 1 –

 density value f(x); 2 – polygon of relative frequencies Wi 

Measurements throughout the well length (l) are per-

formed as follows. While solving simultaneously (28) equa-

tion for М (х) = 1.2 and σ = 0.91 (Table 2), we find that 

α = 1.74. Apply α = 2; then β = 0.6.  

In this context, distribution density is: 

( ) 1.672.78 xf x xe−= .           (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 lb is measured 

xi  0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0 3.4 

( )f xi  0.11 0.43 0.54 0.48 0.35 0.23 0.15 0.09 0.05 

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

xi  0.2 0.6 1.0 1.4 1.8 2.2 2.6 3.0 3.4 

( )f xi  0.4 0.61 0.53 0.37 0.25 0.15 0.09 0.06 0.03 
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Figure 7. Graph of rock natural blockiness distribution to observe l: 

1 – density value f(x); 2 – relative frequency polygon Wi 

Visual comparison of Figures 3, 4, and 5 makes it possi-

ble to conclude that statistical distribution of natural blocki-

ness within the hard rock mass can be simulated in the clos-

est manner by means of the differential function throughout 

the well length (l). Relying upon the fact and serving the 

engineering acceptability of statistical evaluation of rock 

blastability, consider use of mathematical modeling only 

from the viewpoint of the mined block height (l) [29]. In this 

context, distribution density is as follows: 

( )
2

1
x

f x xe 



−

= .           (32) 

Forecast the content of oversize natural blocks within the 

rock, i.e.: 
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2
0

1
1

H
x

d

H xe dx


−

= −  ,           (33) 

where: 

ΔH – content of natural oversize blocks; 

dH – dimensions of a block considered as the oversize one 

depending upon the applied mining and hoisting facilities. 

While integrating by parts (7), we determine: 

( )
2

1
1

x

H He d  


− 
 = + + −
 
 
 

.          (34) 

It is customary to mining that 30.8H shd V= , where Vsh is 

bucket capacity of loading shovel; in term of a crawler mount-

ed mining shovel -4,6, it is dH = 1.3 m; then, ΔH = 0.37 or 37%. 

Oversize content within the blasted rock mass H  was 

evaluated on those rock blocks where natural blockiness was 

observed statistically. As a result, KH (i.e. oversize crushabil-

ity factor) was determined in terms of each measurement: 

H
H

H

K





= .            (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: 

2
0.002H

f
K

g
= .            (36) 

Table 6 shows values of KH factor calculated using the for-

mula. Figure 8 demonstrates schematic graph of the function. 

Table 6. The calculated values of KH factor 

f 14 16 18 20 

g 0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0 0.4 0.6 0.8 1.0 

KH 0.17 0.08 0.04 0.03 0.2 0.09 0.05 0.03 0.23 0.1 0.06 0.04 0.25 0.11 0.08 0.04 
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Figure 8. Dependence graph of the oversize crushing factor of 

natural blockiness (KH) 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, КН = 0.053 (according to 36) and ΔH = 0.37; then, 

0.02H = . Apply H  instead of ΔH to (34): 

( )
1

0.02 1

Hd

He d  


− 
 = + + −
 
 
 

.         (37) 

Relative to β (if dH = 1.3), the equation solution helps de-

termine that its value is 0.22; i.e. β = 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: 

( )
( )

0.22
2

1

0.22

x

f x xe
−

= .           (38) 

Table 7 shows values calculated on the formula. 

Table 7. Values of differential function of rock mass granulo-

metric composition distribution 

x 0.2 0.6 1.0 1.4 1.8 2.2 

f(х) 1.67 0.81 0.21 0.05 0.01 0.002 

 

Figure 9 demonstrates a graph representing transition of 

natural rock blockiness (Table 7) to rock mass resulting from 

the rock blasting. 
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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. dmd = αβ. It has been defined 

during natural density of granite mass measuring on a well 

depth (l) that the most probable values of α parameter are 

within (1.65-2.3) interval. Using the a ccuracy, being toler-

able for mining, assume its integer value (α = 2) to simplify 

significantly subsequent calculations. β parameter is deter-

mined based on condition (34) for H estimated using (35) 

and (36) formulae. 

Integrally, economic and mathematical optimization 

model of DB complex is: 

ij i
i j i

E E E= +   ,           (39) 

where: 

minE →  if 
( )6

32

4 10 l l

w he

g a b h K
l

d 

 
 , lc = lw – lis,        (40) 

where: 

Eij – 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; 

γhe – volume weight of the applied E, kg/m3; 

Lc and lis – 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. 
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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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Математична модель оптимізації буропідривних робіт при 

відкритій розробці родовищ скельних корисних копалин 

П. Щербаков, С. Тимченко, М. Бітімбаєв, Н. Сарибаєв, С. Молдабаєв 

Мета. Визначення функції приведених витрат на буропідривні, вантажно-транспортні роботи і механічне дроблення залежно 

від вартості машино-зміни застосовуваного технічного засобу, режимів його експлуатації, міцності підриваємих порід, вартості 

застосовуваної вибухової речовини та якості дроблення гірничої маси на основі розробленої математичної моделі оптимізації. 

Методика. Застосовано метод статистичної оцінки природної блочності скельної породи та якості її дроблення енергією вибу-

ху. Виконано статистичні дослідження основних показників процесу механічного дроблення гірничої маси різної крупності й міц-

ності складових її шматків. За допомогою спеціально розробленого зразка експериментального обладнання проведені вибіркові 

дослідження тріщинуватості породи в процесі її буріння шарошечним верстатом, що забезпечило репрезентативність вибірки. 

Результати. Складено статистичні розподіли блочності породи за довжиною кожної штанги з урахуванням її положення в бу-

ровому ставі, а також за глибиною свердловини. Встановлено візуальним порівнянням експериментальних і теоретичних даних, що 

статистичні розподілу природної блочності породи тісно корелюють з гамма-розподілом, диференціальна функція якого має два 

додатних параметра. Встановлена статистична залежність між результатами буропідривних робіт і сумарними витратами на видо-

буток скельних корисних копалин. 

Наукова новизна. Запропоновано поняття коефіцієнта дроблення негабариту та отримана його статистична залежність від міц-

ності розробляємої породи і питомої витрати застосованої вибухової речовини. Запропоновано варіант зміни параметрів диферен-

ціальної функції прийнятого гамма-розподілу стосовно прогнозованого гранулометричному складу гірничої маси. 
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Практична значимість. Складено економіко-математичну модель, що включає цільову функцію сумарних витрат на зазначені 

виробничі процеси, а також систему обмежень, що виключають некоректні рішення. Метод оптимізації дозволяє управляти пара-

метрами буропідривних робіт на кожному етапі відпрацювання родовища скельних корисних копалин. 

Ключові слова: : кар’єр, екскаватор, продуктивність, гранулометричний склад, гірнича маса, метод оптимізації 

Математическая модель оптимизации буровзрывных работ при 

открытой разработке месторождений скальных полезных ископаемых 

П. Щербаков, С. Тимченко, М. Битимбаев, Н. Сарыбаев, С. Молдабаев 

Цель. Определение функции приведенных затрат на буровзрывные, погрузочно-транспортные работы и механическое дробле-

ние в зависимости от стоимости машино-смены применяемого технического средства, режимов его эксплуатации, крепости взры-

ваемых пород, стоимости применяемого взрывчатого вещества и качества дробления горной массы на основе разработанной мате-

матической модели оптимизации. 

Методика. Применен метод статистической оценки естественной блочности скальной породы и качества ее дробления энерги-

ей взрыва. Выполнены статистические исследования основных показателей процесса механического дробления горной массы раз-

личной крупности и крепости составляющих ее кусков. С помощью специально разработанного образца экспериментального обо-

рудования проведены выборочные исследования трещиноватости породы в процессе ее бурения шарошечным станком, что обеспе-

чило репрезентативность выборки. 

Результаты. Составлены статистические распределения блочности породы по длине каждой штанги с учетом ее положения в 

буровом ставе, а также по глубине скважины. Установлено визуальным сравнением экспериментальных и теоретических данных, 

что статистические распределения естественной блочности породы тесно коррелируют с гамма-распределением, дифференциаль-

ная функция которого имеет два положительных параметра. Установлена статистическая зависимость между результатами произ-

водства буровзрывных работ и суммарными затратами на добычу скальных полезных ископаемых. 

Научная новизна. Введено понятие коэффициента дробления негабарита и получена его статистическая зависимость от крепо-

сти разрабатываемой породы и удельного расхода применяемого взрывчатого вещества. Предложен вариант изменения параметров 

дифференциальной функции принятого гамма-распределения применительно к прогнозируемому гранулометрическому составу 

горной массы. 

Практическая значимость. Составлена экономико-математическая модель, включающая целевую функцию суммарных затрат 

на указанные производственные процессы, а также систему ограничений, исключающие некорректные решения. Метод оптимизации 

позволяет управлять параметрами буровзрывных работ на каждом этапе отработки месторождения скального полезного ископаемого. 

Ключевые слова: карьер, экскаватор, производительность, гранулометрический состав, горная масса 


