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Abstract. The selection of efficient drilling and blasting technology to achieve the required particle size distribution of 

blasted rock mass and reduce ore dilution is directly related to the accurate definition of rock mass properties. The 

zoning of the rock massif by its hardness, drillability and blastability does not consider the variability of the geological 

structure of the block for blasting, resulting in an overestimated specific consumption of explosives. The decision of 

this task is particularly urgent for enterprises developing deposits with a high degree of variability of geological struc-

ture, for example, at alluvial deposits. Explosives overconsumption causes non-optimal granulometric composition of 

the blasted rock mass for the given conditions and mining technology. It is required to define physical and mechanical 

properties of rocks at deposits with complex geological structure at each block prepared for blasting. The correlation 

between the physical and mechanical properties of these rocks and drilling parameters should be used for calculation. 

The relation determined by the developed method was verified in industrial conditions, and the granulometric composition 

of the blasted rock mass was measured by an indirect method based on excavator productivity. The results demonstrated 

an increase in excavation productivity, thus indicating the accuracy of given approach to the task of identifying the rocks 

of the blasted block.  
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Introduction. Open mining accounts for 70 % of all mineral deposits exploitation [1, 2]. As open-

cast mines get deeper, the rock strength coefficient increases, which results in the intensification of 

blasting operations and an increase in the costs of blasting [3]. It is worth mentioning that blast crushing 

is the first link in the chain of technological processes of mining production and represents about 30 % 

of the total costs of mineral extraction [4-6]. Therefore, it is essential to rationally distribute the blast 

energy to reduce the cost of drilling and blasting while providing the optimum granulometric composi-

tion of the blasted rock mass according to the extraction cost, that would maximize profits [7-10]. The 

above factors are set in the drilling and blasting parameters, their calculation takes into account the 

properties of the explosive materials and explosion object characteristics – the rock massif. The rock 

mass is characterized by physical and mechanical properties of its forming rocks and the degree of 

fracturing, that cause the strength properties of the destroyed object, which also affects the rational 

justification of the field development system [11]. 

Problem statement. One of the world key problems in the field of blasting is the uncertain 

structure of the blasted block, and consequently the inability to determine the physical and mechanical 

properties of the rocks forming the block. These properties directly influence the quality of crushing, and, 

as a result, the mining cost of the mineral. The study by S.N.Zharikov shows that a large explosive 
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reserve is put into the drilling and blasting parameters, which leads to overuse of explosives [12]. 

Therefore, identifying the block structure for blasting is an important task in terms of economics and 

rational use of resources. The resulting solution will be a rational distribution of the charge energy 

according to the physical and mechanical properties of the block's rocks.  

In case of open-pit mining, the calculation of blasting and drilling parameters is based on the 

volumetric hypothesis of S.Vauban, setting the correlation between the volume of the blasted block V 

and the amount of explosive required for this purpose Q [13]: 

,Q qV  

where q – specific consumption of the explosives, kg/m3.  

The explosive energy supplied to the rock, as is known, depends on the properties of the explo-

sives, the conditions and the properties of the rock. Consequently, the value of the charge can be 

expressed as a function of all variables influencing the quality of the explosion [14]: 

 с с, , , , , , ρ, , ,iQ f W H a l d E D c  

where W, H, a, lс, dс – geometrical parameters – line of least resistance (LLR), ledge height, charge 

spacing, charge length, charge diameter, respectively; E, ρ, D – the explosives parameters – weight 

power, density, detonation velocity, respectively; ci – coefficient of rock properties, charge  

location, etc.  

U.Langefors offered to change the volumetric concentration of energy in different parts of the 

borehole – for better development of the ledge bottom, the charge density in the lower part of the 

borehole should be increased by 60 % compared to the main part of the charge. He also suggests 

using the simplest explosives based on ammonium nitrate and oil additives as the main charge, and 

charging dynamites in the lower part, as these explosives have high water resistance, density and 

energy content. 

Langefors' method can be used in the explosion of a heterogeneous rock massif. Generating in 

different parts of the borehole explosive charges with different energy corresponding to physical and 

mechanical properties of rocks, it allows to rationally distribute the explosion energy in the blasted 

block and thus to ensure the optimal quality of crushing [15]. At that time, there were no technologies 

that would provide a quick way to determine rock formations of a block. It should be noted that the 

issue of rational distribution of explosion energy based on the physical and mechanical properties is 

not a novel one. In the 50-ies of the last century in the USA the explosive substances for the solution 

of this problem were developed. Their specific heat of explosion could be varied right at the time of 

charging through changing the density of explosives and the percentage ratio of components. These 

explosives are called “Slurry”. They are an aqueous liquid solution of an oxidizing agent (usually 

ammonium nitrate) acting as a solid or dispersing phase containing both excess solid oxidizer and 

sensitizing combustible additives dispersed in it [16, 17]. В.L.Baron and V.H.Kantor discuss the 

American company “Mc Kissick” charging machine, that prepares a mixture of ammonium nitrate 

and fuel oil (ANFO) with aluminum additive. The amount of the additive can be adjusted, and the 

supply can be started and stopped at any moment of charging the borehole [18]. This enables to create 

a charge with variable energy along the height of the ledge and widens the application of ANFO 

mixture. “Ireko Chemicals” charging machine, for charging water-containing explosives, is shown 

there. The machine allows to manage the volumetric concentration of the charge energy depending 

on the physical and mechanical properties of rocks. 

The Vauban hypothesis is the key to estimate the required amount of explosives in the borehole 

and for the entire block. The only major task is to identify the optimum specific consumption of 

explosives, which is the main energy indicator of blasting. 

B.N.Kutuzov also suggested to calculate the specific design consumption on the basis of the 

reference for a given rock type at the charge diameter of 200-250 mm [19]: 
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 ref
des

ρ
,

2,6

dq ek
q   (1) 

where qref – reference specific consumption for a given rock massif, defined according to experimental 

explosions and considering physical-mechanical properties of rocks and fracturing of the given mas-

sif; e – performance factor of the explosives; kd – correction factor for the standard block size;  

ρ – rock density.  

The following physical and mechanical properties of rocks are taken into account in formula (1): 

uniaxial compressive strength of the rock sample through the reference specific consumption and 

rock density. Structural weakness of the massif due to fracturing is also accounted. The value of the 

reference specific consumption is not a constant, since the physical and mechanical properties of rocks 

and fracturing of massifs with different genesis and the same petrographic composition can differ. 

V.V.Rzhevskii offered to compute the reference specific consumption for crushing a rock massif 

as follows [20]: 

  ref m compr tens sh0.1 σ σ σ 40ρ,q k     (2) 

where km – coefficient related to fracturing of the massif; σcompr – compressive strength; σtens – tension 

strength; σsh – shear strength; ρ – rock density. 

The calculation formula for the design specific consumption by V.V. Rzhevskii method is related 

to the calculation of consumption through the reference flow [21]: 

des ref expl d m с v o.a ,q q K K K K K K  

where Kexpl – coefficient, considering the type of explosives; Kd – coefficient considering borehole di-

ameter; Km – coefficient considering massif fracturing; Kс – coefficient considering the actual shape 

and concentration of the charge; Kv – coefficient considering volume of blasted rock; Ko.a – coefficient 

considering the number of open air. 

The formula developed by “Giproruda” (Russian mining enterprise) is quite similar to the for-

mula of V.V.Rzhevskii, as the reference for this type of rocks is used to calculate the design specific 

consumption rate [19]: 

des ref expl d cr ,bq q K K K K  

where Kcr – coefficient considering the degree of crushing; Kb – coefficient considering the borehole 

deviation.  

The “Soyuzvzryvprom” (a leading organization for drilling and blasting operations) formula  

considers rock strength directly, and fracturing – through the average size of a piece in the massif [13]: 

 
0.4

0.25 3 3

des с 0 expl

s

0.5
0.13ρ 0.6 3.3 10 10 ,q f d d K

d

  
    

 
 

where dc – charge diameter, mm; d0 – average size of a piece in the massif, m; ds – size of the standard 

piece in the rock mass breakdown, m.  

The physical sense of the specific consumption of explosives is that it represents the specific energy 

consumption of explosives for crushing of a given rock massif [21]:  

expl ,e qE  

where E – explosive energy of 1 kg explosives, kJ/kg.  

Analyzing the presented formulas of specific consumption, it can be observed that three of these 

formulas include the type of explosives through the relative workability coefficient [22]: 

ref
expl

expl

,
E

K
E

  

where Eexpl, Eref – explosion energy of 1 kg of used and reference explosives, respectively. 
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Then, if you know the reference energy consumption for crushing of 1 m3 of rocks, you can 

identify its specific consumption according to the energy characteristics of the explosives. That, in 

turn, will make it possible to change the volumetric concentration of energy at different depths of the 

borehole in accordance with the physical and mechanical properties of the rocks at a given depth.  

M.F.Drukovanyi et al. proposed to apply the weighted average value of specific consumption, 

defined in accordance with the thickness of each layer, for calculations of charges in a layered massif : 

1 1 2 2 3 3

1 2 3

,
q H q H q H

q
H H H

 


 
 

where q1, q2, q3 – specific consumption of explosives for rocks of the first, second and third layers, 

respectively; H1, H2, H3 – capacity of each layer.  

This relation may be applicable for deposits where the layering is rather precisely defined by 

rock outcrops on the free surfaces of the block. For those massifs where the structure is not constant 

and changes within a small area of the blasted block, it is not reasonable to apply the formula  

of M.F.Drukovanyi et al. Consequently, we face the following challenge: how to determine  

the geological structure of the blasted block and the physical and mechanical properties of the 

rocks composing this block. 

The existing dependencies do not allow us to establish reference specific energy inputs for each 

type of rock of a particular deposit. Actually, formula (2) is based on the assumption that compression, 

tension and shear loads play the equal role during rock explosion. However, modern concepts of physics 

of rock fracture during explosion indicate the prevailing tension load. Also, this fact is applicable only 

for monolithic pure objects, as rock massifs are not. This means that the reference specific energy con-

sumption for rock crushing by explosion can be determined only experimentally, and these values will 

be valid just for the studied deposit rocks. Nevertheless, regardless of the reference specific energy 

consumption values for rock crushing by explosion, the task of structure determination of the block for 

explosion is still unsolved (specific explosive consumption).  

Now we will take a look at the technological parameters showing the complex of physical-me-

chanical properties of rocks. 

As it is well-known, the rock strength coefficient of M.M.Protodyakonov is used for relative 

assessment of the rock fracture resistance [23]: 

 comprσ
,

10
f   (3) 

where σcompr – compression strength, MPa. 

This coefficient is a criterion for relative assessment of rock properties, and its value is correct 

only for rocks of a particular deposit where the assessment was performed. 

Drillability classifications are used for classification of rocks by difficulty of destruction.  

A series of classifications is developed on the basis of drilling time of a linear meter of borehole, 

drilling complexity (dimensionless coefficient), specific energy consumption [24]. The existence 

of different classifications for the same process indicates both the complexity of the problem and the 

incompleteness of its solution. It is impractical to compare the scales based on drilling time, as different 

machines are applied. In the classification according to Building Code and Regulations-82 – drilling 

hammer PR-30 is for all rocks, and in the Unified Classification of Drillability for rocks up  

to 11 categories the machine tool SBR-160 (rock drilling machine) is used, from 12 and above – 

SBSh-250 (rotary drilling rig).  

                                                      
 Drukovanyi M.F., Dubnov L.V., Ivanov K.I. et al. Drilling and Blasting Manual. Moscow: Nedra, 1976, p. 631.  
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There is a general classification of blastability for rock evaluation according to the required amount of 

explosives for crushing, developed by B.N.Kutuzov and V.F.Pluzhnikov for standard conditions (ledge 

height 12-15 m, borehole diameter about 250 mm, explosives – grammonite 79/21, initiation scheme – 

diagonal with short-delayed explosion), at explosion the yield of coarse fraction (more than 1000 mm) is 

close to zero. Consequently, the values of specific consumption for each explosivity category were 

determined, and the classification also includes fracturing and the content in the massif of separates 

greater than 500 mm and greater than 1500 mm. This classification has two disadvantages – a large 

range of specific consumption values for the same category and the correspondence of several cate-

gories of drillability for one category of blastability. Table 1 demonstrates the correspondence of the 

three categories. 

 
 Table 1 
 

Summary table of rock classifications by strength, drillability and blastability 
 

Tensile strength uniaxial  

compression, Pa·105 

Strength coefficient according  

to the scale M.M.Protodyakonov 

Drillability index  

(Unified production  
standards, USSR) 

Blastability index  
according to B.N.Kutuzov  

and V.F.Pluzhnikov 

100-300 1-3 V-VII I 

200-450 2-5 VII-X II 

300-650 3-7 IX-XII III 

500-800 5-8 XI-XIII IV 

700-1200 7-12 XIII-XV V 

1100-1600 11-16 XIV-XVI VI 

1450-2050 15-20 XV-XVIII VII 

1950-2500 20 XVII-XX VIII 

2350-3000 20 XIX-XX IX 

2850 and more 20 XX X 

 
The massif zoning by blastability, drillability, rock strength categories, i.e. in fact by physical 

and mechanical properties of rocks and fracturing of the massif, is required for making optimal deci-

sions on mining planning. However, all the ways of zoning are based on direct contact with the array 

of explosives or photography of ledges, open pit sides. Meanwhile, none of the methods may provide 

an idea of physical and mechanical properties of rocks directly. Due to the fact that the scales of 

drillability, blastability and strength are incomplete, the properties of rocks should be determined on 

the blasted block with certain tools. 

Laboratory tests based on the samples collected from the coring of rock massifs help to identify 

the physical and mechanical properties of rocks with sufficient accuracy [25]. Currently, rock samples 

make it possible to obtain a large amount of data that help to design drilling and blasting operations. 

The main disadvantage of this method is the great time spent from the moment of sampling to obtaining 

information. Besides, it is necessary to carefully polish the end surfaces, their parallelism and mono-

lithicity of the samples are required [26]. On top of that, it is required to ensure the safety of core 

samples during removal and transportation. According to the standards, a high volume of material by 

weight and length is demanded, that is not always feasible [26].  

The proposed solution to this task is the testing of irregular-shaped rock samples by compressing 

them with spherical indenters, developed at the St. Petersburg Mining University [27]. The main idea 

is to fix the destructive force and measure the surface area of the break and the fractured rock zones in 

                                                      
 Kutuzov B.N. Methods of blasting. Part 1. Destruction of rocks by explosion. Moscow: Mining Book, 2007, p. 471. 
 Trubetskoy K.N., Potapov M.G., Vinitsky K.E. et al. Open-pit mining operations. Moscow: Bureau of Mines, 1994, p. 590.  
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contact with the indentors. Such tests do not require properly shaped samples, reducing the time and 

cost. Studies have shown the validity of this method – the variation between cylindrical and irregu-

larly shaped samples is not great. However, it still demands appropriate equipment, manpower, and 

the processing of a large amount of data.  

One promising approach to define physical and mechanical properties of rocks and rock fractur-

ing is the MWD (measurement while drilling) technology [28-31]. The main idea of the technology 

is to measure drilling parameters, such as feed pressure, pressure on the rotator, energy characteristics 

of the corresponding units, drilling speed, etc. To get data on rock properties, no special equipment 

(except for the one installed on the drilling machine) and properly trained people are required. Data 

interpretation is accomplished with computer programs that calculate drilling and blasting parameters 

based on the defined patterns.  

The first time this technology was used in 1911 in the oil industry, and only in the 1970s it was 

introduced in the mining industry. Classification of rocks according to their specific mechanical drill-

ing energy was suggested by R.Teale, who worked out formulas for calculating this energy for dif-

ferent drilling methods [32]. The equations consider the load on the drill bit, bit rotation speed, its 

torque and drilling speed.  

H.Schunnesson showed that drilling parameters may be applied to assess the physical and me-

chanical properties of rocks if these properties differ significantly, i.e. the geological structure 

changes [33, 34]. 

I.E.Dolgiy and N.I.Nikolaev claim that in drilling the energy spent on destruction is deter-

mined by the total set of physical and mechanical properties of rocks, and propose to evaluate rocks 

by specific volumetric work of destruction [35]. 

I.A.Tangaev developed a classification of rocks by drillability, suggesting to estimate rocks by 

their specific energy consumption of drilling with a roller cone method [36]: 

,
N

e
v

  

where N – rotator power, kW; v – drilling speed.  

Since physical and mechanical properties of rocks, both on samples and by geophysical methods, 

are extremely labor-intensive and require special conditions, MWD technology is the best way to 

solve the issue of rock identification [32].  

Rock identification algorithm: 

• identify the rock types composing the massif of the given deposit; 

• determine physical and mechanical properties of these rocks in a laboratory using samples; 

• get correlation dependence between drilling parameters and physical and mechanical properties 

of rocks; 

• determine the specific energy consumption for blast crushing of each rock type. 

Methods. In order to define the relation between drilling parameters and physical and mechanical 

properties of the Kuranakh ore field rocks, the following technique was developed: 

• The geological service picks one or more technological blocks that, in the opinion of the geol-

ogist, correspond to characteristic rock types composing the Kuranakh ore field deposit array.  

• While technological drilling, some parameters are analyzed starting from the depth of 4-5 m 

from the borehole mouth (drilling energy consumption, axial loads, technical drilling speed, etc.) 

according to the data of the onboard controller “Kobus”. 

• There are three or four boreholes with the same parameters (specific drilling energy consump-

tion is taken as a basis) for each characteristic rock type.  

• Close to the selected boreholes the exploration drilling is performed with sampling of core from 

a depth of 4-5 m from the mouth. The exploration borehole distance should not exceed 1 m. From 
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each exploration well 1-1.5 m of core of one rock type is taken. For each rock type, at least 3 m of 

core is sampled.  

A Boart Longyear LV 75 crawler-mounted core drilling machine was applied in geological explo-

ration. It can drill boreholes with a diameter of 108 mm (outer pipe diameter) and obtain a core with a 

diameter of 67 mm. The core was collected in accordance with the State Standard 12071 “Soils. Selec-

tion, packing, transportation and storage of samples”. Each selected sample was put in a stretch wrap 

to protect it from moisture and labeled (name of the rock, depth and location of sampling). Simultane-

ously, there was a field log with more extensive description of each core meter. 

The Atlas Copco DML machine was applied for drilling technological boreholes, their diameter 

is 230 mm. The machine is equipped with a “Kobus” on-board controller, which is part of the Blast-

Maker software system that transmits information on drilling parameters in real time. New bits were 

used to exclude the influence of roller cone bits wear on drilling parameters.  

The following physical and mechanical properties were determined in a laboratory: uniaxial 

compression, tension strength, compression shear and density, in accordance with the relevant State 

Standard Specifications. While drilling technological boreholes, the color of cuttings, their moisture, 

various drilling sounds (knocking, scraping) were recorded.  

The results were approved by blasting the technological block. Specific energy consumption of 

drilling and drilling products (cuttings) were analyzed and identified based on the observation 

method.  

Based on the analysis of geological documentation, the following types of rocks characteristic 

of the studied deposit were identified: fine-grained dolomitized limestones; medium-grained dense 

dolomitized limestones; fine-grained sandstones; loams of different plasticity. The results of  

geological drilling are given in Table 2. The results of the obtained rock samples laboratory tests for 

uniaxial compression, tension and compression shear are presented in Table 3. 

 
Table 2 

 

Geological structure of the sites 
 

Engineering geological 

borehole 
Depth, m Capacity, m Short description of soils 

1 

0.0-1.7 1.7 Plastic sandy loam 

1.7-5.4 3.7 Brown-gray dolomitized limestone 

5.4-9.1 3.7 Crushed stone soil (limestone, up to 10 cm) 

9.1-9.5 0.4 Brown-gray dolomitized silicified limestone 

9.5-10.9 1.4 
Crushed stone soil (gray-brown rusty cavernous limestone, pieces up  
to 20 cm) 

10.9-14.0 3.1 Gray-brown rusty cavernous limestone (silicon dioxide) 

2 

0.0-4.9 4.9 
Heavy red-brown, soft-plastic loam (from 0.7 m up to 0.7 m tight-plastic), 

rusty 

4.9-8.0 3.1 
Brown dense water-saturated sand, heterogeneous, inclusions of fine gravel 

up to 10 % 

8.0-11.3 3.30 Heavy red-brown tight plastic loam 

11.3-14.0 2.7 Light brown tight plastic loam (to soft-plastic) 

14.0-15.0 1.0 Red-brown rusty cavernous limestone 

3 

0.0-1.0 1.0 Brown plastic sandy loam with crushed stone up to 25 % (sedimentary rocks) 

1.0-1.5 0.5 Crushed stone soil (up to 10 cm), sedimentary rocks – sandstone 

1.5-4.0 2.5 
Gray-brown fine-grained, weathered, weakly cemented rusty sandstone, 
RQD = 40 % 

4.0-5.0 1.0 Crushed stone soil (up to 20 cm) (sedimentary rocks – sandstone) 
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End of Table 2 

Engineering geological 

borehole 
Depth, m Capacity, m Short description of soils 

3 
5.0-13.5 8.5 

Gray-brown fine-grained sandstone, RQD = 40 %, from 10 m brown spots of 

iron formation up to 2 cm appeared, from 11 m caverns up to 0.5 cm occurred 

13.5-15.0 1.5 Crushed stone soil (sedimentary rock – sandstone) silicified up to 20 cm 

4 

0.0-1.2 1.2 
Heavy red-brown tight-plastic loam, rusty (inclusions of sedimentary  
rocks – 30 %) with frequent interlayers of brown sand up to 0.5-1 cm thick 

1.2-4.3 3.1 Crushed stone soil (gray limestone up to 10 cm) 

4.3-7.9 3.6 

Soft red-brown loam with frequent interlayers of red-brown sand up to 3 cm 

thick, inclusions of fine crushed sedimentary rocks up to 15 %, frozen 
ground 

7.9-9.9 2.0 
Crushed stone soil (light gray limestone up to 20 cm), light gray loam aggre-

gate up to 20 % 

9.9-15.0 5.1 
Brown-gray limestone, rusty dolomitized, RQD = 80 %, thin interlayers of 

quartzite 

 

 

 
 Table 3 

Test results of rock samples in uniaxial compression, tension and compression shearing 
 

Engineering geological 

borehole 
Soil type Sampling depth, m Density , g/cm3 compr, MPa tens, Mpa shear, MPa 

1 

Limestone 2.5-2.65 – – – 51.40 

–''– 3.5-3.7 2.49 105.5 11.65 – 

–''– 4.3-4.8 2.66 107.5 11.88 – 

–''– 5.0-5.15 2.28 66.3 6.5 – 

–''– 9.3-9.4 – – – 67.65 

–''– 11.3-11.65 2.15 19.1 1 – 

–''– 12.5-12.7 2.38 59.9 3 – 

–''– 12.7-13.0 2.6 73.8 3.55 46.66 

–''– 13.0-13.25 2.36 46.6 2.3 – 

2 Limestone 14.6-14.75 2.12 30.4 1.5 – 

3 

Sandstone 1.65-1.8 2.58 14.3 0.57 – 

–''– 1.8-2.0 2.58 19.3 0.77 – 

–''– 3.0-3.3 2.62 28.7 2.5 – 

–''– 3.5-3.8 2.25 28.7 – 6.22 

–''– 5.1-5.3 2.57 40.4 1.62 – 

–''– 5.5-5.7 2.54 36.6 1.46 – 

–''– 5.7-6.0 2.61 32.5 1.33 – 

–''– 7.0-7.3 2.32 47.9 4.57 35.67 

–''– 9.0-9.3 2.58 14.3 0.57 – 

–''– 9.6-9.7 2.61 14.6 0.6 – 

–''– 10.0-10.2 2.55 37.4 3.4 – 

–''– 10.2-10.4 2.35 37.4 – 21.93 

–''– 10.4-10.7 2.53 12.8 0.53 – 

–''– 11.5-11.7 2.58 32.5 2.1 – 

–''– 12.0-12.5 2.56 30.7 1.25 – 

–''– 13.1-13.25 – – 4.41 57.12 
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End of Table 3 

Engineering geological 
borehole 

Soil type Sampling depth, m Density , g/cm3 compr, MPa tens, Mpa shear, MPa 

4 

Limestone 12.0-12.15 – – 25.02 206.2 

–''– 12.5-12.7 2.59 94 3.9 – 

–''– 12.7-13.0 – – – 61.55 

–''– 13.0-13.2 2.62 95 4.2 – 

–''– 13.3-13.7 2.55 111.7 7.67 91.53 

–''– 14.65-15.0 2.63 69 2.8 – 

 

Before starting, the engineer-designer of drilling and blasting operation in the BlastMaker pro-

gram complex set the location of work sites (blocks) on the field plan and specified the number of 

boreholes for each block (Table 4). 

Figures 1, 2 present the drilling parameters 

recorded by the onboard controller and the distribution 

graph of specific energy consumption by the roller 

cone method. Figure 3, a shows the distribution of 

drilling energy consumption values, produced by the 

BlastMaker program, depending on the rock strength 

coefficient, received from the results of testing rock 

samples. The rock hardness coefficient was estimated 

by the formula (3) via the uniaxial compression 

strength of the sample. This distribution shows that a 

part of values is incorrect. The reason is the fact that 

drilling with a roller cone machine was performed on 

disturbed rocks. This phenomenon is caused by the ex-

treme variability of the Kuranakh ore field massif 

structure. Thus, the sampling was based on the results 

of observations, in particular, on drilling sludge. The 

acquired data set was processed by cluster analysis 

method with the ANN classifier. Cluster analysis pro-

vides a smaller amount of data for modeling [37], and 

the use of neural networks helps to “evolve” the mathe-

matical model as new data become available [38, 39]. 

Figure 3, b demonstrates the distribution of the filtered values and shows the correlation between 

the specific energy consumption of drilling and the hardness coefficient of the selected rocks . 

The graph (Fig.3, b) shows that the values of specific energy consumption of drilling by the roller 

cone method and rock hardness coefficient are approximated by a logarithmic function with a validity 

coefficient of 0.84:  

14.566ln 9.3502,E f   

where Е – specific drilling energy consumption in BlastMaker, MJ/m3; f – rock hardness coefficient. 

Then, the hardness coefficient can be calculated as: 

9.3502

14.566 .
E

f e


  

 

Engineering 
geological 

borehole 

The block  

number 
Borehole number 

1 5-550-1 

BLOCK-5-550-1-1 

BLOCK -5-550-1-2 

BLOCK -5-550-1-3 

2 5-550-2 

BLOCK -5-550-2-1 

BLOCK -5-550-2-2 

BLOCK -5-550-2-3 

BLOCK -5-550-2-4 

3 5-550-3 

BLOCK -5-550-3-1 

BLOCK -5-550-3-2 

BLOCK -5-550-3-3 

4 5-550-4 

BLOCK -5-550-4-1 

BLOCK -5-550-4-2 

BLOCK -5-550-4-3 

 

 
Table 4 

 

Correspondence of blocks and production wells  

to engineering geological boreholes 
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Data analysis revealed the following: 

• rock density does not affect the parameters of roller cone drilling; 

• the tension strength of the sample has an influence on the axial pressure values; 

• the number of rock sample compressive shear strength values is insufficient to reveal statisti-

cally significant correlation dependencies. 

Therefore, the specific energy consumption of drilling was taken as the main parameter of  

drilling boreholes using the roller cone method. 

Borehole depth, m 

0 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

Fig.2. Dependence of specific energy consumption of roller cone drilling on block 5-550-1 on well depth 
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Fig.1. Blast drilling parameters provided by BlastMaker software 
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We tested the results on technological blocks consisting of clay rocks and limestone, according 

to geological exploration data. Initially, the explosive block was drilled by the roller cone drilling 

machines with the “Kobus” on-board controller. Then, the obtained data on drilling energy consump-

tion were used to select the required charge design and calculate the mass of explosives in each hole. 

During block preparation for explosion one-half was charged using the technology approved at the 

enterprise.  

Drilling and blasting parameters at the experimental blocks: borehole grid a  b –  

6  7, 6  6, 6  6 m; specific consumption q – 0.58, 0.57, 0.69 kg/m3; stemming type – sand-clay 

mixture; initiation system – non-electric (“Iskra”).  

The second part was charged in accordance with the drilling data. That is, in the boreholes 

where the coefficient of rock hardness was more than two, solid charges of granulite RP were made; 

in case of a lower hardness coefficient there were deck charges. The same construction was also 

implemented in the boreholes, where hardness coefficient of rocks was less than two. A sand-clay 

mixture was used as stemming, that kept the gaseous explosion products inside the borehole suffi-

ciently for a long time to fully transfer the explosion energy to the walls of the blast hole [40].  

At the same time, the borehole grid remained unchanged.  
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Fig.3. Distribution of drilling energy consumption values in correlation with the values of rock hardness  

coefficient recorded by BlastMaker (a) and after data filtration (b) 

y = 14.566 ln (x) + 9.3502 

R2 = 0.8495 

a 
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Figure 4 shows the plans of the experimental 

blocks with the areas where charging was done 

with the proposed method. The initiation means at 

the sections with standard parameters of blasting 

and drilling and at the experimental sections were 

linked into a single explosive system. 

It was determined from the site examination 

that in the standard block sections with concen-

trated charges the explosion caused ejection  

funnels, thus indicating an excessive mass of  

explosives, and on the experimental sites the num-

ber and size of the funnels were smaller (Fig.5). 

Excavation performance at the experimental sec-

tions of blocks, according to the excavation data, 

was 15 to 20 % higher than at the standard ones. 

That indicates the relevance of the proposed  

approach to determine blasting and drilling parame-

ters based on the results of specific drilling  

energy consumption measurement. 

Results and discussion. It is essential to 

emphasize that the correlation between the physi-

cal and mechanical properties of rocks and drilling 

parameters is the only reliable way to identify 

rocks, since each parameter is determined di-

rectly on the samples and on the rock mass. It is 

worth to know that the obtained correlation de-

pendence is valid only for the Kuranakh ore field 

rocks. However, the proposed method is applica-

ble to all deposits. The application of this tech-

nique is reasonable at those deposits where  

physical and mechanical properties of rocks are 

sharply different. 

The next step is to estimate the reference spe-

cific energy consumption for rock crushing by the 

explosion of different strength of rocks that com-

pose the massif of the Kuranakh ore field. It will 

allow to achieve the optimization of energy costs 

and calculation of the charge mass necessary for 

crushing of the rock massif in this area. 

Conclusion. Based on the study of national and international experience, it was found that 

the quality of the explosion depends on the specific energy consumption for rock crushing by 

explosion, which, in turn, depends on the physical and mechanical properties of rocks. Despite 

the charge energy distribution, achieving the necessary volumetric concentration of energy  

in different parts of the borehole, these methods are useful only in the mining enterprises where 

the massif structure is known with accurate. These include, for example, deposits with unchanging 

layering, and that can be identified by layer exposures on the scarp slope. At the deposits with complex 

Fig.4. Location plans of drilling and blasting wells on 

 the experimental blocks (green contour are areas where  

explosive charging was done according to the specific  

energy consumption of drilling) 
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geological structure, where the massif structure varies within small areas, it is not reliable to 

determine the structure on exposed surfaces. As a result, the calculation of drilling and blasting pa-

rameters, as a rule, is based on the hardest rocks, resulting in overconsumption of explosives and 

suboptimal crushing quality. 

These properties are obtained at each blasted block by testing rock samples, which is a very 

labor-intensive and time-consuming job. However, it is known that drilling parameters – drilling 

speed, drilling energy, axial pressure exerted on the bottom hole, rotator power – respond to changes 

in these properties during rock fracture. We propose the algorithm for the task of rational energy 

distribution over the borehole depth depending on rock physical-mechanical properties. The correla-

tion between the drilling parameters and these properties will make it possible to identify the block 

rocks. This will provide data on rock physical and mechanical properties, but it will not make it 

possible to determine the required amount of explosives both at the borehole depth and over the area. 

To achieve the task, it is essential to estimate the reference specific energy consumption for each rock 

type that forms the rock massif. As a result, the rock classification based on the values of drilling 

parameters and the specific energy consumption for crushing of these rocks makes it possible to ra-

tionally distribute the explosion energy both at the depth of the borehole and over the block area. 

Further, it will provide an excellent opportunity to obtain the required quality of crushing. 
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