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Abstract. The increased intensity of rock crushing using blast energy is a live problem for mining companies in
Ukraine engaged in the extraction of hard rocks. The solution to this problem is to increase the share of blast energy
spent on rock mass destruction.

The paper presents the results of pilot studies of the efficiency of rock breaking in the massif using a new design of
borehole charge with variable cross-section for the development of resource-saving and environmentally friendly tech-
nologies of extraction of construction raw materials at non-metallic open pit. For substantiation of rational parameters of
explosive destruction of rocks experimental researches on studying of structure of a rock massif were carried out. The
main characteristics of fracturing of granite massif were determined using the method of stereo photo shooting of ex-
posed faces at horizons selected for industrial tests of the developed method of explosive rock breaking. The influence
of cracks on the character of explosive fracture of anisotropic massif was determined and the anisotropy coefficient was
calculated. A nomogram was developed, which was used to adjust the parameters of the borehole grid in the experi-
mental site of the block. The quality of rock mass crushing in result of explosion was assessed by the average diameter
of pieces with measurements of particle size distribution. The method of oblique photoplanimetry was used for meas-
urements. The results were processed using a computer program. The software makes it possible to determine the
granulometric composition of blasted rock mass based on image processing. The results of industrial experiments
shown that the use of charge designs with variable cross-section leads to a 30% decrease in the average diameter of
pieces of broken rock and a 10-15% decrease in the consumption of industrial explosives. The use of the proposed
designs of combined borehole charges of different shapes allows increasing their length at a constant mass of charges.
In turn, this allows forming a multidirectional stress field in the rock massif after detonation of the borehole charge. In
such a force field, the role of tensile and shear stresses increases, contributing to more uniform rock crushing. It is estab-
lished that the new technology of rock breaking with the help of combined borehole charges allows to reduce the con-
sumption of industrial explosives without degrading the quality of rock crushing, and to reduce the negative impact on the
environment.
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1. Introduction

The increased intensity of rock crushing using blast energy is a live problem for
mining companies in Ukraine, which are engaged in the destruction of strong rocks
with complex structure. The solution to this problem is to increase the proportion of
blast energy used to destroy part of the massif.

Improving the design of borehole charges is one of the ways to increase the effi-
ciency of blast energy use, as well as to reduce the cost of blasting operations.

Mechanical methods of borehole drilling allow creating cylindrical cavities of
constant diameter along the entire length of the borehole. At the same time, this form
of blast holes is not optimal in the end zone of cylindrical borehole charge due to
small radii of massif destruction.

From the point of view of overcoming the resistance at the bottom of the ledge, it
is more reasonable to use a spherical shape in the lower part of the concentrated
borehole charge [1].

Creation of a spherical-shaped cavity along the length of the borehole charge is
carried out by forming chamber expansions in the specified parts of the borehole us-
ing a mechanical expander and by the borehole springing. Insufficient efficiency of
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the second method is due to the heterogeneity of physical and mechanical properties
of rocks, which leads to the formation of irregularly shaped chamber cavities. At the
same time, mechanical expansion of boreholes is associated with the complexity of
design of mechanical reamers and their unreliability.

As a result of searching for rational designs of borehole charges, a method of rock
breaking with borehole charges with variable diameter along the height of the ledge
was developed and introduced [1]. This method was first implemented in conditions
of the Southern Mining and Processing Enterprise (Krivbass), when boreholes with
chamber expansions along the height of the ledge were created with the help of the
flame-jet drilling rigs. It was shown in [1] that the replacement of a borehole charge
with a constant cross-section by a system of concentrated charges located in chamber
expansions along the axis of a small diameter borehole and with radial gaps [2], al-
lows reducing the specific consumption of explosive by 10—-15% [3] without degrad-
ing the quality of rock crushing. However, because flame-jet drilling is selective with
respect to rock type (rocks with quartz content), a new method of borehole charge
formation in a polyethylene sleeve of variable diameter was developed [4]. The effi-
ciency of this method was first tested in industrial conditions of Poltava Mining and
Processing Plant at formation of borehole charges from aquatol T-20G. Tests were
also carried out at flux quarries in Donbass using explosive of PVS-1U type.

Subsequently, new methods of forming borehole explosive charges with variable
and different cross-sectional shape were developed, which were implemented in
methods of breaking locally fractured and fractured rocks with complex structure [5-
8].

The purpose of the work is to evaluate the efficiency of using new designs of
borehole charges for breaking rock massifs with complex structure at non-metallic
open pit.

2. Research methods

In the article the method of stereo photo shooting for definition of the basic char-
acteristics of fracturing of granite massif and the method of oblique photoplanimetry
for definition of granulometric composition of the blasted rock mass were used.

3. Experimental part

For substantiation of rational parameters of blasting destruction of rocks of com-
plex structure, which are granites, industrial tests of new ways of rock breaking based
on the change of constructive features of a borehole charge [5—8] were carried out on
the open pit of the LLC "Uman granite open pit".

The nature of destruction of rocks with complex structure is determined by their
microstructure and macrostructure of the rock mass. In this regard, when selecting the
main parameters of drilling and blasting operations (geometry of location and size of
the borehole grid), these features should be taken into account. This allows obtaining
a uniform crushing of rock with a minimum output of fine fractions, which are the
losses of minerals in the production of crushed stone. Therefore, the availability of
comprehensive data on the initial fracturing of the rock massif allows us to predict
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the nature of fracture development during the detonation of explosive charges [9, 10]
and simplifies the calculation of rational parameters of drilling and blasting opera-
tions.

To determine the main characteristics of fracturing of the granite massif within
the mine take of the open pit of the LLC "Uman granite open pit", stereo photo shoot-
ing of exposed faces was carried out on the horizons selected for industrial tests of
the developed method of blasting breaking of rocks with complex structure (block #
1, horizon +108 m). The main characteristics of hydraulic fracturing were determined
in accordance with the method [11].

To determine the influence of cracks on the character of blasting destruction of
anisotropic massif along the face line, boreholes with diameters from 36 mm to 43
mm and depths from 1.0 m to 1.5 m were drilled and blasted. Patronized Anemix-70
was used as the explosive.

According to the known values of the large a and small b of axes of the explosion
funnel, as well as its orientation to the sides of the world, the anisotropy coefficient
K =a/b =1.16 was calculated. Taking into account the value of the coefficient K, the
parameters of the borehole grid were adjusted in accordance with the blasting pattern
in the experimental site of the block. Instead of the grid 3x3 m, 3.5x3.5 m was adopt-
ed. In accordance with the changed parameters of the borehole grid, as well as taking
into account zones of increased fracturing (oriented orthogonally to the bottom bore-
hole line) identified on one of the experimental blocks, 110 mm diameter and 16 m
deep boreholes were drilled in the massif on the ledge of the 18 m high block (ac-
cording to the blasting pattern). As a result, 149 to 161 boreholes were drilling. The
borehole charge length was 13 m and the tamping length was 3 m.

The blasted blocks were divided into experimental and control sites. In the control
sites, the boreholes drilled on the grid 3x3 m were charged in the usual way with the
formation of a continuous structure of borehole charges. In the experimental sites, the
boreholes were charged on a grid of 3.5x3.5 m with the formation of combined bore-
hole charges with variable cross-section in the zone of monolithic rocks. At the block
boundary from the rear side of the block, the borehole charges alternated between
each other and had the form of triangular and square prisms.

Figure 1 shows the scheme of the borehole layout and switching of charges on the
ledge of the open pit of the LLC "Uman granite open pit".

The technology of forming a combined extended borehole charge with different
cross-section shape provides the following operations. In the lower part of the bore-
holes drilled in the zones of monolithic block rocks with pronounced local fracturing,
emulsion explosive substance (EES) Anemix-70 is fed in portions. Feeding of the
EES is carried out with the help of a hose. Then a borehole charge with variable
cross-section is formed with uniform placement on the column of spherical hollow
spheres (spheres) with a diameter of 0.8Dborehole, where Dborehole is diameter of
the borehole. The spheres are connected to each other in a chain by means of twine.
The distance between the spherical cavities is equal to the active part of the cumula-
tive charge lengths [5, 6].
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Figure 1 — The scheme of borehole layout and charge switching
on the open pit ledge LLC "Uman granite open pit"

After that, the first intermediate detonator made of TNT checker T-400G (2 pcs.)
is installed. Then, a section of DKRP-4 type conversion EES with pyroxylin powder
is installed in the remaining central part of the borehole. In the gap between the sur-
face of the borehole and the charge, the next portion of EES is fed and the second
(upper) detonator T-400G (2 pieces) is installed.

At the final stage, the borehole is sealed by tamping of granite screenings. Then,
in the boreholes drilled in the rear part of the ledge of a massif in the area with ex-
tended zones of increased fracturing, extended charges in the form of square and tri-
angular prisms are formed. The profile of borehole charges is made of dense polyeth-
ylene. The boreholes are charged in the same sequence as for charges with variable
cross-section (Fig. 2).

Charge initiation was carried out using the "Impulse" SNI non-electrical system,
and internal borehole decelerations were carried out using devices such as ED 8Zh,
UNS-S-500-16, UNS-PA-25-10, UNS-PA-40-10, UNS-PA-0-10 and DSHE-9. The
devices were connected to the main detonating cartridge using waveguides of the
non-electric SNI "Impulse". The charges on the rock block ledge were switched into
groups connected in a diagonal pattern using counter initiation.

During the mass explosion, the total mass of EES (Anemix-70) was 23250
(planned value 23500 kg). The saving of EES was 250 kg.

During the industrial tests of the blasting technology at the LLC "Uman granite
open pit", 19003 m3 of rocks were broken off. Thus, the yield of rock mass was made
8.4 m3 from 1 m of the borehole, and volume of drilling works was made 2260.5 m3.

Based on the results of mass explosions (11.05.2019 and 30.09.2022) in the ex-
perimental and control sites of the block, the quality of crushing of the broken-off
rock mass was assessed (Fig. 3).
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a — charging of EES borehole; b — detonation preparation; ¢ — charging of EES borehole and instal-
lation of an intermediate detonator; d — charging the boreholes with EES and installing the top deto-
nator in the boreholes (a priming cartridge from a T-400 TNT checker)

Figure 2 — Sequence of the boreholes charging on the block ledge

Figure 3 — Measurement of granulometric composition of the blasted rock mass

4. Results and their discussion

Table 1 presents the results of processing the data of stereo photo shooting for de-
termining the main characteristics of fracturing of the granite massif within the mine
take of the open pit of the LLC "Umansky granite open pit".

on the ledge of the granite open pit

Table 1 — Characteristics of the main systems of cracks at the open pit
of the LLC "Uman granite open pit"

Name of cracks Fracture Distance Distange . Width of the [Distance between
(Kloos nomenclature) [coefficient between crack| between indi- [zone of increasedthe centres of the
walls, mm |vidual cracks, m| fracturing, m zones, m

Longitudinal com-

pression cracks — 24 0.012-0.16 0.15-2.9 50-70 50-76

cracks S

Transverse breaka-

way cracks — 2-5 1.2-4.5 1.3-6.8 60-80 65-80

cracks QO

Horizontal unloading none zone of

cracks — 4-8 0.05-0.15 0.5-1.5 increased frac- -

cracks L

turing
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The quality of rock mass crushing after the explosion was assessed by the average
diameter of pieces with measurements of particle size distribution. The method of
oblique photoplanimetry was used for the measurements. The obtained results were
processed by using a computer program "WipFrag". The software product allows
measuring the particle size distribution of blasted rock mass based on image pro-
cessing. The rock mass is transformed into a network of fragments, which are meas-
ured in semi-automatic mode, and fragments of separations are selected. As a result, a
histogram of rock mass particle size distribution and an integral curve of separation

distribution are constructed [12] (Fig. 4).
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Figure 4 — Granulometric composition of blasted rock mass broken off from the open pit ledge

Table 2 shows the results of determining the average diameter of a piece of rock
mass after experimental explosions on the open pit ledge.

Table 2 — Determination of the average diameter of a piece of rock mass

Experimental site Control site
Average piece| Fraction Average piece | Fraction
Coarseness | . 3 Coarseness . :
size by class yield dixW; size by class yield dixW;
classes, mm classes, mm
di , mm W;:, mm di , mm W:, mm
0-200 100 41 4100 0-200 100 26.7 2670
201400 300 34 10200 | 201-400 300 24.5 7350
401-600 500 17.3 8650 401-600 500 20.6 10300
> 600 700 7.7 5390 > 600 700 28.2 19740
Total value 28340 Total value 40060
dep= 2 di W; /100 = 283.4 mm dep= X d; W; /100 =400.6 mm
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It follows from the analysis of the obtained results that the use of modified pa-
rameters of drilling and blasting operations with the use of combined designs of
charges with variable cross-section leads to a 30% reduction in the average diameter
of a piece of broken rock mass, as well as to a 10—15% reduction in the consumption
of industrial explosives. At the same time, the yield of the conditioned piece with an
average diameter of 201 to 600 mm increases by 10%.

5. Conclusions

The conducted research allows us to formulate the following conclusions:

1. Application of modified parameters of drilling and blasting operations with the
use of combined designs of explosive charges of different shapes with variable cross-
section leads to a 30% decrease in the average diameter of a piece of broken rock
mass and a 10—15% decrease in the consumption of explosives. At the same time, the
yield of the conditioned piece increases by 10%.

2. The proposed methods of breaking of strong, locally fractured and fractured
rocks with complex structure allow improving the quality of crushing of blasted rock
mass and increase the technical and economic performance of mining enterprises.

3. Increasing the efficiency of rock mass crushing is achieved by adjusting the
main parameters of drilling and blasting operations, using new designs of combined
borehole charges with different cross-sectional shape, taking into account the direc-
tion and intensity of fracture systems of different morphology in the destroyed block.
This makes it possible to increase the length of the explosive charge at a constant
mass and to distribute it more evenly over the height of the ledge.

4. Implementation of the proposed technology of blasting at open pits when
breaking rock massifs with complex structure allows providing effective and high
quality crushing of rocks. At the same time, the saving of explosive substance for one
borehole makes up to 30 kg. This allows to reduce the specific consumption of explo-
sives on average by 15% and to maintain the design reference mark of the ledge foot-
ing.
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KEPYBAHHS SIKICTIO BUBYXOBOI MIArOTOBKU MPHUYUIA MACU HA TPAHITHUX KAP'EPAX
Hosikoe J1.A., KoHosan B.M., lweHko K.C., KiHaw P. |., Manees €. B.

AHorTauis. MigBuLLEHHS iHTEHCUBHOCTI APOBNEHHS FipCbKMX NOPIL 3 BUKOPUCTaHHAM eHeprii BUOyXy € aKTyarnbHOW
npobnemoto 4nsa ripHnyogobyBHMX NigNpUeMCTB YKpaiHu, ki 3aiiMatoTbes BMZoOYBaHHAM MiLiHUX TipCbkuX nopig. Bupi-
LWeHHS Liei npobnemu nonsrae y 36inbLUEHH YaCTku eHeprii BUOYXY, LU0 BUTPAYaETbCS Ha PyWHYBaHHS ripCbKOro Macu-
BY.

Y cTaTTi NpeAcTaBneHi pesynbTaTi JOCAIAHO-NPOMUCIOBMX JOCTigXeHb eheKTUBHOCTI Bigbiiku ripCbkux nopig y
MacwBi 3 BMKOPUCTaHHSIM HOBOI KOHCTPYKLi CBEPAMOBUHHOMO 3apsiay 3MIHHOTO NepeTuHy Ans po3pobku pecypcosbepi-
ratoyux Ta exonoriyHo besneyHux TexHonorin BugobyTky BydiBenbHOI CUPOBUHW HA HEPYAHWX kKap'epax. [ns obrpyHTy-
BaHHS paLlioHanbHWX napameTpiB BMOYXOBOI pyiHYBaHHS TipCbKVX MOPIA NPOBEAEHO eKCnepUMEHTambHI AOCHImKEHHS
OO0 BUBYEHHS CTPYKTYPU FipHUYOro Macusy. BU3HAUYEHO OCHOBHI XapaKTepuCTUKW TPILLMHYBATOCTi rPaHiTHOTO MacuBy
3 BUKOPUCTaHHAM MeToay cTepeothOTO3NMOMKM OroneHunx B1boiB Ha ropusoHTax, BUBpaHuUX Ans npoMUCIIoBKX BUNPOOY-
BaHb po3pobnieHoro cnocoby BuOyxoBoi BigbiNKkM ripcbkux nopia. BusHayeHo BNAWB TPILLWH Ha XapakTep BUOYXOBOrO
PYHYBaHHS aHI30TPOMHOrO MacuBy Ta PO3paxoBaHO KoediLieHT aHi3oTponii. Po3pobneHo Homorpamy, 3a SKo CKopy-
rOBaHO NMapameTpu CiTK/ CBEPAMOBWH Ha eKCnepuMEHTanbHil AinsHui 6noky. AkicTb ApobneHHs ripHNYoi Mack B pe-
3ynbTati BUOYXy OLIHIOBANOCS 3a CepedHiM AiaMeTpoM LUMATKIB i3 BUMIPOBAHHAM rpaHyNoOMETpUYHOro cknagy. [Ans
BUMIpIOBaHb BUKOPUCTOBYBABCA METOZ KOCOi hoTonmaHiMmeTpii. OTpuMaHi pesynbtati obpobnanucs 3a SONOMOroH
komn'torepHoi nporpamu "WipFrag". MporpamHui NpoaykT Aae 3MOry Ha OCHOBI 06po6KM 306paxeHb BU3HAYATH rpaHy-
NOMETPUYHUIA CKNag NigipBaHOi ripHMYoi Macu. Pe3ynbTat NpOMUCIIOBUX eKCNEPUMEHTIB NOKasanu, Lo 3acTOCyBaHHS!
KOHCTPYKLiN 3apsaiB 3i 3MiHHUM MONEpeYHNM NepeTMHOM MpU3BOAWTL 40 3MeHWeHHs Ha 30% cepeaHboro Aiametpa
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LumMarkiB BinbuTOI Nopoay Ta 3HkeHHo Ha 10-15% BUTpaTH NPOMMCIIOBMX BUOYXOBKX PEYOBWH. BukopucTaHHs 3anpo-
NOHOBAHMX KOHCTPYKLIi KOMGIHOBaHWX 3apsiAiB CBEPAMOBWH Pi3HOI (hopMM 4O3BONSIE NPW NOCTIMHIA Maci 3apsgis 36inb-
LWKTK iX JOBXMHY. Y CBOI Yepry Lie J03BOIsE CHopMyBaTH PisHOCTIPSIMOBAHE MOIe HanpyXeHb Y MacuBi FipCbkux NOpig
nicna geToHawii cBepAnOBUHK. Y TakOMy CUIIOBOMY MOMi 3pOCTaE POfb HanpyXeHb, WO PO3TAryioTh i 3pYLUYIOTh, LU0
cnpuse 6inbLu piBHOMIpHOMY ApobreHHto nopig. BectaHoBNEHO, Lo HOBa TexHororis Bigbiiku ripCbkux nopig 3a 4onoMo-
roto KOMGIHOBaHUX CBEPANOBUHHUX 3apsifiB A03BOMISE 3MEHLINTW BUTPATY NPOMMCIIOBUX BUOYXOBUX PEe4oBUH BE3 3HN-
KEHHS AKOCTi APOBNEHHS riPCbKMX MOPIA, a TaKOX 3HU3UTW HEraTUBHWN BNUB Ha LOBKINNS.
KntouoBi cnoBa: ceepanosuHa, BuOYX, CBEPANOBUHHWIA 3aps, NOBEPXHS YCTYNY, TPILLMHYBATICTb.
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