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Abstract. The degree of preconditioning of the rock mass, taking into account the properties of the rocks being bro-
ken, determines the effectiveness of blasting operations, which comprise a wide range of means and technological pro-
cesses. One current challenge is the selection and justification of improved borehole charges to develop modern, re-
source-saving technologies for explosive fragmentation of structurally complex rock masses in open pit mines of ore and
non-ore mineral deposits. A shortcoming of many studies that justify rational parameters for drill and blasting operations
is an incomplete consideration of rock fabric and its fracturing, which affects the pattern of grain-size distribution and the
fragmentation behavior on the bench during explosive fragmentation. For this reason, the present work favors experi-
mental investigations. The purpose of the work is to substantiate an optimal charge design with a variable cross-section
by conducting experimental research into the influence of different loading conditions on the efficiency of explosive frag-
mentation of a solid medium using physical models. It was found that, when sand-cement model specimens are frag-
mented by charges of different cross-sectional shapes, the mode of fragmentation depends on the dynamic loading
conditions and on the interface between the explosive and the solid medium. The efficiency of fragmentation was as-
sessed by processing and segmenting images of the fragments from destroyed model specimens using the U-CARFnet
and U-Net methods. It was established that detonation of an explosive charge shaped as a square prism produces a
uniform grain-size distribution in the fragmented model that follows a logarithmic trend. Moreover, using a square-
prismatic charge is the most economically efficient option. Such a charge promotes the formation of a multi-gradient,
multi-directional loading pattern on the surface of the charge cavity in the solid medium, which improves the explosive’s
useful work coefficient. The experimental results obtained for selecting and justifying the rational design of borehole
charges can be used to adjust drill-and-blast parameters for the conditions of Ukraine’s granite open pit. The proposed
blasting technology has been tried out at the "Uman Granite Open Pit" LLC open pit and has shown its effectiveness.
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1. Introduction

Ukraine possesses substantial deposits of both metallic and non-metallic mineral
resources, concentrated in a massif of hard rocks of metasomatic and metamorphic
origin that make up the Ukrainian Shield. These rocks have a complex structure, and
their fragmentation requires additional measures to achieve effective fragmentation
measures that involve improving existing and developing new resource-efficient
methods for rock fragmentation and mineral processing, mechanizing production
processes with high-technology equipment, using modern explosives, and carrying
out careful planning. The effectiveness of an explosive charge in rock is determined
by its ability to perform useful work in crushing and moving the rock mass. From this
it follows that effective control of the blasting process depends on the correct choice
of charge design. By “charge design” we mean the combination of geometric and
technological parameters such as the shape of the charge and its cavity, the position
of the initiation point, the combinations of explosives used, the charge length, and the
ratio of the parts of the charge occupied by explosive and by stemming. On the basis
of geometry, elongated charges are divided into two main groups: charges with con-
stant cross-section and charges with varying cross-section along their height [1-7].
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Variable-section charges exhibit pronounced maxima and minima of energy potential
along their height. In the detonation of such charges the role of tensile stresses in rock
failure increases and the energy required to produce failure under tension is an order
of magnitude lower than that required under compression. The quality of the frag-
mented rock mass (mean fragment diameter) is the most widely used indicator of
blasting effectiveness and can have a significant impact on the productivity of mate-
rial-handling equipment (excavators) during excavation, as well as on the safety of
mining operations. Therefore, rapid and accurate assessment of blast quality is crucial
for subsequent mine planning, for substantiating drilling and blasting parameters, and
for selecting appropriate equipment and execution procedures. Thus, the degree of
fragmentation achieved with the available drilling equipment, taking into account the
properties of the rocks being broken (their strength and structural features), primarily
determines the efficiency of blasting operations. These operations encompass a wide
range of means and technological actions: the choice of explosive and initiation sys-
tems, the diameter and design of the blasting hole charge, initiation schemes that
govern interaction between individual charges and their groups, blasting conditions
(the degree of rock saturation, the presence of a supporting wall), and the type of
stemming used.

Therefore, the selection and substantiation of improved borehole charge designs
are one of the conditions for the establishment of modern resource-saving explosive
technologies of rock fragmentation in open pits of ore and non-ore minerals, is an
urgent scientific and applied task.

Analysis of modern research and publications. As is well known, a substantial
fraction of the explosive energy is expended in the zone immediately adjacent to the
charge cavity (typically within two to three charge radii), where intensive comminu-
tion of the rock occurs, leading to losses of recoverable material in open pit for con-
struction aggregates. Adjustment of the specific energy of the explosion applied to
rock fragmentation is achieved by changing the area of direct contact between the
borehole charge and the rock to be broken, or by creating conditions that reduce the
dynamic effect of the detonation on the surface of the charge cavity. For effective
control of the blast action it must be borne in mind that the tensile and shear strength
limits of rocks are roughly an order of magnitude lower than their compressive
strength. Since the energy intensity of fracturing a solid medium is proportional to the
square of its strength limit for a given mode of loading, the energy required to frac-
ture a rock by tensile stresses is about 100 times lower than that required under com-
pressive stresses. The useful effect of cylindrical charges in rock fragmentation can
therefore be increased by regulating the specific explosive energy along the charge
length in combination with enhancing the role of tensile stresses in the rock being
fractured [8, 9], for example through the use of elongated combined charges: charges
interspersed with inert, air or water gaps; charges of variable diameter along the col-
umn height; or charges with various cross-sectional shapes.

From the above, it follows that there are several methods for forming borehole
charges both along their length and across their cross-section. These methods include:
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- forming a continuous column of explosive along the height of the charge cavity
in the borehole [2];

- creating enlarged sections in the drilled cylindrical cavities with a diameter
greater than that of the primary cavity [3, 4];

- placing inside the charge cavity a continuous column of explosive enclosed in
polyethylene sheaths of variable diameter (conical in shape), which taper towards the
borehole collar, and with various cross-sectional configurations [5, 6];

- placing hollow shapes made of inert materials inside the charge cavities [7];

- using borehole charges separated by an air gap [10-12].

One of the methods for achieving more efficient use of explosive energy in rock
fragmentation is the use of borehole charges separated by an air gap [10-12]. Intro-
ducing air gaps into a borehole charge can not only reduce the peak shock pressure
because of the presence of the cavities, but also increase the duration of the explosive
action on the rock mass and raise the stress intensity in the rock due to the interaction
of shock waves propagating through the rock mass from the two separated charge
segments when they are initiated simultaneously. A shock wave travelling within a
borehole not only imparts dynamism to the whole process but also continuously
transmits its energy into the surrounding medium, which determines the increased
intensity of rock fragmentation. The effectiveness of borehole charges that are sepa-
rated by air gaps has been demonstrated by many years of blasting practice in both
open pit and underground conditions when excavating rocks of varying strength.

In recent years, practical methods and means for forming air gaps when fragmen-
tation water-saturated rocks [13] have appeared and have been tested in granite open
pit. Thus, the beneficial effect of an explosion on rock fragmentation can be enhanced
by using borehole charges spaced by either air or inert gaps, for example, an inert an-
nular gap between the explosive and the borehole wall [14]. In such arrangements the
mass of explosive in the borehole is reduced, yet the stored energy can still be suffi-
cient to fracture the rock. The gain in blasting efficiency is achieved by increasing the
duration of the explosive action on the rock mass and by creating a non-uniform
(varying-gradient) load along the length of the charge. This effect is realized, in par-
ticular, when using elongated charges of variable diameter [3, 4]. Such charges are
produced by placing polyethylene sheaths (sleeves) of variable diameter into drilled
boreholes and filling them with explosive. As the charge diameter changes, the ener-
gy transmitted to the rock mass changes, producing a stress field with varying gradi-
ents in which tensile stresses play an increased role in rock failure. The effectiveness
of these charges has been confirmed in blasting operations in iron-ore and flux open
pits in Ukraine.

As a result of the rapid development of computer software in modern technologies
for processing experimental data, image processing technology has achieved signifi-
cant progress and is now widely applied not only in the mining industry [15] but also
across various fields, employing threshold-based segmentation of images of blasted
rock masses [16]. A qualitative assessment of the size distribution of blast fragments
and the composition of the fragmented rock mass are among the key indicators used
to evaluate the efficiency of blasting operations in open pit mines. In [17], a method
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was proposed for segmenting rock masses using cumulative particle size distribution
curves, which was applied to the positioning and recognition of fragments of frac-
tured rock. The development of software for analyzing the results of blasting opera-
tions enables the evaluation of blast efficiency based on key indicators such as the
histogram of block size distribution in blasted rock, the cumulative particle-size dis-
tribution curve, and analytical approaches to determining the mean fragment diame-
ter, such as the Rosin-Rammler law [18]. This makes it possible to rapidly detect and
identify the rock mass fragmented by the blast, thereby providing technical support
for optimizing blasting parameters and justifying the design of an efficient borehole
charge of explosive material.

One of the shortcomings of studies devoted to the justification of rational parame-
ters of drilling and blasting operations for assessing the quality of crystalline rock
mass fragmentation is the insufficient consideration of the rock structure, its fractur-
ing, and the orientation of fractures within the mass. These factors significantly influ-
ence the distribution of the granulometric composition and its fragmentation on the
bench during rock fragmentation. Therefore, in this work, preference is given to ex-
perimental investigations. Addressing the above-mentioned issues requires the im-
plementation of urgent measures aimed at improving existing and developing new
technical solutions to enhance the efficiency of blasting hard crystalline rocks of
complex structure, taking into account mining and hydrogeological conditions of
mineral extraction. In this regard, research related to the selection and substantiation
of new borehole charge designs (for example, with a variable cross-sectional shape)
forms the basis for rational technological parameters of new resource-saving methods
for rock fragmentation, which are based on the consideration of the fracture-tectonic
structure of rock masses and remain relevant today.

Previously unsolved part of the problem. At present, there is no universal, com-
prehensive (theoretical and experimental) approach that encompasses: the selection of
charge design and explosive type; the initiation of explosive charges with due regard
to the characteristics of the rock mass being fragmented; and the subsequent acquisi-
tion of information on rock-mass fragmentation by segmenting images of the blasted
material on an open pit bench. Taking these factors into account would help to over-
come difficulties in predicting the distribution (fragmentation) of the particle-size
composition of rock mass broken by blasting and would support the justification
(optimization) of rational blasting parameters.

The purpose of the work is to substantiate an optimal charge design with a varia-
ble cross-section by conducting experimental research into the influence of different
loading conditions on the efficiency of explosive fragmentation of a solid medium
using physical models.

2. Methods

The work presents the results of experiments carried out using physical modelling
methods to study explosive fragmentation of a solid medium under field conditions in
a granite open pit, using scaled models. The granulometric quality of the fragmented
material produced by charges with different cross-sectional shapes was assessed by
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segmenting images of fragments from the test specimens using U-CARFnet and
WipFrag methods, followed by processing with a computer program. The granulo-
metric data are presented as a particle-size distribution curve, histograms and granu-
lometric class data.

Research Objectives. The mechanism of explosive fragmentation produced by
charges of variable cross-section was determined under different loading conditions
in order to justify rational charge designs that optimize the particle-size distribution
of the fragmented models.

3. Experimental Part

To select and justify rational explosive charge designs for subsequent industrial
application, the M.S. Poliakov Institute of Geotechnical Mechanics of the National
Academy of Sciences of Ukraine, in collaboration with Cherkasy State Technological
University of the Ministry of Education and Science of Ukraine, carried out experi-
mental studies of the explosive fragmentation of a solid medium using model charges
under open pit conditions in a granite open pit, with evaluation of their destructive
capacity (mean fragment diameter) and the newly generated surface.

Because conducting experiments to justify the designs and parameters of borehole
charges of explosive material with various cross-sectional shapes under industrial
conditions is difficult, the method of physical modelling was chosen to study the pro-
cesses of fragmentation of a solid medium using scaled models under different dy-
namic-loading conditions. A cubic model with a side length of 150 mm was selected
as the modelling specimen. The specimens were made from a sand-cement mixture
with water added in a ratio of 1:1:0.5. Cement of grade M500 was used as the binder,
and fine river sand served as the aggregate.

To simulate loading conditions of the solid medium that imitate blockiness and
fracturing of the rock mass, the prepared cement paste was poured into a special steel
form measuring 150x150%150 mm. An embedded mesh with 10 mm openings was
placed in layers along the height of the specimen at intervals of 30—40 mm. A charge
cavity (borehole) 16 mm in diameter and 85 mm deep was formed in the center of
each model (Fig. 1).
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Figure 1 — Scheme of models of an anisotropic rock mass with layering arranged
parallel (a) and perpendicular () to the charge axis
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When preparing the sand-cement models, it was taken into account that the bore-
hole diameter must be no smaller than the critical detonation diameter of the explo-
sive (the minimum diameter of a cylindrical explosive charge at which detonation can
propagate along the charge length). Once the models had attained 30% of their ulti-
mate strength they were extract and air-cured until maximum strength was reached, in
accordance with [19-22]. Simultaneously with the manufacture of the principal mod-
els, specimens with edge length 40 + 2 mm were produced to evaluate the physic-
mechanical properties of the fractured solid, in accordance with [19-22]. Test results
indicated: specimen mass m = 131.2:-103 kg; density p = 1910 kg-m™; longitudinal
wave velocity C, = 3080 m-s™.

For the three series of experimental investigations, 19 models were prepared (six
models for each series plus one trial model) and explosive charges of various shapes
were fabricated (Fig. 2).
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Figure 2 — Designs of explosive charges with a constant cross-section (),
a triangular cross-section (b), and a square cross-section (¢)

In Fig. 2 the explosive was placed in a casing made of thin paper (tracing paper).
A mixture of pentaerythritol tetranitrate (PETN) (80%) and solid rocket propellant
(20%) with a total mass of 1.0 g was used as the explosive charge [23].

The prepared charges, fitted with an initiator and connected to the non-electric
initiation system “Impulse”, were placed into the model’s charge cavity and into the
blast chamber [24] (Fig. 3).

Figure 3 — Appearance of the explosion chamber (@) with a model before the explosion ()
and after the explosion (¢)
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The cavity mouth (Fig. 3) was sealed with stemming material having a particle
size of 0.25 mm. The charges were detonated using an explosive device. The data
obtained from the fragmentation of the models by the explosive energy of charges
with various cross-sectional shapes were evaluated using the sieve analysis method
according to the procedures of L.I. Baron, through segmentation of images of the
ejected fragments of the solid medium samples using the U-CARFnet and WipFrag
methods [25, 26]. Based on the results of the fragmentation, the mean fragment di-
ameter was calculated, cumulative granulometric distribution curves were construct-
ed, and the data were subsequently processed using computer software.

4. Results and discussion

During the analysis of the granulometric composition, the following parameters
were determined: the total mass of the fragmented model; the content of fine and
coarse fractions; the area of newly generated surfaces; and the diameter of the aver-
age particle (Table 1).

Table 1 — Results of the fragmentation of sand-cement models caused by the explosion
of explosive charges of various cross-sectional shapes under different conditions
of energy transfer to the fragmentation medium

Diameter Composition of
Mass of the 1) f the fractions (%) in Newly
Explosive charge Loading destroyed middle models destroyed | formed
designs conditions model e by explosion surface
m, kg dp di<20 | d>50 | S, sm?
mid; Sm
mm mm
C L stratification 5.687 3.45 27.0 53.0 35527.0
Cylindrical charge
of solid construction | 1 st tification | 5.74 282 | 290 | 560 | 474943
J_ . .
Charge in the form stratification 5.732 3.71 31.0 45.0 35286.6
of a square prism | stratification | 5.60 2.91 36.3 47.0 | 42030.0
J_ . .
Charge in the form stratification 5.70 3.35 20.0 60.0 29783.6
ofa triangularprism | | ¢ tification | 5.662 306 | 262 | 678 | 325454
Table 1 contains the following symbols: ||— parallel stratification of sand-cement models; - —

perpendicular stratification of sand-cement models.

Based on sieve analysis and the processing of segmented fragments from samples
of models destroyed by explosive charges of various cross-sectional shapes, cumula-
tive particle-size distribution curves were generated using the U-CARFnet and Wip-
Frag methods [25, 26] with the aid of a computer program (Fig. 4).

Analysis of the obtained results (Table 1, Fig. 4) shows that the yield of fractions
in the range from d; < 20 mm to d; > 50 mm of the fragmented models for all charge
types depends both on various dynamic loading conditions and on the contact be-
tween the explosive and the solid medium. It was found that, under loading of a solid
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medium with parallel stratification, the mean fragment diameter for all charge types
decreases by up to 20% while the area of newly formed surface increases by up to
30%. The analysis (Fig. 4) indicates that detonation of a charge shaped as a square
prism causes the granulometric distribution of the fragmented model to change ac-
cording to a logarithmic law. This demonstrates that using a charge of this shape
promotes the formation, at the surface of the charge cavity, of multi-gradient and
multi-directional loading on the solid medium, thereby improving the blast efficien-

cy.
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Figure 4 — Cumulative distribution curves of the granulometric composition of fragmented
sand-cement models with parallel (@) and perpendicular (b) layering during the detonation of an
explosive charge in the form of a square prism
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The experimental results on the selection and justification of a rational borehole
charge design can be used to adjust drilling and blasting parameters for the conditions
of Ukrainian granite open pits. The proposed blasting technology was tested at Uman
Granite Open Pit LLC and demonstrated high effectiveness.

5. Conclusions

The conducted investigations allow the following conclusions to be drawn:

1. It was established experimentally that, when sand-cement model specimens are
fragmented by charges of various cross-sectional shapes, the yield of fractions in the
range from d; < 20 mm to d; > 50 mm for all charge types depends on differing condi-
tions of dynamic loading at the explosive solid medium interface.

2. To assess the effectiveness of rock fragmentation and to reduce processing time
and segment fragment images, the U-CARFnet and U-Net methods were used.

3. It is experimentally demonstrated that, under loading of a solid medium with
parallel bedding, for all charge types the mean fragment diameter is reduced by up to
20% while the area of newly formed surface increases by up to 30%. Detonation of a
square-prismatic explosive charge produces a relatively uniform particle-size distri-
bution of the fragmented model, which varies according to a logarithmic law.

4. Results from studies on the selection and justification of an economical charge
geometry show that a square-prismatic charge is the most effective for rock fragmen-
tation from an economic standpoint. Its use enables the generation on the charge-band
surface of loads with varying gradients and directions and improves the overall effi-
ciency of the blast.

5. The experimental results on the selection and justification of an optimal bore-
hole charge geometry can be used to adjust drilling and blasting parameters for the
conditions of Ukrainian granite quarries. The proposed blasting technology was test-
ed at the Uman Granite Open Pit LLC and demonstrated high effectiveness.
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BB PI3HUX YMOB HABAHTAXEHHA HA E®EKTUBHICTb BUBYXOBOI'O PYWHYBAHHS
TBEPOOIO CEPEQOBULLA 3APAOAMU 3MIHHOI ®OPMU MNMEPEPI3Y
lweHko K., Hosikoe /1., KoHosarn B., lNoHomapeHko I., JemyeHko O., KiHaw P.

AHoTauif. PiBeHb NiaroTOBKW FipHUYOI MacK 3 ypaxyBaHHAM BNACTUBOCTEN FPCbKWX NOpid, O PYWHYIOTLCS, BM-
3Havae eeKTUBHICTb BUOYX0BMX POBIT, SKi BKMIOYalOTb B ce6e LLIMPOKMIA KOMMNMEKC 3acobiB i TEXHOMOMYHMX onepavii.
OgpHieto 3 akTyanbHUX 3aBfaHb € BUGIp i 0BrPYHTYBaHHS YAOCKOHANEHNX KOHCTPYKLiN CBEPASIOBUHHNX 3apsiaiB 3 METOH
CTBOPEHHSI CyyaCHUX pecypco3bepiratounx TEXHONOri BUOYXOBOrO pyiHYBaHHS ripCbKMX MOpiA cknagHoi Oyaosu Ha
kap'epax pyoHUX i HEpyaHWX POAOBWLL KOPUCHMX konanuH. OgHWUM i3 HegonikiB pobiT, NpUCBSYEHUX OBIPYHTYBAHHIO
paujioHanbHUX napameTpis ByponigpuBHUX pobiT € HEAOCTaTHLO NOBHMIA 0BMIK CTPYKTYPYM FipCbKUX NOpig Ta ii TPILLMHY-
BaTOCTI, WO BNANBAE Ha XapaKkTep po3nogifly rpaHyNoMEeTPUYHOro CKnady Ta hparMeHTaLio nopig Ha ycTyni npu Buby-
XOBOMY PyHyBaHHi. ToMy B Liin po60Ti nepeBara HagaeTbCs eKcrnepuMeHTanbHUM AocnimkeHHam. MeTow poboTu €
0BrpyHTyBaHHS pavioHanbHOT KOHCTPYKLIT 3apsdy 3MiHHOT (hopMM Nepepisy LNSAXOM NPOBEAEHHS eKCrepUMeHTamnbHUX
LOCTIIKEHb BNMWBY Pi3HUX YMOB HaBaHTaXEHHS Ha eDEKTUBHICTL BUOYXOBOTO pYWHYBaHHS TBEPAOro CepefoBuLLa Ha
Mogensx. BcTaHoBneHO, Wo npu BUOYXOBOMY pyiHYBaHHI MilaHO-LEMEHTHUX Mogenen 3apsgamn 3 pisHoi hopmoto
nepepiay, xapaktep pyWHyBaHHS 3anexuTb Bif PisHUX YMOB AMHAMIYHOTO HABAHTAXEHHs Ta Ha KOHTaKTi «BuOyxoBa
peyoBuHa — TBepae cepenosuLle». OuiHka eheKTUBHOCTI pyiiHyBaHHS TBEPLOrO CepefoBuLLa 3MiNCHIOBANacs LWsAXoM
06pobku Ta cermeHTaLii 306paxeHb hparMeHTiB 3pa3kiB 3pyMHOBaHMX Mogenei 3a gonomoroto Metogis U-CARFnet i U-
Net. BcraHoBneHo, Wwo npu getoHauii 3apsgy BUOYXOBOI PEYOBWMHW Y BUrMSAI KBALPATHOI NpU3MK, CrOCTEpiraeThest
PIBHOMIpHUI XapaKkTep po3noginy rpaHynoMeTPUYHOro CKknagy 3pyMHOBaHOT MOZENi, AKMA 3MIHIOETLCS 3@ norapugmiy-
HOI0 3anexHICTI0. BCTaHOBMNEHO, WO BUKOPUCTAHHS 3apsgy BUOYXOBOI PEYOBMHM y BUTNSAI KBAAPaTHOI NPU3MK € Halt-
OinbL edheKTUBHUM 3 EKOHOMIYHOT TOUKM 30pY. BukoprcTaHHs Takoro 3apsigy cnpusie (hOpMyBaHHIO Ha NMOBEPXHI 3apsa-
HOI MOPOXHUHW Pi3HOrPaZIEHTHOrO Ta Pi3HOHANPABIIEHOMO HABAHTAXEHHS TBEPAOrO CepeaoBmLLa, Lo NoKpaLlye koedi-
CBEPAMOBUHHOIO 3apsay MOXYTb OyTy BUKOPUCTaHI NpW KOPUryBaHHI NapameTpiB 6yponigpueHuX pobiT Ans yMOB rpaHi-
THUX Kap’epiB YKpaiHu. 3anponoHoBaHa TeXHOMOris BeAEHHs BUOYXOBWX pobiT nponwwna sunpobysaHHs Ha kap'epi TOB
«YMaHCbKUI rpaHiTHUI Kap’ep» i Nokasana CBOK BUCOKY €(DEKTUBHICTb.

KnioyoBi cnoBa: TBepae cepenoBuLLe, 3apsaHa NOPOXHUHA, BUOYXOBMIA MaTepiarn, BUOYXOBe pynHYBaHHS, XBUNS
Hanpyru.



