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Introduction: The research concerns how making cut cavities improves drilling
and blasting operations as well as the optimum parameters to arrange both
snubber and auxiliary blastholes.

Methods: The research methods include experimental and industrial activities
to identify the optimum depth of the first-section snubber blastholes relative
to the second-section blastholes. It also identifies optimum parameters of the
snubber blastholes while driving mine workings and ore breaking in stopes with
different mine working sections and different rock mass strengths broken using
the technique of cut-cavity formation.

Results and Discussion: Experimental explosions executed in a production
environment have proved the efficiency of the proposed technique of sectional
formation of a cut cavity, which helped increase the blasthole use coefficient
(BUC) from 0.88 to 0.97. The depth of the first-section boreholes should be
determined relative to the length of the second-section boreholes and the
broken rock mass strength. The higher the strength of the broken formation,
the larger the ratio between the first and the second-section blasthole lengths
should be. The results of the experimental explosions indicate that the depth of
first-section snubber blastholes varies from 0.5 and more of the second-section
boreholes, depending upon the depth of the latter and the broken rock mass
strength. If the strength of the broken rock mass is 12 on the Protodyakonov
scale, and the second-section blasthole depth increases from 1.6 m to 2.6 m,
then the depth of the second-section boreholes should be increased from 0.9 m
to 1.54 m so as to be 0.55-0.56 of the second section blasthole length. If the
strength of the broken rock mass is 18, and the length of the second section
increases from 1.8 m to 2.82 m, then the first-section length varies from 0.9 m
to 1.75 m, being 0.5-0.62 of the second section blasthole length. Applying the
novel proposed procedure for a cut-cavity formation will increase the blasthole
use coefficient and reduce the cost of drilling and blasting operations. Moreover,
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the procedure may also be practical for driving underground mine workings and
for ore breaking within stopes.
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1 Introduction

The increasing global demand for energy, coupled with the
imperative to explore sustainable and efficient storage solutions, has
led to a burgeoning interest in repurposing underground spaces for
energy storage (Yang et al., 2022; Hunt et al., 2023). As traditional
energy resources deplete, there is a growing need to investigate
methods that optimize the utilization of subsurface environments
for both conventional and renewable energy storage (Song et al.,
2023; Hou et al., 2024).

The sustainable mining industry of the Republic of Kazakhstan
is highly competitive in the global market; in addition, it
demonstrates annual growth (Chlachula et al., 2021; Grabara et al.,
2021; Atakhanova and Azhibay, 2023). The growth is stipulated
by huge mineral deposits (in 500 fields, 70 of the prospected
99 chemical elements are mined; those elements are components
of 1200 types of mineral resources) and large-scale attraction
of foreign investors (Ginatulinetal, 2019). The mining and
metallurgical complex is second only to the oil sector of the
economy (Mazina et al., 2022). By the end of 2022, its share in the
country’s GDP was 9.5% (a year before, it was 9.9%). Nevertheless,
mining industry growth fell by 1% in 2022 (Aguirre-Unceta,
2023); moreover, many mining companies became less profitable
(Myrzakhmet and Begimbay, 2022). Among other things, these
statistics depend upon the depletion of mineral reserves that can
be mined in open pits (Bazaluk et al., 2023a), the deepening of
mining operations (Kongar-Syuryun et al., 2023), and the transition
to underground extraction (Rysbekov et al., 2022).

Depletion of large fields such as Orlovskoye, Maleyevskoe,
Tishinskoe, and Ridder-Sokolnoye is expected by 2025-2040.
According to the assessments by experts from Qazgeology JSC,
in the current state, the mineral and raw reserves will be sufficient
for the next 20-30 years. In the 20th century, mining depth was
about 300 m perpendicular to the surface; currently, the depth of
underground mining is 600-700 m.

Today, subsurface extraction of solid minerals is characterized
by the concentration of mining operations (Nehriietal, 2022;
Shakenov et al.,, 2023), increase in rock pressure (Lietal, 2023;
Zholmagambetov et al., 2023), lagging of both uncovered and
developed reserves (Bazaluketal, 2023b), relatively low level
of technological advancement (Litvinenko, 2020), and large-
scale rock burst (Babets et al., 2023). Hence, the progress of the
mining sector should involve the development of a scientific
background for efficient and rational management of subsurface use
based on advanced research, design, and engineering approaches
(Bazaluk et al., 2022; Bondarenko et al., 2023; Shirokiy et al., 2024).

Practically, underground mineral mining applies a descending
extraction schedule, that is, ore development starts from upper levels
and is systematically lowered to the bottom ones. The procedure
provides minimal initial capital and operational costs because there
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is no need to open and prepare the deposit to the full depth (Quigley
and Dimitrakopoulos, 2020; Yildiz, 2022; Pysmennyi et al., 2023).
Such a sequence of the mining schedule (i.e., from top to bottom)
accelerates the initiation of field development; at the same time, it
becomes a source of mineral losses during the transition between
levels (so-called drift and entry pillars). In addition, the construction
of a motor vehicle slope at a definite distance from the ore body
within footwall rocks and inclines within 3-4m to each layer
results in a 10%-12% increase in the development work volume. In
this vein, simultaneous opening, preparatory, and development ore
operations through the same haulage mine workings interfere with
varjous activities (Kononenko and Khomenko, 2010; Pivnyak et al.,
2012; Sarybayev et al,, 2015). Actually, in most cases, full-depth
opening as well as top-to-bottom extraction make it possible to
avoid numerous negative consequences of bottom-to-top mining
development (Skrzypkowski et al., 2023).

An ascending, bottom-to-top sequence has been proposed
for the opening and development of mining operations. It has
always been considered hypothetical and has never been used
(Bitimbayev et al., 2022; Bitimbayev et al., 2023). In this context, the
haulage slope is driven through the ore being developed to the whole
depth using a bottom-to-top schedule with gradual liquidation of
the slope. However, the technique delays the in-service date of the
deposit; thus, it is necessary to search for efficient driving procedures
for capital mining workings as well as for the development ones.

During preparatory development operations, drilling and
blasting take 60%-70% of the cycle (Kononenko etal., 2023).
Mainly, their period and labor intensity depend upon physical
and mechanical rock characteristics, cross-sectional area, mine
workings, blasthole breakage, design of the applied charge, and
the arrangement and explosion scheme of the snubber blastholes
(Bazaluk et al., 2021; Carduetal., 2021; Nikkhah etal, 2022;
Pysmennyi et al.,, 2022). Currently, high-capacity self-propelled
drilling equipment, widely used in mines, has helped deepen
snubber blastholes to 5-6 m (Hussan et al., 2021). Owing to this
fact, the blasthole use coefficient (BUC) has fallen sharply.

It is known that during drilling and blasting operations, the
BUC directly depends on the quality of the cut-cavity formation
and the snubber blasthole parameters. Blasthole depth has the
greatest impact on the basic penetration indices, largely determining
all other breakage parameters. The quality of breaking depends
directly upon the formation quality of a cut cavity as well
as its characteristics (Serdaliyev and Iskakov, 2022). Extensive
experimental data have been accumulated concerning regularities of
explosion progress during laboratory and field tests (Konicek et al.,
2013; Evgenievna etal., 2020; Rysbekov et al., 2022). These data
improve the quality of drilling and blasting operations when using
deep blastholes.

Kutuzov (2008) asserts that the spaced arrangement of charges
with successive breakage of a formation may be performed using the
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separated (double-deck) charges divided by intermediate stemming.
Efficient and safe use of the separated charge should meet the
following conditions:

The mass of the explosion charge of the fourth and fifth groups
within the deck is not more than 1.2 kg;

The intermediate stemming length between the separated
charges is not less than 0.75 m;

Either a sand-clay mixture in a 1:1 ratio may be applied as the
intermediate stemming material, or the combined stemming
is polyethylene water ampoules no less than 0.6 mm length
in addition to a locking clay stemming no less than 0.15 m
in length;

The delay interval between the charges of the deck and those
of one blasthole is assumed to be 30-50 ms;

The electric detonators are connected in series.

If vertical shafts cross outburst seams and shock blasting is
applied to the second group of explosives, then the spaced charge
design may be used efficiently with slightly different parameters;
namely, the mass of the first deck charge is assumed to be no more
than 1kg, and the length of the intermediate stemming, consisting
of a clay-sand mixture, should not be less than 1 m. The application
of this technology resulted in an increase in the BUC to 0.93-0.94.

Egorov and Kondakov (2019) propose a procedure to form
sectional charges of explosives. The purpose is to improve the
efficiency of rock breaking. According to the procedure, sections
of explosion charges, separated with an inert interval, are placed in
boreholes or wells. The difference is as follows: from the previous
wellhead charge, the inert interval is shaped using polyethylene
ampoules packed with heat-resistant materials; from the following
one, the downhole charge is in the form of a cylinder, divided into
two parts by a diagonal plane where the parts are interconnected by
means of a rubber coupling. In this context, an interleaf is mounted
between the ampoule and cylinder; the end of the interleaf, facing
the polyethylene ampoule, is concave. Sand, clay, gypsum, and other
stock are applied as heat-resistant materials to fill the polyethylene
ampoules. However, the proposed technology has been widely used
due to its high cost and complex implementation.

Kononov et al. (1999) have shown that the decked cut is among
the most efficient methods of driving horizontal mine workings
through increased entryways. The operation of such cuts is based
upon the effect of artificial rock pressing in on a snubber blasthole
collar. Driving a mine working by enlarging entryways with 4-6 m
depth and using a blasthole set with 40 mm to 60 mm diameter
involved cut drilling in the central section of a bottomhole. The
experimental results reported by Kononov et al. (1999) demonstrate
that the use of the strengthened two-sectional double-decked cut
(when the blasthole diameter is 60 mm) makes it possible to increase
the technical and economic performance of drilling and blasting
while driving mine workings through entryways with a 4-6 m
depth. The experiments have demonstrated that the technique of
driving horizontal mine workings offers several benefits, including
a 25%-30% increase in labor productivity and faster penetration
compared to shrinkage operations. It also leads to cost savings in
driving each meter of a mine working; boosts the BUC to 0.97-0.99;
reduces the time needed to drill boreholes; decreases the specific
time consumption for preparatory, final, and auxiliary activities;
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increases the specific share of drilling and loading operations within
the cycle; and enhances labor comfort and safety.

Zhang (2016) mentions a method of parallel boreholes when
separate charges explode at short intervals with the help of
millisecond-delay electric blasting caps. Despite the development of
extra open surfaces, all the blasted rock disintegrates synchronously.
The method to arrange charges in deep parallel boreholes
helps achieve a greater BUC of up to 0.95. Practical experience
has revealed numerous advantages of the parallel borehole
technique. These include the ability to conduct drilling and
blasting operations using a single work description, significantly
simplifying performance, reducing the consumption of boreholes
and explosives, achieving a higher BUC, lessening the intensity of
enclosing rock shaking, and resulting in a smaller dice coal pile.

Sokolov etal. (2017) propose the decked charge, where an
explosive cartridge is placed and dispersed within a blasthole
separated by stemmings. Each group has its own priming cartridge.
Every share of the dispersed charge in a blasthole explodes
individually, starting from a charge near the blasthole collar, and
then the underlying charges explode consecutively. According to the
authors, this technology will increase the BUC to 0.94 and improve
the quality of crushing the broken mass.

Yusupov and Myrzakhmetov (2006) propose a sectional
breakage technique to improve breaking efficiency. The idea is
as follows. The lengthened boreholes are divided into collar and
bottomhole sections. First, bottomhole boreholes are charged;
then, the firing device is installed, and the fuse is ignited. After
the procedure, polyethylene ampoules with an inert material are
placed in the boreholes.

Distribution length should exceed the value of detonation
transmission between the collar and bottomhole section charges.
Then, the collar section is charged; a similar firing device and
igniting fuse are placed in it. Firing time delay is defined using Eq. 1:

lb — lc
tf=0.166-<7>,seconds, (1)
where [, is the length of an igniting fuse within a bottomhole
section, [, is the length of an igniting fuse within a collar section,
and V is the burning time of the igniting fuse.

The igniting fuse of a bottomhole section should be longer than
the igniting fuse of a collar section; however, the fuse must be burnt
through before the collar section charge explosion. The application
of this technology will increase the BUC up to 0.96.

These methods lead to an increase in the efficiency of drilling
and blasting operations when driving horizontal mine workings
with stopes 4-6 m deep. The abovementioned methods of improving
the efficiency of driving mine workings have several disadvantages,
namely, high labor intensity, application complexity, potential
synchronous explosion of the dispersed charges, and increased cost
due to the use of expensive millisecond-delay electric blasting caps.

Over the past few years, many blasting research studies
have been conducted. Specifically, researchers from the School of
Mechanics and Civil Engineering at China University of Mining
and Technology conducted research studies and achieved significant
results (Lietal, 2021; Lietal, 2023b; Lietal, 2023c). Lietal.
(2023b) introduced the disperse charge and staged detonation
(DCSD) cut blasting technique to enhance efficiency in rock
roadway excavation, compared its cutting efficiency to traditional
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models, and discussed the impact of parameters like € and hole
depth, with successful field application validating its effectiveness.
The authors indicated that DCSD cut blasting with dispersed
charge improves cutting efficiency by more than 20% compared
to continuous charge blasting. Although the increased hole depth
marginally reduces the cutting efficiency, the DCSD remains more
effective than traditional methods. Lietal. (2023¢) introduced a
disperse charge cut blasting method to improve cutting efficiency
in deep hole undercut blasting that showed a 20% improvement
compared to traditional continuous charges and was successfully
implemented in field engineering practice. The main findings of this
research include a significant improvement in cutting efficiency and
rock breakage with dispersed charge cut blasting, higher cutting
efficiency of dispersed charge compared to continuous charge,
and the successful application of dispersed charge with digital
electronic detonators in enhancing rock breakage and excavation
efficiency. Li et al. (2021) investigated the impact of double holes on
crack propagation in polymethyl methacrylate products (PMMA)
under explosive load, utilizing the caustics method and numerical
simulations to analyze stress evolution and crack growth behavior.
The authors bring attention to the effectiveness of the caustics
method, the impact of double holes on reducing explosion crack
length, and the interaction of stress waves causing crack deflection.
Several studies have explored methods to improve the efficiency
of underground mine working sinking and cut-cavity making
through sectional blasting. Gao et al. (2022) and Cheng et al. (2022)
proposed innovative blasting methods to enhance the cutting effect
and reduce the overall expense of blasting for driving. The study
by Gao etals suggested that increasing the charge diameter of
cutting holes can significantly improve cutting blasting efficiency
in hard rock mine tunnels. The study by Cheng et al. introduced
an improved wedge-cutting blasting method with supplementary
blasting of center holes that has been shown to enhance full-
face blasting efficiency. Mertuszka et al. (2022) focused on destress
blasting in hard rock underground copper mines, aiming to reduce
seismicity and rockbursts through modified drilling and blasting
patterns. Finally, Liu et al. (2022) presented a reduced-hole layout
method for large-section tunnel blasting, which has been found to
save drilling time, reduce damage to remaining rock, and control
over-excavation thickness. These studies collectively offer promising
strategies for improving the efficiency of sinking underground mine
workings and cut-cavity making through sectional blasting.
Research on blasting in underground workings and cut-
cavity making has explored various aspects of impact and
effectiveness. Mertuszka et al. (2019) investigated the effect of
blasthole diameter on the detonation velocity of bulk emulsion
explosives, highlighting the importance of this parameter in
underground mining. Wréblewski et al. (2023) focused on the
geometry of large underground structures, emphasizing the need
for accurate measurements and analysis to minimize operating
costs. Cheng et al. (2020) studied the stability of mine seals under
explosion load and ground pressure, with a particular focus on the
impact of slotting on stress concentration and the use of different
materials. Zeng et al. (2023) contributed to the field by predicting
tunnel blasting vibration velocity, considering the influence of the
free surface and providing a correction formula for more accurate
predictions. These studies collectively underscore the significance
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of blasting and cut-cavity making in underground mining and the
need for further research to optimize their use.

This article addresses the crucial intersection of efficient drilling
and blasting operations in underground mine workings and the
broader context of underground energy storage. Consequently, the
article’s purpose is to analyze the influence of the sectional method
of cut-cavity formation as well as the arrangement parameters of
snubber and additional blastholes on the efficiency of drilling-and-
blasting operations.

In the context of the purpose, the research tasks are to

- Define the influence of depth of the second-section boreholes
on the depth of snubber blastholes depending upon the
strength of the broken rock formation and the mine
working section,

- Determine the distance between the central compensatory
blasthole and the snubber blastholes of the first and second
sections, and

- Identify parameters of auxiliary boreholes and a value of
the BUC while applying the proposed cut-cavity formation
procedure.

2 Materials and methods

The exploration of energy storage opportunities in underground
spaces encompasses a diverse range of considerations, including
mechanical stability, fluid dynamics, and economic viability. Our
research methods focus on improving the efficiency of underground
mine working sinking through sectional blasting, with a keen
awareness of its potential implications. As energy storage demands
expand, the utilization of underground chambers, including
abandoned mines, presents a promising avenue for meeting these
challenges.

Taking into consideration the disadvantages of the current
techniques for cut-cavity formation, new cut types (Figure 1) have
been designed to improve the efficiency of explosion energy in
contrast to Rustemov (2012) and Kurchin et al. (2015). In short, a
compensatory blasthole (0) is drilled perpendicularly to the bottom;
around it, boreholes of the first (1, 2, 3, and 4) and second (5, 6, 7,
and 8) sections are bored symmetrically. Boreholes of the second
section are drilled for the whole depth; the depths of the first-
section boreholes should be defined analytically. The boreholes of
the first sections are exploded first; the second-section boreholes are
exploded afterward.

The physical essence of the proposed technique to form a
cut cavity is as follows. Initially, boreholes of the first section are
exploded and deliver their effect due to the uncharged collars of long
boreholes. As a result, a compensatory cavity is shaped, improving
the operation of the second-section boreholes. In addition, zones of
intensive regrinding and fissuring occur within the bottom parts of
the cavity resulting from the first-section boreholes. In such a way,
the broken-up rock mass presses-in (stems) the uncharged share of
the neighboring second-section boreholes. Stemming, made of the
crushed rock mass, will be more efficient than other tamping types
because the material differs in greater internal friction coefficient,
density, mass, and strength.

The study of the proposed procedure of a cut-cavity formation
was executed in two stages:
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FIGURE 1

Sectional technique to form a cut cavity: 0: central compensatory borehole; 1-4: snubber boreholes of the first section; 5-8: snubber boreholes of the
second section; ay, by, ¢4, and dy: distances between the central compensatory blasthole and the first-section snubber boreholes; a,, b,, ¢,, and ds:
distances between the central compensatory blasthole and the second-section snubber boreholes.

1- Physical modeling on equivalent materials to determine the
feasibility of sectional blasting;

2- Experimental explosions within the Shalkiya and Belousovski
lead and zinc fields in the Republic of Kazakhstan when driving
mine workings and when breaking ore in stopes. Ore mining
within the fields involves the chamber-and-pillar method and
mining by means of overlying formation caving.

The following composition Is selected for physical modeling:
55% rosin, 25% sealing wax, and 20% lead concentrate. The model
material strength characteristics at the adopted scale of 1:30 are as
follows: 6. = 3.7 MPa, 6, = 1.5 MPa, and y = 2.7 t/m”. The selected
material is similar to in situ conditions in terms of failure behavior.
A mercury fulminate-chlorate—explosive mixture (16% mercury
fulminate, 55.5% Berthollet salt, and 28.5% antimonium) is used
as an explosive in model experiments. However, it turned out to
be very labor-intensive and difficult to produce physical models
with different strengths and different sections of mine workings, so
further experimental work was carried out only to determine the
possibility of a sectional blasting.

There are two basic ore bodies within the Shalkiya field
(i.e., the Upper body and the Lower one); they are sheet-like
and of a lenticular shape. The mineralization is localized in
carboniferous clayey siliceous-dolomitic rhythmites. The ores are
characterized by rather simple mineral composition. Sphalerite,
galenite, and pyrite are the main ore minerals; gray copper ore
and arsenopyrite are auxiliary ones (Telkov etal., 2019). Mainly,
source minerals are represented by carbonates (i.e., dolomite, and
less often calcite) and quartz. Micaceous and clayey aggregates,
feldspars, and carbonaceous matter are of minor significance. The
occurrence depth of the ore bodies is 40-50-860 m; their average
thickness is 7-13 m. Rock strength varies from 8 to 14 on the
Protodyakonov scale.

Frontiers in Earth Science

Belousovski field belongs to the pyrite-polymetallic ore
formations (Shatagin and Lotfi, 2011). Chalcopyrite, sphalerite,
galenite, pyrite, and baryte are the key ore minerals. Bornite,
chalcocite, pyrite, and silver are the main minerals in the
copper—pyritic ores. The basic deposit #5 has been prospected at
a depth of 1,300 m. The deposit width is 100-200 m, and its average
thickness is about 9 m, achieving 14 m within bulge areas. The
deposit dip is northeast; the south-eastern flank dips 10°-20°; the
north-western flank is a steep pitch. Rock strength varies from 10 to
18 on the Protodyakonov scale.

The average coefficient of the blasthole use is 0.88 while
driving permanent and development mine workings and during
ore breaking.

Experimental explosions within the mentioned deposits were
executed to drive mine workings and to break ore in stopes. In
this vein, the second-section blasthole depth was 1.6-4.4 m, and
the first-section blasthole depth was 0.8-2.8 m, depending upon
the broken rock formation strength. The diameter of the boreholes
varied from 40 to 44 mm. If possible, mine workings and stopes with
varying sections and strengths were selected. The rock mass strength
changed from 10 to 18, and sections of the development and pre-
production mine workings, as well as stopes, varied from 5.7 m? to
20 m?. If boreholes were up to 2.0 m depth, and the mine working
had small sections, then a packaged explosive such as ammonite
6GW, which is waterproof and covered by gelatin , was charged. In
other cases, the granulated Granulit-AS-8 explosives were applied
with a firing agent of an SINV type. SINV-type explosives are
produced by the manufacturer with a delay time of 0 to 10,000 ps.
During the experimental explosions, the delay time between the
snubber blastholes of the first and second sections was 1-2 s. SINV
agents differ from the current electric detonators in operating time
accuracy as well as in safe blasting. After the explosion and the
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FIGURE 2

the entire bottomhole.

State of the bottomholes within the Shalkiya field: (A) After blasting the first-section snubber blastholes, and (B) after blasting the blastholes throughout

bottomhole airing, the BUC was determined by direct measurement
of the residual blasthole depth.

In the next section, we detail our key results and discuss
the implications of our research. Through this work, we aim
to contribute not only to the field of mining engineering
but also to the broader discourse on sustainable energy
solutions, emphasizing the potential for efficient underground
mine workings to play a pivotal role in the future of
energy storage.

3 Results and discussion

At the initial stage of the research, the first-section snubber
blasthole depth was determined based on the second-section
snubber blasthole depth. Then the
compensatory blasthole and the first- and second-section boreholes

distance between the

was determined.

Figures 2, 3 present photographs showing the state of the
bottomholes within the Shalkiya and Belousovski fields after
various types of blasting operations. By studying the condition of
the bottomholes in various deposits and after different blasting
methods, we can better understand and improve the tunneling
process, which ultimately contributes to more efficient mining
operations.

Rock-forming minerals, when driving the drift, are represented
mainly by carbonates (dolomite, less often calcite) and quartz. The
rock strength is 10 on the Protodyakonov scale, and the bottomhole
section is 8.4 m?. Figure 2A shows that after the explosion of the

Frontiers in Earth Science

FIGURE 3
State of the bottomhole within the Belousovski field after blasting the
snubber blastholes of the first and second sections.

first-section snubber blastholes, only the mouths of the second-
section snubber blastholes are visible, and the BUC of the first-
section snubber blastholes is 1.

This explosion was executed in a mothballed cross-cut, driven
through Paleozoic rocks, where the rock strength is 14 on the
Protodyakonov scale, and the bottomhole section is 5.8 m?. Figure 3
shows that after the explosion of the snubber blastholes of the
first and second sections, insignificant residual blasthole depths are
visible, and the BUC is 0.98.
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TABLE 1 Depth of the first-section boreholes and a cut-cavity cross section depending upon the rock mass strength and the second-section
blasthole depth.

Depth of the Rock mass strength, Cross sections of Depth of the Cut-cavity cross
second-section f mine workings and a first-section section, m?
blastholes ([, 5), m stope, m? blastholes (/,;), m
1.6 10-12 5.7 5.7 0.20
2.0 10-12 7.2 7.2 0.20
24 10-12 8.4 8.4 0.40
28 10-12 16.0 160 0.40
3.2 10-12 20.0 20.0 0.40
3.6 10-12 20.0 20.0 0.64
0.20 12-14 5.8 0.9 0.20
020 12-14 7.4 L1 0.20
0.40 12-14 7.8 13 0.38
0.40 12-14 120 16 0.40
0.40 12-14 160 1.8 0.40
0.64 12-14 180 22 0.60
0.20 12-14 20.0 25 0.8
16 16-18 6.2 0.8 0.20
20 16-18 7.6 L1 0.20
24 16-18 8.9 14 0.40
2.8 16-18 16.0 17 0.40
3.2 16-18 19.6 2.0 0.40
Table 1 demonstrates the results of the experiments. During the The trial explosions showed that the first-section snubber

trial explosions, the strength of the broken rock formation varied  borehole depth varies from 0.5 or more than that of the
from 10 to 18; consequently, the table involves the three categories ~ second-section boreholes, depending on the strength of the
of rock strength: 10-12, 12-14, and 16-18. surrounding rock (Table 1). If the broken rock mass strength is
To identify the relationship between the first- and second- 12, and the second-section blasthole length increases from 1.6 m
section blasthole depths, the trial explosions in a production to 2.8 m, then the first-section boreholes deepen from 0.9 m
environment were executed where possible at different blasthole ~ to 1.54 m, which is 55%-56% of the second-section blasthole
depths as well as in broken rock of different strengths. The  length. The higher the strength of the broken rock mass is, the
required depth of the first-section snubber blastholes based  greater the ratio is between the first-section boreholes and the
on the depth of the second-section blastholes was determined  second-section boreholes.
when the maximum value of the second-section BUC was Because snubber boreholes of the first and second sections
reached by direct measurement after all snubber blastholes  differ in loading depth, cut efficiency should also involve optimum
were exploded. After processing the experimental data (Table 1),  penetration intervals between the central compensatory boreholes
the following empirical formulas were derived to identify  and boreholes of the first and second sections.
the depth of first-section snubber boreholes relative to the To identify the distance between snubber boreholes
depth of the second-section blastholes for different rock  and compensatory boreholes, trial explosions were executed
mass strengths: in a production environment where both borehole
Figure 4 explains the dependence of the first-section borehole ~ diameters and rock strength varied. In this vein, distances
depth on the depth of the second-section boreholes in terms of the ~ from the central compensatory blasthole changed from
different strengths of the broken rock mass. 150 to 320mm depending upon the succession of
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FIGURE 4
Dependence of the first-section snubber blasthole depth upon the depth of the second-section boreholes: y is the depth of the first-section boreholes

(1), x is the depth of the second-section boreholes ([,,,), and f is the strength of the rock formation.

TABLE 2 Depth of the first-section boreholes and a cut-cavity cross section depending upon the rock mass strength and the second-section blasthole
depth.

Borehole diameters (d), mm

Borehole
As i diameters (d)
strength, f ¢ Till borehole 5, Till borehole 6, Till borehole 7, Till borehole 8,
mm
(az) (bz) (Cz) (dz)
8-10 40 200 240 260 280
11-14 40 160 220 240 260
15-18 40 140 200 220 240
8-10 42 220 260 280 300
11-14 42 180 240 260 280
15-18 42 160 220 240 260
8-10 44 240 280 300 320
11-14 44 220 260 280 300
15-18 44 200 260 260 280

the hole firing. Each blast quality was inspected after

its execution. Table2 shows the obtained experimental b, = khe(_0'29d2h +34.2d,, - 663.0) (3)
N
penetration intervals.
Mathematical processing of the data has made it possible to 1
, L . . 6 = k| o “)
derive an empiric dependence defining the distance between the 0.0087 —0.0001dy,

compensatory blasthole and second-section snubber boreholes for 1
i =8- _5);f=11- —9); d - 5
different rock mass strengths f = 8-10 (Eqs 2-5); f=11-14 (Eqs 6-9); 2 he( 0.0077-0.00014,, > (5)
f=15-18 (Eqs 10-13).
If the strength is f = 8-10 then If the strength is f = 11-14, then
= o @
% =" he\ 50179 = 0.0003d,, a, = ky,(2.344d% - 182.063d,, + 3692.25) (6)
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FIGURE 5

Dependence of the blasthole use coefficient and line of least resistance on the distance between boreholes.

05 06 07 08 09 1.0
n blastholes (a), m

1
b,=k,,| ———— 7
2 he( 0.0113 -0.0002d,), > @
o=k <;> (8)
27 e\ 0.01-0.0002d,,
dy = ky,,(~0.1254, +20.5d,, - 380.75) 9)

If the strength is f = 15-18, then

a, = ky,,(2.56d2, — 200.25d, +4049.0) (10)
b, = ky,(2.66d2, - 208.06d,, + 4272.25) (11)
¢, = ky,,(0.03d%, — 7.06d,, - 112.75) (12)
dzzkhe<;) (13)
0.01-0.0002d,,

where d;, is blasthole diameter, m; and kj, is the relative value
of an explosive performance defined through a ratio between the
perfect operation of the applied blasting agent and a sample one
(Kabetenov et al., 2015).

The sample has been assumed to be 6 GW ammonite. The
correlation coefficient was 0.96-0.99 for each of the obtained empiric
dependencies.

The experiments have helped us understand that the optimum
alternative in terms of blasthole use is one where collars of the first-
section boreholes are arranged on the tops of a rectangle at distances
from the central compensatory hole determined using the following
formulas (14-17)

a, = e ,a; = arctgﬁ (14)
cos a, a,
b, ©
b, = ,a, = arctg— 15
' cosa,” gal (15)
d
cp=a;= arctg—= (16)
G
d, )
dy = ——,a, = arctg— 17
cosa, ! gd2 (17)

where a,, b,, ¢,, and d, are defined through Eqgs. (2)-(13).

After determining the parameters of the first- and second-
section snubber blastholes, the parameters of the main boreholes
must be identified. Experiments found that the value of a line of
least resistance (LLR) varied within 0.3-0.7 m; a charge convergence

TABLE 3 Depth of the first-section boreholes and a cut-cavity cross section depending upon the rock mass strength and the second-section

blasthole depth.

Parameters Values of the blasting

Line of least resistance (LLR), m 0.56 0.6 0.7 0.5 0.4 0.35 0.4 0.5 0.4 0.4 0.6 0.7 0.3
Distance between blastholes (a), m 0.56 0.5 0.45 0.63 0.784 0.9 0.8 0.64 0.76 0.79 0.51 0.45 1.0
Charge convergence coefficient, m 1.0 0.83 0.64 1.26 1.96 2.57 2.0 1.28 1.9 1.98 0.85 0.64 2.33
Blasthole use coefficient (BUC) 0.92 0.9 0.85 0.93 0.94 0.96 0.94 091 0.93 0.92 0.9 0.85 0.97
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coeflicient varied within 0.45-2.57 m. The blasting results are shown
in Table 3.

The BUCs and LLRs were determined based on the blasting
results and depended on the distance between the blastholes
(Figure 5).

As can be seen from the of experimental
activities, with the proposed technology of the
cavity formation and with a decrease in the LLR and

the distance between blastholes, there
in the BUC. For if the LLR
value is 0.6m and the distance between the blastholes is
0.5m, the BUC is 09. When the LLR value is 0.35m,
and the distance between the blastholes 0.9m, the
BUC s 0.95.

The cut-cavity formation procedure, when the depth of

results
cut-
in

an increase

is an increase example,

is

the first-section snubber blastholes is defined depending upon
the second-section boreholes and on the broken rock strength,
will improve the BUC to 0.96-0.97 if the parameters of the
snubber and auxiliary blastholes and auxiliary are set correctly.
Earlier studies assumed the depth of the first-section snubber
boreholes was half that of the second-section snubber boreholes
irrespective of the broken rock mass strength; moreover, the
second-section snubber blastholes were charged the same as
the auxiliary ones. There are no studies determining distances
between the central compensatory boreholes and first- and second-
section snubber blastholes. In such a case, the BUC achieved
0.95-0.96 depending upon the analyzed broken rock formation.
In the proposed procedure for cut-cavity formation, the depth
of the first-section blastholes is half or more of the depth of
the second-section snubber boreholes according to the broken
rock mass strength. In addition, formulas have been suggested to
identify the distances between the central compensatory borehole
and first- and second-section snubber blastholes depending
upon the Boreholes diameter as well as the blasting agent
efficiency.

The proposed technique for a cut-cavity formation using
sectional cuts may be applied while driving underground workings
and mining using chambers that have different cross sections.
The procedure is applicable for varying rock strength when no
traditional driving method is successful. The innovative technique
of forming a cut cavity using sectional cuts is a significant
breakthrough in the field of mineral extraction and underground
construction.

The sectional cuts applied in this procedure help develop
both accurate and stable cuts in rock masses varying in
their strength and geological structure. This makes it possible
to minimize caving risk while providing safety for miners.
Moreover, the sectional cuts enable more efficient control over
the geometry and shape of a mine, which may be extremely
important while constructing underground chambers intended for
different purposes.

Further studies for improving the efficiency of driving mine
working while applying sectional cuts provide enormous potential
to enhance both the effectiveness and use of the technique. Desk
research can support pilot work defining the depth and parameters
of first- and second-section snubber blastholes as well as auxiliary
hole parameters depending upon the stress—strain state of the
broken rock mass.
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4 Conclusion

Trial blasts in a production environment have proved the
efficiency of the proposed technique for the sectional formation of a
cut cavity and helped increase the BUC from 0.88 to 0.97.

The depth of the first-section boreholes should be determined
taking into consideration the second-section blasthole length as well
as the broken rock formation strength; the higher the rock strength
is, the greater the ratio between the lengths of the first- and second-
section boreholes is.

Empiric dependencies have been derived for the distances
between the central compensatory holes and the first- and second-
section blastholes based on the borehole diameter and the efficiency
coefficient of the blasting agent. In addition, a dependence of the
BUC on an LLR and on the distance between the basic holes while
using the sectional cuts has been identified.

New dependencies of the first-section borehole depth upon the
second-section blasthole length have been determined for varying
broken rock strengths and mine working cross sections. The higher
the strength of the brokenrock mass is, the greater the ratio between
the lengths of the first as well as the second-section boreholes is.
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