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ABSTRACT

Purpose. To develop the technology for explosive destruction of solid inclusions in the mass of rocks with different
hardness on the basis of established correlations between changes in the radius of hard streaks fragmenting, fractur-
ing density and relative distance to the free surface during various initiating techniques in rocks of different hardness.

Methods. Theoretical and experimental research into the development of scientific and technical fundamentals of
explosive destruction of the mass of rocks with different hardness, which allows to determine the zone of hardening
soft rocks located between solid inclusions.

Findings. The developed technology for explosive destruction of mass of rocks with different hardness was imple-
mented in the Tashkura quarry of Dzheroj-Sardara phosphate deposit of Navoiy MMC resulting in the economic
effect of UZS 581.7 min per 10.5 mln m? of the extracted rock, while the economic effect in the free industrial and
economic zone “Navoiy” was more than UZS 12 mln per 17000 m® of the extracted rock.

Originality. The conducted complex research resulted in the new technology for explosive destruction of the mass of
rocks with different hardness, including hole boring, determination of the number and capacity of hard streaks in the
process of boring, placing of the explosive charge in the hole, stemming. and blasting.

Practical implications. Implementing the research results in the open quarry of Navoiy MMC allowed to make a
significant contribution to the solution of the topical scientific and practical problem: efficient blast energy utilization

during industrial explosions on hard streaks.
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1. INTRODUCTION

One of the most power-intensive processes of mining
is the explosive preparation of rock mass, which in many
respects defines the efficiency and cost of production.
Results of the whole technological complex performance
depend on the quality of explosion preparation.

The blown-up rocks of the fields with difficult struc-
ture are characterized by heterogeneity of physical and
mechanical properties, intensive jointing, blockiness, and
hard streaks. Rock masses differ in strength and acoustic
rigidity, thus during the explosion of borehole charges,
the main part of explosion energy is spent on consolida-
tion of soft rocks, and only insignificant part of energy is
spent directly on loosening hard streaks.
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It should be noted that the existing methods of indus-
trial explosive works conducted in rocks of different
hardness are characterized by post-explosion formation
of upheaving sections with cracks and slips, and the
subsequent development of these blocks shows poor
quality of the mass loosening due to appearance of hol-
lows in the form of chambers (Norov, Bibik, & Zairov,
2016). The known ways of explosive destruction of the
mass composed of rocks with different hardness do not
provide uniform fragmenting of hard streaks, which leads
to deterioration of rock preparation and increase in exca-
vation costs. When studying processes of explosive de-
struction of the mass of rocks with different hardness from
the fields of difficult structure with application of borehole
explosives charges, it is necessary to pay special attention
to detection of physical features of their destruction de-
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pending on concrete structural and strength properties of
the rock mass to be blasted (Norov, Zairov, Xaydarov, &
Rustamov, 2016).

The above considerations allowed to formulate the sci-
entific problem related to development of scientific and
technical fundamentals of explosive destruction of the
mass of rocks with different hardness. This will make
possible to define the methods of uniform fragmenting due
to the effective use of explosion energy on hard streak.

During explosive destruction of the mass of rocks
with different hardness the main part of explosion energy
is spent on consolidation of soft rocks with formation of
a gas cavity, and only insignificant portion of energy is
spent directly on loosening hard streaks.

2. THE MAIN PART OF THE ARTICLE

The research into propagation of explosive waves in
the rocks with different hardness allowed to develop a
mathematical model simulating the action of cylindrical
and spherical explosive charges in masses composed of
soft rocks and hard streaks, which made it possible to
determine the zone of soft rocks consolidation located
between hard streaks (Norov, Zairov, & Sattarov, 2013).

Regularity of stress o and deformation ¢ change de-
pending on the distance in the mass of rocks with differ-
ent hardness is determined by the formulas:
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where:

K, — coefficient of stress change on the wave front in
respect to the distance, Pa;

x —distance from the center of charge symmetry to
the set point;

ro — radius of a cylindrical charge;

Us— indicator of the degree of deformations attenua-
tion in the wave in respect to the distance from explosion;

k. — coefficient of deformations change in respect to
the distance;

U — indicator of the degree of deformations attenua-
tion in the wave in respect to the distance from explosion.

Taking into account the linear density of the cylindri-
cal charge:
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where:

A, linear density of the cylindrical charge, kg/m?;

p — density of the explosive, kg/m?;

& — deformation to which soft rock is consolidated;

h — depth of soft rock consolidation, m.

The formula which includes the key parameters de-
fining the physical and mechanical properties of soft rock
and coefficients defining attenuation of the explosive
wave in the soft rock mass is developed.
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It is established that when the a cylindrical charge is
exploded in rocks with different hardness, rigid walls are
formed in soft rocks. The depth of their consolidation is
determined by the formula:
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where:

h — depth of soft rock consolidation, m;

p — density of soft rock, kg/m?;

y — density of soft rock skeleton, kg/m?;

W4 — soft rock moisture content, u.f.

With increase in the radius of the cylindrical charge
and mass moisture, the depth of soft rock consolidation
zone increases, and with increase in soft rock density the
zone of consolidation decreases. Changing depth of vari-
ous soft rocks consolidation zone during the explosion of
borehole charges is given in Figure 1 in relation to the
radius of the cylindrical charge, mass moisture and densi-
ty of soft rock.
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Figure 1. Changing depth of soft rocks consolidation zone
during the explosion of borehole charges depending
on the radius of the cylindrical charge ro (a) and soft
rock density p (b): 1— loam; 2 — sandy loam; 3 — sand
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The developed algorithm and software became the
basis for calculating soft rock consolidation by borehole
explosive charges and determining parameters of drill-
ing-and-blasting works during fragmentation of solid
inclusions in the rocks with different hardness. For calcu-
lating consolidation depth of soft rocks located between
solid inclusions by explosions of the cylindrical charge
we suggested a formula which includes the key parame-
ters describing the physical and mechanical properties of
soft rocks and coefficients defining attenuation of the
explosive wave in the soft rock mass.

It is established that during the explosion of the con-
centrated charge in unbounded solid medium, the prod-
ucts of explosion are reflected from the medium adjacent
to the charge, which, possessing considerable inertia,
starts moving only after some time. During this time,
products of explosion are repeatedly reflected. For this
reason, their pressure upon the solid medium is leveled in
all directions from the center of the charge and therefore
such charge can be considered spherical.

The size of mass R destruction zone in the rocks with
different hardness changes directly proportionally to
charge radius Ry, power indicators of industrial explo-
sives and inversely proportional to the critical speed of
rock particles scattering v,

1:Y
R, 1=
_Na
0.625\v,,

where:

y — volume weight of explosives, kg/m?;

O — energy of a weight unit of explosive substances,
kgm/kg;

A — volume weight of rock in natural state, kg/m?.

Change of radius of hard streaks fragmentation by
explosion of a spherical charge in linear dependence on
the charge radius, volume weight of explosives, and also
parabolic dependence on the rock volume weight in natu-
ral state and energy of a unit of explosives’ weight is
given in Figure 2.

The processes accompanying the explosion by group
detonation of borehole explosive charges in the rocks
with different hardness have been studied. Considering
interaction of stress waves during the explosion of two
borehole explosive charges, we established that during
the inverse initiation, the best rocks fragmentation is
achieved in the time lapse between charges of more than
40 ms, and for direct initiation — the best fragmentation
of rocks is accomplished during simultaneous detonation
of the group of charges.

The effective distance between intermediate detona-
tors during direct initiation of borehole explosive charges
in relation to speeds of industrial explosive v, detonation
and detonator v, as well as the distance from the lower
detonator to the set depth of detonation waves meeting /
is defined as:
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Figure 2. Changing radius R of hard streak fragmentation by
explosions of the spherical charge depending on the
charge radius Ro and volume weight of explosives
y (a), as well as on the volume weight of rock in
natural state A(0) and the energy of explosive
weight unit Q (b)

A mathematical method is developed for calculating
the stress field in a hard streak of the rocks with different
hardness in the fixed point at the set moment, which al-
lows to determine the effective radius of the blast action
during direct initiation of a borehole explosive charge.

Experimental research into the impact of borehole
explosive charges blast in the rocks with different hard-
ness involved two-stage physical modeling. During the
first stage, stress waves parameters were investigated
considering various ways of borehole explosive charges
initiation in the rocks with different hardness, and in the
second stage, uniformity of their fragmenting. was studied.

For the experiment of the first stage, we chose the
sites of rocks with different hardness on Tashkura quarry
of Dzheroj-Sardara phosphate deposit where it was pos-
sible to maintain parameters of drilling-and-blasting
works to determine the value of stress impulse propagat-
ed into the mass, and to assess visually the blast quality.

The experiments were conducted in the following
way. The scale of modeling was increased 1:7. The holes
with a diameter of 36 mm were drilled by the PR-19
drill-press, the charge — stick powder ammonite No 6JV
(32 mm diameter) with specific consumption of
0.5-0.6 kg/m®>. The borehole charges were stemmed
with subsoil, blasting was done by instantaneous elec-
trodetonators ED-8J with the igniter KPM-1A.
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The works were carried out according to two schemes
of detonation. The first scheme involved drilling of holes
in a hard streak (gritstone layer) 1 m long with overdrill-
ing in soft rock layer 0.3 m long. We used the blast of
continuous column design with inverse initiation by one
electrodetonator. According to the second scheme, holes
were drilled in a continuous hard streak of gritstone with
underdrilling 0.15 m. The charge in this case was of
continuous column design with the counter-directed (top
and bottom) initiation by two electrodetonators.

To measure the explosive impulse of the shock wave
from each blown-up experimental block at distances
50...100 rz, (where r.,—the radius of a borehole
charge), i.e. three holes (1, 2 and 3 m) were drilled for
installation of sensors (250 mm diameter and 0.5 m deep)
registrating the pulse signal by sensors SV-10C.

Registering impulses of stress in the chosen direc-
tion from a place of explosion and measuring their
parameters provided information on the efficiency of
the conducted explosion.

When compared, impulses amplitudes differ approx-
imately by two times. The difference of impulses in
terms of both duration, and amplitude shows that they
strongly differ in the area under impulse curves which
veritably reflect the experimentally observed waves of
stress in a mass. Researches proved the possibility of
identifying explosions conducted with application of
various technologies by means of registration and the
subsequent digital processing of the stress wave impulse
arising during the explosion.

The second stage incorporated the experiment on the
fragmentation uniformity in the rocks with different
hardness for which the following model of research was
developed. The direction of initiation was direct, inverse
and counter. For each method of initiation, two holes
with 36 mm diameter were drilled. As a blasting car-
tridge, we used ammonite No 6JV which was set various
directions of initiation by ED-8E electrodetonator. After
the blast, the mass was filled in with liquid epoxy with an
additive of the special solvent preventing the epoxy from
setting-up. During this period, the epoxy managed to fill
all the cracks formed as a result of explosion. Having
measured the length of cracks by the curvimeter and
having determined the fissuring density (the relation of
all cracks length to the area of the mass), we received the
quantitative analysis of the result of real mining medium
destruction depending on the direction of initiation. The
obtained data allowed to draw the graphs that express
dependence of density on the fissuring density in charac-
teristic sections of models from the direction of initiation
(Fig. 3).

The obtained values of fissuring density at various
distances from the free surface allow to assess the ex-
tent of separate mass sites fragmentation under destruc-
tion and evaluate the uniformity of the medium frag-
menting at various directions of initiation. In the
graphs, the vertical axis refers to the values of fissuring
density d, and the horizontal axis — to the distance from
the studied cross-section to the free surface expressed
in relative units by L/d relation where L — distance
from the cross-section to the free surface; d — diameter
of the charge.
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Figure 3. Dependence of fissuring density on the relative
distance to the free surface during various ways of
initiation in the rocks with different hardness:
1 —direct; 2 — inverse; 3 — counter

Analysis of the received dependences shows that for
the rocks with different hardness and the depth of wells
to 30 diameters it is most rational to apply counter initia-
tion, and then — direct one. The worst indicators of hard
streaks fragmentation are associated with application of
wells of such depth in combination with inverse initia-
tion. For the wells depth of more than 30d it is necessary
to apply the inverse initiation, then counter initiation,
while it is rather unreasonable to use direct initiation.
The extent of medium fragmentation increases during the
inverse initiation with the increase in the depth of wells,
and decreases during the direct and counter initiation.

Thus, it is established that in the rocks with different
hardness it is rational to apply direct initiation of explo-
sive charges to ensure uniform fragmentation. Hence, the
high crushability of hard streaks is reached at the depth
of wells equal 30 diameters.

As a result of the conducted complex research, we
suggested a number of techniques how to blast the mass
of rocks with different hardness including drilling of
wells, determination (in the course of drilling) of the
number and thickness of hard streaks, placement of a
charge in the hole, stemming and detonation. The charge
in the well is concentrated in the hard streak leaving an
underdrilling. The charge is blown up by counter initia-
tion with application of the intermediate detonators in-
stalled on the top and bottom boundaries of each streak.
The illustration of the developed technique is presented
in Figure 4.

Figure 4. A method of destructing hard streaks in the mass
of rocks: 1— hard streak; 2 —soft rocks; 3 —well;
4 — explosive; 5 — stemming
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According to the passport of drilling-and-blasting
works, it is supposed to drill vertical holes and at the
same time to define the number and thickness of hard
streaks. For ensuring high-quality fragmentation of the
rocks with different hardness, the explosive is placed in
the hole along the partial thickness of the streak. Inter-
mediate detonators are placed on the top and bottom
boundaries of each streak, followed by stemming, subse-
quent simultaneous detonation with counter initiation and
non-electric system of initiation.

Application of the developed technique in terms of
concrete structural features of the mass of rocks with
different hardness allows to receive the set extent of
streaks fragmentation and the quality of mass preparation
for various technological schemes of development with
minimum material and power consumption.

The developed method of explosive destruction of the
mass of rocks with different hardness has yielded eco-
nomic effect of more than 581.7 mln sum per 10.5 mln m®
of the shot down rock mass.

We developed the method of blasting the mass of
rocks with different hardness based on the following
stages. First additional cracks are cut above the hard
streaks between the main borehole charges, with cumula-
tive explosive charges placed in them and blown up sim-
ultaneously with the main borehole charges, which en-
sures high-quality fragmentation of rocks with different
hardness presented by hard streaks, located in the top part
of a bench in the zone of uncontrollable fragmentation.

3. CONCLUSIONS

The method of explosive destruction of rocks with
different hardness using slot charges is realized by de-
termination of hard streaks thickness in the course of
holes drilling. The slots 0.8 m wide placed between holes
have the depth equal to the depth of hard streaks occur-
rence. Explosive charges having the directed cumulative
action are installed at the bottom of a slot. The slot and
holes are filled with stemming, the main borehole blasts
and additional slot-hole charges are blown up at the same
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time. Such design of slot-hole explosive charges allows
to achieve uniform fragmentation of rocks with different
hardness due to the directed use of blast energy on hard
streaks located in the top part of the bench of sheet de-
posit with the difficult structure and reduces the specific
consumption of explosives.

The developed method of blasting rocks with differ-
ent hardness using slot-hole charges and stage-by-stage
detonation is effective in difficult hydrogeological condi-
tions and is implemented in the free industrial and eco-
nomic zone “Navoiy” with economic effect of more than
12 mln UZS per 17000 m? of shot down rock mass.

Thus, the executed theoretical and experimental re-
search aimed at development of scientific and technical
fundamentals for explosive destruction of the mass of
rocks with different hardness, and practical realization of
their results on open mining operations of Navoiy mining
and metallurgical company allowed to make an essential
contribution to the solution of a topical scientific prob-
lem — effective use of explosion energy on hard streak
when carrying out industrial explosions.
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Merta. Po3pobka cmoco0y BHOYX0OBOTO PYWHYBaHHS MIITHUX BKJIIOYEHb B MAaCHBI PI3HOMIIIHHX TipCHKUX TOPif
Ha OCHOBI BCTaHOBJIEHHS 3aKOHOMIpHOCTEH 3MiHHU pajiiyca IpoOJIeHHs MIIIHUX MPOILIACTKOB Ta IIITBHOCTI TPIlU-
HOYTBOPEHHS BiJl BiIHOCHOI BiJICTaHI IO BUIBHOI MOBEPXHI HPH Pi3HUX CHOco0axX iHIMIFOBAaHHA B PI3HOMIIHHUX
TIPCBKUX MOPOaX.

MeToauka. TeopeTHuHl Ta eKCIIEPUMEHTAJbHI JTOCHTIPKEHHSI 3 PO3POOKH HAYKOBO-TEXHIYHMX OCHOB BHOYXOBOTO
pyiHYBaHHS MacHUBY PI3HOMIIIHUX TiPCHKUX MOPIJ, 11O JO3BOJISIIOTH BCTAHOBUTH 30HY YUIUIbHEHHS M SIKUX TOPiJ, 110
3HAXOJATHCS MK MIITHUMU BKJTFOUCHHSIMH.

PesyabraTu. Po3pobiieHi ciocobu BUOYXOBOTO pyiHYBaHHSI MacuBY Pi3HOMILHUX TiPCHKUX MOPiJ BOPOBaKEeHI Ha
kap’epi Tamkypa /[xepom-Capaapinckoro poposuiia ¢pochopuris HaBoiiicbkoro ripHu40-MeTatypriiHoro KOMOiHaTy
3 OTPUMaHHAM €KOHOMIUHOTO e(eKTy B po3mipi 581.7 mun UZS na 10.5 mun M® Bin6GuBanoi ripchkoi Macy i y BibHIN
IHIyCTpiaJIbHO-eKOHOMIUHIN 30HI “HaBoi” 3 oTpMMaHHSAM €KOHOMIYHOro edekty B po3Mipi moHan 12 muH UZS Ha
17000 m> BinGuBaHoi TipchKOi MacH.

HayxoBa HoBU3HA. B pe3ynprari npoBeIeHNX KOMIUIEKCHUX TOCIIIKEHb 3aIllPOIIOHOBAHO CIIOCIO BHOYXOBOTO pPyHHY-
BaHHS MacHBY Pi3HOMIIHUX TipCHKUX TOPiJ, 0 BKIFOYa€e OypiHHS CBEPUIOBHH, BU3HAYECHHS B MPOIIeci OypiHHS KUTBKOCTI
1 TIOTYXHOCTI MIITHUX TPOIUIACTKIB, PO3MIIIEHHS Y CBEPAJIOBHHI 3apsiTy BHOYXOBOI PEIOBHHM, 320Ky Ta i IpHUBAHHS.

IpakTuuna 3HaYuMicTh. Peanizaiiss pe3ynbrariB Ha BiAKpUTHX TipHHYMX poboTax HaBoliichkoro ripHHYO-
METaIypriiHOro KOMOIHATy 03BOJIMJIA BHECTH ICTOTHHI BHECOK Yy BHPILICHHS aKTyaJlbHOrO HAyKOBO-IPAKTHYHOTO 3a-
BIAHHS — e()eKTHBHOI'O BUKOPHUCTaHHA eHeprii BUOyXy 110 MilJHOMY IPOIUIACTKY ITPU IPOBEACHH] IPOMHUCIOBUX BUOYXIB.

Knrouogi cnosa: cxenvra nopooa, 2ipcokuti Macus, OpoonenHs, pisHomMiyni nopoou, nojie HanpyIceHs
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ABSTRACT (IN RUSSIAN)

Hean. PazpaboTka criocoba B3pbIBHOTO pa3pylleHHs] KPENKUX BKIIOYCHUIH B MacCHUBE Pa3HOINPOUYHBIX T'OPHBIX MO-
PO/l Ha OCHOBE YCTaHOBJICHUS] 3aKOHOMEPHOCTEH M3MEHEHHUE pajinyca APOOJIEHNS] KPETIKUX MPOIUIACTKOB U INIOTHOCTH
TPEUIMHOOOPa30BaHUS OT OTHOCUTEIBHOTO PACCTOSHIUS IO CBOOOIHOM MOBEPXHOCTH MPH PANIMIHBIX CIIOCO0AX WHUIIH-
HMPOBaHUS B PA3HOMPOYHBIX TOPHBIX MOPOJIAX.

Metoauka. TeopeTudeckue W SKCICPUMCHTATBHBIC HCCICHOBAHUS IO Pa3padOTKe HAyYHO-TEXHUYECKUX OCHOB
B3PBIBHOTO Pa3pyIICHUS MacCHBa Pa3HOIPOYHBIX TOPHBIX MOPOJI, TO3BOJISIONINE YCTAHOBUTH 30HY YIUTOTHEHHS MSATKUX
TTOPO/T, HAXOISIINXCS MEXKIY KPEITKUMH BKITIOUCHUSIMHU.

Pe3yabTaThl. PazpaboTanHbie ClIOCOOBI B3PHIBHOTO Pa3pyIICHHS MACCHBA PA3HOMPOYHBIX TOPHBIX MTOPOJ] BHEIPEHBI
Ha kapwepe Tamkypa J[[xepoit-Capaapunckoro mecropoxaenust ¢ochopuror HaBouiickoro ropHo-MeTammypri-
9eCKOr0 KOMOMHATA ¢ TIOIy9EHIEM SKOHOMHUIECKOTO dddekra B pasmepe 581.7 mn UZS ma 10.5 mun M> oT6HBacMoii
TOPHOW MAacchl U B CBOOOJHON MHAYCTPHAIbHO-3KOHOMUYECKOW 30He “HaBowuii” ¢ momydeHrHeM 3KOHOMHYECKOro (-
(exra B pasmepe Gonee 12 mn UZS na 17000 mM* oTGMBaeMoii ropHOil Macchl.

Hayunas noBu3Ha. B pe3ynbraTe NpoBeIeHHBIX KOMIUIEKCHBIX HCCIIEIOBAHMN INPEJUIOKEH CHOCO0 B3PHIBHOTO
paspylieHus] MaccuBa Pa3HOMPOUYHBIX TOPHBIX MOPOJ, BKIIOYAIOIINN OypeHHe CKBaXKHMH, ONpeNelieHue B Ipolecce
OypeHUsI KOJIMYECTBA U MOITHOCTH KPEMKHUX MPOIUIACTKOB, Pa3MEIICHHE B CKBAKUHE 3apsijia B3PHIBUATOTO BEIIECTBA,
3a00¥iKy 1 B3pbIBaHUE.

IpakTHyeckas 3HAYAMOCTH. Peanm3anus pe3yabTaToB Ha OTKPBITHIX TOPHBIX paboTax Hamowmiickoro ropHo-
METAJUTypPTrHYeCKOT0 KOMOWHATa TO3BOJMJIA BHECTH CYIIECTBEHHBIH BKJIAN B peIICHHE aKTyaJbHOH HaydHO-
MPaKTHYECKOH 3a1a4un — 3(PPEKTHBHOTO HCIIOIB30BAHUS YHEPTUH B3PHIBA MO0 KPEIKOMY MPOIUIACTKY MPU MPOBEICHUH
MIPOMBIIUICHHBIX B3PHIBOB.

Knrouesvie cnosa: ckanvuas nopooa, 20pHwitl Maccus, OpoodieHue, pasHonpoyHbie NOpPoodbl, NOJE HANPSIICEHUU
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