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Abstract

Purpose is to select the optimal composition of the mixed low-density explosive (Es) applied in the form of blasthole charges
which provide high efficiency of blasting operations while mining of thin ore deposits. The abovementioned becomes possible
while studying features of the foamed polystyrene chemical decomposition and gasification; role of additional water compo-
nents as well as catalyzator being sodium carboxymethy! cellulose; and analysis of explosive characteristics of the compositions.

Methods. The research involved lab-based experiments to define application efficiency of the recommended low-density
blasting agents through identification of the basic explosive characteristics of the model mixed Es.

Findings. The optimal composition of the mixed low-density Es has been developed. It consists of ammonia nitrate, diesel
fuel, granulated foamed polystyrene, water, and sodium carboxymethyl cellulose to be used to break thin ore bodies. Owing to
it, the possibility has arisen to control over a wide range both detonation velocity and pressure of blasting fumes during the
charge density increasing or decreasing. The main detonative characteristics of the proposed compositions of low-density Es
have been determined helping perform explosive rock mass loading in terms of extremely low values of both energy and ex-
plosive characteristics. The developed composition of the mixed low-density Es makes it possible to control quantity of Es
energy in a volume well unit by means of increase or decrease in the charge energy concentration depending upon the changes
in the rock mass resistance; in such a way, efficient breakage of thin ore bodies is provided inclusive of less dilution indicators.

Originality. For the first time, dependence of the relative efficiency of the mixed low-density Es upon the foamed polysty-
rene volume content has been identified as well as dependence of pressure of blasting fumes upon the charging density.

Practical implications are the development of procedures for blasting operations while thin ore body mining. The proce-
dures are based upon formulating of the optimal composition of low-density Es differing in its simplicity, safety, and efficien-
cy; and helping reduce prime cost of the extracted mineral at the expense of the decreased degree of the ore dilution. An empir-
ic formula to define specific consumption of the low-density Es has been proposed for Akbakay mine.
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1. Introduction

The majority of thin deposits in Kazakhstan are charac-
terized by complex mining and geological as well as mor-
phological structure of ore deposits; nonuniform distribution
of minerals; dense fissuring of formation; tectonic distur-
bances; and variable physicomechanical characteristics of ore
minerals and enclosing rocks [1]-[4]. Thinness of the ore
deposits, combined with the complicated geological occur-
rence conditions, results in significant dilution of the mine-
rals during their excavation. Generally, complete mining, and
sublevel-chamber system (where ore is delivered with the
help of explosive force of deep borehole charges) are ap-
plied. Consequently, dilution degree may sometimes achieve
70% and more. The situation is typical for the majority of
such deposits all over the world [5]-[7].

Relying upon the earlier research, concerning extraction
of thin ore deposits (i.e. 0.9-1.5 m), the authors have identi-

fied that breakage of ore bodies from sublevel drifts through
deep blasthole charges factors into dilution in blocks at the
expense of enclosing rock blasting from a bottom wall and a
hanging wall; its value may achieve 75%. For example, in
the context of Akbakay mine, rock breaking from a hanging
wall is 0.4-0.6 m if ore bodies with an average 1.2 m thick-
ness are mined; the figure is 0.2-0.3 m in terms of a bottom
wall. In this vein, quality of thin ore body breakage in-
fluences heavily the ore dilution as well as indicators of all
following mining and processing operations causing signifi-
cant damage to the mine and preparation plant [8]-[10].

The problem concerns not only Akbakay mine. Currently,
many ore producers, engaged in mining of thin metalliferous
deposits, face difficulties with the mineral extraction; particu-
larly, it is typical for complex mining and geological condi-
tions characterized by disturbances of the enclosing rock
mass [11]. If thin ore deposits are mined within unstable for-
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mation, indices of sublevel-chamber system with layer-by-
layer ore breaking by means of deep wells and delivery
through explosive force drop sharply [12], [13]. Excavation of
thin ore deposits, taking place under the conditions of the
restricted stope width, makes it possible to improve the ore
grade owing to decrease in the primary dilution [14]. How-
ever, if deep blasthole charges are exploded in the limited
space, a significant share of the explosive energy is consumed
by earthquake effect towards the rock mass depth as well as by
extra defragmentation of the ore being extracted [15], [16]. In
case of unfavourable fissuring distribution, earthquake effect
of an explosion results in the mined formation loosening with
following potential rock separation from the roof [17]. The
abovementioned degrades the ore due to the intensified sec-
ondary dilution and complicates mining operations [18]-[21].

In such a way, ore extraction in narrow stopes is subject to
the difficulties connected with the conflicting requirements as
to its results. On the one hand, breakage procedure as well as
the defined parameters of drilling-and-blasting operations
(DBOs) should provide high efficiency [22]-[26]. Neverthe-
less, on the other hand it is required to comply with the geome-
try of mining operations; minimize amount of rocks being
separated; and provide uniform defragmentation of the ex-
tracted ore with minimum formation of fine and coarse frac-
tions [27], [28]. Meanwhile, simultaneous fulfillment of the
requirements turns out to be extremely challenging. If ore is
broken from stable formations of enclosing rocks, then the
drive towards high productivity is not always followed by the
mineral degradation; at the same time, such a compromise is
not always achievable in case the ore is extracted from unsta-
ble formations. In general, more attention should be paid to the
quality improvement at the expense of decline in output.

Under the specific conditions of underground mineral mi-
ning and at the certain stope width, selection of rational blast
parameters is the important factor to achieve optimal balance
between quantitative and qualitative characteristics of a brea-
kage procedure [29]. Obviously, identification of the efficient
relation between a stope width and explosion characteristics
during mining of thin ore bodies with varying physicomecha-
nical characteristics of ores and enclosing rocks is the essential
tendency for further improvement of a mine throughput.

As it has been mentioned, development of extraction pro-
cedures for thin ore deposits should take into consideration
all factors influencing formation integrity inclusive of blast
loading. It is known that if brisant industrial Es are applied,
significant blast energy falls at such inefficient and some-
times hazardous processes as plastic strain and intensive rock
defragmentation in the immediate vicinity of the explosion;
formation of seismic waves; etc. Moreover, certain energy
share is also lost if charges have been calculated incorrectly
and the unused heat escapes into the atmosphere together
with explosion products, or is wasted on excessive scattering
of the broken rocks [30]. The abovementioned reduces the
explosion efficiency influencing negatively on the whole
procedure of ore mining [31].

According to specificity of their composition, industrial
blast agents have strictly defined the energy content per unit
of volume as well as certain explosion yield. However, the
latter may be too high for the majority of cases when it is
applied for mining of thin ore bodies; hence, the explosion
will have negative results [32]. The condition focused scien-
tists and researchers from our University on the design of

54

such compositions of explosives which would help form Es
charges with the controlled energy at the blast site.

Review and analysis of both national and world practices
of underground mineral mining have shown that one of the
promising tendencies in the area, providing the required
mechanism of rock breakage, is a method of blast energy
control. The method should be based upon the development
of rational Es charges with the regulated charging densi-
ty [33], [34]. In other words, the idea involves selection of
optimal composition of the mixed low-density explosives
(LDEs) with the possibility to control their energy character-
istics. As it is known, the Es are based upon ammonia nitrate
and granulated foamed polystyrene. In this context, it is possi-
ble to control destructive action of the low-density Es with the
minimization of energy transfer to an explosive wave through
a simultaneous decrease in volume concentration of the blast
energy; detonation velocity; gas amount in the unit volume of
the Es; and pressure in the charging cavity. The abovemen-
tioned is achieved while varying bulk density of the charge.

Earlier, many researchers assumed that in the mechanical
mixtures of ammonium nitrate Es and the granulated foamed
polystyrene the latter acted as a combustible charging material
as well as density controller [35], [36]. At the same time, some
scientists [37] considered the foamed polystyrene as inert
charging material and combustible additive, which could react
owing to the initial explosive decomposition of such active
components as ammonia nitrate, trinitrotoluol, and others.
Nevertheless, based upon the analysis of gas products upon
detonation, Norwegian scientists [38] have concluded that
within the mixture, foamed polystyrene cannot react chemical-
ly. The conclusion relies upon the fact that foamed polystyrene
addition to the mixture, containing ammonia nitrate and diesel
fuel with the balanced oxygen content, did not demonstrate
increase in the emission of toxic gases.

Use of the mixed low-density Es makes it possible to
control the quantity of energy in a well volume unit through
certain changes in the charge energy concentration depen-
ding upon variations in the rock mass resistivity or in physi-
comechanical characteristics of rocks and ore. The above-
mentioned helps save costs of expensive Es and improve
blast efficiency. A loading effect on the rock mass on the
explosion of low-density Es charges results from their energy
and detonation characteristics as well as from the detonation
mechanism features.

Consequently, an analysis of the basic explosive charac-
teristics together with the definition of optimal composition
of the mixed low-density Es, which can be used as charges
for wells and provide high efficiency of blasting operations
while thin ore deposit mining, are the topical problem in the
context of vein formation extraction under the complicated
mining and geological conditions. To solve the problem,
specific research has been performed which findings are
represented in the paper.

2. Materials and methods

The research involved a complex technique comprising
theoretical studies of low-density mixed Es operation, and
lab-based experiments on the basis of the studies; the proved
private procedures were applied in addition to the modern
equipment use. The obtained experimental data were pro-
cessed with the help of mathematical statistics methods to
derive dependencies describing the analyzed activities.
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The industrial mixed Es, incorporating the granulated
foamed polystyrene, are heterogenetic explosive systems.
The abovementioned is stipulated by the possibility to con-
trol broadly the charge characteristics; detonation parame-
ters; detonation wave shape; and, hence, improvement of
the efficiency of different types of blasting operations. It
should be mentioned that the possibility to control both
mode and parameters of an explosion is also connected with
the fact that detonation parameters of the mixed Es vary
significantly depending upon the structure and geometry of
grains being in their composition.

2.1. Selecting components of explosive mixtures

Taking into consideration blasting conditions during thin
ore deposit mining, selection of explosive mixture compo-
nents should meet following criteria:

— the selected components have to provide reliable deto-
nation of the mixed low-density charge in blastholes;

— the components should be economically accessible and
preferably inexpensive;

— incorporation of new components must not complicate
a process of the Es formulation;

— the components should be safe, and easy to use and store.

The basic components, used for the mixed low-density
Es, are granulated ammonia nitrate (GAN), diesel fuel (DF),
which pluses and minuses are widely known in the capacity
of igdanite and granulated foamed polystyrene (GFP) of PSV
class. Use of such a synthetic material as polystyrol of com-
bustible PSV class as the mixed explosive component de-
pends upon the fact that polystyrol microspheres, located
among Es granules in a certain proportion (i.e. 20-90%),
favour control of the mixture density within the range
of 0.95-0.25 g/cm? (Fig. 1). The abovementioned is achieved
at the expense of low polystyrol bulk weight being
0.015-0.03 g/cm®) which participates synchronously in the
chemical decomposition of the blast agents.
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Figure 1. Dependence of the charging density of low-density Es
upon the granulated foamed polystyrene ratio
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Being a hydrocarbon compound, foamed polystyrene
comprises 89.8% of carbon; 8% of hydrogen; 0.18% of sul-
fur; 0.21% of nitrogen; and 1.8% of oxygen. The material is
a styrol polymer which composition includes a sponging
agent isopentane which boiling point during polymerization
is 27.9°C [39]. Polystyrol of a combustion PSV class is the
specific material differing in high-grade inhomogeneity and
microstructure being similar to a foam composition. Its struc-
ture is represented by more or less organized layers of poly-
meric basis, which form walls of gas-filled cells. The physi-
cal inhomogeneity as well as alternation of solid and gaseous
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phases define unique characteristics of the material. Geomet-
ric pattern of the cells and their dimensions; free motion of a
gaseous phase; and ratio between polymeric and gaseous
phases are among the factors characterizing the foamed poly-
styrene structure and influencing its properties.

The foamed polystyrene ability for complete or partial
gasification at high temperatures is among the important
characteristics attracting attention in the context of detona-
tion analysis of low-density Es. The study has shown that if
foamed polystyrene density increases up to 0.02 g/cm? then
its complete gasification in the charge with a similar length is
achieved through the direct contact with the initiating charge.
Further, increase in density factors into the formation of
numerous solid explosion products. In such a way, the basic
factors, influencing detonation process of the mixed low-
density Es, are density and elasticity of the foamed polysty-
rene granules; pressure within the chemical reaction zone;
pressure of expanding explosion products; intensity of ener-
gy flow; activation energy of the mixture components; and
rate of their decomposition.

In addition to ammonia nitrate, diesel fuel, and granulated
foamed polystyrene, water and alkali salts are applied as
extra components. To achieve uniform charge structure in
blastholes, decrease in dusting, prevention of electrization,
and reduced sensitivity to electrical spark discharges, the
basic components are added by a structuring agent. It has
been identified that sodium carboxymethyl cellulose (Na-
CMC) is the most efficient and available structuring agent.

Being a component of the mixed low-density Es, water
offers significant advantages owing to its multifunctionality.
In addition to its role of ammonia nitrate and foamed poly-
styrene decomposition catalyst as well as steam generator
within a zone of chemical reaction of detonation wave, water
also acts as a wetting agent preventing a charge separation
into layers. Moreover, water is a thermal medium while po-
lystyrol foaming. Water use to wet the foamed polystyrene
granules prevents from static electricity accumulation at their
surface during powered charging.

Na-CMC is also of considerable versatility. Acting as
an ammonia nitrate decomposition catalyzer, a structuring
Na-CMC agent is synchronously a catalyzer of hydrocarbon
decomposition.

Their operation mechanism is as follows. The matter is
that in the presence of salts or owing to the formation of
intermediate products, being more active than the initial
decomposition products of the Es themselves, oxidation of
the combustible elements of the molecule is accelerated
resulting in formation of such terminal products as CO, N,
and H,O. Role of Na-CMC, containing alcali metal in the
molecule, is to initiate hydrocarbon decomposition with the
formation of active products. At the same time, Na trans-
forms rapidly the products at its surface into terminal pro-
ducts. In such a way, one molecule unites catalyzers for
decomposition and transformation initiation. Moreover,
alkali salts serve simultaneously as catalyzers for carbon
oxidation. Use of catalytic transformations at alkali salt
surface facilitates reduce in formation of toxic blasting
fumes which is extremely important on detonation of low-
density Es with negative oxygen balance since they have
tendency to release substantial quantity of CO as well as
hydrocarbon residues. Transformation of the components
into H,O and CO; is of double importance. On the one
hand, it favours control of toxic gases; on the other hand, it
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improves thermal efficiency of an explosion while control-
ling reactions towards maximal energy benefit.

Hence, real opportunities are created for underground
use of the mixed low-density Es. Moreover, it has been de-
fined that Na-CMC may also be a thermal medium while
polystyrol foaming.

2.2. Formulation of the pilot research

Relying upon the above, six samples of the mixed low-
density Es were produced in a laboratory environment (Ta-
ble 1). They are recommended to mine thin ore deposits;
explosive characteristics of the samples have been analyzed.

Table 1. Compositions of the laboratory samples of the mixed low-

density E
Mixture percentage depending upon volume
Mixture Water
DF (over Na-CMC

type GAN  GFP (over

100%)  (over 100%) 100%)
LDE-1 80 20 6.0 0.8 4.0
LDE-2 70 30 6.0 0.8 3.5
LDE-3 50 50 5.0 1.0 3.5
LDE-4 30 70 5.0 1.0 3.0
LDE-5 20 80 4.3 1.1 3.0
LDE-6 10 90 3.6 1.2 3.0

All the applied components are economically accessible;
they need not any specific conditions for their storage and
transportation. None of the components, included in the
proposed composition of a low-density Es, is a dangerous
material from the viewpoint of safety measures while dealing
with them. The basic explosive characteristics of the pre-
pared samples of the mixed low-density Es were analyzed in
the laboratory using the specific test facility VK-10 for blast
assessment studies (Fig. 2).

Figure 2. Test facility VK-10 to analyze physicochemical charac-
teristics of the mixed low-density Es

The mixed low-density Es are characterized by low
volume density; negative oxygen balance; and inclusion of
inert additives. As a rule, the factors result in shifts of chemi-
cal behaviour towards the reactions followed by transition of
the mixture components to plasma with subsequent compres-
sion of the formed plasma with its further blast. In turn, the
abovementioned complicates analysis of detonation charac-
teristics of the blast. Hence, some parameters of low-density
mixed Es samples were defined analytically.

Amount of gaseous products and their composition were
identified with the help of 200-gram charge explosion in the
specific vessel of the test facility (Fig. 3). 20 grams of finely
divided and screened through a sieve #15 trinitrotoluol was
applied as an intermediate charge.
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Figure 3. Laboratory tests of the basic detonation characteristics
of the mixed low-density Es: (a) tested mixed low-density
Es charge; (b) charging chamber of the test facility;
(c) initiation of the mixed low-density Es; (d) explosion
sensor reading

Instantaneous electric detonators initiated the charge.
Failure occurred when LDE-6 sample was initiated; conse-
quently, the composition did not experience any other tests.

Gas was sampled after cooling, i.e. an hour later than the
Es explosion. Taking into consideration specific composition
nature of the mixed Es (their low density), the efficiency was
defined in terms of lead blocks using an equal charge method
relative to 6 ZhV ammonite.

Shattering effect was determined as follows. 50-gram
charge of the mixed composition of low-density Es was
placed in a steel ring with a height of 60-270 mm depending
upon the tested sample composition where internal diameter
was 40 mm. The steel rings had clean end cuts. Lower end of
the ring was sealed by polyethylene to shape a bottom. While
charging, the steel rings were filled with the compositions in
small portions; slight compaction took place. 10 g of finely
divided trinitrotoluol was applied as an intermediate charge.

Detonation mechanism features of the low-density Es
disagree with the models of hydrodynamic detonation theo-
ry; moreover, the geometry of inhomogeneity of a detona-
tion wave front prevents from deriving of the overall
dependence through simple generalization of their charac-
teristics in space and time. The detonation completeness
was identified in 150-mm cartridges. Cases for them were
made of cardboard with 2-mm width.

3. Results and discussion

The laboratory tests have helped identify a composition
of explosion products of the mixed low-density Es. Table 2
demonstrates the results inclusive of the detailed information
on the composition of gases released after blast of the mixed
low-density Es which is the key aspect while analyzing and
optimizing their use to break ore deposits.

Table 3 shows results of the laboratory tests carried
out to define the basic explosive characteristics of the mixed
low-density Es.
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Table 2. Composition of explosion products of the mixed low-density Es

Mixture Gas Composition of explosion products, I/kg
type volume, I/kg H2 02 CO2 Cco NO2 CH4 CoH4 CoHs CsHs CsHs
LDE-1 628 17.00 0.63 108.0 32.6 5280 0.088 0.015 0.018 0.0126 0.0012
LDE-2 418 54.00 7.10 80.5 40.2 - 12.950 0.368 0.700  0.084  0.026
LDE-3 230 1.84 - 37.8 14.0 0.050 0.172  0.0207 - 0.0007 -
LDE-4 209 3.13 0.313 214 17.6 0.313 0418 0.056 0.004 0.042 -
LDE-5 199 25.60 4.40 37.6 18.4 0.012 5.6000 0.172 0.320 0.036  0.012
Table 3. Basic explosive characteristics of the mixed low-density Es
Mixture Bulk Relative efficiency Shattering Explosion Oxygen Detqnatlon.comple_teness
type density, g/cm®  as for 6 ZhV ammonite  effect, mm  heat, kkal’kg ~ balance, % In cartrldg_es with
' ' ' ' 150-mm diameter
LDE-1 0.74 0.92 19.05 424.0 +17.4 absolute
LDE-2 0.70 0.98 23.20 466.0 +15.7 absolute
LDE-3 0.53 1.18 21.70 635.0 +10.2 absolute
LDE-4 0.33 1.30 21.40 890.0 -2.0 absolute
LDE-5 0.28 0.89 21.20 743.0 -16.0 failure

As the findings have demonstrated, relative efficiency
values for the mixed low-density Es have been identified per
active charge mass including water and Na-CMC addition.
Figure 4 shows dependence of relative efficiency of the am-
monia nitrate- foamed polystyrene mixtures upon the volume
foamed polystyrene concentration in a charge.
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Figure 4. Dependence of relative efficiency of the mixed low-density
Es upon the volume foamed polystyrene concentration

80 100

Analysis of the graph data has explained that the efficien-
cy of the mixed low-density Es, expressed as a ratio between
action and mass of active components, achieves its maximum
if the foamed polystyrene concentration is about 50%, and
remains invariable when the concentration increases up to
80%. Appearingly, high efficiency of the Es maintenance
depends upon more complete energy release stipulated by the
availability of water and catalyzers in the mixture composition.
Nevertheless, while accounting inert additions and calculating
per charge mass, increase in the foamed polystyrene concen-
tration up to 80% is followed by 20% decrease in the relative
efficiency. The abovementioned is connected with the increase
in the share of inert additions in the total charge mass.

Determination of pressure of gases, resulting from a blast,
is a complex problem since the blast takes place in the com-
pressed plasma volume rather than in the initial volume of
Es. It should be mentioned that substance volume and densi-
ty within explosion zone differ greatly from initial parame-
ters. To identify accurately pressure of gases, resulting from
detonation, one should have precise data on plasma volume
and density at the explosion moment. Average pressure of
blasting fumes inside the charging cavity corresponds to the
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moment of their even distribution within the cavity. Figure 5
shows dependence of the pressure of blasting fumes upon the
charge density.
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Figure 5. Dependence of the pressure of blasting fumes upon the
charge density

At a very high pressure, formed inside a charge chamber
during detonation, the density of blasting fumes becomes
comparable with the fluid density. In this vein, gas pressure
calculation of gases, formed during explosion, should in-
volve volume of molecules of the gases since their influence
cannot be ignored. Analytically, blasting gas pressure is
identified using the Formula (1):

p 4QE(Y—1)
zd?L
where:

Q — the Es mass, kg;

E — specific explosion heat, kkal/kg;

Y"— isentropic exponent;

d — charging cavity diameter, m;

L — charge length, m.

While thin ore body mining through blasting, charges in
stopes are arranged in lines depending upon the capacity.
Traditionally, no less than two lines are used. In some cases,
deposit thickness does not correspond to a whole number of
lines resulting in the increase of the specific Es consumption
during defragmentation. The specific Es consumption de-
pends upon a degree of free surface width correspondence to
the charge diameter as well as a degree of the charge dis-
placement from symmetry axis of the surface.

o))
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In such a way, the specific consumption of the mixed
low-density Es to break ore at tight spaces, and effect of
explosion with high volume pressure have to be defined
relying upon the total energy equation describing a rock
breakage process while blasting (in terms of Akbakay mine):

2

5
q=0.19p, (0.6+3.3-10‘3dcd0)-[%k5] K, tm3 (2)

1
k8.07
where:

pn — volume rock density, t/m?;

ky — defragmentation factor;

dc — charge diameter, m;

do — average jointing size in rock mass, m;

Sk — standard fragment size, m;

K — coefficient, taking into consideration explosion heat of
both reference and the applied Es, defined using the Expression:

Qr
K==, 3
Qe ©
where:

Qr — reference Es heat, kkal/kg;

Qe — applied Es heat, kkal/kg.

Industrially, the mixed low-density Es are produced using
mixing machine. It is recommended to mine water-bearing
formation using the mixed low-density Es in the packaged
form or applying plastic sleeves.

As scientific papers by other researchers [40], [41] mention,
the ability of the mixed low-density Es to stable detonation at
the reduced density is provided owing to the use of foamed
polystyrene with 0.005-0.008 g/cm?® density which amount is
10-90% of the total mass, and addition of catalyzers in the form
of water (13-30%) and sodium salt NaCl (6.5-20%).

The results of laboratory tests, carried out by the authors,
have made it possible to identify that the use of foamed poly-
styrene with extremely low density (i.e. 0.005-0.008 g/cm?)
factors into increase in the composition permeability preven-
ting from the uniform sodium chloride distribution along the
whole charge length. In addition, it has been defined that
decomposition quality during chemical reaction depends
upon the charge diameter. In this context, critical diameter
should not be less than 150 mm, which restricts underground
use of the Es composition.

Use of the foamed PSV polystyrene with 0.015-0.03 g/cm?
density as a component of the mixed low-density Es supports
uniform catalyzer distribution over the granule surface.
Moreover, addition of such a structuring agent as Na-CMC
instead of NaCl helps preserve characteristics of Es composi-
tion in a blasthole over the extended intervals owing to its
viscosity and ability to bind the components thus providing
conditions for qualitative and rapid ammonia nitrate decom-
position during blasting.

It has been identified that if the mixed low-density Es are
applied then rock mass is loaded in a quasi-static mode with
extremely low explosion heat values being 400-1000 kkal/kg.
The fact complicates substantiation of the rational applica-
tion area for the mixed low-density Es. Consequently, deter-
mination of the regularities, according to which charges of the
mixed low-density Es operate within a blasting agent-rock
contact depending upon both medium resistivity and explosive
detonation, needs further research intended to search for opti-
mal ratio between explosive components; effective blasthole
diameter involving physicomechanical rock mass characteris-
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tics; design of charges; and firing delay intervals. The above-
mentioned should expand application area of the mixed low-
density Es; improve blasting efficiency while thin ore deposit
mining; and better their technical and economic performance.

4. Conclusions

The research has helped conclude the following. Correla-
tion between the composition of the mixed low-density Es
and their characteristics, connected with energy and detona-
tion, has been identified and substantiated scientifically. It
has been determined that the ability of the mixed low-density
Es to stable detonation in terms of extremely low density
values (i.e. those ones being less than 0.2 g/cm?) is achieved
owing to the fact that their composition is added by the
foamed polystyrene, which density is 0.015-0.03 g/cm?, as
well as by water and structuring Na-CMC agent distributed
uniformly over the foamed polystyrene granule surface.
Water and sodium carboxymethyl cellulose evaporate at the
expense of energy released in the foamed polystyrene gran-
ule explosion; in turn, it creates condition for rapid ammonia
nitrate decomposition within the chemical reaction zone.

Optimal mixtures of low-density Es have been developed
to break thin ore deposits. The mixtures are applied depend-
ing upon the ore body geometry as well as geomechanical
conditions of rock mass in the process of underground min-
eral mining. Volume percentage of the mixtures is as
follows: 20-80 of the granulated ammonia nitrate; 80-20 of
the granulated foamed polystyrene; 4.3-6.0 of diesel fuel
(over 100%); 1.1-0.8 of sodium carboxymethyl cellulose
(over 100%); and 3.0-4.0 of water (over 100%).

Relative efficiency of the mixed low-density Es depends upon
the volume foamed polystyrene concentration; the efficiency can
be identified through A = -0.003p?+0.0318p+0.4883 function.

It has been determined that to compare with standard indus-
trial Es, the mixed low-density ones help perform wide range
control (i.e. 35-160 MPa) of detonation velocity as well as
pressure of blasting fumes either while charge density increa-
sing or decreasing in the limit of 0.2-0.8 g/cm?. In this regard,
depending upon the charge density, value of the blasting fumes
can be defined using P = 92.529 In(p) + 174.05 function.

The mixed low-density Es make it possible to control
quantity of Es energy per unit volume of a blasthole through
increase or decrease in the charge energy concentration ac-
cording to changes in the rock mass resistivity or changes in
physicomechanical characteristics of rocks and ores; moreo-
ver, the explosives improve blasting efficiency.

Empiric formula has been proposed to calculate specific
consumption of the mixed low-density Es while thin ore
deposit excavation under mining and geological conditions
of Akbakay mine.

Ultimately, the research findings help develop flexible
blasting procedures providing efficient explosive energy
under variable characteristics of rocks, being disintegrated,
for a wide range of ore bodies.
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Iixdip onTUMAJBLHOTO CKJAAY Ta A0CTiMKeHHsI BUOYXOBUX XapPaKTePUCTUK HU3bKOUIIJILHUX CyMilleBUX
BHOYXOBHX PE€YOBHH, 1[0 BUKOPUCTOBYIOTHCS /IUIsI BiI0iBaHHS MAJIONOTY>KHUX PYAHHUX TiJI

€. Cepnaries, €. Ickakos, /[. AMaHX0JI0B

Merta. I1in6ip onTHMAaNIBEHOTO CKJIamy CyMIIIeBOi HH3BKOUIUIbHOI BUOYX0BOi pedoBuHn (BP), mo 3acTocoByeThCs y BHTIIII CBEPIJIO-
BUHHHX 3apsiIiB i 3a0e3meuyeTh BUCOKY e(eKTUBHICTh BUOYXOBHX POOIT MPH BiAMPAIIOBAHHI MAIOMOTYKHUX PYIHUX MOKIAIIB, 32 PaXyHOK
BUBYCHHSI 0COOIMBOCTEH XiIMIYHOTO PO3KIaJaHHs Ta ra3udikaiii MHOTOIICTUPOITY, POJIi 10JaTKOBUX KOMIOHEHTIB BOJM Ta KaTaji3aTtopa y
BUTJISIII HATPI€BOI COMI KapOOKCIMETHIILIENION03U W JOCIIIKEHHS BUOYXOBUX BIACTUBOCTEH ITMX CKIIAiB.

Metoauka. B nanomy nocmipkeHHi Oyid mpoBeeH] J1a00paTopHi eKCIIepUMEHTANbHI TOCHIKEHHS s BCTAHOBJIEHHS e(peKTUBHOCTI 3a-
CTOCYBaHHS PEKOMEH/IOBAaHHX CKJIaiB HU3bKOMUIbHIX BP NIIIxoM BI3HaYeHHS! OCHOBHHX BHOYXOBHX XapaKTePUCTHK 3pa3KiB cymimieBux BP.

PesyansTaTn. Po3poGiieHo ontumansHuil ckiaj cyminieBoi Hu3pKomineHOT BP, mo cxiramaeTses 3 amiadHoi ceniTpy, IU3EIHOTO M-
Ba, TPaHyJIbOBAHOTO ITIHOIONICTHPOILY, BOAU Ta HATPieBOi cOJi KapOOKCIMETHIILEIIONO03U I e(heKTHBHOTO BiOMBABHHS MAaJONOTYXHUX
PYAHUX HOKJIAJIB, SIKA Ja€ MOXJIMBICTh y IIUPOKAX MEXaX THCKY PETYIIOBaTH IIBHIKICTh AETOHAIll Ta BEJMYHHY. BH3HaueHO OCHOBHI
BUOYXOB1 XapaKTEPUCTUKU MPONOHOBAHMUX CKJIA/AIB HU3bKOIIIIBHUX BP, 1mo m03BOJsIOTH 31ifiCHIOBaTH BHOYXOBE HAaBAaHTAXXCHHS MAacHUBY
IpU TPAHWYHO HHU3BKHX 3HAYCHHSIX EHEPreTHYHMX 1 JETOHAIIMHUX XapaKTepUCTUK. Po3pobneHuil ckian cymimeBoi HU3BKOIIIIBHOI BP
JIO3BOJISIE PETYJIIOBAaTH KUIBbKICTh eHeprii BP B oguuumi 06’eMy CBEpIUIOBHHHM IIJISIXOM MiABUIIEHHS a00 3HIKEHHS KOHIEHTpAIil eHeprii
3apsity B Mipy 3MiHH OMIPHOCTI MacUBY, THM CaMUM 3a0e3nedye eeKTUBHE BiA0IBaHHSA MaJONOTYXKHUX PYAHUX MOKJIAiB 3 MEHIIUMHU MOKa-
3HUKaMH PO30DKHOCTI.

HayxoBa HoBH3HA. Briepiie BHsBICHO 3a1€XHICTh BIJHOCHOI IPaIe3aTHOCTI CyMilIeBUX HU3BKOIUILHUX BP Bin 06’eMHOrO BMicTy
MIHOMOJICTHPOITY, @ TAKOXK BETMYMHH THCKY Ta3iB BUOYXY BiJ] IIJIBHOCTI 3apsiDKaHHS.

IIpakTH4yHa 3HAYMMICTD [IOJIATAE Y CTBOPEHHI TEXHOJIOTIH JUIsl BeIeHHST BHOYXOBHX POOIT IPH BiNIPAaIfOBaHHI MaJOIOTYKHAX PyIHUAX
TiJ Ha OCHOBI PO3POOKH ONTUMAIBHOTO CKJIAAY HU3BKOUIIBHUX BP, siKi BiIpi3HAIOTHCS MPOCTOTOIO, OE3MEKOI0 Ta e()EeKTHBHICTIO 3aCTOCY-
BaHHS, IO J03BOJISE 3HU3UTU COOIBApTICTh BUIOOYBaHHS KOPHUCHUX KOMAIMH 33 PaXyHOK 3MEHIIEHHS CTyNeHs po30ikHOCTI pyau. s
YMOBH pyJHHKa “AKOaxaii” 3alpOIIOHOBAHO EMITIPHYHY (OpMYITy BU3HAYEHHS MATOMOI BUTPATH HU3BKOIIIEHOT BP.

Knrouoei cnosa: zipcokuili macus, pyoui nokaaou, 8i00usanus, u000Ymox, sHeOiOHeHHs, pyod, 8UOYX08a peuosutd, WilbHiCmb 3apaoy
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