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Abstract

Purpose. Determining the possible and substantiating expedient alternate design and engineering decisions regarding the
stage of spacial union of the adjacent quarries belonging to various owners by mining the rock pillar between the No. 3
quarry of PJSC “ArcelorMittal Kryvyi Rih” and the quarry of PJSC “Southern Mining Factory” with involvement into
mining the reserves, extraction of which is possible within the existing mining and land allotments.

Methods. It was used an integrated methodological approach, including mining and geological analysis of the rock massif
between two adjacent quarries, which is subject to decommissioning; technical-economical analysis of the operational effi-
ciency of the ore-dressing plant when decreasing the ore mine productivity as a result of cleaning-up the deposit; theoretical
substabtiation of design and engineering decisions regarding the quarry objects parameters in the specified conditions and
with the efficient development of a rock pillar that separates quarries.

Findings. The state of the projects and plans for the development of mining operations in the No. 3 quarry of PJSC “Arce-
lorMittal Kryvyi Rih” and the quarry of PJSC “Southern Mining Factory” has been analyzed, which, in the coming years,
indicates their spacial union. It has been revealed that the decommissioning of the rock pillar between the quarries is com-
plicated both spacely and technologically, especially as a result of seismic restrictions, but the proposed solutions and
measures simplify and make safe this stage as much as possible. The problem has been defined of reduce in the loading at
the dressing plants proportionally to the decline in ore output. The technical-economical calculations substantiate that the
corresponding sequential decommissioning the enrichment sections of the ore-dressing plants is expedient at one of the two
cooperating ore mining and processing plants.

Originality. An integrated approach has been improved regarding the evolution of mining and processing enterprises at the
stage when their quarries approach to the maximum depths and final contours by taking into account adjacent ore mines as a
single complex dynamic system. The analytical substantiation of drilling and blasting technology of the rocks destruction
has been adapted to the specific conditions of decommissioning the pillar adjacent to both quarries.

Practical implications. It is distinguished their high level of suitability for implementation and use in the designing of
mining operations development in the quarries of PJSC “ArcelorMittal Kryvyi Rih” and PJISC “Southern Mining Factory”.
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1. Introduction

The iron-ore Kryvbas, almost throughout its existence,
has been developed under the conditions of the permanent
expansion of the dominant mining and metallurgical system:
the existing mines increased their production capacities, new
ones were built, and, consequently, the infrastructure for
their provision, as well as the very technologies were created,
complicated and improved. However, everything was aimed
specifically at expansion and few people dealt with “post-
industrial” problems, once very distant, but inevitable,
which, when approaching the final stages of quarry fields
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mining, are developed into a serious problem. The issues of
resource-commodity interaction of mining and processing
enterprises (MPEs) as components of precisely a single sys-
tem — the mining and metallurgical complex — were resolved
very superficially. The possibilities of technological interac-
tion were not almost studied at all, despite the fact that the
quarry fields of some of the neighbouring ore mines were
mined out more and more intensively [1]-[6]. However, in
the conditions of mutual overlapping the zones of technolog-
ical impacts of two quarries, fundamentally new problems
arise, especially when using mass explosions. In these cir-
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cumstances, the transition to a systematic principle of a sci-
entific support for surface mining operations is inevitable.
And it should be noted that even though the most studies
focus on optimizing drilling and blasting operations as two
separate ones, there are already some publications in which it
is proposed [7] the Systemic Dynamic Interactive Model
(SDIM) for drilling and blasting operations, which uses Ven-
sim software as a powerful dynamic tool for modelling and
optimization in deterministic and non-deterministic conditions.
It has been proved that complex optimization, in contrast to the
deterministic approach, is more effective. Under these condi-
tions, the possibilities of planning, designing and increasing
the efficiency of mass explosions are greatly expanded due to
the use of the latest communication technologies and computer
systems, laser measuring technologies, drilling machines
equipped with GPS, new explosives, charge structures and
means of their controlled explosion, measuring the effective-
ness of explosives and assessing the explosin results [8], [9].

The research has advanced significantly relative to the pre-
liminary weakening and pre-splitting the rocks, as well as to
control the reverse blasting and filtering of explosive gases,
when forming by an explosion of medium discontinuity delib-
erately oriented into the space of massif [10]; as well as to
control seismically [10], [11] and for the safety of mass explo-
sions [11]. It has been reliably determined how the distribu-
tion, transfer and use of explosive energy affects the specific
charge and the formation of the volumetric stress state of mas-
sif. Theoretical results are consistent with numerical models
and the latest experimental tests [12], [13]. But most of the
Kryvbas iron-ore quarries are approaching the final design
contours and require serious updating the technologies to take
into account this specificity. Therefore, theoretical research
and experimental refinements of the explosion action under
these conditions require a more in-depth development. Modern
approaches to planning the mining operations development are
based on the assumption that the parameters of the external
and internal environment will be relatively constant, and,
therefore, do not provide for changing the main characteristics
of the quarry in the long run. In addition, the existing methods
of planning the mining operations do not take into account the
relationship between the mining operations mode and ore
output in a quarry, under the condition of providing by the
quarry of a standard of the reserves ready for extraction in case
of change in the productivity [14]-[16]. In most studies aimed
at determining the development system parameters when plan-
ning the mining operations, in the process of determining the
working site width with a specified ore output in a quarry, only
the length of the active front of ore and overburden rocks is
taken into account at the moment of assessment [17], [18]. At
the same time, the influence on it of a change in the working
site width, which is in the fact that with an increase in the
working site width, the front length decreases, is not consid-
ered.

That is why the purpose of the article is to analyze adja-
cent quarries as a single industrial-economical system, the
integration of which increases as their technologically active
zones come closer.

The objective of the above stated is to determine the pos-
sible and to substantiate the appropriate alternate design and
engineering decisions, including:

—the parameters of the quarry sides elements, working
sites, horizons and zones of the latter when they approach to
the final contours;

—adjusting the level of optimal loading the ore-dressing
plant in accordance with changes in ore output of the MPE;

—the sequence and methods for decommissioning the
rock massif separating adjacent quarries at the stage of their
spacial union, taking into account the factors influencing on
each of them (blasted rock fragments dispersion, seismic
impact of mass explosions, etc.).

The research results are presented using the example of a
stage of the rock pillar mining between the No. 3 quarry of
PJSC “ArcelorMittal Kryvyi Rih” and the quarry of PJSC
“Southern Mining Factory” with involvement into mining the
reserves, extraction of which is possible within the existing
mining and land allotments.

2. Methodology

The study is structurally grouped into three directions,
characteristic of quarries transition to the lower horizons.
The first of them is related to the technical and economical
analysis of the systematic decrease in ore output of the quar-
ry that is natural for this stage and the corresponding regula-
tion of the enrichment sections number at the ore-dressing
plant of one of the related mining and processing enterprises;
the second direction is focused on the mining-geometrical
analysis of the massif between two adjacent quarries and
approval of the general quarry plan for mining operations
with involvement of ore from this massif in productive de-
velopment; and the third one is directly focused on the tech-
nology of mining operations using a drilling and blasting
method. The distinguished studies are consistent with the
theoretical substantiation of design decisions for the quarry
development under the specified conditions and the planning
of mining operations.

3. Results and discussion

Soon or late, but the deposits are depleted, even such as
iron ore, and at a certain stage, the marked expansion is
changed with stagnation, which is preceded by a rapidly
growing amplitude of iron ore quality fluctuations in the
cargo flows of the quarries (Fig. 1).
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Figure 1. Fluctuations in the iron content of ore flow in the No. 3
quarry of PJSC “ArcelorMittal Kryvyi Rih” mining
department in January 2017

With the transition to deeper horizons, not only quality
indicators, but also the ore output volumes decrease, and the
disproportion increases in the comparative productivity at
different mining and processing plants of the iron-ore basin.
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The first signs of these patterns begin to appear now, and
an example of this, although not direct, but very convincing,
is the site of the Kryvyi Rih iron-ore formation, which is
being mined out by the neighboring mining and processing
enterprises: PJSC “Southern Mining Factory” and PJSC
“ArcelorMittal Kryvyi Rih”.

The working project prepared by Pivdenhiproruda [19]
considers the development of a rock pillar between the No. 3
quarry of PJSC “ArcelorMittal Kryvyi Rih” mining depart-
ment and the quarry of PJSC “Southern Mining Factory” with
involvement into mining the reserves, extraction of which is
possible within the existing mining and land allotments.

It has been determined while working out the calendar
plan that without advancing the No. 3 quarry southern side,
the annual disposal of ore horizons in the central part will be
2-3, and the introduction of new ones — no more than one,
which leads to a gradual reduction in the front of mining
operations in the quarry and, as a consequence, a decrease in
ore output capacities. In this regard, only the timely commis-
sioning of the southern section could support the unoxidized
quartzite output in the No. 3 quarry at a specified level of
20 min tons per year.

But this refers to an adjacent massif, mining of which, re-
gardless of its affiliation, will seriously affect the neighboring
quarry, both in mining-geometrical term and under the influ-
ence of technological factors, especially mass explosions.

It is these factors that determine the emphasized by the
authors necessity in a systematic principle of designing and
managing the quarries, as well as planning the development
of mining operations in them, when either a couple or a
group of quarries is considered as a system. And under these
conditions, first of all, three most important aspects are actu-
alized of adjusting the strategy for the further development of
cooperating plants:

1. Raw material and commodity.

2. Technologically organizational.

3. Design and planning.

And here a situation arises that, being unprecedented for
Kryvbas, is considered as typical in the coming years, with
account of the following.

An analysis of the development projects of mining and
processing enterprises in Ukraine indicates that most of them
with a design capacity will operate for another 15-20 years,
after which it will start to decline steadily: when cleaning-up
the productive ore deposits, or — quarry horizons that are
maximum in design depth. At the same time, a problem arises
of corresponding decrease in loading the dressing plants and
other fixed assets proportionally to the decline in ore output.

The technical-economical calculations indicate that the
corresponding to the specified, the sequential removal of ore
enrichment sections of ore-dressing plants from MPEs is
inevitable reality in this trend. And here a very serious, al-
most unexplored today, and in many ways unexpected prob-
lem arises, the essence of which is that the enrichment pro-
cess, although implemented by a set of enrichment sections,
which from the point of view of control are discrete techno-
logical units, but it still occurs at ore-dressing plants — a
system which is the only medium that includes not only
subsystems — enrichment sections, but also system-wide and
therefore large-scale invariable components (buildings and
structures, general crushing-and-sorting and other technolog-
ical complexes, unified transport and storage systems, energy

and engineering networks, common fixed assets and re-
sources, door-to-door infrastructure, systems of support,
management, logistics, etc.). Therefore, the ore-dressing plant
is a completely integrated establishment, extremely complex
functionally and cumbersome structurally, and most im-
portantly — intentionally designed exclusively for the full
scale of the object, both in design and by program. That is
why, the ore-dressing plant as a system not only does not
have adaptive flexibility in terms of the large-scale variability
of the active number of its discrete units — enrichment sec-
tions, but on the contrary — in design and by program it is
precisely maximally protected in relation to any deviations
from design indicators. As a result, by reducing the number of
working sections, the mining and processing enterprise is not
able to proportionally reduce the cost for maintaining the ore-
dressing plant, and therefore, spends them in full force [20].

Given the above, the authors have studied and proposed,
as a variant to solve the problem, the sequential closure of
the enrichment plants at mining and processing enterprises,
the productivity of which decreases in the group of plants to
a critical value determined by the developed criterion, the
essence of which is the ratio of the costs for maintaining its
own ore-dressing plant at mining and processing enterprise
and the profit from the sale of enriched products. And after
reducing the profitability of ore processing to a minimum
level (with account of the need for costs to maintain in full
the ore-dressing plant operation), the closure of the ore-
dressing plant becomes inevitable and the criterion for as-
sessing the efficiency of the mining and processing enterprise
is reduced to comparing the costs for mining merchantable
ore and the profit from its sale as already finished products.

In this case, there are two stages of decommissioning the
ore-dressing plant:

1%t stage — operation of a plant with declining productivi-
ty, and, hence, the corresponding sequential decommission-
ning, dismantling and sale of that part of the equipment that
is not loaded caused by this decline;

2" stage — dismantling and sale of equipment, structures
and materials after a complete plant shutdown.

Simplistically, the criterion has the form:

2Copp =VcR: —VoprFo @)

where:

Copp — costs for maintaining the ore-dressing plant;

Vope — ore volumes processed by the ore-dressing plant;

V. — volumes of the resulting concentrate;

P — price of concentrate;

P, — price of ore.

The costs for maintaining the ore-dressing plant can be
expressed as follows:

C opp=VcC . @)

If Vc=Voppy, then the costs for maintaining the ore-
dressing plant are of the form:

C opbp=Vopp 7 C. ®)

where:

C — production costs of enrichment;

g — output indicator of the concentrate at the ore-dressing
plant.
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Based on the expression (1), the ratio can be written as:

Vopp 7 C < (VODP ¥ Fe ~Vopp Po)- 4)

When being reduced and transformed, expression (4)
takes the form:

cs[PC —P7OJ. ©)

If to take the production costs value as the minimum ad-
missible (boundary) for the functioning the ore-dressing
plant, then the graphs can be plotted that will allow to deter-
mine the range of the production costs values at the variable
prices for concentrate and ore with various indicators of
concentrate output. Figure 2 shows the dependence of the
minimum production costs on the level of prices of concen-
trate with various price values of the ore at the concentrate
output of g = 39%, in Figure 3 — at g = 40%.
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Figure 2. Dependence of the minimum production costs of the
ore-dressing plant on the level of prices of concentrate
with various price values of ore at the concentrate out-
put of g=39%; ore price: 1-50 $/ton; 251 $/ton;
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Figure 3. Dependence of the minimum production costs of the
ore-dressing plant on the level of prices of concentrate
with various price values of ore at the concentrate out-
put of g=40%; ore price: 1 — 50 $/ton; 2 —51 $/ton;
3 -52 $/ton; 4 — 53 $/ton; 5 — 54 $/ton; 6 — 55 $/ton

In the graphs, the dotted line indicates the minimum price
of concentrate, at which, taking into account the price of ore
and production costs, it is necessary to make a decision on
decommissioning the entire ore-dressing plant or its part

(section), as well as redirecting the ore flow to another min-
ing and processing enterprise.

In this case, it is necessary to consider the prime costs
for transporting ore to the ore-dressing plant of another
mining and processing enterprise, because the price of ore
at the inlet of the ore-dressing plant will be increased by the
expenses value:

Po2 =Por +PCyr . (6)

where:

Po2 — ore price at the ore-dressing plant of another mining
and processing enterprise;

Po1 — ore price at the ore-dressing plant of MPE, where it
was mined;

PCy — prime costs for transporting ore from the first to
the second mining and processing enterprise.

An increase in the ore price at the ore-dressing plant of
another mining and processing enterprise will affect the
production costs of enrichment, but due to an increase in ore
volumes at the inlet of the enrichment process, an increase in
the production costs will not be proportional.

To determine the necessity of decommissioning the ore-
dressing plant and redirecting the ore flow of incoming ore to
another mining and processing enterprise, an algorithm has
been developed using the objective function C = f(Xi, Yi, Zi,
Ki) — min, which helps to make a decision based on whether
the enrichment production facility is profitable at current
prices of ore and concentrate.

It is known that the prices of ore and concentrate are not
constant, fluctuations in the price for concentrate have a very
wide range: over the past decade, it ranged from 120 $/ton in
2007 to 65 $/ton in 2017, and the pessimistic prediction of
iron ore prices looks like it falls below the level of 50 $/ton.

Therefore, the presence of an algorithm for determining
the necessity of decommissioning the ore-dressing plant at
the mining and processing enterprise, where the processing
costs are higher than the selling price of the concentrate, is a
very relevant scientific issue.

In the end, during the two specified above periods, the
enriched products cost (in the first period) will be influenced —
indirectly — by the profit from the sale of funds of sequential-
ly closed enrichment sections (subperiod). And the produc-
tion costs for merchantable ore as a finished product after the
complete enrichment cessation (second period) will be influ-
enced by the proceeds from the sale of fixed assets and other
assets of the ore-dressing plant in general.

By all means, the sale of dismantled as well as integral
fixed assets, which were decommissioned, is reflected in
the financial performance of the mining and processing
enterprise as a whole. But, conditionally, it is possible to
correlate such cashflow with the production costs of prod-
ucts in these periods — solely for the estimated motivation
of management decisions.

1-st period:
{TCepj - [Z( Pdi - Cdsi ) +2 4R ]}
Cepj = Vepj ' )
where:

Cepj — the enriched products cost in the j-th subperiod;
TCepj — total cost of the enriched products produced in the
j-th subperiod;
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Pqi — proceeds from the sale of the i-th decommissioned
assets in the j-th subperiod;

Casi — the cost of dismantling and selling i-th resources in
the j-th subperiod;

AP; — associated savings from the reduction of i-th re-
sources consumption in the j-th subperiod (direct — included
in the cost of ore enrichment);

Vepj — Volumes of enriched products produced in the j-th
subperiod.

2-nd period:

PCrio2 = ..., (similarly);

_ TCrnoz ~[ Z(Psi —Casi ) + £ 4R |+ ZREMopp

PCroz = (8)
Vm02
where:
PCmoz — the production costs for merchantable ore in the
2-nd period;

REMopp — residual expenses for maintaining the ore-
dressing plant.

This approach does not provide an accurate determination
of specific technical-economical indicators, but at the same
time it enables, although very simply, but extremely quickly
and visually assess whether each transition period is being
“mitigated”, which are largely extreme for MPE. When re-
ducing the volumes of ore enrichment, this is compensated
by almost simultaneous material proceeds inflow, which
makes possible to determine in advance and, therefore, to
plan the generalized parameters of the studied systems and
the time required for the preparation, as well as timely pre-
ventive implementation of measures to reorganize the tech-
nological ore-dressing plant and integrated cargo flows at the
mining and processing enterprise.

In addition, the raw material and commodity aspect also
causes the need in specification of reserves and state of ore
deposits at the corresponding stage, as well as specific pro-
duction program. In the studied case, this is a massif between
the quarries of PJSC “Southern Mining Factory” and the
No. 3 quarry of PJSC “ArcelorMittal Kryvyi Rih”.

With the purpose to intensify mining operations in the
southern direction of the No. 3 quarry, the rock pillar is pro-
posed to be mined in two stages [19]:

—at the first stage, mining operations are conducted
within the boundaries allowing to preserve the railway track
operation in the area of causeway;

—at the second stage (after removal of all service lines
from the pillar) - to the border of the existing land allotment.

Since more than 170 min tons of unoxidized quartzite are
located in the pillar between the No. 3 quarry and the quarry
of PJSC “Southern Mining Factory”, expanding the bounda-
ries of mining operations in the quarry with the involvement
of mining the pillar reserves is one of the main measures for
the timely disclosure and preparation of the work front on
unoxidized (magnetite) quartzite.

The approximate volume of unoxidized ore reserves in
the quarry of the first stage, with the possible inclusion into
mining of off-balance reserves of the northern side (due to an
increase in the slope angle), is 498 min tons. In the southern
part of the quarry at the first stage there are about 87700 min
tons of unoxidized quartzite.

The upper part of the quarry southern side is a temporary
nonworking side up to 150 m high, in the lower part of which

there are automobile cross-over roads. Since the mining of
this section by means of frontal working is complicated, the
project provides for the steep layers mining with a transverse
arrangement of faces and a gradual transition to frontal
mining. The project allows organizing the temporarily non-
working sections in the working zone of the quarry with
reclamation with working sides of 30-45m height, safety
berm of 10 m width and catching berm of 30 m width.

Removing the local service lines and dismantling the
transshipment site on the southeastern side of the quarry
(+70/82 m horizon) at the first stage enables to start decom-
missioning the temporarily nonworking side and expand the
quarry field southward, after which it is planned to begin
mining operations on the causeway. For this, it is planned to
arrange a face blind pass on the roof of the causeway (+92 m
mark) and mine out +82 m horizon using the ESh 6/45 drag-
line excavator onto the railway transport. Mining out +82 m
horizon is expected from west to east. After +82 m horizon is
mined out, +70 m horizon is involved into mining using the
Terex RH-170 hydraulic excavator with shipment onto the
railway transport.

To ensure the necessary stability of the +70 m horizon
bench, it is supposed to load it by ESh 6/45 dragline with
overburden rocks in the volume of 30 thousand m®, which
will be delivered by automobile transport from the lower
horizons of the quarry western side.

In the same period, it is planned to mine out the +66/70 m
subbench by the Terex RH-170 hydraulic excavator onto the
automobile transport. Thus, a site (70-100 m wide) is formed
on the southeast quarry side at +66 m mark, which will ena-
ble to operate for two Terex RH-170 hydraulic excavators.

In the future, it is planned to mine out unoxidized ore from
the southern quarry section in the volume of 310 thousand tons
(+30 and +15 m horizons). Mining operations are planned on
four benches of the southern quarry side (+54, +42, +30 and
+15m horizons) with the rocks shipment onto automobile
transport. The working sites are being arranged on the upper
horizons (+54 and +42 m), and transportation lines are built
leading to them to start mining operations. Mining out the rock
mass from the +30 and +15 m horizons is planned by only one
Terex RH-170 hydraulic excavator.

The subsequent period — the extraction of about 1 min
tons of unoxidized ore from the southern quarry side using
two Terex RH-170 hydraulic excavators (+0, -15, -30, -45
and -60 m horizons) onto the automobile transport. After
completion it is planned to combine the systems of automo-
bile cross-over roads of the southern side (+78 and -60 m
horizons and -60 and -225 m horizons). In subsequent years,
this will give an ability to begin setting the eastern side on
the final contour.

In the future, it is planned to mine out more than 4 min
tons of unoxidized ore on seven benches of the southern
quarry side (-75, -90, -105, -120, -135, -150 and -165m
horizons) with shipment onto automobile transport. Since the
extraction volumes for each horizon do not exceed 310 thou-
sand m?3, it is planned to use only one Terex RH-170 hydrau-
lic excavator and only one EKG-10 excavating machine.

This is followed by mining of about 8700 mIn tons of ore
from the southern quarry section on eight benches of the
southern quarry side (-90 and -195 m horizons), of which two
(-90 and -105 m) are placed in the final position of the first
stage. The rock mass transportation from the -90 m and
-195 m horizons is performed by automobile transport; ship-
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ment on eight benches in the southern quarry part is per-
formed by means of two Terex RH-170 hydraulic excavators.

After that, about 4400 min tons of unoxidized ore are
mined out from the southern quarry side on seven benches
(-120...-210 m horizons), with shipment onto automobile
transport. The total volume of mining operations in this sec-
tion is about 1600 mIn m3, with extraction by only one Terex
RH-170 hydraulic excavator.

For the transition to the second stage of mining out the
causeway, it becomes necessary to build and commission
cyclical conveyer technology (CCT) on the southeast quarry
side. Thus, it would be possible to organize the direct trans-
portation of unoxidized ore to the ore-dressing plant without
transfer between stations in the area of the causeway. The
design capacity of the CCT southeastern complex is assumed
to be at the level of 20 min tons of unoxidized ore per year.
In this case, the existing CCT on the western quarry side is
supposed to be redirected to oxidized quartzites (after the
commissioning the southeastern CCT complex).

When drawing up a time schedule for mining out the field
for the period 2010-2020, the mining-engineering parameters
of all sections for priority mining have been considered [19].
According to the main indicator of mining-engineering condi-
tions of mining operations — through the overburden ratio, it has
been found that the western and southern sections are the most
preferable; their forced mining within the open horizons not
only will give a significant ore volume, but also allow to ex-
pand the quarry bottom, which in the next period would pro-
vide the necessary front of mining operations at lower horizons.
Development of mining operations southward during the period
2010-2020, was intended as part of the first stage of mining the
rock pillar. Intensive pillar development is expected after 2020.
Prior to that, it is necessary to perform the removing all service
lines of the No. 3 quarry from the south side, build a CCT
complex on the southeast side, and also prepare transportation
lines within the eastern and western sides of the quarry for the
possibility of conducting mining operations southward in the
upper horizons with their subsequent deepening.

In order to expand the working zone, flattening is also as-
sumed of northern and eastern quarry sections, which have
worse mining-engineering characteristics than the sections of
the western and southern sides, after which conditions are
created for deepening the quarry. Despite the relatively low
average overburden ratio of 0.22 mft, it is supposed till the
accounting period to conduct mining operations in the quarry
with an average current ratio of 0.33 m3/t. With this ratio, it
seems possible to intensify mining operations by increasing
the overburden extraction volume. This will allow to get the
working zone of the quarry under a state that ensures the
presence of a normative front of mining operations with a
working sites width of 45-50 m.

The parameters of the quarry working zone development
were determined by the graph for mining unoxidized ferrugi-
nous quartzites, taking into account the oxidized quartzites
extraction at the level necessary for this.

The main measures for the time schedule implementation are:

—execution of design volumes of overburden mining
operations;

— beginning the causeway mining out;

— construction and commissioning the southeast complex
of CCT;

— upgrading of mining and transport equipment.

Mining operations technology and production processes
mechanization in this zone of this period provides for the
following [19].

When decommissioning the causeway between quarries, it
is envisaged to follow the existing technology and mechaniza-
tion of production processes with the corresponding changes,
conditioned by the reconstruction of mining and transport
scheme in the quarry, with subsequent replacement of obso-
lete, physically worn-out equipment and the acquisition of a
new one to increase the rock mass output in the quarry.

The ore deposit is a thick steeply falling formation, bro-
ken by several disturbances and shifts. The host rocks are
low-quality quartzrocks, crystalline schists, and other rocks.
The ore deposit within the quarry field is covered by sedi-
mentary rocks on the surface. The alluviation thickness with-
in the unmined areas varies from 19 to 54 m, averaging
34 m. Physical and mechanical properties of ores, host rocks
and overburden rocks are presented in Table 1.

Table 1. Physical and mechanical properties of ores, host rocks
and overburden rocks

Rock name Strength, f Density, t/m3
Unoxidized ferruginous 12-18 35
quartzites
Oxidized ferruginous
quartzites 4-18 3.3
Slates 8-14 3.0
Soft overburden rocks 1-3 1.8

As loading mechanisms it is intended to use:

— for mining out unoxidized and oxidized quartzites, as
well as for extracting the overburden rocks — EKG-8I, EKG-
10, Terex RH-170 hydraulic excavators, CAT 992G loaders;

—at transloading sites — EKG-8I, EKG-10 excavating
machines;

—on the hard overburden rock dumps and for storing the
oxidized quartzites — ESh 6/45, EKG-6.3, EKG-8] exca-
vating machines.

Ore and overburden rocks of the deposit are hard rocks,
requiring preliminary loosening by means of blasting. The
fragmentation of hard rocks with a hardness coefficient
f=4-18 is assumed to conduct by the borehole charge me-
thod. Blast hole drilling is supposed to be carried out by
roller drilling machines SBSh-250MN and Atlas Copco Pit
Viper 275. Anemix should be used as an explosive. To ini-
tiate borehole charges, a blasting method using a non-electric
Nonel type system is used.

To reduce the seismic impact intensity, blasting is sup-
posed to be carried out using multirow delayed detonation, and
explosive switching network — according to a sectional
scheme. To perform delayed blasting, pyrotechnical relays RP-
92 with nominal blasting decelerations of 20, 35 ms are used.

The explosion danger area for people in terms of frag-
ments dispersion is taken 500 m when using Anemix R-70.

To form the slopes of benches when forming the perma-
nent sides of hard rocks, the contour blasting of incline holes
is planned for the drilling of which the Atlas Copco ROC-L8
machine is used.

Considering all the emphasized above peculiarities of the
zone between two adjacent quarries, as well as the fact that
almost the entire production program, envisaged by the
Pivdenhiproruda working project, has been violated, in cir-
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cumstances where the current state of the No. 3 quarry re-
quires an immediate solution to this problem and does not
allow for a sharp decline in ore output, the authors propose to
apply the developed technology of rocks explosive destruc-
tion with a differentiated energy saturating the massif [21].
The adaptation of this technology to the studied conditions
corresponds to them as much as possible and requires mini-
mal modifications, taking into account the similarity of con-
ditions and requirements for use, both operational and re-
source (types of explosive materials, explosive devices, etc.).

The technology is being implemented with account of the
recommendation “to bond the massif from collapse before
the charge explosion”, but this can be performed not by con-
structing the bearing wall, according to the recommendation,
but due to the priority explosion of charges in the second
boreholes row from the slope. By means of explosion of the
same row, a reflecting gap, symmetrical to the slope of the
bench, is created. The first row is blasted due to delay, the
duration of which ensures the forward and backward passage
of the direct and tension waves of the first explosion through
the massif, limited by the second row and slope (Fig. 4).

[§)

Figure 4. The method scheme of differentiated energy saturation
of a rock massif with a reverse blasting symmetrically
working borehole charges in benches with vertical
slopes: 1 —blown up rock mass; 2 —charge for loosen-
ing the complete mass; 3 — reflecting gap; 4 — combined
charge of incomplete mass for the reflecting gap for-
mation and preliminary rocks weakening

To exclude the accelerated formation of fractures in the
direction of the bench roof, the charge mass in the second row
is reduced by 30-50%, increasing the length of the splitting
material. And for the reflecting gap formation in the plane of
the same row of boreholes, specially designed combined
linear charges of directional action are used (Fig. 5) [21].

The high-explosive charges are firstly simultaneously ini-
tiated, which form linear stresses concentrators on the walls
of the borehole and, in turn, blast the main charge with an
explosive of low-high-explosive charge.

In the case of blasting the massif between the adjacent
quarries, the seismic manifestation of mass explosions be-
comes of particular importance, since the objects of both
plants are exposed to it. But at present, there are no universal
theoretical methods for predicting the seismic explosive
hazard in the quarries and for protecting the structures.
Therefore, the main methods for assessing the seismic impact
of an explosion are experimental measurements, processing
and analysis of their results using various means of initiating
an explosion in accordance with the rules for conducting
rock explosions, which were studied by the authors.

The main factors that characterize the seismic impact of
mass explosions in the quarry were adopted: mass of explo-
sives on the degree of delay in explosive blocks — Q; the dis-
tance from the block to the observing point — R.

1 __ 2
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Figure 5. Cross section of borehole charges of doubled rows: 1 —
borehole; 2 -polymer hose; 3 - low-high-explosive
charge; 4 — linear high-explosive charge; 5 — places for
hose soldering; 6 — inert dampers; 7 — detonating fuse;
8 — air-forming cumulative gutters

The main parameter characterizing the intensity, it is pro-
posed to consider the vector modulus of the maximum vibra-
tions (displacement) velocity of the soil at the structures
base. It has been experimentally proved that in case of an
instant explosion this parameter better correlates with the
explosive mass and the distance to the observing point than
the displacement amplitude, acceleration and the period of
vibrations. To determine the proportionality between the
level of seismic soil vibrations at a given point and the ex-
plosive mass during mass explosions in quarries, the ratio
Q = x?R®K% is recommended, where x — maximum permissi-
ble seismic vibrations velocity of soil near the security ob-
ject, cm/s; Ks— seismic factor for a given area. When calcu-
lating the maximum value of the explosive mass, the Ks is
determined experimentally in the course of monitoring the
seismic safety of mass explosions, the maximum permissible
seismic vibrations velocity — according to the method [22].

Since 2006 and till now, it has been carried out more than
70 experimental measurements of the seismic waves level
during explosions in the Kryvbas quarries, provided that the
detonating fuse and non-electrical Prima-Era and Nonel
systems are used to initiate the explosion. The experimental
results analysis makes possible to state:

— the level of seismic waves during explosions has never
exceeded the standard level;

— the explosion initiation system significantly affects the
mass explosions seismicity — when using the Prima-Era,
Nonel systems, the seismic explosion impact is almost 30%
less than in the case of using the detonating fuse;

— the explosion seismicity is influenced not by the initia-
tion system itself, but by the maximum mass of explosive,
which falls on the deceleration degree when using one or
another initiation system: when using the detonating fuse —
810 kg, when using Prima-Era and Nonel systems — 331 kg.

Based on the monitoring data during 2007-2017, provided
that the Prima-Era initiation system was used, the experi-
mental seismic factor value has been obtained K= 138 + 11;
in the case of detonating fuse application — Kf= 110+ 12.
The obtained value of K in accordance with the method
described above makes possible to determine the dependence
between the maximum value of the explosive quantity and



V. Azarian, S. Lutsenko, S. Zhukov, A. Skachkov, R. Zaiarskyi, D. Titov. (2020). Mining of Mineral Deposits, 14(1), 1-10

the seismic vibrations level that can occur as a result of the
simultaneous initiation of the corresponding mass of explo-
sive. The calculation results of the seismically safe mass of
explosive under the condition of using the detonating fuse
are shown in Figure 6, and for non-electric Prima-Era and
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Figure 6. Dependences of the seismically safe mass of an explo-
sive on the distance to the security object (for the initia-
tion system “detonating fuse”): 1-6 number of points
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Figure 7. Dependences of the seismically safe mass of an explosive
on the distance to the security object (for the initiation
system Prima-Era and Nonel): 1-6 number of points

The obtained graphs are proposed for practical use when
planning the mass explosions in the No. 3 quarry of PJSC
“ArcelorMittal Kryvyi Rih”.

The methodology of their use enables to quickly assess the
seismically safe parameters of the explosion, which ensure the
stability of the sides, slopes of the benches, structures at a
specified permissible vibration velocity and is an important
condition for improving the drilling and blasting operations, as
well as for implementing the developed technology of de-
commissioning the considered massif between the quarries.

As for the mining operations development, for the studied
conditions, the authors propose to plan it with account of possi-
ble regulating the mining intensity of a quarry site on the basis
of integrated and systematic accounting of mining and geologi-
cal, technological and economical factors, considering their
interconnection, which affect the size and order of the quarry
working zone formation. Therefore, the mining operations de-
velopment should provide a specified intensity of mining the
deposit, which is determined by the maximum efficiency of the
raw material base development at the plant, under the conditions
of varying demand for iron ore products. Regulating the mining

intensity of the quarry section is achieved by changing the incli-
nation angles of the quarry working sides in the areas of mining
operations concentration, as well as the length and quantity of
these sections, which are determined by the optimal values of
the working site width and the length of the mining operations
active front, providing a standard volume of reserves ready for
extraction for a specified ore output in a quarry [23]-[27].

4. Conclusions

Used in this work complex research principle and system-
atic synthesis of the obtained results make possible to substan-
tiate a conceptually coherent logic and a sequence for the
adjacent quarries development, as well as the operational con-
tent of the proposed technology in terms of their spacial union.

The most important results of the work are in concreti-
zation of:

— parameters and state of the pillar between adjacent
quarries and its zonal suitability for mining;

— potential impact of the ore volumes extracted from the
pillar on the ore-dressing plant loading;

—algorithm and parameters of the pillar development by
drilling and blasting technology;

—an algorithm for planning the mining operations devel-
opment and designing the mining intensity at a quarry site.

According to the authors, the practical application of the
research results in terms of designing and planning works
will significantly increase the adequacy of their decisions.
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HaykoBo-npukJ/aaHi Ta cucTeMHi Npo6JjeMH B3aeMOJil CyMisKHIX ripHH40-30arayyBajJbHUX
KOMOIHATIB HA MpuKIai JikBinauii MacuBy, po3aiisil04oro ix kap’epu

B. AszapsH, C. JIyuenko, C. XKykos, A. Ckaukos, P. 3aspcekuit, J[. TiToB

Merta. BuzHaueHHs MOMJIMBHX 1 OOIpYHTYBaHHs JOLITGHHX BapiaHTIB NMPOEKTHO-TEXHOJIOTIYHMX pIlIeHb MO0 €TaIly MPOCTOPOBOTO
3’€IHAHHS CyMDKHHX Kap’€piB Pi3HHX BJIACHWKIB Ha MPHKIAIl po3poOkH mopomHoro minmuka Mixk kap’epoMm Ne3 IIpAT “ApcemopMirran
Kpuswii Pir” i kap’epom [IpAT “IliBgeHHni ripanvo-30araqyBagbHA KOMOIHAT” 3 BKIFOUSHHSM JI0 BIANPANIOBAaHHS 3aIaciB, BUIMKA SKUX €
MOJKJIMBOIO B MEKaX iICHYFOUUX TipPHUYOTO Ta 3€MEITFHOTO BiIBOIIB.

MeToaunka. BukoprucTano KOMITIEKCHUH METOAWYHUHN MMiIXi]], OI0 BKIIOYA€E TIPHAYO-TEOJIOTIYHUN aHaNi3 MOPOJHOTO MAacCHBY MiX JIBOMAa
CYMDKHHMMH Kap’€pamH, SIKMH IiJIsIrae JIiKBiaIil; TeXHIKO-eKOHOMIYHMI aHaii3 e()eKTUBHOCTI eKCIuTyaTalil pyo30arauyBainbHOi hadpuKu
NPH 3HIKEHHI NMPOIYKTHBHOCTI PYAHUKA BHACITIOK JOPOOKH POJOBHIIA; TEOPETHYHE OOIPYHTYBaHHS MPOEKTHUX I TEXHOJIOTTYHUX PillleHb
II0JI0 TTapaMeTpiB 00’ €KTiB Kap’epy 3a JaHUX YMOB Ta MPOAYKTUBHOI PO3POOKH PO3IISFOYOro Kap’ epy MOPOIHOTO LUK,

Pe3yabraTn. [IpoananizoBaHo CTaH NMPOEKTIB 1 IUIaHIB PO3BUTKY ripHHYMX podit kap’epy Ne3 IIpAT “ApcenopMirran Kpusuii Pir” i
kap’epy [IpAT “IliBneHHuit ripanyo-30arauyBanbHUI KOMOIHAT”, IO CBIAYMTE PO iX MPOCTOPOBE 3 €THAHHS B HaHOMMKYi poku. BussieHo,
IO JHKBiJAIis MOPOJHOTO IIMKA MK Kap’€paMu YCKIATHIOETBCS K TPOCTOPOBO, TaK 1 TEXHOJIOTIYHO, OCOOIMBO BHACTIIOK CEHCMIYHUX
00MexeHb, alle 3arpPOIIOHOBAaHI PIICHHS 1 3aX0/{1 MaKCUMAaJIbHO CIIPOLIYIOTh i yOe3nedyoTh JaHui eTan. BeraHoBieHa npobieMa 3HUKEHHS
3aBaHTa)XEHHS 30aradyBajbHUX (haOpUK MPOMOpIiiiHa MaaiHHIO BUAOOYTKY pya. TexXHIKO-eKOHOMIYHI PO3paxyHKH JIOBOJSTH, IO BiAMOBIIHE
3a3Ha4YeHOMY MOCJIJOBHE BUBEICHHS 30aradyBajbHHUX CEKLil pyno30arauyBanbHuX GaOpHK € IOIIIBHIM Ha OJJHOMY 3i B3aemoxnitounx ['3K.

HaykoBa HOBH3HA. BockOoHaNICeHO KOMITIEKCHUH MiAXiA 00 €BOIOLIT TipHUY0-30aradyBalbHAX KOMOIHATIB Ha cTaail HAOIVIKeHHS
X Kap’epiB A0 TPaHUYHHUX TIIMOWH Ta KiHLIEBHX KOHTYpPIB 32 PaxyHOK BpaxyBaHHS CYMDKHUX PYJHHUKIB SK €IMHOI CKJIAJHOI IMHAMIYHOT
CHCTEMH. AJIaTOBAHO aHAITHYHI OOTPYHTYBaHHS TEXHOJOTI] Oypo-ITiIPUBHOTO PYHHYBAaHHS CKEIbHUX IOPIiA 10 KOHKPETHUX YMOB JIKBi-
Jarii MibKKap’ €pHOTO IIJIHKA.

IIpakTHYHA 3HAYMMICTh BU3HAYAETHCS BUCOKHM PiBHEM IPHAATHOCTI IX JI0 BIPOBAKCHHS Ta BUKOPUCTAHHS B IPOEKTYBaHHI PO3BUT-
Ky ripanunx po0oit kap’epiB [IpAT “ApcenopMirran Kpusuii Pir” i [IpAT “IliBneHnnii ripando-36arauyBaibHUi KOMOIHAT”.

Knrouosi cnosa: xap ’ep, nopoonuii macusg, niopusanis, py0o3oacauysaivHa habpuxa, KOHYeHmpam, emicm 3aniza

HayuyHo-npukjaagHble U CUCTEMHbIE P00JIeMbl B3aUMOAeliCTBHS CMEKHBIX TOPHO-000raTUTEIbHbBIX
KOMOMHATOB Ha MpUMepe JUKBUIAUMI MACCUBA, Pa3/1eJsI0LIero uX Kapbepsbl

B. Azapsms, C. JIynenxo, C. XKyxos, A. Ckaukos, P. 3aspckuii, [[. Tutos

Iesb. OnpeneneHue BO3MOXKHBIX U 00OCHOBAaHHUE 11€JIECOOOPA3HBIX BAPUAHTOB IPOEKTHO-TEXHOJOTMYECKUX PEIICHUH OTHOCHUTEIIBHO
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kapbepoM Ne3 YAO “ApcenopMurran Kpusoii Por” u xaprepom HAO “IOxHbIA ropHO-000TaTUTENBHBIM KOMOMHAT’ C BKIIOUEHHEM B
0TpaboTKy 3a1acoB, BBIEMKA KOTOPBIX BO3MOXKHA B paMKaX CyIIECTBYIOLIMX TOPHOTO U 36MEIBHOTO OTBOJIOB.

Metoauka. Mcrnonb30BaH KOMIUIEKCHBI METOIMYECKUN MOAXOJ, BKIIOYAIOUIMM TOPHO-TE€OJOTHYECKUN aHalIu3 MOPOJHOTO0 MaccHuBa
MEXIy AByMsI CMEXHBIMHU KaphepaMH, KOTOPBIH MOIIEKAT JTUKBUAINH; TEXHHUKO-9KOHOMHYIECKHH aHaIH3 3()(EKTUBHOCTH IKCIUTyaTaIlnu
pymooboratutensHON (aOpUKK IPH CHIKEHHU IIPOM3BOAUTENHFHOCTH PYAHHNKA B pe3yiIbTaTe JOpaOOTKH MECTOPOXKACHHMS; TEOPETHIECKOe
000CHOBaHME NPOEKTHBIX M TEXHOJOTHYECKUX PENICHHH OTHOCHTENHHO IapaMeTpoB OOBEKTOB Kaphepa HPH JaHHEIX YCIOBHAX U IPOIYK-
THUBHOHU pa3pabOTKH pa3AeNsIoNero Kaphephl HOPOJHOTO IIeNNKa.

PesyabTatsl. [IpoaHain3upoBaHo COCTOSHUE MPOECKTOB M IUIAHOB pa3BUTHA TOpHBIX padboT kapbepa Ne3 YAO “ApcenopMutran Kpu-
Boii Por” u xaprepa HAO “FO>xHBII TOpHO-000TaTUTENBHBIA KOMOUHAT”, YTO CBHICTENBCTBYET 00 UX NMPOCTPAHCTBEHHOM COCAMHEHUHU B
6mpxaiinme rosl. BeIsBIEHO, UTO TUKBUIALHUS TOPOAHOTO LEMHKA MEXIY KapbepaMH OCIOXKHSAETCS KaK MPOCTPAHCTBEHHO, TaK M TEXHOJIO-
THYECKH, OCOOCHHO B pe3ybTaTe CEHCMUYECKUX OTPaHUYIECHHH, HO MPEI0OKEHHbIE PEIICHHSI U MePhl MAaKCHUMAIbHO YIPOINAIOT U 3all[HIIa-
IOT JaHHBIA 3Tal. YCTaHOBJIEHHAs MpoOJieMa CHIDKEHUS 3arpy3Kd 0OOTaTHTENBHBIX (aOpHK IPONOpIMOHATbHA ITAJCHHI0 JOOBIYHM PYA.
TeXHUKO-KOHOMHYECKHE PacyeThl JOKa3bIBAIOT, YTO COOTBETCTBYIOIIEE yKa3aHHOMY IOCIIE/IOBaTEIbHOE BBIBEICHHE OOOTaTHTEIHHBIX
CEeKIUH py0000TaTUTENEHBIX (habpHK sABIsIETCS IeIecoo0pa3HBIM Ha OJHOM U3 B3auMoercTByomux ['OK.

Hayunasi HoBH3HA. Y COBEpIIICHCTBOBAH KOMIUIEKCHBIH MOAXOM K IBOJIIOINY TOPHO-000raTHTEIbHBIX KOMOMHATOB HA CTaJUU IIPUOIH-
JKEHHs UX KapbepoB 0 MPeJeTbHBIX TTyOHMH M KOHEYHBIX KOHTYPOB 3a CUET ydyeTa CMEXHBIX PYJHUKOB KaK €IHHON CIOKHOHM AMHAMHYe-
CKOH cHCTeMbl. AJIaTHPOBAHO aHATUTHYIECKHE OOOCHOBAHMS TEXHOJIOTMH OypOB3PHIBHOTO pa3pyIIEHUs! CKANbHBIX MOPOJ K KOHKPETHBIM
YCIOBHSM JIMKBUIALUH MEXTYKapbepHOTO IIENUKa.

IIpakTHyeckasi 3HAYMMOCTD OIPEIENSAETCS BBICOKMM YPOBHEM MPHUTOMHOCTH MX K BHEIPEHUIO U HUCIIOIb30BAHHUIO B IIPOCKTHPOBAHUH
pa3BUTHsA TOPHBIX paboT kapbepoB YAO “ApcenopMurtan Kpusoit Por” u HAO “HOkHbIl rOpHO-000TaTUTEIIHHBIH KOMOHHAT”.

Knruesvle crosa: xapvep, nopoomwlii Maccus, noopuvls, pyoooboeamumenbHas Gadbpuka, KOHYEeHmMpam, coOEPHCanue ricene3a
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