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Opportunities and advantages of GIS
for building three-dimensional models in mining

® Abstract. The relevance of the study is driven by the need to optimise mining, monitoring and risk
management, which requires the rapid introduction of advanced technologies to ensure the sustainable
development of the mining industry. The purpose of this study was to analyse a new approach to the use of
geographic information systems. The methods used include observation, description, comparison, modelling and
other methods. The study analysed a new approach to the use of geographic information systems in mining to
build three-dimensional models. By implementing this methodology in mining practice in Ukraine, significant
positive changes have been achieved: the risks of emergencies have been reduced, mining processes have
been optimised, and overall productivity has increased. It has also been shown that the use of geographic
information systems can increase the accuracy of mining planning and reduce the cost of mining operations.
Compared to traditional modelling methods, the new GIS-based approach provides more accurate and reliable
data on geological structures and mineral distribution. The study has confirmed that the introduction of such
technologies can significantly increase the competitiveness of mining companies by providing them with tools
for more accurate forecasting and management of mining processes. The practical significance of this study is
to establish an effective method of using geographic information systems to build three-dimensional models in
mining, which opens new opportunities to improve the efficiency and safety of mining operations, in particular
in Ukraine, contributing to the sustainable development of the industry and the country’s economy

® Keywords: exploration network; technology; mining; minerals; computer modelling; maps

® Introduction

The study of the use of geographic information systems
(GIS) in mining is extremely important in terms of im-
proving the efficiency and safety of mining operations,
which are key aspects for the sustainable development
of the industry. GIS enables the analysis, modelling and
forecasting of various geological and mining processes,
which allows for optimising mine locations, planning
to mine operations, monitoring the environment and

managing risks. Given the strategic importance of min-
ing for the country’s economy, the development, and
improvement of GIS applications in this area is essen-
tial for the competitiveness and sustainable develop-
ment of the mining industry. The research was aimed at
identifying the optimal methods of using GIS to build
three-dimensional models in mining to improve the ef-
ficiency and safety of mining operations. This involves
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developing and implementing new technologies for
accurate geological structure modelling, mineral re-
source identification, and mining process optimisation.
It also includes establishing methods for monitoring
and risk management. It should be borne in mind that
the methods of using geographic information systems
in mining need to be adapted to the conditions of spe-
cific regions, including Ukraine, due to its unique geo-
logical and geographical features. For example, when
implementing such methods in mining projects in the
Carpathians, it is necessary to consider the peculiar-
ities of the mountainous terrain and the location of
water sources, which may affect the risks of environ-
mental disruption and employee safety. In addition, in
areas with high seismic activity, such as the western
regions of Ukraine, it is important to develop methods
that consider the possible effects of earthquakes on
mining facilities and infrastructure.

According to the study by N. Zuievska & T. Hrebe-
niuk (2024), the integration of geographic information
systems in mining helps to reduce risks and improve
the accuracy of mineral location. This integration al-
lows miners to plan their work more efficiently, avoid
unforeseen situations and optimise mining processes.
The study highlighted the importance of using mod-
ern technologies to increase productivity and safety in
mining. In their work, S. Andrieiev et al. (2021) investi-
gated the need to develop new methods for analysing
geographic data to build three-dimensional models in
mining. Existing data analysis methods may not be ef-
fective enough to fully utilise geographic information
in mining. The study highlighted the importance of
finding new approaches to processing and analysing
geographic data to build more accurate and reliable
three-dimensional models in mining.

The study by E. Ivanov et al. (2023) examines the
importance of using geographic information systems to
optimise the location of mining facilities and planning
of mining operations. The use of GIS allows for more
efficient placement of mining infrastructure, reducing
costs and risks. The study emphasised the importance
of GIS as a tool for improving the efficiency of mining
operations and reducing the negative impact on the
environment. Yu. Velikodsky et al. (2023) point out the
possibilities of using GIS to monitor and reduce the en-
vironmental impact of mining. GIS can be a powerful
tool for systematically tracking changes in the natural
environment and effectively managing the impact of
mining activities. The study emphasised the importance
of introducing GIS into mining to ensure sustainable
development and conservation of natural resources.

A study conducted by M. Lubishtani & F.B. Lubish-
tani (2024) highlights the use of GIS in optimising
the selection of locations for solar and wind power
plants. By analysing geodetic parameters, such as el-
evation, land cover, and geographic coordinates, GIS
aids in identifying the most suitable areas for energy

installations. The integration of GIS in decision-mak-
ing processes enhances the efficiency of site selection,
leading to more effective management of renewable
energy projects. The study underscores the importance
of modern technologies, such as GIS, for improving the
accuracy of planning and maximising the potential of
renewable energy resources. In the work of B. Sobko et
al. (2021), the authors explored the possibilities of us-
ing geographic information systems to reduce mining
costs and optimise resource use. GIS can be effectively
used to plan mining routes, locate infrastructure, and
optimise workflows in mining. The study highlighted
the importance of using modern technologies, such as
GIS, to ensure effective management of mining projects
and reduce their costs.

The purpose of this study was to evaluate a new ap-
proach to using geographic information systems to cre-
ate three-dimensional models in mining to improve the
productivity and safety of mining operations in Ukraine.

® Materials and Methods

The Surpac integrated system enabled the creation of
a digital deposit model, taking into account the latest
advancements in geotechnology, and streamlined the
process of identifying an efficient method for volumet-
ric modelling of mining objects in open-pit operations.
Geostatistical 3D modelling comprised various essen-
tial steps: establishment of a database, creation of a ge-
ometric orebody model, composition and delineation,
statistical analysis, block modelling, and resource esti-
mation. Additionally, by integrating with other software
tools, Surpac became part of an advanced mining auto-
mation system, enhancing the efficiency and accuracy
of the production process. Block modelling generated a
three-dimensional representation of the sites by filling
in a three-dimensional wireframe and dividing the ter-
rain into elementary blocks. The block model was then
imported into GEOVIA MineSched for analysis, where
mining zones were defined, and mining equipment was
allocated. The structure of the block model is similar
to a table, with each column representing an object’s
attributes and each row representing a record.

The method of observation used in the study was
to track mining processes and their impact on the en-
vironment. This method allowed for the collection of
thorough data on various aspects of mining activities,
such as the size and nature of explosions, changes in
geological structures, and the quality of materials pro-
duced. This information has been used to develop strat-
egies to reduce the negative environmental impact of
mining operations and improve the overall efficiency of
natural resource use.

The description method was used to describe in
detail each stage of the mining process, from prospect-
ing for deposits to production and processing of min-
erals. This made it possible to understand the geolog-
ical structure of the region, identify potential risks and
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determine the best strategies for their management. A
detailed description of mining operations provided the
basis for further analysis of the efficiency and safety of
mining sites and helped to develop recommendations
for their optimisation and improvement.

The benchmarking method helped to identify the
advantages and disadvantages of different approaches
to mining, including the use of geographic information
systems. This allowed identifying the best methods and
strategies that can be applied to improve the efficiency
and safety of mining operations. In addition, the bench-
marking method allowed defining potential opportuni-
ties for further development and improvement of min-
ing technologies.

The modelling method was a useful tool for fore-
casting various scenarios for the development of mining
operations and their environmental impact. The mod-
elling method gave the possibility to develop virtual
models of mining sites and operations, which allowed
effectively determining optimal resource management
strategies and minimising negative environmental
impacts. Furthermore, the modelling method has be-
come the basis for exploring the possibilities of intro-
ducing new technologies and approaches in mining.

The measurement method provided precise data on
the geometry of deposits, their dimensions, and the lo-
cation of various mining facilities. Laser scanning made
it possible to create detailed three-dimensional models
of mines, walls, ceilings and other elements of mining
structures with high accuracy. Photogrammetry was
used to examine photographs from different angles to
measure the dimensions and distances between objects,
while geodetic measurements helped to obtain data on
heights, angles, and distances across the mine site. This
precise data helped to build more detailed engineering
solutions, improve planning of mining operations and
reduce risks during operations. The use of measurement
in mining has enabled a more complete understanding
of the geometry of deposits and the efficient manage-
ment of mining resources to achieve better results.

® Results and Discussion
Geographic information systems are computer systems
created to gather, store, analyse, and visualise geospa-
tial data. Geospatial data includes information that
has a spatial location on the earth’s surface, such as
geographical coordinates, heights, location of objects.
GIS allows using this data for a variety of analytical
operations, visualising geographical patterns and solv-
ing geospatial problems in various fields, including
geology, geodesy, ecology, architecture, transport, and
many others. GIS consists of three main components:
hardware, software and data. Hardware includes the
computers and other devices used to run GIS, such as
personal computers, servers, and GPS. Software is used
to collect, store, analyse and visualise geospatial data,
including applications for creating and editing maps,

analysing spatial relationships and modelling. The data
used in GIS includes geographic coordinates, attribute
data about objects, elevation data and satellite imagery,
which are the main inputs for mapping and analysis.
GIS works by integrating data from a variety of sources,
such as maps, satellite imagery, GPS data and census
data. This data is used to create maps, layers, and mod-
els that allow users to understand and analyse spatial
relationships. GIS allows visualising data in the form of
maps, edit and analyse geographic information to make
management decisions, plan routes, determine optimal
locations for facilities, and much more.

The principles of GIS can be summarised in three
key aspects. GIS operates with spatial data, which
means using information that is geographically locat-
ed, such as map coordinates, geographical objects and
their properties. Furthermore, GIS can analyse this data,
revealing various patterns, relationships, and trends oc-
curring in space. Finally, GIS allows for the visualisation
of geospatial data in maps, models, or other visual rep-
resentations, which helps users to better understand
spatial relationships and make informed decisions.
GIS diagrams represent different types of visual rep-
resentation of geospatial data. There are several vari-
ous types of GIS diagrams that are used to represent
different aspects of geospatial information. Common
types of GIS diagrams include point diagrams, which
are used to display point data such as the location of
trees or buildings; line diagrams, which are designed
to represent linear features such as roads or rivers; and
polygonal diagrams, which are used to display areas or
zones such as countries or parcels of land. Each type
of GIS schema has its own unique properties and ap-
plications in the analysis and visualisation of geodata.
GIS offers several benefits that make them indispensa-
ble for a variety of activities. They increase efficiency
by simplifying and automating tasks, which saves time
and money and improves decision-making. GIS provides
increased accuracy of analysis by giving users access
to up-to-date and accurate data, which helps in mak-
ing informed decisions. In addition, they facilitate com-
munication by visualising geographic information on
maps, which promotes better communication between
project participants and facilitates easy collaboration.

Geographic information systems are used in many
areas of activity, including mining, urban planning, for-
estry and agriculture (Shvorov et al., 2018). GIS provides
convenient and efficient tools for analysing and man-
aging geographic information, helping to improve pro-
cesses in these industries. In forestry, they are used to
managing forest resources and monitoring forest fires.
Inagriculture, GIS helps with soil mapping, crop rotation
planning and yield monitoring. In urban planning, they
are used for city planning, infrastructure development
and environmental monitoring. Geographical informa-
tion systems offer great opportunities for miners to ob-
tain detailed information about the location of various
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elements of mining infrastructure and mining deposits.
Thanks to GIS, miners can analyse the location of var-
ious components of mining facilities in virtual space,
which contributes to a better understanding of the ge-
ological features and structures of the territory (Kraw-
czyk, 2023). This is important for effective planning
and development of mining strategies, as it allows for
a variety of geological and geomorphological condi-
tions to be considered. In addition, GIS provides min-
ers with an opportunity of considering various risk and
safety factors in mining operations. Analysis of spatial
data helps to identify potential hazards and determine
the best ways to avoid or minimise them. This helps to
improve the safety of working conditions and reduce
the likelihood of accidents. Thanks to spatial analysis
using GIS, miners can efficiently plan and execute vari-
ous mining operations, optimising resource use and in-
creasing mining productivity. In general, the use of GIS
in mining allows for a deeper understanding of natural
processes and maximising the potential of mining re-
sources, contributing to the sustainable development
of the industry.

One of the key benefits of visualisation is the abil-
ity to display complex geological structures in three
dimensions. This gives miners the ability to virtually
delve into the depths of the earth and explore the loca-
tion of mineral deposits, which contributes to a better
understanding of geological conditions and the forma-
tion of mining strategies. In addition, GIS visualisation
allows miners to plan and manage mining operations
more efficiently. By displaying various elements of min-
ing infrastructure and production facilities on three-di-
mensional models, miners can carry out more accurate
production planning, develop optimal mine layout
strategies and development routes. By visualising data
using GIS, miners can implement more transparent and
predictable management of mining processes. Visuali-
sation graphically displays complex geological and min-
ing data, making it more understandable and accessible
for analysis and decision-making (Yousefi et al., 2021).
Thus, visualisation of geological structures and min-
eral deposits using GIS is an integral part of efficient
mining production, which contributes to increased
productivity and reduced risks in the mining industry.

One of the main advantages of using GIS in model-
ling is the ability to display the location and structure
of mineral deposits in three dimensions. This gives
miners the ability to virtually explore the depth and
size of rock deposits, which is key to developing mining
strategies and determining the best mining methods.
In addition, GIS provides miners with an opportunity
of optimising mine locations and developing optimal
mining strategies. The analysis of spatial data allows
for a variety of factors, such as sediment depth, ge-
ometry, and geological properties, to be considered to
determine the optimal location of infrastructure and
equipment (Smith et al., 2023). Finally, GIS can be used

by miners to plan long-term investments in mining
projects, considering the geological and geomorpho-
logical features of the area. Modelling the operation
of deposits helps to make informed decisions on the
development and operation of mining facilities, ensur-
ing optimal use of resources and maximising product
yields. Thus, GIS plays an important role in modelling
the operation of mineral deposits, providing miners
with the means to effectively plan and manage mining
processes, which contributes to the increase in produc-
tivity and efficiency of mining production.

GIS allows for real-time tracking of various geo-
logical and hydrogeological processes that can be a
source of risk to mining operations. For example, they
can monitor ground movements, changes in topogra-
phy and hydrogeological conditions, which can prevent
the possibility of landslides, flooding or other negative
events. GIS can analyse and predict risks associated
with the location of mining infrastructure (Ruhela et
al.,2022).They help to determine the optimal locations
for mines, equipment and other mining facilities, con-
sidering potential hazards. GIS can be used to predict
and model different risk scenarios and develop risk
management strategies. They can consider various fac-
tors, such as geological conditions, climatic factors and
other variables that affect risk, which helps to develop
effective measures to minimise risks and ensure safe
working conditions in mining. Therefore, the use of GIS
for monitoring and managing risks in mining is critical,
as it helps to ensure safe working conditions, reduce
the likelihood of hazardous situations and increase the
efficiency of mining operations.

GIS allows miners to analyse the geographical
and geological features of the region where mining
infrastructure is planned to be located. This includes
studying the terrain, geological structure, climatic con-
ditions, as well as accessibility to transport networks
and other infrastructure facilities. Analysing these
factors helps miners determine the best locations for
mining facilities. GIS allows modelling different sce-
narios of infrastructure placement and assessing their
impact on various aspects of mining operations, such
as productivity, safety, and cost-effectiveness (Hossein-
pour et al., 2022). This allows miners to make informed
decisions about the best infrastructure location. Finally,
the use of GIS in the process of optimising the loca-
tion of mining infrastructure contributes to improved
planning and management of mining operations. This
makes possible the efficient use of resources, reduction
of costs, and increased overall productivity of mining
enterprises. Hence, GIS holds significance in optimising
the positioning of mining infrastructure, assisting min-
ers in making well-informed decisions regarding op-
timal locations. This ensures enhanced efficiency and
competitiveness for mining companies.

GIS can automate certain operations that used to
require considerable effort and time. For example, GIS
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can be used to automatically analyse geological data
and determine the best locations for mining facilities.
GIS can improve the planning and coordination of min-
ing operations. This is achieved through the ability to
create detailed three-dimensional models of mining
facilities and their environment (Choi et al., 2020). Such
models allow miners to better understand the topog-
raphy of the area, the location of minerals and other
factors affecting mining processes, which in turn con-
tributes to more accurate and efficient planning of op-
erations. Finally, the use of GIS helps to reduce losses
and optimise the use of resources in mining. GIS allows
miners to track and control the movement of minerals,
determine optimal transportation routes, and plan the
use of equipment and labour. This helps to reduce costs
and increase productivity of mining companies, which
has a direct positive impact on their competitiveness
and profitability. Therefore, the use of GIS in mining is
a key factor in improving the efficiency of mining pro-
cesses, which contributes to better management and
workflows, reducing losses and optimising resource use.

Surface mining is a form of mining activity that
takes place on the earth’s surface and involves the op-
eration of open pit mines. This type of mining activity is
characterised by the fact that it takes place directly on
or slightly below the surface of the earth, i.e. without
the need for adits or shafts. Surface mining is a specific
form of mining activity that takes place on or slightly
below the surface of the earth. It encompasses a vari-
ety of mining activities conducted in the open, with-
out the need for adits or shafts to access the minerals.
Among the most common methods of open pit mining
are quarries, open pits and surface mining. Quarries
are large open pit mines where minerals are extract-
ed directly from the surface of the earth. Open pits, in
turn, are mining operations that also take place on the
surface. Surface mining usually involves the extraction
of metals such as gold, silver, copper, nickel and oth-
er minerals. These forms of open pit mining have their
own specific features and requirements, but they are all
characterised by openness and the absence of the need
to construct mines or adits for mining. This method of
exploitation has its advantages and limitations and is
used in various mining industries for the extraction of
various minerals. In open pit mining, there is no need
to construct or operate adits or shafts, as mining opera-
tions take place directly on or slightly below the ground
surface. This feature is a key difference from other min-
ing methods, which often require the construction and
operation of deep adits or shafts to access mineral re-
sources. The absence of the need for adits or shafts in
open pit mining simplifies the operation process and
reduces the cost of building and maintaining mining
infrastructure. Instead, minerals are extracted directly
from open pits, quarries, or other open workings locat-
ed on the surface of the earth. This feature makes open
pit mining attractive to businesses, as it is often more

efficient and cost-effective, especially when extracting
large volumes of minerals. In addition, the absence of
mines helps to reduce the environmental impact and
risks associated with the construction and operation of
mining infrastructure.

Large-scale operations are one of the key features
of open-pit mining. This means that this method of
mining allows large areas to be covered for the extrac-
tion of minerals such as coal, metals, or construction
materials. One of the advantages of large-scale opera-
tions is their ability to provide large volumes of produc-
tion, which makes them particularly attractive to the
mining industry. This is particularly important when a
large demand for minerals needs to be met or when
there is a need to develop infrastructure for construc-
tion or other needs. Large-scale operations also allow
for efficient use of resources, ensuring that the areas for
mining are optimally utilised. This may include spread-
ing a variety of mining operations over large areas to
maximise productivity and efficiency. In addition, large-
scale operations can contribute to economic benefits
by ensuring that economies of scale arising from large
volumes of production can be taken advantage of. This
can help reduce mining costs and increase the profita-
bility of mining projects.

Modelling and assessing the effectiveness of open-
pit mining operations represent fundamental abilities
within GIS. Leveraging GIS in this domain enables thor-
ough analysis and enhancement of diverse facets with-
in mining operations. Design organisations use digital
systems to address various issues related to planning
and designing surface mining operations. These digi-
tal systems include a variety of tools and features that
empower mining engineers to construct and evaluate
intricate geological models, evaluate economic viabili-
ty, and formulate operational strategies for mining ac-
tivities. One significant benefit of these digital systems
is their capability to generate and expand geospatial
information support. This assistance streamlines the
development of detailed maps and diagrams of min-
ing facilities, including the interactive generation of
horizontal plans. Beyond geospatial data, these digital
systems can also model and configure complex mine
environments using various technical and economic
data inputs.

Mining operations in the field can be illustrated us-
ing models of dynamic objects influenced by technical
processes. Software automation utilises wireframe and
block models of the deposit, which include data on the
distribution of rock types and mineral composition in
the mining area. These models also incorporate a bore-
hole wireframe that offers detailed information about
the surface structure (Kotenko & Kunytska,2023).Based
on this, the process of implementing a digital model
for open-pit mining and its components is demonstrat-
ed through the development and analysis of a digital
representation of a mineral deposit using a specialised
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integrated system. The core of the information-techno-
logical database is a three-dimensional digital mod-
el comprising various elements such as topographic
surfaces, geological structures, site planning schemes,
models of mineral block components, and additional
digital attributes specific to open-pit mining (Fig. 1).

Figure 1. Three-dimensional models depicting mineral
deposits with diverse valuable components
Source: developed by the author

The integrated Surpac system enables the creation
of digital ore body models incorporating cutting-edge
geotechnological advancements, facilitating the identi-
fication of efficient volumetric modelling methods for
mining objects in open pit environments. Geostatistical

3D modelling involves several essential stages: estab-
lishing a database, geometrically modelling the ore
body, defining its composition and boundaries, conduct-
ing statistical analysis, performing block modelling,and
estimating resources. Moreover, Surpac has the capabil-
ity to be integrated with other software tools within so-
phisticated mining automation systems,enhancing both
the efficiency and precision of production processes.

The geological database serves as a critical compo-
nent of the Surpac software, forming the foundation for
all subsequent calculations and modelling tasks. Surpac
utilises a relational database model that establishes
connections between various information systems. The
geological database comprises several tables, with the
interface table (Table 1) and the study table (Table 2)
being crucial for optimal functionality. The contiguity
tables offer detailed information regarding the posi-
tions of drill holes, while the exploration tables provide
data on the orientation and direction of these holes.
These tables form the foundation for geological mod-
elling, resource estimation, and mine planning. Surpac’s
geologic database can store a wide range of additional
data types,such as assay results, petrologic descriptions,
and geophysical data. Furthermore, the software ena-
bles users to generate and manage custom tables, en-
suring that the geologic database can be customised to
meet the specific requirements of each mining project.

Table 1. Coordinates of the well entrance

Hole_id X y z Maximum drilling depth Path
371 52,498 71,061.21 388.1 40 curved
375 52,502.41 71,084.07 386.12 30.3 curved
382 52,524.07 71,045.16 387.11 35.5 curved

Source: developed by the author based on M. Kunytska et al. (2023)
Table 2. Coordinates of points in the drilling space
Hole_id max Dip Azimuth
371 40 -90 0
375 30.3 -90 0
382 35.5 -90 0
387 35.2 -90 0
389 34 -90 0
390 34 -90 0
391 34 -90 0

Source: developed by the author based on M. Kunytska et al. (2023)

By utilising the “Help” feature, the anticipated ge-
ological database permits the generation of reports
based on object location using coordinates, borehole
depth, azimuth, and drilling angle for either specific
boreholes or all available ones. Moreover, it simplifies
the extraction of reports concerning tables and data-
base information, offers data on minimum and maxi-
mum assigned coordinates, creates lithological columns

in dwf format for chosen wells, and generates reports
on intervals surpassing specified content thresholds.
The process of establishing weighted average in-
tervals encompasses two primary phases. Initially, it
entails identifying the positions of new intervals neigh-
boring existing ones in the database using drill hole
data. Subsequently, the second step entails comput-
ing the values of the new intervals acquired through
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compositing, thereby ascertaining the metal com-
position. The outlines of the ore body are delineated
through the integration of compositional data gath-
ered from individual drill holes. The wireframe model
of the ore body is composed of interconnected polyg-
onal shapes that form polygonal objects, with vertices
aligning with existing string points. The combination of
these triangles within the wireframe model constitutes
the orebody, creating a completely enclosed structure.

The strategy for designing a wireframe model in-
volves the creation of a triangulation of geological sec-
tions covering the longest distances in the longitudinal
direction. The triangulation of all segments of these
geological sections provides the framework of the ore-
body (Fig. 2). This geological body structure enables
volume calculations considering the working horizon.
Surpac streamlines triangulation and inverse distance
methods, while grid operations facilitate the computa-
tion of mineral reserves.

Figure 2. Ore deposit framework
Source: developed by the author

Block modelling involves generating a three-di-
mensional representation of the site by using a 3D
wireframe and partitioning it into fundamental blocks.
Subsequently, the block model is imported into GEOVIA
MineSched for assessment, where it is used to define
the mining zones and allocate mining equipment. The
block model is structured as a table, where columns
represent site attributes and rows represent individual
data entries (Fig. 3).

Figure 3. Modelling objects using the block approach
Source: developed by the author

The resultant block model visually illustrates the
distribution of valuable components within the ore-
body through colour coding (Fig. 4). Creating histo-
grams and modelling variograms assists in determining
if the orebody should be segmented into homogeneous
zones. The variogram considers parameters like thick-
ness, slope, and strike of the orebody to identify spatial
variations in heterogeneity.

Figure 4. Distribution of valuable components
within the orebody
Source: developed by the author

The dynamic aspect of the simulation involves
tracking the displacements of fragmented materi-
al within the block model caused by explosions that
lead to the formation of cracks in the rock mass (Fig. 5).
Tracking particle movement offers insights into the dis-
persion of valuable components during fragmentation,
thereby enhancing the reliability of data for addressing
production challenges.

Figure 5. Modelling of rock destruction by explosives
Source: developed by the author

Therefore, the application of GIS is crucial in the
planning, management, and monitoring of surface
mining operations, contributing to their efficiency and
sustainability. Geographical information systems play a
significant role in the modern mining industry, provid-
ing extensive opportunities for building three-dimen-
sional models that reflect the geological structures
of a deposit and mining facilities. GIS allows building
three-dimensional models with high accuracy and de-
tail. With the help of geodetic data and geological in-
formation, models can be created that represent the
topography, geological formations, mineral locations
and mining structures with great accuracy. Three-di-
mensional models constructed in GIS enable miners to
gain deeper insights into the geological composition
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of a deposit and strategise and streamline mining op-
erations with greater efficiency. This helps to increase
mining productivity and reduce resource consumption.
Using three-dimensional models in GIS, it is possible to
assess the risks associated with mining operations and
take measures to prevent them. This helps to reduce
the Llikelihood of accidents and incidents at mining
sites and ensure the safety of employees. GIS enables
efficient use of resources at all stages of the mining
cycle. This encompasses planning the development of
a deposit, controlling the operation of mining facilities,
and optimising the processes of restoring the natural
environment after mining operations. Three-dimen-
sional models in GIS allow for a better understanding
of the geological structure and structure of deposits,
which can help identify new mineral deposits and
plan further development of the mining industry. In
summary, the use of GIS to build three-dimensional
models in mining has several advantages that con-
tribute to the efficiency, safety and economic viability
of mining operations. They are becoming an impor-
tant tool for modern mining production, allowing for
a deeper understanding of geological processes and
optimising mining operations.

According to the study by G. Szujé et al. (2023), the
introduction of 3D web applications in the mining in-
dustry opens great opportunities to improve the produc-
tivity and efficiency of mining operations. These web-
based applications allow for the creation of dynamic
and interactive 3D models of mining facilities, deposits,
and structures that can be viewed and analysed from
any device with an internet connection. This approach
allows miners, engineers, and management to instant-
ly access critical information and make informed deci-
sions about mining operations. These findings are con-
sistent with the points made in the previous section. 3D
web applications allow visualisation of the geological
structure of deposits, which helps to identify new min-
eral deposits and plan optimal mining routes. Such ap-
plications can also recreate real mining conditions and
situations, which allows for staff training in a virtual en-
vironment and increases the level of safety while work-
ing at the mine. In addition, 3D web applications can be
used to monitor the status of equipment and production
processes in real time, which allows for timely detec-
tion of problems and avoidance of unforeseen failures.

In conformity with a study by J. Yang et al. (2024),
risk monitoring technologies at mining enterprises are
becoming increasingly important in managing safety
and improving mining efficiency. The use of advanced
technologies, such as geoinformation systems, allows
not only tracking potential risks but also managing
them effectively. This means that companies can active-
ly use these technologies to analyse and predict risks,
which helps to avoid hazards and ensures a safer and
more productive environment for workers and equip-
ment. It is worth noting that one of the most promising

technologies is the use of satellite imagery to moni-
tor the condition of mining areas. The high-resolution
images that can be obtained through this technology
allow for timely detection of changes in the landscape,
including landslides, erosion,and other potentially dan-
gerous phenomena. Such data can be used to develop
risk management strategies and prevent accidents.

Researchers Ya. Zheng et al. (2023) showed in the
course of their work that the adaptation of the space
industry for three-dimensional modelling of miner-
al prospects is an innovative approach that provides
unique opportunities for studying and assessing geo-
logical structures and resources on the Earth’s surface.
Satellite data, such as high-resolution imagery and ra-
dar data, can be used to create three-dimensional mod-
els of mountain ranges, ore deposits and other natural
formations. It can be agreed that this approach allows
mining companies and research organisations to gain
a more complete understanding of rock structure and
resource distribution. It also helps to optimise explo-
ration and development processes, reducing risks and
improving mining efficiency. In addition, three-dimen-
sional models based on satellite data can be used to
predict potential finds and determine the best loca-
tions for drilling and subsequent production.

As noted by Yu. Cao et al. (2023), modelling and
dynamic analysis of an integrated vertical transport
system for deep-sea mining in three dimensions is an
important aspect of the modern mining industry. This
approach allows engineers and researchers to more ef-
fectively plan and manage mining operations at great
depths, where traditional methods are not effective
enough. By analysing the results and conclusions ob-
tained, such models allow considering various aspects
of production, including the geological structure of
deposits, physical properties of rocks, pressure, and
temperature conditions at depth, as well as technical
parameters of the equipment and infrastructure used.
Dynamic analysis allows predicting the behaviour of
the system in different conditions and optimising its
operation for maximum productivity and safety. This
is especially relevant for mining in deepwater fields,
where there is a risk of various man-made and environ-
mental problems.

Researcher H. Fan et al. (2021) determined that a
new model for three-dimensional deformation extrac-
tion using single-track interferometric radar sensing
(InSAR) opens opportunities for researchers to more
accurately monitor and analyse deformations resulting
from mining operations. Single-track InSAR is based on
the principle of radar interferometry and allows meas-
uring changes in the distance between the satellite and
the Earth’s surface with high accuracy. INSAR works by
measuring the interference between signals reflected
from the Earth’s surface, which are received at different
times. This technique makes it possible to detect chang-
es in the relief and movements of the Earth’s surface
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with high accuracy. The advantages of InSAR include
high resolution, the ability to monitor large areas and
high sensitivity to micrometric changes. Compared to
other methods, such as GPS or total station, INSAR can
be more efficient and convenient for measuring chang-
es in the terrain over a large area. InSAR technology has
a wide range of applications, including detecting defor-
mations in oil fields, studying tectonic movements,
monitoring volcanic activity, analysing geological pro-
cesses, and more. This makes it an indispensable tech-
nique for many research and practical applications in
the field of land management and geoinformatics. In
addition, this model provides information on the char-
acteristics of subsidence in mining operations, such
as the rate of movement of rock masses, the extent of
deformation and its spatial distribution. Three-dimen-
sional deformation extraction allows for a more com-
plete and accurate assessment of the impact of mining
operations on the environment and infrastructure, such
as roads, buildings, and communications. This helps to
reduce the risk of accidents and improve the planning
and management of mining projects.

® Conclusions

The study found that geographic information systems
are extremely useful and effective tools for building
three-dimensional models in mining. They made it
possible to accurately visualise mining operations be-
fore they begin, which helped analyse potential risks
and develop optimal mine exploitation strategies. This
has reduced the likelihood of accidents and incidents
at mining operations and helped to improve their ef-
ficiency and safety. Attempts were made to automate
the detection of landslide hazard zones using the latest
computer technology.

Consequently, the integrated Surpac system ena-
bles the generation of digital ore deposit models in-
corporating advanced geotechnologies, streamlines

the identification of effective volumetric modelling
methods for open pit mining objects, and enhances
overall process efficiency and accuracy through inte-
gration with other software tools. In addition, GEOVIA
MineSched’s block modelling facilitates efficient anal-
ysis and allocation of mining equipment based on a
three-dimensional representation of the object. One of
the primary advantages of GIS in mining is its capabil-
ity to generate intricate 3D models that accurately de-
pict complex geological structures and mineral loca-
tions. This allows miners to understand the minefield
and optimise mining processes to achieve maximum
productivity and efficiency. Additionally, an important
advantage of using GIS is its ability to integrate with
other technologies, such as satellite imagery and auto-
mated control systems, which allows for a more com-
plete and accurate view of mining processes and their
management with great precision.

Overall, the study results confirmed the impor-
tance and prospects of using GIS in mining. These
technologies have the potential to improve the safety,
efficiency, and profitability of mining enterprises, mak-
ing them an integral part of modern mining produc-
tion. It is important to conduct additional research on
the impact of the development of new technologies
on the cost and availability of GIS for mining compa-
nies. Estimating costs and studying trends in this area
will help to understand how technological progress
can affect the cost of implementing and operating GIS
in mining, as well as their overall accessibility for min-
ing companies of different sizes and levels of techno-
logical development.
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MoxxnusocTita nepesarn ' C
AnA nobynoBu TPbOXBUMIPHUX MOAENEN Y FNipHULTBI

® AHoTauifi. AKTya/IbHiCTb NPOBEAEHHS LOCIAKEHHS 3yMOB/IEHa HEOOXiAHICTIO oNTMMIi3aLii BUAOGYTKY KOPUCHUX
KOMaNIMH, MOHITOPUHTY Ta YNPaBAiHHA pU3MKaMK, WO BMMAra€e WBUAKOrO BNPOBAAXKEHHS NepefoBUX TEXHOJOTIN
[ons 3a6e3neyeHHs CTanoro po3BUTKY FipHMYOI NPOMMUCIOBOCTI. MeTo [aHOro A0CNiAXeHHS OyB aHani3 HOBOro
niaxomdy [0 BMKOpPUCTaHHS reorpadiyHmx iHdopmauiiHux cuctem. Cepen, BUKOPUCTAHUX METOAIB CAif, 3a3HAYUTK
METOA, CNOCTEPEXEHHS, METOJ, ONUCY, METOA NOPIBHAHHS, METOL MOAENIOBAHHA Ta iHWI. Y paMKax A0CNiAXEHHS
6yB MpoBedeHWI aHanis HOBOro MiAXOA4Yy A0 BMKOPWUCTAHHS reorpadivyHnx iHOOPMALIMHMX CUCTEM Y TiIPHUUTBI
Ans nobynosu TpMBMMIpHMX Mogenei. LLnaxoM BnpoBamKeHHs L€l METOAMKM B TipHMYY MPaKTUKY B YKpaiHi
[LOCATHYTI 3HAYHi NO3UTUBHI 3MiHW: 3MEHLLUEHO PU3MKM HAA3BMYAMHUX CUTYaLLiA, ONTUMI30BaHO NpoLecH BUAOOYTKY,
NiABULEHO 3aranbHy NPOAYKTUBHICTb. TaKOX BUABMEHO, WO BUKOPUCTAHHS reorpadiyHmx iHGopMaLiiHMX cUCTeM
[03BONSE 30iNbWNTU TOYHICTb NMIAHYBAHHA TiPHUYMX POBIT i 3HM3UTM BUTPATU Ha iX BMKOHAHHA. [OpiBHSAHO 3
TPagUMUiAHMMU MeTofaMU MOAENOBAHHS, HOBWUIA MiAXif 3aCHOBaHWK Ha reorpadiyHii iHQopMaLinHiA cucTemi, i
[L03BONSIE OTPMMYBATK OiNbll TOYHI Ta HAAIMHI AaHi NPO reonoriyHi CTPYKTYpU Ta PO3MOLiS KOPUCHUX KOMANMH.
Y pesynbrati focnigxeHHs 6yno niaTBepoXeHO, WO BNPOBAMKEHHS TaKUX TEXHONOTiM MOXe CYTTEBO MiABULLUTH
KOHKYPEHTOCNPOMOXHICTb FipHUYMX MiIANPUEMCTB,3a0€3NeuyoUn iM iIHCTPYMEHTH A5 6iNbll TOYHOTO MPOrHO3YBaHHS
Ta ynpaBniHHA npouecamMu BUAOOOYTKY. [pakTMuHe 3HAYeHHS LUbOro AOCNIIKEHHS MOMAraE B YCTAHOBMEHHI
edeKTMBHOro MeToAy 3acTocyBaHHs reorpadiyHmx iHOopMaLiiHUX cucTeM AN NobynoBM TPUBUMIPHUX MoLenen y
ripHULTBI, WO BIAKPUBAE HOBI MOX/IMBOCTI AN NiABULLEHHS e(PEKTUBHOCTI Ta 6e3neku ripHMumnx onepawin, 30kpema
B YKpaiHi, CNpUsoYmM CTanoMy po3BUTKY ranysi Ta eKOHOMIKK KpaiHu
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Substantiation of the depth of the open pit employing
the in-pit crushing and conveying technology as a determinant
of the pit development at the subsequent stage of mining

® Abstract. The constant increase in the depth of open pits employing the in-pit crushing and conveying
technology applied to mining steeply dipping deposits causes an increase in the height of the ore lifting and
transportation distance, and results in an increase in the cost of ore transportation to the surface. This, in turn,
affects the depth of the subsequent stage of reconstruction of the pit transportation system. The present research
aimed to substantiate the depth of the subsequent stage of iron ore pit mining applying the in-pit crushing and
conveying technology using a generalising estimation figure for various consecutive time intervals during the
stage-by-stage mining, which should improve the quality of design operations. The article employed methods of
statistical-logical, causal and comparative analysis and the method of system-structural approach to determine
the generalising figure for estimating the subsequent stage of mining by the in-pit crushing and conveying
technology. When substantiating the depth of the subsequent stage of open pit reconstruction, the dependency
was proposed to determine the maximum operating stripping ratio. The dependency takes into account the
increase in transportation costs caused by the increased lifting height and the extension of the distance of
transporting ore to crushing and reloading points of conveyor lifts located in the pit as a result of its deepening.
In addition, the dependency of the position of the mined ore mass centre on the open pit depth was used in
calculations. Considering the fact that in modern deep open pits, the volume of ore mined and transported by
the truck-conveyor complex can reach 30 Mt annually, the search for ways to improve cargo flows of the pit
transport complexes becomes one of the important designer tasks. In this connection, an estimated figure was
proposed to determine the depth of the subsequent stage of mining the open pit employing the in-pit crushing
and conveying technology complex, which takes into account the increased cost of ore transportation, the cost
of marketable mineral products, and the current stripping ratio. At the same time, the increase in costs caused
by the increased height of ore lifting due to mining deepening is taken into account to consider the increase in
transport costs when designing further development of the in-pit crushing and conveying technology complex. In
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the open pit, the depth of which is determined according to the proposed methodology, the value of the current
stripping ratio will not exceed the maximum operational one at the subsequent stage. This approach allows quick
estimation of the depth of an iron ore open pit that mines steep deposits when designing the subsequent stage

of reconstruction to provide its breakeven finalisation

® Keywords: open pit working; maximum operational stripping ratio; open pit deepening; mining step

® Introduction

When developing modern iron ore open pits, large vol-
umes of rock mass are excavated, this often amount-
ing to more than 50 Mt annually. At that, a significant
proportion of the mass is transported from deep hori-
zons. The final depth of many iron ore open pits reaches
500-700 m. It should be noted that mining inclined and
steep deposits by deep open pits is characterised by a
number of features that influence the development of
the open pit and transport complex. The main problem
affecting open pit operations consists in the fact that
working conditions of open pits are continuously com-
plicated during the entire period of deposit develop-
ment due to the increase in the operation depth, the
height of the working zone and the current stripping
ratio value. This results in a significant increase in the
height of the mining lift by transport complexes and,
as a consequence, an increase in a lifting cost share in
ore extraction costs. The solution to the transportation
problem in a difficult situation is most often found in
the wide application of complexes of the in-pit crush-
ing and conveying technology (ICCT).

According to A. Adamchuk (2021), the tradition-
al ICCT scheme is as follows: the rock mass is trans-
ported by a truck from the face to the concentration
level where a conveyor hopper with a primary crusher
is installed. The costs of transporting the rock mass by
dump trucks are higher than by an inclined conveyor,
so to use combined truck and conveyor transport ef-
fectively, the reloading point should be relocated every
90-105 m deepwards over time. When mining opera-
tions go deeper, further deepening of the ICCT complex
is provided to reduce the distance of ore transportation
from lower levels to crushing and reloading points and
the in-pit journey of vehicles usually at the subsequent
stage of open pit development.

N. Sarybayev et al. (2021b) draw attention to the
current trend in ICCT development that, when deepen-
ing mining operations, extraction of ore from deep ho-
rizons requires making adjustments in the design of the
open pit transport system. Yu. Hryhoriev et al. (2021a)
noted that in the past, application of the ICCT required
consideration, but now mining-technical and techni-
cal-economic conditions require search for and sub-
stantiation of the choice of the most rational parame-
ters and the dimension-type of extraction and loading
equipment of road and conveyor transport. Thus, the
present work focused on technological parameters of
the in-pit crushing and conveying technology at iron

ore open pits, neglecting the conditions of forming car-
go flows to the ICCT reloading points.

V. Azarian (2019) argues that it is important to de-
velop a comprehensive efficiency estimation of the
quality management technology of a generalised com-
plex of ore flows of a mining and concentration plant
(GZK in Ukrainian) that links the actual volume of ore
sent for concentration, the concentrate yielded from it
and the cost of processing. But GZK profits are secured
by not only the quality of the iron-bearing material
of the flows, but also the functioning of the transport
complex that forms ore flows to concentration plants,
parameters of which depend on an open pit size. In this
respect, V. Monastyrskyi & A. Smirnov (2021) studied
ore flows in Kryvyi Rih open pits at M.S. Poliakov Insti-
tute of Geotechnical Mechanics of the National Acad-
emy of Sciences of Ukraine. However, the mentioned
work considered heavy-duty trucks and belt conveyors
of the ICCT, leaving the complex of the Inhulets Mining
and Concentration Plant, one of the largest in Kryvyi
Rih Basin, unaddressed.

0.Shustovetal. (2021) emphasised that the increase
in mining costs caused by the growing depth of devel-
opment affected the cost of transporting the rock mass
and recommended that the cost of transporting the rock
mass should be taken into account with the increasing
value depending on the depth of mining. However, the
transportation cost also depends on distribution of the
transported rock mass relative to the working zone of
the open pit, which also should be taken into account.
Generally, the growing depth of mining operations in
iron ore open pits leads to the increase in the trans-
port distance; the share of ore mass transportation
costs in the cost structure also increases steadily, add-
ing to an inevitable increase in the ore cost and raising
the question of practicability of further pit deepening.

Yu. Hryhoriev et al. (2021b) analysed the basic com-
putational principles and techniques for determining
the final boundaries of the open pit and identified the
methods of Lerch-Grossman, the floating cone, Sey-
mour, dynamic programming methods, special neural
networks, graph theories, network flows and other ap-
proaches. Based on these methods, K-Mine, SurpacN-
PVSheduler, Four-X, MineShed software packages, as
well as integrated three-dimensional CAD systems
(Gemcom, MineScape, Data-Vulcan, MineSight, etc.) are
widely used. The shortcomings of the mentioned tech-
niques include complexity of implementation, a large
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amount of input data, and lack of reliable means of
method evaluation. From the above, it can be conclud-
ed that the mentioned approaches to solving the prob-
lem require further development taking into account
the current trends.

V. Slobodianiuk & I. Maksymov (2021) propose us-
ing the economic effect, equal to the difference of total
costs for transporting the rock mass to the main con-
veyor at one crushing and reloading point and during
development at their optimal quantity, as a criterion of
the truck-conveyor transport optimisation. The analyti-
cal dependency is established to determine the optimal
number of reloading points at their uniform deploy-
ment throughout the height of the working zone of the
open pit. However, this work considers parameters that
directly characterise the operation of the ICCT complex
only when choosing an effective strategy for ICCT de-
velopment. At the same time, the economic result of
GZK activities, i.e. the cost of marketable products (con-
centrate, pellets), is also influenced by the amount of
overburden per unit of mined minerals.

Therefore, to choose the strategy of the ICCT de-
velopment, it is more correct to take into account the
current stripping ratio and economic indicators of the
GZK marketable product value in the estimation figure,
as the open pit and the concentration plant are a single
technological complex. In this regard, to design subse-
quent stages of open pit mining,a new estimation figure
should include expenses for GZK marketable products,
and along with that increased costs for transporting
ore by the ICCT collecting transport at each stage of
deposit development should be predicted. The present
work aimed to improve the method of substantiating
the depth of the open pit with the ICCT that develops
steep deposits at the subsequent stage of its mining by
means of an estimation figure for various consecutive
periods of the open pit mining duration.

® Materials and Methods

To achieve the goal set in the work, a systemic approach
is applied considering the previous experience in min-
ing science. Depth is one of the defining parameters in
developing an open pit and its working zone. At that,
calculations and selection of equipment for the ICCT
schemes are performed taking into account their de-
velopment by open pit methods until the end of life of
mine. However, when designing, the final depth of large
open pits is often and repeatedly reconsidered and
adjusted. As a result, there is uncertainty when deter-
mining other parameters of other open pits with ICCT
complexes as well.

Specialists and designers reconsidered initial pro-
jects and changed operational (design) stripping ratios
to align the parameters of the development system with
the design (Kovalchuk et al.,2015).This results in the ne-
cessity of finding a method of pre-design substantiation
of the depth when mining the open pit by stages on the

breakeven principle. Theoretically, the basic principle of
substantiating the open pit depth is based on the com-
parison of one of the stripping ratios with the marginal
(economically expedient) one. For open pits developing
inclined and steep deposits, boundaries are set by the
contour stripping ratio numerically equal to the bound-
ary one. But the bench-based analysis of mined mass
volumes and stripping ratios is inconvenient due to the
fact that when initial conditions change while design-
ing, there emerges a need to recalculate the volumes.

The method of V. Rzhevskyi (1956) is widely used
in calculations to solve the main design issues and de-
termine the final depth of the open pit. The method is
based on the comparison of current (K ) and marginal of
economically expedient (K) stripping ratios, i.e. K <K
Thus, the indicator (K) is decisive in determining the
depth of surface mining operations. However, the men-
tioned estimation figures are proposed directly to de-
termine the final boundaries of the open pit, while pa-
rameters of its subsequent stage of mining are interim.

Different options for forming subsequent stages of
open pit mining may differ in depth without changing
the basic parameters of the design decisions. In this
case, one of the main parameters that determines op-
eration of the ICCT complex in the open pit is the ore
lifting height and transportation distance. Thus, the es-
timation figure, with which parameters for the subse-
quent stages of further development of open pits are to
be compared, should take into account the increase in
the costs of ore lifting and transportation. This is due to
the fact that at steep deposits, the depth of ore extrac-
tion is constantly increasing resulting in the growth of
costs for its transportation to the surface.

To determine the depth of the subsequent stage of
mining the open pit within a particular period of its
development, the present work suggests the maximum
operational stripping ratio considering the value of GZK
marketable products as an estimated figure. As accu-
rate prediction of parameters of the subsequent mining
stage is rather difficult, it is important to perform ana-
lytical work involving elements of the theory of similar-
ity in order to determine the required parameters of ore
flows of the working zone of the open pit. The depth of
the subsequent stage of open pit development is deter-
mined on the example of the Inhulets Mining and Con-
centration Plant (“InGZK”),where one of the largest ICCT
projects in Kryvyi Rih iron ore basin was implemented.

Available statistical materials (data on horizontal
distribution of annual production volumes for the past
period of the open pit operation) enabled calculating
the coordinates of the mass centre of the ore working
zone according to the depth of the open pit over a suf-
ficiently long period of time. This dependency was stud-
ied on the material for the period from 1974 to 2011, as
the said period is most fully represented by the available
statistical data due to a large amount of the research
performed on the InGZK open pit within this period.

Mining Journal of Kryvyi Rih National University. 2024. \ol.58, No.2

23



24

Substantiation of the depth of the open pit employing...

According to technological design standards, when
analysing parameters of transportation schemes for
open pits under reconstruction with an annual rock
mass output of more than 40 Mt, the calculation period
is taken equal to 7-10 years, and 5-7 years for small-
er productivity. With this in view, the estimated figure
was determined for 2030. For calculations on the In-
GZK open pit, the existing ICCT complex, where motor
vehicles are used as assembly equipment, and other
parameters were taken into account (Information on
production..., n.d.).

Mathematical processing of statistical data through
approximation (the least squares method) enabled
finding the dependency of the mass centre of the ore
working zone on the depth of the open pit (Tamra-
zov, 1987; Semerikov et al., 1998). Thus, a relationship
was established between the depth of the mass cen-
tre of the ore working zone and the depth of the open
pit. The obtained dependency helped predict the depth
of the mass centre location of the distribution of the
ore production volumes at the subsequent stage of the
open pit development. Substituting the obtained val-
ue of the mass centre of the ore working zone in the
proposed maximum operational stripping ratio formula
enabled obtaining its value for the subsequent stage
of the open pit development. Next, this value was com-
pared with the current stripping ratio, which varies de-
pending on the depth of the open pit, and finally, the
sought-for depth of the open pit is found.

® Results and Discussion
Based on the generalising nature of the methodology
of substantiating the depth of subsequent stages of
mining iron ore open pits with the ICCT complex that
develop steep deposits, it can be considered that the
obtained dependencies and recommendations are ac-
ceptable for designing the subsequent stages of recon-
structing iron ore open pits with the ICCT complex by
relevant design and research organisations.

The indicator reflecting the breakeven operation
of the open pit-concentration plant complex, provided
that the profit from the sale of marketable products is
spent on stripping, is the maximum operational strip-
ping ratio. The mentioned ratio K__ was determined as
the sum of the current stripping ratio and its increase
due to the difference between the price and the cost of
marketable products, which is taken as an indicator to
substantiate the depth of the subsequent stage of the
open pit development and calculated according to the
formula, m3/t:

K — (Pc 'PS_CC'Pp)'(l_i)'V_AItr

om CoPp

Dy k, @

where P, C_ - the price (excluding VAT) and the cost
of marketable products (e.g. concentrate) of the GZK,
UAH/t; P, P, - the volume of sold and produced mar-
ketable products for the calculation period, t; y - the

concentrate yield from ore, unit fr.; C - the cost of a
unit of overburden, UAH/m?*; K_- the current stripping
ratio for the recent period of the open pit operation,
m*/t; Al - the increase of costs for transporting ore
when deepening the open pit at the stage under con-
sideration, UAH/t; / - the income tax, unit fr.

Comparison of the value of the current stripping
ratio K_with the maximum operational one K__ calcu-
lated for the subsequent stage of the open pit develop-
ment indicates the degree of approximation of the cur-
rent open pit parameters, in particular its depth to the
value of the depth at the subsequent stage of its devel-
opment. Thus, while designing the stage-by-stage min-
ing of the open pit, it is expedient to apply the principle
when the current open pit depth is gradually increased
until the current stripping ratio K_reaches the value of
the maximum operational stripping ratio K__and, ac-
cordingly, the current position of the open pit bottom
reaches the depth of the subsequent stage of mining.

When input data for determining the value of the
increase in the cost of ore transportation and lifting
(Al ) during the deepening of the open pit at the stage
is not available, this value can be found applying the
methods of the similarity theory (Serdiuk, 2005) and ap-
proximation (Semerikov et al., 1998). It is expedient to
predict ore production distribution parameters on the
basis of statistical data and technical and economic in-
dicators achieved at the time of designing. At that, the
process of designing an open pit within a steep deposit
will be simplified if the parameter influencing signifi-
cantly the operation of the ICCT complex in the open
pit - the height of ore lifting at the subsequent stages
of its development - is determined in advance. The in-
tensive open pit deepening contributes to the continu-
ous increase of this value: from the current depth (h_)
to the depth of the open pit at the subsequent stage
of its development (h_). The height of ore lifting in the
open pit is functionally related to the depth of the open
pit itself, the parameters of the ore working zone and
the nature of distribution of horizon production vol-
umes along the depth of the open pit.

According to B. Isakov & M. Chetveryk (2021), when
designing the transition to stripping the next horizon
using the in-pit crushing and conveying mining tech-
nology, a certain amount of time passes from the be-
ginning of designing to commissioning, and the depth
of the open pit can be significantly increased compared
with the one at which it should have been commis-
sioned according to the project. As this expands the
transportation distance for trucks that should be main-
tained in the proper working condition (Savin & Soko-
lenko, 2024), and also reduces the economic efficiency
of the designed scheme, this factor should be taken
into account in the calculations.

In accordance with the Standard of the Organisa-
tion of Ukraine No. 73.020-078-1:2007 (2007), param-
eters of transportation schemes (weighted average
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lifting height, weighted average transportation distanc-
es) are analysed for the open pits to be reconstruct-
ed. Based on the input data, the amount of increase in
ore transportation costs (A/ ) at the subsequent stage
of open pit deepening compared with its current state
is determined. The calculation value A/_is determined
from expression (2) (UAH/t):

Al =C-AL=C -h -k /i, (2)
where C - the cost of 1 t-km for technological vehi-
cles, UAH/t-km; AL, - the increase in the distance of ore
transportation by trucks to the ICCT reloading points

due to lowering the mass centre of the ore working zone
and deepening the open pit, km; hID -the increase in the
ore lifting height which is defined as the difference be-
tween the depth of the weighted average position of
the mass centre of distribution of horizon production
volumes in the current year and the same parameter
at the subsequent stage of mining, m; k , - the road
development index for open pits, unitless value; i, - the
inclination of technological roads in the open pit, %.
The study of the influence of the pit depth on the
depth of the weighted average centre of mass of horizon
volumes of ore extraction allows (Table 1) a dependen-
cy of changes in one factor when the other changes.

Table 1. Changes in open pit depths and ore mass centres of the ore working zone by years of InGZK open pit operation

Year Open pit depth, m Depth of mass centre of ore working zone, m
1974 170 127
1975 185 127
1976 185 134
1977 185 139
1978 200 153
1979 215 157
1980 215 162
1981 215 162
1982 215 176
1983 215 182
1984 230 184
1985 230 194
1986 245 194
1987 260 182
1988 260 188
1990 275 191
1991 290 203
1992 290 201
1993 305 203
1994 305 220
1996 320 228
1997 320 236
1998 335 236
1999 350 242
2000 350 235
2001 350 227
2002 365 242
2003 365 248
2004 365 252
2005 365 265
2006 380 284
2007 380 290
2008 395 292
2011 440 307

Notes: surface marking accepted +50 m

Source: developed on the basis of the data collected personally by the authors

The dependency describing the effect of the depth
of the InGZK open pit on the depth of its ore working
zone mass centre is obtained by approximation. Linear
regression is as follows, m:

X_=a-h_+b=a(h_+Ah-t)+b=0.6421-h_+23.3, (3)

where x__ - the depth of the mass centre of the ore
working zone, m; a, b - the empirical coefficients of the

Mining Journal of Kryvyi Rih National University. 2024. \ol.58, No.2



26

Substantiation of the depth of the open pit employing...

linear equation, unit; h__ - the depth of the open pit
at the subsequent stage of reconstruction, m; h_, - the
current depth of the open pit, m; Ah - the average an-
nual rate of open pit deepening (for the InGZK open pit
Ah=7 m/year, but up to 1980 it was Ah=9 m/year); t -
the duration of the period from the current year to the
subsequent stage of the open pit development, years.

It is proposed to assume that the preliminary depth
of the open pit at the subsequent stage of its develop-
ment is equal to h__=h_ +Ah-t, m. Approximation qual-
ity indicators (r, —09706 R*=0.9421, A=4.646%) of
the obtained equatlon (3) allow asserting that it is ad-
equate to mining and engineering factors being inves-
tigated, and as a simple model it can be used to solve
some mining problems. With the help of the obtained
dependency (3), it is possible to predict the depth (x_ )
of the centre of mass distribution of ore production
at the subsequent stage of the open pit development.
If the value of this parameter for the current year is
written as x_, then h =Xx__-X_, M. The increase in ore
transportatlon costs accordlng to the formula (2) is as
follows, UAH:

AItr = Cv ’ kr,d ’ (a ’ hs,s + b - Xcti)/it = £
“(@-[h_ +Ah-t]+b-x_)/i. 4)

By substituting the value of A/_(4) in the formula
(1) and considering the case when P_=P , the depend-
ency is obtained that determines the value of the max-
imum operational stripping ratio for the subsequence
stage of the open pit development, t/m?:

(Pc=C):(1=D)-y=Cykr.g (@ [hci+tAh-t]+b—xci)/ it
Co

Kom = + K. (5)
Due to the continuous deepening of the open pit
developing a steep deposit from the current depth (h_)
to the depth (h_) of the subsequent stage of its devel-
opment, the current stripping ratio (K ) is increased to a
value equal to the maximum operational stripping ratio
K =K _atthe subsequent stage of the open pit develop-
ment determlned by formulae (1) or (5). The design pro-
cess also determines the open pit depth h'_,which s ad-
equate to the maximum operational stripping ratio K

It is possible that the previously accepted depth h
at the next stage of the open pit development will be
greater than the depth h'_,i.e.h_2h'__.In this case, the
maximum operational str|pp|ng rat|o |s determined by
formulae (1) and (5), but taking into account the depth
h'.. and the corrected maximum operational stripping
ratlo K*, adequate to the open pit depth h'__ at the
subsequent mining stage.

The opposite situation is possible when the as-
sumed previous depth h__ of the open pit will be less
than the depth h'_ i.e. h \hl In this case, the maxi-
mum operational stnppmg ratlo K*. s also calculated
taking into account the depth h'_. In both cases, the
duration of the period t from the current date to the

subsequent stage of the open pit development will be
t'=(h'_ - h_)/Ah,years.In the case where h_=h'_,K'__
is not calculated.

According to formula (5) at t=19 years for 2030,
for the InGZK open pit where vehicles are used, the
calculated maximum operational ratio is equal to
K. _=0.66 m*/t.In this example, it is considered that the
maximum operational ratio K, _=0.66 m’/t is adequate
to the previously accepted depth of the open pit, i.e.
h, =h' =573 m.

Thus the principle of finding a substantiated open
pit depth at the subsequent stage of its development
is that when deepening the open pit to the depth of
the subsequent development stage (h'_), the current
stripping ratio will not exceed the maximum opera-
tional ratio (K_<K* ), which will allow the fullest use
of the advantages of open pit mining.Application of the
proposed estimation figure - the maximum operational
stripping ratio - is appropriate for different consecutive
periods of time when solving the design issues of each
subsequent stage of reconstruction during the stage-
by-stage open pit development.

This method of approximating the open pit depth
at the subsequent stage of its development can be used
to substantiate prospective design solutions. Yu. Hry-
horievetal.(2021a) argue that mining conditions of min-
eral deposits will be characterised by further increases
in the open pit depth and transportation distances. This
can be fully agreed with and taken into account when
studying ICCT parameters at the subsequent stage in
the open pit development. One of the main challenges
in open pit designing is its sustainable development
and minimisation of costs, and given the long develop-
ment time of the deposit and variable mining and engi-
neering conditions of open pits, correction of previously
made decisions is an inevitable step to increase their
efficiency. At the same time, revision of even one of the
essential parameters of open pits at the subsequent
stage, such as depth, can affect efficiency of the deci-
sions made, especially at the pre-design stage. There-
fore, this factor is essential for prospective decisions.

N. Sarybayev et al. (2021a) indicate that the area
of the most economical use of the ICCT method with
belt conveyors of the standard inclination (up to 16°)
is provided within the range of technological parame-
ters - the capacity of 10-25 Mt/year and the lift height
of 250-600 m. At the same time, when designing a new
technological transportation scheme, it is necessary to
delineate the efficient area of its application, which can
be done with the help of the estimation figure proposed
in this work. S. Kuzmenko et al. (2019) believe that one
of the most important conditions to use a conveyor lift
is provision of the transport with the rock mass for the
payback period of 10-20 years. The ICCT schemes em-
ployed at Kryvyi Rih open pits largely depend on spe-
cific mining conditions. According to N. Sarybayev et
al.(2021b), deepening of mining operations will require
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adjustment of the transport system of the open pit.
However, the examples show that the economic effect
of this technology is always positive.

V. Slobodianiuk & I. Maksymov (2021) suggest the
use of mobile crushing and reloading points. However,
the authors believe that construction of a new station-
ary crushing and reloading point is inefficient, since it is
not possible to create an area of the required size with
a lifetime that justifies relevant construction costs. In
this case, it is also necessary to assess the mining and
engineering situation in the open pit using an estima-
tion figure. Yu. Hryhoriev et al. (2021b) state that mining
conditions of mineral deposit development in the com-
ing years will be characterised by a further increase in
the open pit depth and transport distances, with which
one can fully agree and take into account when study-
ing the parameters of the ICCT at the subsequent stage
of the open pit development.

Thus, summarising the above, it is possible to con-
clude that when transiting to the subsequent stage of
the open pit development, it is necessary to assess the
mining and engineering situation using an estimation
figure to outline the rational field of applying the tech-
nological transport complex and determine the ways of
further improvement of ICCT parameters at the subse-
quent stage of the open pit development. In this regard,
in order to perform approximate estimates of the open
pit depth at the pre-design stage, the use of the maxi-
mum operational stripping ratio to substantiate the sub-
sequent stage of the open pit development is proposed.

® Conclusions
In the course of solving the problem using the similarity
theory, a method has been proposed that allows a more

deep approach to the study and evaluation of such
important parameters as the depth of the subsequent
stage of developing with the ICCT complex, determina-
tion of the value of the maximum operational stripping
ratio for this stage and its adequate open pit depth and
substantiation of the economic expediency of the sub-
sequent stage development of the open pit the pre-de-
sign stage. Application of dependencies determined us-
ing the similarity theory makes it possible to solve the
tasks necessary for the further development of the ICCT
complex and substantiate the depth parameter for the
subsequent stage of the open pit development, which
ultimately allows obtaining the designed technological
and economic result in a given period. The methodo-
logical approach to determining the depth of the sub-
sequent stage of mining the iron ore open pit with the
ICCT complex during the stage-by-stage development
can be used by design organisations and research in-
stitutes when designing reconstruction of open pits in
steeply dipping deposits. The issue of how the nature
of ore distribution throughout the height of the open
pit working zone affects the provision of optimal oper-
ational conditions for each of the applied types of the
ICCT complex still remains unaddressed, which may be
the subject of further research. It is also useful to ana-
lyse the influence of open pit deepening and changes
in the depth of the mass centre in distributing ore pro-
duction volumes on the dynamics of stripping ratios.
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O6r'pyHTYBaHHA rMU6UHU Kap’epy 3 LMKNIYHO-NOTOKOBOIO TEXHOJOrIEI0
fIK BUSHauYaNIbHOI BeJIMUMHU oro BignpayoBaHHSA
B UeproBoMy eTani po3po6bku

® Amnortauisa. lNocTiliHe 36iNbWEHHS MUMBUHU KAPEPIB 3 LMKIYHO-MOTOKOBOK TEXHOMOTIE, WO Po3pobAstoTh
KpYyTO najatodi poaoBuMLLA, BUKIMKAE 3pOCTaHHS BMCOTM MiAMOMY Ta BiACTaHi nepeBe3eHHs pyau, i 9K HACNigoK,
30iNbLIEHHS BUTPAT Ha i LOCTAaBKY Ha MOBEPXHIO, LLLO BMNJIMBAE HA BENNUYUHY IMIMOUHM YEproBOro eTany peKoOHCTPYKLii
TPaHCMOPTHOI CMCTEMU Kapepy.MeTot faHoi poboTH 6yno 06rpyHTYBaHHA MMOUHU YeproBoro eTany BiAnpaLloBaHHS
3aNi30pyAHOro Kapepy 3 KOMMNIEKCOM LUMKNIYHO-NOTOKOBOI TEXHONOTIT 338 4ONOMOrOH Y3arasbHIOKY0ro NoKasHMKa
OLLIHKM ONS Pi3HMX MOCNIAOBHMX BiApi3KiB 4acy Mpu MOeTamnHii po3pobui Kapepy, Wo Mae MoKpawwaTtu SKicTb
NPOEeKTHUX pobiT. B cTaTTi BUKOPUCTOBYBAAUCA METOAM CTAaTUCTUUYHO-IONIYHOMO, Kay3aNbHOrO i KOMMNApaTUBHOMO
aHanisy Ta MeToA CUCTEMHO-CTPYKTYPHOro niaxoAy, WOAO BWM3HAYEHHS Y3aranbHIOKYOro MOKA3HWMKA OLIHKM
4eproBoro eTany BiANpaLlloBaHHS KAPEPIB 3 KOMMIEKCOM LMKIiIYHO-NOTOKOBOI TEXHO/Orii. 3anponoHOBaHO MNpU
00OrpyHTYBaHHI rMMOMHM YeproBoro erany pekoOHCTPYKLii Kapepy 3anexHiCTb AN BUM3HAYEHHS MAKCUMAsbHOIO
eKcnayaTauiiHoro KoedilieHTy po3KpuBY, B SIKili BpaxoBaHO 36iNblUeHHs TPaHCMNOPTHUX BUTPAT Yepe3 3pOCTaHHS
BMCOTM MiAMOMY Ta MOLOBXEHHS BiACTAHI TPAHCMOPTYBAHHS PyAM HA APOOMIbHO-NEepeBaHTaXyBasbHi MYyHKTU
KOHBEEPHUX MiLAOMHMKIB PO3TALLOBAHMX B MPOCTOPi KAapEPY BHACNIAOK MOro nornmMbneHHs. B po3paxyHkax Takox
BMKOPWUCTAHO 3aN1€XHICTb NMOMOXEHHS KOOPAMHATY LLEeHTpY Mac BMAo00yTOi pyau Bia rnmbuHu Kapepy. Bpaxosyouu,
L0 B Cy4aCHMX MMUBOKUX Kapepax 0b6csaru pyaum, Lo BUAOOYBAETLCS | TPAHCMOPTYETLCS aBTOMOOBINIbHO-KOHBEEPHUM
KOMMMEKCOM MNPOTArOM POKY MOXYTb CTaHOBUTM 30 MAH. T, ofHE 3 BAX/IMBMX 3aBAAHb MPOEKTYBa/bHUKIB
NONSIra€ B MOLUYKY LIAAXIB BAOCKOHANEHHS BAaHTAXKOMOTOKIB TPAHCMOPTHUX KOMMEKCIB Kapepy. Y LuboMy 3'BA3KY
3anponoHOBAHO OLHOYHMI MOKA3HUK AN BM3HAYEHHS MNMOWHM 4YeproBOro eTany BiANpaLlloBaHHS KapepiB 3
KOMMNEKCOM LMKiYHO-NOTOKOBOI TEXHOOTii, B IKOMY Y B3AEMO3B'A3KY BPax0BaHO 36i/bLUEeHHS BUTPAT Ha LOCTaBKY
pyAM, BapTiCTb TOBApHOi MpoAyKLii ripHM4yo3barayyBanbHOro KOM6GiHaTy, MOTOUHUI KoedilieHT po3kpwuay. pu
LboMy bepeTbCs 40 yBaru 36iNblUeHHS BUTPAT Yepe3 30inblueHHS BUCOTU MNILAOMY PYAM NPW MOHMKEHHI TipHUUYMUX
pobiT B Kapepi, L0 [,03BONSIE BPAXyBaTH NPUPICT TPAHCMOPTHUX BUTPATAT NPU MPOEKTYBAHHI MOAANbLIOTO PO3BUTKY
KOMMAEKCY LLMKNIYHO-MOTOKOBOT TEXHONOTII. Y Kapepi, MnbuMHa SKOro BU3HAYa€ETbCS MO 3aNpONOHOBaHIn MeToaumL,
3HaYeHHS NOTOYHOro KoedilieHTy pO3KPUBY He NepeBuLLyBaTUME MAaKCMMAIbHOIO eKCNAyaTaLitHoOro KoediuieHTy
pO3KpUBY B 4eproBoMy eTani. [laHui nigxin [,O3BONSE ONEPATUBHO OLIHUTK FMUOUHY 3ani30pyLHOrO Kapepy, Wo
po3pobnse KpyTonazakdi NOKAaAM NpU NPOEKTYBaHHI YeproBOro eTany PeKkoHCTPYKLii 32 yMoBU 6e336UTKOBOTO
MOoro fLoonpauloBaHHS

® KnwouoBi cnoBa: BiokpuTa ripHMya BMPOOKa; MaKCMMainbHUIA eKcnayaTauiiHuii KoedilieHT po3KpuBy;
nornubneHHs Kapepy; CXOAMHKA BiANpPaLOBAHHS
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Development a new flotation refining technology
for magnetite concentrates at the Northern Mining
and Processing Plant Private Joint-Stock Company

® Abstract. The purpose of this study was to develop a new flotation refining technology for magnetite
concentrates at the Northern Mining and Processing Plant Private Joint-Stock Company to produce a final
commercial product with a total iron content of at least 69.0% and silica content not exceeding 4%.Mineralogical
analysis was used to study mineral liberation, chemical analysis to determine the qualitative composition of
the raw material, and sieve analysis to determine the granulometric composition of the material. The study also
employed methods of processing, analysing, and synthesising research results to establish optimal conditions
for separating mineral grains by size. The results showed that achieving the maximum total iron content in the
concentrate and minimising the silica content, while ensuring maximum iron recovery, depends on grinding
conditions, which are determined by the degree of mineral grain liberation. It was found that the flotation
rate constant for quartz depends on the mass fraction of quartz in the feed and ranges from 0.05 to 0.10 min™.
Mineralogical studies of the raw concentrate revealed that, in addition to monomineral magnetite particles, it
includes aggregates of magnetite-quartz (up to 2.52%), magnetite-quartz-silicate, magnetite-quartz, silicate-
carbonate (up to 7.5%).Carbonates are mainly represented by sideroplesite and calcite; silicates by cummingtonite,
biotite, and chlorite. Gangue particles consist of monomineral quartz or silicate-quartz, carbonate-silicate-
quartz aggregates. According to quantitative mineralogical calculations, monomineral magnetite particles are
concentrated in the fine-grained fraction, with 92.3% in the -0.045 + 0.02 mm class and 98.1% in the -0.02 mm
class. Laboratory tests of the magnetic-flotation refining of the concentrate demonstrated the feasibility of
obtaining high-quality concentrate from the magnetite concentrates of the Northern Mining and Processing
Plant Private Joint-Stock Company with a total iron content of 69.0% and silica content of 3%, achieving an
88.9% vyield and 92.9% iron recovery in the concentrate from the operation. The practical significance lies in
the development of a technological scheme for refining raw magnetite concentrate under the conditions of the
Northern Mining and Processing Plant Private Joint-Stock Company to produce high-quality concentrate with
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maximum yield, a total iron content above 69.0%, and silica below 4.0%, while ensuring iron recovery in the

concentrate of more than 90%

® Keywords: iron ore concentrate; reverse cationic flotation; magnetic separation; mass fraction; granulometric

composition

® Introduction

As of 2024, Ukraine holds a prominent position in the
global market for the extraction and processing of iron
ore quartzites. Mining and processing enterprises in the
Kryvyi Rih Iron Ore Basin play a significant role in this
sector. The Kryvyi Rih plants supply raw materials to
ferrous metallurgy enterprises both within Ukraine and
abroad. However, the quality of iron ore concentrates
from Kryvyi Rih beneficiation plants, with an iron con-
tent of 65-68% and SiO, content of 6.0-9.0%, is consid-
erably lower than that of similar plants in Canada, Swe-
den, and the USA. Such factors reduce the marketability
of Kryvyi Rih enterprises and diminish the competitive-
ness of Ukrainian products.

The quality of iron ore concentrate is crucial for fur-
ther processing and is primarily determined by two key
factors: the content of the useful component and the
level of harmful impurities. Hence, there is a growing
demand for high-quality concentrates with a high con-
tent of the useful component and low silica content,
suitable for direct iron reduction. However, Ukrainian
plants face challenges due to beneficiation technolo-
gies developed in the 20™ century, which do not ensure
the production of competitive quality concentrate for
the global market. Thus, the development of new en-
richment methods and techniques has become a press-
ing issue. This challenge is being addressed by both
mining and processing enterprises and researchers.

The study by M.M. Bulayani et al. (2024) highlights
that the beneficiation of low-grade ores is a critical
area of research in the mineral processing sector. De-
spite their lower iron quality and high impurity levels,
low-grade iron ores constitute a significant portion of
global iron ore reserves. The beneficiation of low-grade
iron ore is an essential process for utilising ore deposits,
especially as demand for iron and its alloys continues
to grow due to rapid industrialisation and the depletion
of high-quality reserves. The mineralogy of iron ore and
impurity levels dictate the beneficiation pathways for
obtaining high-quality iron ore concentrate. Effective
beneficiation processes not only enhance the econom-
ic viability of low-grade ore deposits but also promote
sustainable resource management and environmental
conservation. The study discusses various methods of
low-grade iron ore beneficiation, including grinding,
gravity separation, flotation, and magnetic separation.

In the work of A.F.D.V. Rodrigues et al. (2023), it was
proven that reverse cationic flotation technology is the
most widely used method for fine iron ore beneficiation.
However, this technology faces numerous inefficiencies

in the technological cycle, including fine grinding, de-
sliming, flotation, and product thickening. The study
explores new advances in crushing and grinding tech-
nologies, as well as magnetic separation and gravity
methods, as alternatives or complete replacements for
reverse flotation technology. Researchers have demon-
strated that innovative approaches to iron ore benefi-
ciation will play a decisive role in the transition of the
global industry to so-called “‘green steel”.

In the work of X. Zhang et al. (2019), it was estab-
lished that flotation is considered the most promising
method for obtaining high-quality iron from low-grade,
finely disseminated iron ores. Flotation can be used
as a standalone method or as a complement to other
separation techniques, such as gravity separation and
magnetic separation. Flotation is highly dependent on
the chemical composition of the mineral surfaces to be
separated. Reverse flotation is the most promising flo-
tation pathway for further development. The choice be-
tween cationic or anionic reverse flotation depends on
the mineralogy and available reagents. Cationic reverse
flotation offers advantages over anionic flotation due
to its higher flotation speed, simpler reagent systems,
operational simplicity and reliability, and suitability for
operation at low temperatures. However, cationic col-
lectors have relatively poor selectivity, foaming proper-
ties, and high toxicity, which can lead to product losses
and environmental pollution. Anionic reverse flotation
is less sensitive to slimes, has a lower collector cost,
and higher selectivity due to calcium activators, which
have an activating effect on quartz and a depressing
effect on iron ore. However, anionic reverse flotation
requires significant quantities of activators, as well as
high temperatures and alkalinity of the process.

In the study by B. Luo et al. (2021), the new ampho-
teric surfactant LDEA was investigated. The research
showed that during froth flotation, the properties of the
collector, especially its solubility in the pulp, adsorption
on the mineral surface, and hydrophobicity, play a cru-
cial role in achieving optimal iron content and recovery
rates. It was determined that pH stabilisation affects
not only the chemical composition of the surface but
also the ionisation state of the collector, which deter-
mines its adsorption mechanism on mineral surfaces
and the efficiency of particle separation.

In the work of J.T.G. Junior et al. (2023), it was
proven that flotation is the most widespread method
for processing iron oxides in the typical size range of
-150+40 pm. The study noted that ultrafine particles
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below 40 um exhibit low collision rates with air bub-
bles, which risks the loss of fine and ultrafine magnetite
and haematite particles alongside quartz. Researchers
demonstrated that the use of cationic surfactants, such
as diamine LILAFLOT-811M and monoamine ether LI-
LAFLOT-919, showed high efficiency in processing ul-
trafine particles. Both biodegradable collectors effec-
tively separate magnetite and quartz. At pH-9, both
collectors facilitated quartz recovery of 95.9% (with
diamine LILAFLOT-811M) and 97.7% (with monoamine
ether LILAFLOT-919) and exhibited relatively similar
flotation kinetics.

In the study by T. Oliinyk et al. (2023), researchers
examined the challenges of developing efficient iron
ore beneficiation technologies and applying various
enrichment methods, including gravity, magnetic, and
flotation techniques. The ore under investigation con-
tained particles below 74 ym. The flotation enrich-
ment reagent regime consisted of Lilaflot-811M, Lila-
flot-D817M, and Lilaflot-D819M as collectors, dextrin
as a depressor for iron ore minerals, and caustic soda
as a medium regulator. It was proven that the most effi-
cient beneficiation schemes included two stages of ore
grinding, wet magnetic separation, and reverse flota-
tion in two steps with regrinding of the froth product.
Another effective scheme involved pre-enrichment of
the ore using dry magnetic separators, two-stage grind-
ing to a fraction below 74 pm, wet magnetic enrich-
ment, and reverse cationic flotation in two steps with
regrinding of the froth product.

The technological potential for enriching magnetite
quartzites of the Northern Mining and Processing Plant
Private Joint-Stock Company (PJSC “Northern MPP”) has
been studied between 2021 and 2024 but remains in-
conclusive. This allows for a more detailed investiga-
tion of the magnetic, flotation, and magnetic-flotation
refining technologies to produce a competitive product.
Therefore, the aim of this work was to determine the
optimal technological scheme for flotation refining of
magnetite concentrates at PJSC “Northern MPP” to ob-
tain a final commercial product with a total Fe content
of at least 69.0% and SiO, content not exceeding 4%.

® Materials and Methods

To determine the feasibility and necessity of refining
magnetite quartzites under laboratory conditions, ex-
periments were conducted on the beneficiation of raw
concentrate from PJSC “Northern MPP”. The chemical
composition of the concentrate revealed the follow-
ing: total iron content - 66.0%, magnetite iron con-
tent - 62.3%, iron oxide - 27.6%, harmful impurities:
silica (Si0,) - 6.79%, titanium dioxide (TiO,) - 0,041%,
aluminium dioxide (AL0,) - 0.18%, manganese oxide
(MnO) - 0,038%, calcium oxide (CaO) - 0.47%, magne-
sium oxide (MgO) - 0.53%, phosphorus oxide (P,0,) -
0,018%, sulphur (S) - 0.07%, carbon dioxide (CO,) -
0.33%, potassium oxide (K,0) - 0,053%, sodium oxide
(Na,0) - 0.15%, loss on ignition (LOI) - 0,062%. The
granulometric composition of the raw concentrate is
presented in Table 1.

Table 1. Granulometric characteristics of ordinary concentrate

Size class, mm
20071 20056 -0.045
+0.071 +0.056 +0.045 +0.02 -0.02 Total
07 11 24 365 593 100

Source: authors’ development

The tests were conducted at the laboratory of PJSC
“Northern MPP”and the Department of Mineral Process-
ing at Kryvyi Rih National University. The pre-grinding of
the concentrate was performed using a laboratory mill
of the “Rollgang” type, designed to simulate the grind-
ing processes of industrial mills. Magnetic beneficiation
was carried out using a laboratory magnetic analyser
AM-2A (NTC MAGNIS LTD, Luhansk, Ukraine) with a
magnetic field induction of 1,000 G. Flotation tests on
the concentrate were conducted using a laboratory flo-
tation machine “237 FL” (SCMA Lab, Kryvyi Rih, Ukraine),
equipped with interchangeable cells of 0.5 and 1.0 li-
tres capacity. Laboratory studies were performed based
on three technological schemes for enriching the raw
concentrate: 1. Magnetic refining scheme. This scheme
included preliminary grinding of the entire raw con-
centrate, classification in hydrocyclones, and magnet-
ic beneficiation. The scheme is illustrated in Figure 1.
2.The flotation refining scheme. This scheme involved

a reverse cationic flotation cycle. The froth product of
the main flotation cycle was classified in a closed cir-
cuit with the mill, enriched using a magnetic separator
with low magnetic induction, processed in a control flo-
tation cell, and returned to the main flotation process.
The flotation process was carried out with the addition
of the amine reagent Lilaflot 811M. The scheme is il-
lustrated in Figure 2. 3. The magnetic-flotation refining
scheme. This scheme involved the classification and
grinding of raw concentrate in a closed circuit. The clas-
sifier overflow was directed to magnetic separation and
subsequently to the main flotation cells, followed by
the enrichment of the cell product using magnetic sep-
arators. The froth product was classified and ground in
a closed circuit. The hydrocyclone overflow, after mag-
netic beneficiation and control flotation, was returned
to the main flotation cycle. The main flotation process
was conducted with the addition of the amine reagent
Lilaflot 811M. The scheme is illustrated in Figure 3.
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Power supply

Figure 1. Technological scheme No. 1 for magnetic refining of raw concentrate
Notes: 1 - mixer (homogeniser) for feed product; 2 - technological sumps with pumps; 3 - vertical mill; 4 - hydrocyclone battery; 5 - wet
magnetic separation; 6 — magnetic desliming unit
Source: authors’ development

Power supply
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Figure 2. Technological scheme No. 2 for flotation refining of raw concentrate
Notes: 1 - mixer (homogeniser) for feed product; 2 - contact tank with reagent; 3 - main flotation cells; 4 - technological sumps with
pumps; 5 - magnetic desliming unit; 6 — hydrocyclone batteries; 7 - vertical mill; 8 - wet magnetic separation; 9 - control flotation cell
Source: authors’ development

Power supply

Concentrate

Figure 3. Technological scheme No. 3 for magnetic-flotation refining of raw concentrate
Notes: 1 - mixer (homogeniser) for intermediate product; 2 - main flotation cells; 3 - hydrocyclone batteries; 4 - vertical mill; 5 - wet
magnetic separation; 6 — contact tank with reagent; 7 - main flotation cells; 8 — magnetic desliming unit; 9 - control flotation cell
Source: authors’ development
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The research was conducted using the reverse
cationic flotation method, employing the cationic re-
agent amine Lilaflot 811M, produced by AKZO NOBEL.
The process did not include the addition of hydrolysed
starch as an iron depressant due to the presence of
poor, non-liberated aggregates in the flotation feed,
which are susceptible to the depressing action of hy-
drolysed starch, negatively affecting concentrate quali-
ty. Additionally, no pH stabiliser was used.

Flotation and reagent conditions were identical
across all experiments and included:

1.Amine dosage: 200 g/t;

2. Contact time: 1 minute;

3.Solid content in the flotation feed: 30-35%;

4. Flotation duration: 10 minutes.

Standard research methods applied:

1. Sieve analysis was conducted in accordance with
DSTU 3704:2013 (2013).

2. Flotation analysis was conducted in accordance
with DSTU 8811.1:2018 (2018).

3. Chemical analysis was conducted in accordance
with DSTU 8811.0:2019 (2019).

® Results
An analysis of comparable plant operations demon-
strated that achieving high beneficiation efficiency de-
pends on improving concentrate quality, optimising raw
material utilisation, and reducing specific beneficiation
costs. These goals are achieved through various meth-
ods, including flotation refining (Bulayani et al., 2024).
The feasibility of implementing and selecting a tech-
nological refining scheme depends on multiple factors,
including the physico-chemical properties and charac-
teristics of the feed material, plant capacity and produc-
tivity, available space for refining operations, and the
essential testing, especially semi-industrial trials. The
beneficiation technologies currently used in Ukraine,
particularly at PJSC “Northern MPP” are incapable of
producing high-quality concentrates and require im-
provement. Enhancement efforts focus on incorporat-
ing additional refining operations for raw concentrate,
such as extra grinding, fine screening, using magnetic
separators with varying field gradients and intensi-
ties, hydraulic separation, and flotation methods. The
Kirkenes plant in Norway refines its raw concentrate
through additional grinding and reverse cationic flo-
tation, achieving iron content levels up to 70%. Plants
such as Adams (USA), Sherman and Griffith Mines (Can-
ada), the Poltava Mining and Processing Plant, and the
Ingulets Mining and Processing Plant (Ukraine) have ef-
fectively improved the quality of magnetite concentrate
by integrating reverse cationic flotation operations into
their technological schemes. Hydraulic fine screening
operations are also widely used in mining and process-
ing plants in the USA and Canada, first introduced in
1967 at the Erie Mining plant in the USA. This technol-
ogy has also been implemented at the Central Mining

and Processing Plant (Ukraine), leading to increased
quality and productivity (Hubin et al., 2016).

All beneficiation processes, including flotation, are
based on the differences in the properties of the min-
erals being separated. The primary phenomena utilised
in flotation are surface tension and wettability. Under
specific conditions, these properties ensure the effec-
tive progress of flotation. For efficient flotation, se-
lecting the appropriate flotation equipment is critical.
Each type of flotation machine has unique characteris-
tics and structural features, and specific machines are
used for the flotation of various minerals (Bulayani et
al., 2024). Flotation machines are enrichment devices
used to separate minerals during the flotation process
in a water-mineral pulp. The flotation process is influ-
enced by factors such as flotation time, stirring, and
aeration methods. These parameters determine the
type, volume, and number of flotation machine cells as
well as compliance with energy consumption standards
(Smirnov & Biletskyi, 2010).

At PJSC “Northern MPP” raw magnetite concentrate
is produced through magnetic beneficiation. The raw
material composition for magnetite concentrate ex-
hibits unstable quality indicators (Dovhiy et al., 2017).
The composition of the iron ore feed is characterised
by mineralogical varieties such as magnetite, haema-
tite-magnetite, silicate-magnetite, and magnetite-sil-
icate. The structure is fine- and microcrystalline, with
aggregates of heavy ore grains of magnetite and hae-
matite bound with gangue minerals such as quartz,
silicates, and carbonates (Filenko, 2011). The material
also contains martite, biotite, iron mica, amphiboles,
and cummingtonite. Due to variations in the propor-
tions of easily, moderately, and poorly beneficiated ore
minerals, as well as differing levels of harmful gangue
impurities, the concentrate displays variable character-
istics in its mineralogical, chemical, and granulometric
composition (Morkun et al., 2017).

Mineralogical studies revealed that the concentrate
predominantly consists of the ore mineral magnetite
(82.6%). The samples also contain iron hydroxides, sil-
icates, and carbonates (totalling 4.14%). The gangue
component is quartz, with a content of 6.63-7.5%. Harm-
ful impurities include sulphides and apatite, with con-
tents around 0.16%. Mineralogical studies of the raw
concentrate also identified aggregates such as magnet-
ite-quartz (up to 2.52%), magnetite-quartz-silicate, mag-
netite-quartz, and silicate-carbonate (up to 7.5%). The
carbonates are primarily represented by sideroplesite
and calcite, while silicates include cummingtonite, bio-
tite,and chlorite. Non-ore particles include monomineral
quartzorsilicate-quartz,carbonate-silicate-quartzaggre-
gates. Quantitative mineralogical calculations revealed
that monomineral magnetite particles accumulate in fine
fractions class -0.045+0.02 mm: 92.3%; class -0.02 mm:
98.1%. In coarser fractions, the proportion of monomin-
eral particles decreases, while the proportion of poor
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aggregates and gangue particles increases. For instance,
class+0.071 mm:62.7%pooraggregates,and 6.9%gangue
particles; class-0.071+0.056 mm:41.7% poor aggregates,
and 6.2% gangue particles; class -0.056+0.045 mm:
16.8% poor aggregates, and 2.6% gangue particles.

RN

®9

Mass fraction of silica, %
ORNWRNAUIONN WO

64 65 66 67

Laboratory studies demonstrated a direct correla-
tion between silica content and iron content: as the
proportion of ore minerals increases, the proportion of
gangue minerals decreases, and vice versa. The results
are presented in Figure 4.

S
',
[
.".-..,

68 69 70 71

Mass fraction of total iron, %

Figure 4. Relationship between the mass fraction of total iron and silica

Source: authors’ development

The analysis of the studies demonstrated that us-
ing magnetic, magnetic-flotation, and flotation refining
methods for raw concentrate with the reagent collec-
tor Lilaflot 811M makes it possible to obtain a final

concentrate with a total iron mass fraction ranging from
68.0 to 69.0%, recovery rates between 92.9 and 95.7%,
and silica content in the concentrate from 3.4 to 4.7%.
The results of the studies are presented in Tables 2 and 3.

Table 2. Results of raw concentrate refining for technological schemes No. 1-3

E Quality indicators, %
‘ga Output power supply Concentrate Dump tailings
)
£
§ § Mass share | Removal | ExitFe__, | Mass share | Removal | ExitFe  , <Massshare = Removal Exit Fe
G Fetotal’ % Fetotal’ % % Fetotal’ % Fetotal’ % % Fetotal’ % Fetotal’ % %
2
1 68.3 94.9 91.7 40.6 5.1 8.3
2 66.0 100 100 68.0 95.7 929 40.0 4.3 71
3 69.0 92.9 88.9 42.1 71 111

Source: authors’ development

Table 3. Granulometric characteristics of ordinary concentrate finishing according to technological schemes No. 1-3

No. of Size class, mm
technological -0.071 -0.056 -0.045 Product
scheme L +0.056 +0.045 +0.02 A Ly
1 - 0.3 1.1 31.7 66.9 100 Concentrate
2 0.5 0.9 3.5 34.2 60.9 100 Concentrate
3 - 0.6 0.9 22.0 76.5 100 Concentrate

Source: authors’ development

An analysis of the granulometric composition of the
concentrates indicates that those obtained in tests 1
and 3 consist of finer material than the sample from
test 2. The content of the -0.045 mm fraction in these
tests was 98.6 and 98.5%, respectively. Since pure ore
minerals are mainly found in the -0.045+0 fraction, the
total iron content is higher in samples 1 and 3 than in
sample 2, with values of 68.3 and 69.0% compared to
68.0%. This confirms that the overall quality indicators

of concentrates obtained using technological schemes
that involve vertical mills for feed grinding are superior
to schemes where the feed is not ground. This is due to
the more effective liberation of grains, which positively
impacts the quality parameters of the concentrate.

® Discussion
The findings of this study are supported by a substan-
tial body of scientific research. The magnetic-flotation
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refining method has been identified as the most prom-
ising and economically viable approach for raw con-
centrate beneficiation. The selection of beneficiation
equipment and the reagent regime depends on the
mineralogy and level of harmful impurities. The cur-
rent trend in the metallurgical industry, coupled with
the rapid growth of “green energy”, demands that iron
product manufacturers reduce the silica content to 2%.
Magnetic or hydraulic separation alone cannot achieve
this due to the presence of locked silica minerals. In the
work of M. Ma (2012), a comparison of reverse anionic
and cationic flotation highlighted that the advantag-
es of anionic flotation include lower reagent costs and
better iron recovery. However, the author noted that re-
verse cationic flotation remains the most widely used
method for iron ore beneficiation.

In the work of F. Dehghani et al. (2022) demon-
strated that the final ore grinding size depends on the
nature of mineralisation, mineral distribution with-
in ore deposits, and associated gangue minerals. The
researchers examined two technological schemes for
magnetic-flotation concentrate refining: 1) Magnetic
separation with a magnetic field intensity of 2,000 G,
grinding to a particle size of less than 74 pym, followed
by a flotation cycle; 2) Grinding the entire flotation feed,
flotation beneficiation, and subsequent wet magnetic
separation with a magnetic field intensity of 1,000 G.
During flotation, a collector reagent, depressant, and
pH stabiliser were applied. The study determined that
wet magnetic separation prior to flotation was more
effective than using flotation as the primary benefici-
ation operation. Magnetic separation before flotation
reduced grinding costs, the number of flotation cells,
and reagent consumption, resulting in a higher-quality
product with fewer impurities. In contrast, using flota-
tion as the initial beneficiation step increased the num-
ber of flotation cells, raised reagent consumption, and
complicated the process.

In the work of S.0. Bada et al. (2012) also em-
ployed an initial grinding stage to a particle size of less
than 75 pm, followed by magnetic separation, a con-
trol grinding stage to achieve 95% of particles below
25 um, wet magnetic separation, and reverse cationic
flotation with the collector reagent Lilaflot-817M and
starch (iron depressant). The operations increased the
iron mass fraction in the concentrate to 65.5%, with re-
verse cationic flotation further increasing the iron con-
tent to 70.0%.

H.D.G. Turrer et al. (2007) studied the impact of
synthetic flocculants on the beneficiation of fine iron
ore fractions. They found that enriching iron ore frac-
tions smaller than 44 um could increase iron recovery
by 7.8% with the addition of non-ionic polyacrylamides
combined with a cationic collector, depressant, and pH
stabiliser. However, using non-ionic polyacrylamides
also increased silica content in the concentrate by 0.12-
1.58% due to the presence of polyacrylamide-induced

flocs. J-0. Gustafsson & O. Lima (2013) evaluated the
foam formation and stability of cationic collectors, as
foam structure and stability are critical factors in min-
eral flotation. Their work compared the effects of ether
diamine Lilaflot-D817M and Lilaflot-628M and found
that ore type, water quality, and collector type signif-
icantly influence foam properties during magnetite
quartzite beneficiation. Water with higher ion content
produced more voluminous foam.

In the work of K.P. Babu & M. Aminuddin (2020)
studied the impact of low-grade iron ore particle size
and changes in reagent regimes on concentrate quality
and yield. The study showed that increasing the collec-
tor dosage and pulp density reduced concentrate yield
while increasing iron content. They also found that pH
stabilisation affected concentrate yield and iron content.
At lower pH levels, negatively charged silicates electro-
statically interact with positively charged cation ions,
reducing concentrate yield while increasing iron con-
tent.At higher pH levels, silicates become less negative-
ly charged, decreasing interaction with cations, which
increases concentrate yield but decreases iron content.

N.P. Lima et al. (2013) examined the size-based
separation of flotation feed. They divided the feed into
two fractions:-150++45 pm and below 45 ym and com-
pared the results with an undivided sample of less than
150 pm. The study found that iron recovery was high-
est for the fraction below 45 ym with lower reagent
consumption. However, increased collector dosage re-
duced iron recovery and silica content. The researchers
demonstrated that size-based feed separation in iron
ore flotation improved iron recovery by nearly 3%, re-
duced silica content, and decreased iron content in tail-
ings. G.M. Rocha et al. (2022) studied flotation without
starch addition and at lower pH levels. They compared
amide-amines and etheramines as collectors, finding
that increasing amide-amine dosage by 50%, without
starch addition, improved iron recovery by up to 9% and
concentrate yield by up to 5%. However, this reduced
the iron mass fraction in the concentrate by 1%.

To enhance the flotation efficiency for magnetite
quartzite beneficiation, H. Hubin et al. (2018) found
that the initial concentrate contained many technolog-
ical aggregates formed during grinding, increased pulp
viscosity, and the growth of the ground material’s total
surface area into magnetic flocs, causing mechanical
entrapment of natural particles. They demonstrated
that ultrasonic treatment improved flotation properties
and increased final concentrate yield by 2-5% without
compromising product quality by altering pulp viscosity.

To sum it all up, the study, along with an analysis
of other scientific works, confirmed that reverse cation-
ic flotation is the most promising method for iron ore
beneficiation. However, the technological and econom-
ic performance of this process depends on the proper
selection of beneficiation equipment and an optimal
reagent regime.
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® Conclusions

Magnetic beneficiation methods do not yield high-qual-
ity concentrates due to ore depletion and the inclusion of
silicate minerals,which degrade concentrate quality.The
concentrate is fine-grained and comprises aggregates
that are challenging to separate using magnetic separa-
tors. An analysis of flotation beneficiation processes at
the Poltava and Ingulets Mining and Processing Plants,
as well as enterprises in the USA and Canada, demon-
strated that reverse cationic flotation is more efficient.
Depending on feed quality, it can increase iron content
to 69% or higher while reducing silica content to 3%.

Laboratory studies revealed that additional grind-
ing operations in a closed circuit, combined with wet
magnetic separation, can increase the iron mass frac-
tion to 68.0-68.3% and reduce silica content to 4.3-
4.6%. The flotation refining scheme that omits grinding
the initial feed but includes froth product grinding in
a closed circuit showed the poorest qualitative re-
sults for the final concentrate. The reduced iron mass
fraction in the final concentrate was attributed to the
presence of non-liberated grains with a particle size of
+0.045++0.071 mm, containing 28.2-45.2% total iron.In

this technological scheme, the total iron content did
not exceed 68.0%.

The most efficient refining scheme for the raw con-
centrates of PJSC“Northern MPP” is the magnetic-flota-
tion refining scheme with classification and grinding of
the raw concentrate in a closed circuit. Laboratory tests
confirmed that this approach can produce a concen-
trate with a total iron content exceeding 69.0% and sil-
ica content below 3%. Producing high-quality concen-
trate will enable its use in the production of DRI-class
pellets, which is critical for the global steel industry’s
transition to ‘green energy”. Future research will focus
on improving the technological chain, particularly by
determining the optimal feed particle size for flotation
cells to enhance the quantitative and qualitative per-
formance of the magnetic-flotation technology and op-
timise reagent consumption.
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Po3spo6ka texHonorii ¢pnotauiniHoro s6araueHHsA
MarHeTUTOBUX KBapLUTIB NPUBaTHOro akL,ioHepHOro ToBapucTBa
«[liBHiYHMA ripHMUO-36arauyBanbHUN KOMbiIHAT»

® AHoTauis. MeToto po6oTr 6yna po3pobka HOBOT TEXHOMOTIi HNOTALiHOIO A0BEAEHHS MarHETUTOBUX KOHLLEHTPATIB
Ha OCHOBI MPMBATHOrO akL,ioHepHOro ToBapucTBa «[TiBHIYHMIA ripHMYO-36aravyBanbHMI KOMBIHAT» ONS OTPUMAHHS
KiHLEBOro TOBapHOro MpoAyKTy 3 MacCOBOK YacCTKOK 3ani3a 3aranbHoro He MeHwe 69,0 % i KpeMHe3eMy He
6inbwe 4 %. BukopncraHo MiHepanoriyHuii aHanis Ans AOCNIAKEHHS PO3KPUTTS MiHEpaniB, XiMiYHMIA aHani3 — ang
BM3HaYeHHS SKICHOro CKNaay AOCNIAXYBAaHOT CUPOBMHU Ta CUTOBUIA aHaNi3 — AN BUSHAYEHHS TPaHYNOMETPUYHOTO
cknapy matepiany. B poboti Takox 3acTtocoBaHo MeToau 06pobKM, aHanisy Ta CMHTE3y pe3ynbTaTiB AOCHIAKEHb
3i CTBOPEHHSI ONTUMA/bHUX YMOB PO3[iNIEHHS MiHEpPaNbHUX 3epeH 3a KPYMHICTIO. Y pe3ynbTaTi BU3HAYEHO, WO
[OCATHEHHS MAKCMMasbHOI MacoBOT YaCTKM 3ani3a 3araJbHOrO y KOHLEHTPaTi Ta MiHiManbHOI MacoBOT Y4aCTKu
KpeMHe3eMy, Mpu MakCMMaNbHOMY BWYYEHHI 3ani3a, 3anexaTtb Bif YMOB MNOAPIOHEHHS, fKi BM3HAYaKTbCA
CTYNeHeM pO3KPUTTA MiHepanbHUX 3epeH. BCTaHOBNEHO, WO KOHCTaHTa WBMAKOCTI (noTauii KBapuy 3anexuTb
BifL MACOBOi YacTKM KBapuy B XuBfieHHi i ctaHoButb 0,05-0,10 xB!. MiHepanoriyHi [OCNiLXKEHHS PsSA0BOro
KOHUEHTPATy BUSBMAW, WO OO0 MOro CKAagy BXOASATb, OKPIM MOHOMiIHEpaNnbHMUX YaCTUHOK MarHeTuTy, 3pOCTKM
MarHeTuTy — KBapuy (80 2,52 %), MarHeTuTy — KBapLy — CMAiKaTy, MarHeTuTy — KBapLy, CuNikaTy — kapboHaTy (8o
7,5 %). KapboHart 340e6inbLioro npeactaBneHmin CMAeponasnToM, KanbLMUTOM; CUNIKaTU — KYMIHTTOHITOM, BiOoTUTOM,
XNOPUTOM. HepyaHi 4aCcToukM — MOHOMiHEpanbHi KBapLoBi abo cunikaT — KBapLLOBi, KAPOOHAT — CMAiKaT — KBAPLLOBI.
3rioHO 3 KiNbKiCHMUM MiHEepanoriYHMM po3paxyHKaMm, MOHOMiHEpanbHi YaCTMHKM MArHeTUTy HAKOMUUYHTbCS B
TOHKO3epHUCTIN dpakuii B knaci-0,045+0,02 mm - 92,3 % 1a B knaci-0,02 mm - 98,1 %. B pe3ynbrati npoBefeHHs
nabopaTopHMX BUNPOOYBaHb MArHiTHO-PIOTALLIAHOIO AOBELEHHS KOHLEHTPATy LOBEAEHO MOX/IUBICTb OTPUMAHHS
3 MarHeTUTOBMX KOHLEHTPATiB MPUBATHOrO akLioHepHOro ToBapucTBa «[liBHiYHWI ripHMYO-36aravyBanbHUN
KOMOIHAT» BMCOKOSIKICHOTO KOHLLEHTPaTy 3 MacOBOK YaCTKOK 3ani3a 3aranbHoro 69,0 % i okcmuay KpemHito 3 %,
88,9 % 3a BMxopoM i 92,9 % BunyyeHHSM 3ani3a 3arasbHOro y KOHLEHTPAT Bif onepauii. NpakTuyHa 3Ha4yMMicTb
nonsrae y po3pobui TEXHONOriYHOT CXEMM AOBELEHHS PSAOBOro MarHeTUTOBOIO KOHLLEHTPATy B YMOBaxX NPUBATHOIO
aKLUioHepHOro ToBapucTBa «[liBHIYHMIA TipHMYO-36arayyBanbHUi KOMOIHAT» AN OTPUMAHHS BMCOKOSKICHOIO
KOHLLEHTPATy 3 MaKCMMalbHMM BMXOAOM Ta MaCOBOK YACTKOK 3ani3a 3aranbHoro Buule 69,0 % i kpeMHesemy
MeHwe 4,0 % npu BUAyYeHHi 3ani3a 3aranbHOro y KOHUeHTpart binble 90 %

® KniouoBi cnoBa: KoOHLEHTPAT 3aM1i30pyaHUIA; hoTaLis KaTioHHa 3BOPOTHA; Cenapalis MarHiTHa; 4yacTka MacoBa;
CKNaf rpaHy10MeTpUYHui
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Analysis and problems of the world’s practical experience
in the extraction of minerals by the combined open-pit
and underground method

® Abstract. The purpose of this paper was to review and analyse the world practice of combined open-pit
and underground mining with further justification of its application at mining enterprises in Kryvyi Rih. The
following methods have been used: analysis of practical experience in mining by the combined open-pit and
underground method of the world’s most famous mines; generalisation of the shortcomings of technogenically
destructive technologies of open-pit mining of iron ore raw materials and modern environmental problems
of open-pit mining; calculations of the multifactorial structure of dependence in the operation of a mining
enterprise on environmental losses; methods of analysis. It has been established that it is necessary to develop
a comprehensive strategy for the transition from the existing open-pit mining technology to the technologies of
open-pit and underground mining, taking into account the stress-strain state of the rock mass. The relationship
between iron ore production at mining enterprises and environmental costs was established. The results of the
calculations showed that 99.74% of the variability of environmental costs is explained by changes in the factors
affecting the environment, which are calculated in the presented structure, and the remaining residuals are due
to the effect of unaccounted factors. The paper investigated and developed transitional technologies with the
formation of an underground mining complex on the side of a quarry. A review and analysis of the problems of
transition from open-pit mining to the technology of combined open-pit and underground mining of iron ore
raw materials was carried out. It was established that in the long-term planning of the development of mining
enterprises for the future, preference should be given to the combined or underground mining method. Based on
the practical experience of world mines with combined production, a comprehensive strategy for the transition
from the existing open-pit mining technology to the technology of open-pit and underground mining has been
developed, taking into account the stress-strain state of the rock mass. The practical significance is to develop
the optimal technology in the future, taking into account the identified shortcomings and problems of the
combined open-pit and underground method at world mines for the conditions of the Kryvyi Rih iron ore basin

® Keywords: technology; research; working; mining; ore; scheme

Suggested Citation:

Shepel, O. (2024). Analysis and problems of the world’s practical experience in the extraction of minerals by the combined
open-pit and underground method. Mining Journal of Kryvyi Rih National University, 58(2), 40-49. doi: 10.31721/2306-5435-
2024-2-40-49.

*Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
- Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://mining-journal.com.ua/en
https://orcid.org/0000-0003-4581-5441

O. Shepel

® Introduction

In 2022-2024 in Kryvyi Rih iron ore basin there was
such situation, that actually there are no executed ba-
sic researches concerning definition and management
of stresses and deformations at a transition period on
mining operations opencast on a complex underground
extraction of deposits. Also, not enough scientific re-
searches on the combined mining operations which
provide working of chambers of the second turn under
an opencast bottom under protection of a pillar with
hardening backfill and the further filling of a niche of
opencast with the fulfilled barren rocks. Therefore, min-
ing of the basic hypotheses of definition and manage-
ment of the main stresses and deformations which arise
under a bottom of working opencast with transition on
underground an extraction of minerals, research, and
also mining complex resource saving up technology
thanks to which it is possible to provide the combined
way of the further extraction of minerals, is the impor-
tant practical problem.

Mining operations in the world has led to that
practically in all developed mining countries deterio-
ration mining and specifications is observed. There is a
constant change of depth of mining operations, thick-
ness of ore deposits decreases, power inputs increase
by extraction 1 tonnes of minerals. To gradual fall of
depth of mining of minerals there is a sharp increase
in volumes of barren rocks and the cost price of the
further opening of deposits considerably increases, that
considerably worsens the general economic indicators
at mining operations opencast. It would be expedient
to apply a parallel deposit opening to maintenance of a
solution of the given questions in the underground way
together with working opencast which gradually stops
the activity, on achievement of critical depth by it.

Authors S. Pysmennyi et al. (2023) noticed that ne-
cessity of application of the open-pit or underground
excavation methods are defined taking into account
geological conditions of burial of deposits and neces-
sary productivity of the enterprise. At transition to the
combined ways of working of ore deposits it is possi-
ble to allocate following most typical cases of associ-
ation of the open-pit and underground mining opera-
tions in time: the combined working of reserves by the
open-pit and underground way within one deposit;
completion of reserves of a deposit by the open-un-
derground way with gradual transition exclusively for
an underground way of working and the termination
of open-pit excavation method; working of reserves
of perspective blocks of a deposit by open-pit way
and completion of unpromising regions by open-un-
derground and underground ways. For maintenance
of safety of operations in developments at transition
from open-pit mining operations to combined or an
underground extraction the technique of definition of
parameters which is put forward to the future under-
ground workings is offered. Also, certain destructive

processes which arise at underground mining opera-
tions are described.

Concerning a location of mine and opencast from
mineral reserves it is possible to allocate the basic
ways of conducting mining operations: with combina-
tion of model opencast-mine on axis Y where under-
ground mining operations occur below coffin; with
combination of model opencast-mine on axis X where
underground mining operations occur in a pit wall; it is
combined on axes Y and X. The design procedure of the
general geometry of opencast according to the further
mining of a deposit (Marchelli et al., 2023). According to
a problem of systematic transition from open-pit min-
ing operations to underground mining operations, or to
the combined working of mineral deposits the method-
ology of an establishment of the is intense-deformed
condition of a massif (Stupnik et al., 2024). Thanks to
the resulted dependences of stresses and deformations
which are established, it is possible to establish effec-
tive depth and parameters of the further mining of min-
eral deposits.

By authors R.M. Nisaa & N.I. Fawzi (2023) it is es-
tablished that the coal mining considerable rates in-
creases in the open-pit way, however it leads to dete-
rioration and degradation of the earths which become
unsuitable for their further use. Considerable influence
of open-cast mining is confirmed in city Bontang in In-
donesia which leads to air contamination in its suburbs.
In such conditions problems with health can receive the
majority of people. In article are specified requirement
for the big necessity of recultivation of the earths at de-
velopment of mining operations. It is one of harmful in-
dicators on whom it is possible to assert, that transition
to the combined or underground excavation method of
minerals is safer for a surface.

Authors A. Salkynov et al. (2023) bring results of
mathematical modelling with calculations of param-
eters of an actual mining. According to received data
the basic dependences which describe a stress and
deformations in a massif near a working excavation are
revealed. On the basis of these results of the resulted
calculations practical solutions for application direct-
ly on a deposit are recommended. Also, it is specified,
that at the basic calculations it is necessary to consider
the main influencing physic mechanical properties of
rocks and ores. A. Driouch et al. (2023) specified that
safe further mining by underground way needs applica-
tion of a method of mining with application 2D or 3D
geotechnical numerical modelling. For research of the
is intense-deformed condition of a massif the finite el-
ement method which gives the chance to receive more
exact results of research will be offered. By means of
the software it is recommended to carry out calcula-
tions of the is intense-deformed condition of a mas-
sif of transitional technologies from open-cast min-
ing to an underground extraction. The mathematical
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approach to the description of stresses which arise in
chambers under an opencast bottom at consecutive
open-underground mining is offered.

By means of software H.Luo et al.(2024) recommend
to carry out calculations of the is intense-deformed
condition of a massif in tunnels which are exposed to
a rock pressure. By such principle it is possible to ap-
ply the given approach at calculation of transitional
technologies from open-pit mining to an underground
extraction. The mathematical approach to the descrip-
tion of stresses which arise in a massif is offered agrees
three key indexes. Scientist B. Rakishev (2023) notices
that at mining of mineral deposits probably application
resource saving up technologies which provide further
a decrease of a contamination and losses of minerals.
Thanks to technical solutions the considerable produc-
tion efficiency is reached. Also, possibility of application
of a variant of selective extraction of minerals which
will improve mining quantity indicators is created. On
the basis of such base terms as selective and resource
saving up technologies of mining of deposits it will
be developed effective practical solutions for working
complex structural deposits.

The purpose of the study was to substantiate the
use of the open-pit mining method in the Kryvyi Rih
iron ore basin as the main method of deposit develop-
ment, given that there is an urgent need for advance
planning of deposit opening under existing mine pits.

® Materials and Methods

Methods of research which were used in work: the
analysis of practical experience on mining operations
by the combined open-pit and underground methods of
the famous world ore mines; generalisation of lacks of
technogenic destructive technologies of open-pit min-
ing iron of ore raw materials and modern environmental
problems of open-pit mining of minerals; carrying out
of calculations of the multifactorial form of depend-
ence in work of the ore mining enterprise on ecolog-
ical losses by means of settlement value of Student’s
coefficient; methods of analysis of the received data.

The analysis of practical experience on mining op-
erations by the combined open-pit and underground
methods of the famous world ore mines as problems
which the world ore mining enterprises face will appear
and in Kryvyi Rih iron ore basin was the basic method
of research. At introduction in operation of extraction
chambers which are under an opencast bottom, or in a
pit wall, it is necessary to understand an overall picture
of distribution of the main stresses and deformations
which arise in a rock mass. Thus, it is possible to warn
in advance extreme situations and to provide the future
consequences at transition from the open-pit mining
on combined technology.

Based on the practical experience of mining en-
terprises, the article summarises the disadvantages of
technogenic and destructive technologies of open-pit

mining of iron ore raw materials and modern environ-
mental problems of open-pit mining. Understanding
the main consequences for the ecology of the area
caused by open-pit mining, it is possible to recommend
effective resource-saving technologies for combined
or separate underground mining. Based on the data
from Official website of the Dnipropetrovsk Regional
State Administration (n.d.), and also on the basis of the
main problems and the reasons which arise,and conse-
quences of application of open-pit mining of a deposit
calculations of the multifactorial form of dependence
in operation of the ore mining enterprise on ecolog-
ical losses by means of settlement value of Student’s
coefficient are carried out. Indicators which directly or
indirectly influence environment at open-pit mining of
deposits were initial data for calculations.

For the purpose of revealing of the main depend-
ences between indicators of interaction of mining iron
ore mines on environment Kryvyi Rih iron ore basin and
financing in nature protection functionality, had been
applied the multifactorial form with one productive in-
dicator Y'and N causal indicators (x,, X,, ..., X ). As causal
indicators it is expedient to accept following key pa-
rameters of activity of factories: x, - the stored volume
of overburdens (million m?); x, - amount of the concen-
trated waste which remain on object (million tonnes);
X, — amount atmospheric emissions (thousand tonnes);
X, — the selected water (including water from storage
reservoir) (million m®); x, - downthrow or removal of
recirculated waters (million m?); x, - amount of the de-
graded daylight area (thousand tonnes); x, - the ba-
sic investments for protection of a surrounding habitat
(million UAH). The analysis of the received results is
carried out and the further effective of open-under-
ground development of mining operations is offered.

® Results

At carrying out of the analysis of practical experience
on mining operations by the combined open-pit and
underground way it is specified, that such ore mine as
Ruttan Mine developed a copper deposit at first open-
cast,and then in the underground way. By underground
operations in extraction chambers there was a backfill
which warned displacement and daylight area destruc-
tion. Kamoto Mine in Katanga worked with long inter-
ruptions in operation, however since 2020 the mine
again left on the planned volumes of a mining of cop-
per and cobalt (Katanga Mining Limited..., 2019). The
deposit most part is fulfilled by opencast. The basic un-
derground reserves fulfil chamber systems with harden-
ing backfill. Eight years were simultaneously conducted
operations on extraction of a deposit by opencast and
underground way. Hardening backfill requires addition-
al expenses connected with its cost, preparation and
transportation, however provides firmness day surface.

In Kazakhstan, an interesting example of the com-
bined working of deposits is a Tishyn deposit ore. The
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deposit looks like some parallel steeply dipping ore bod-
ies with names “Osnovne”and “Paralelne”. Deposits have
big enough fluctuation of the sizes of thickness. Depos-
it reserves have started to fulfil opencast with gradual
transition to the combined mining. Accordingly carrying
out of the uncovering main and air shafts, and also in-
clined ramps (Fig. 1) in advance has begun. On an ore

Shaft No. 4
— )

mine the thick high-efficiency equipment on transpor-
tation, both in opencast, and in underground workings
(Dyachkov et al., 2021). The deposit of ore mine Finsch
(Fig. 2) is one more interesting example of the combined
mining. Ore mine Finsch concerns one of world leaders
on extraction of diamonds. In this region there is one
more thick ore mine Venetia, that also extracts diamond.
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_/Shaft No. 2 Shaft No. 3
T4 v

Figure 1. Scheme of combined working of Tishyn ore reserves

Source: developed by the author
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Figure 2. Combined working of the deposit by the Finsch mine

Source: developed by the author

In the beginning of a mining the deposit was ful-
filled by opencast. Then consistently mining of a depos-
it was conducted by underground way under a coffin
bowl. Opening of a block of underground mining op-
erations is carried out from a surface by spiral ramps
to level 680 m and shaft depth 763 m (Khati & Mata-
bane, 2019). Operations are conducted by system of

a floor induced caving on level of 630 m. On an ore
mine apply highly heading equipment longwall sets of
equipment, including - for drilling on complete section
rising in diameter 2.9 m and more. On coal-face works
for drilling of deep boreholes use a semi-automatic
drilling complex “Tamrock” with dry drilling of bore-
holes (depth of boreholes more than 40 m).
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One more classical technology combined open-un-
derground mining deposits can be observed on ore
mines Craigmont Mine in Canada (Fig. 3) and diamond
mine Koffiefontein Mine (Fig. 4), located for 80 km from
Kimberley in Southern Africa. Last is one of many mines
Kimberley among which the most known neighbors are
mine De Beers Consolidated Mine. By underground op-
erations mining methods of a sublevel caving of ore
and adjacent strata, in some cases of mining method
with a caving of ore and strata are extended.

Figure 3. Combined mining of deposits
at the Craigmont Mine in Canada
Notes: 1,2 - blind gallery; 3 - drawing and loading of broken ore
by self-propelled loading and transport machines; 4 - breaking;
5 - field boundaries; 6 — broken ore; 7 - boreholes; 8 - ore chute;
9 - contour of the lower border of the opencast
Source: developed by the author
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Figure 4. Combined mining opencast-mine at mining
of deposits at the diamond Koffiefontein Mine
Notes: 1 - opencast bench; 2 - ore chute; 3 - haulage gate; 4 -

broken ore of the second underground level; 5 - carrying out of

loading and blind gallery; 6 - broken ore of the third underground
level; 7 - drilling out of blastholes
Source: developed by the author

One of high-efficiency mines with the combined
mining operations is Kiruna mine. On an ore mine 30
million tonnes ore and accompanying raw materials is
extracted annually almost. Until the 1960 mine pro-
duced ores opencast. Since 1961 mining of iron ores
is carried out by underground way. The ore mine ex-
tracts rich magnetite ores. A development is conducted
on level - 1,345 m. Deposit of iron ores on Kiruna mine
is opened by the shafts driven on a lying side in bar-
ren rocks. From shaft on which ore to a deposit stands
out crosscuts are spent. The mine field is divided into
eight sections, everyone with own ore chute and venti-
lating system. Level reserves are allocated on sublevels
in height of 28.5 m. From a surface to level which is
fulfilled, there are driven spiral ramps for moving of the
self-propelled equipment.

Ore mine Kidd Creek (Fig. 5) in Ontario, Canada is an
example of conducting mining operations over 1,500
m. The ore mine develops complex ores. Along with
copper and zinc here too extract indium, copper-nickel
carbonate and other. A deposit has started to develop
in 1966 in the open-pit way. Since 1968 the combined
mining which occurred to gradual transition is applied.
Carrying out of underground workings has begun for
100 m to final depth of opencast. Therefore, in advance
all main workings before actual closing down in mining
opencast have been spent. The transitional period last-
ed about ten years (Rankin et al., 2024). The given ore
mine is indicative in respect of performance of opera-
tions in some stages of opening. That is in parallel with
opencast deposit working in the Stage 1 of opening has
begun, depth to 1,400 m (Stage 2) gradually increased.
Carrying out of underground workings to depth of level
of the Stage 3 (level of 2,070 m) is gradually carried out.

No. 2 No. 1

——— South [_—_J
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b e
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=== Stage 1
Level 790 m i é Zh l
% No.3 Stage?2

Level 1,400 m
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Level 2,070 m

Untouched massif mam, §

Level 3,110 m

Figure 5. Opening scheme
of deposit Kidd Creek in the underground way
Source: developed by the author
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Also, the complex of capital ore chutes and two air
raises (one is driven from opencast from depth 150 m)
have been spent. In connection with considerable fluc-
tuations of quality and irregularity of an ore mining in
2 times the capacity of sorting structure has been in-
creased. In process of development of an underground
mining capacity of opencast decreased, however the
stable volume of an ore mining and constant load lev-
el of a preparation plant thus remained. The deposit
is opened from a surface to level of 1,400 m. In carry-
ing out there is a shaft No. 3, that working of reserves
will provide the Stage 2 of opening to level of 2,070 m.
In the long term is planned to depth of 3,100 m. The
enterprise uses powerful drilling, loading, and trans-
port equipment of the manufacturers “Ingersoll Rand”,
“Mission”, “Cubex”, “Tamrock” and others.

Analysis of the brought basic technologies gives
the chance to tell, that at transition to the combined
ways of working of mineral deposits under a bot-
tom working, or the suspended opencast by the basic

Nitric oxide

Carbon monoxide

Sulfur dioxide

Formaldehyde

Ammonia

problem stabilisation of geodynamic processes in rock
massif. Thus, there is a pressing question of transition
on complex opencast-mine or underground working
of deposits. Thus, there is a necessity of definition of
parameters of technology of open-underground and
underground mining operations, including with back-
fill of the fulfilled space, and regularities of the main
stresses and deformations which define conditions of
their application.

On the basis of the spent analysis it is established,
that there is a necessity of carrying out of the review of
the basic lacks of technogenic and destructive technol-
ogies of open-pit mining iron of ore raw materials and
modern environmental problems of open-pit mining of
minerals. The basic nature protection questions of min-
ing regions are caused by the increased share of a con-
tamination of environment. So, for example, the pivotal
indicators which influence quality of air of the Kryvyi Rih,
itisthe caused industrial operations of mining ore mines
and metallurgical plants, and also transport (Fig. 6).

Dust

Nitrogen dioxide

Phenol

Figure 6. Indicators of environmental contamination of territory Kryvyi Rih
Source: compiled by the author based on Ecological passport of Dnipropetrovsk region for 2023 (2024)

For 2023,to atmosphere has got 16.3 million tonnes
carbon dioxide which is the basic hotbed gas responsi-
ble for changes in a climate (Regional report..., 2024).
The second dangerous environmental problem of min-
ing regions are pollution of natural reservoirs. Pollution
of water objects is carried out, as a rule, by downthrow
of harmful impurities of mining objects and other. Re-
moval of the polluted technical water in natural res-
ervoirs for 2023 makes 515.964 million m? (the indi-
cator has decreased for 4.7% in comparison with last
year), consisting of: harmful - 106.637 million m3; pure
according to norms - 246.737 million m3; cleaned -
162.59 million m? (Ecological passport..., 2024).

Working of deposits by open-pit way has consider-
able anthropogenic effect on surrounding habitat thus
ecological position worsens. If to look the updated card
Kryvyi Rih iron ore basin through Google maps with
satellite display it is visually possible to see considera-
ble breakages, downfalls, daylight area falls. The natu-
ral landscape which looks like huge breakages as after
the bombardment, the forbidden zones with cavities
and ledges because of direct action of open-pit mining,

dumps, slime stores changes. Annual volumes of barren
rocks which are transported to dumps, make 71 mil-
lion m®which include of tailings and barren rock about
53 million tonnes, deformed the considerable area of a
daylight area of 34,000 hectares,and from them annually
recultivation only 100 hectares. Totally economic losses
from described above factors for Kryvyi Rih iron ore ba-
sin can be estimated in some hundred million dollars.

Leaning against initial data it has been calculated
plural to a determinant which has made size R?=0.9974
and a multidimensional indicator of connection which
is equaled accordingly R=v0.9974 =0.995. Calculations
have shown that following results were approximate-
ly 99.74% variability of ecological expenses speaks
change of factors which influence surrounding habitat
which are calculated in the presented form and the
rests — action of not considered factors. As R>0.9, force
of correlation is very strong. The calculated size of Stu-
dent’s coefficient above for tabular (t,, = 2.45, attached
to n - m-1=6), hence a multidimensional indicator of
connection R is the meaning. Other results calculations
are brought in the Table 1.
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Table 1. Results of calculations of a multicomponent form
of dependence in the work of a mining enterprise on environmental losses

Index name Calculated value Indicator Calculated value

A -30,801.01 L 2.059
A 1.59 L 3.83
Y, 3.07 Reliability coefficients of L 1.64

Regression Vs 0.26 regression coefficients L 2.83

coefficients A -0.53 (Student’s coefficient L 0.48
Y. 2.62 value) L 2.15
A 4.07 L 1.17
Y, 0.60 L 5.87
S, 14,959.787 Variance v, 7
S, 0.417 v, 6
S, 1.874 Fisher adequacy criterion f 167

Errors of regression S 0.092 ,

coefficients 5 1112 Table value of Students t 24469
s 1220 coefficien
S, 3472 The tabular value of
S, 0.103 Fisher’s test Fu 4.2150

Source: developed by the author

Thus, the executed researches allow to define an
optimum direction of the further prospect of mining
operations in region. The basic condition is necessity of
gradual transition from the technogenic and destruc-
tive opencasts located on a daylight area, on modern
ecologically safe technologies of the combined and un-
derground mining operations (Veliyev, 2021). The basic
advantages at working of mineral deposits by under-
ground way or together with working opencast are fol-
lowing factors: reduction of losses of territories under
formation of opencasts and waste heaps; improvement
of an ecological condition of a daylight area of basin
and cleanliness of air in areas of transition to complex
technologies of mining operations; an intrusion of ap-
plication of selective extraction at an ore mining; ap-
plication, barren rocks from opening opencast, as ac-
companying material at manufacturing, for example
the building goods; possibility of creation of reserved
territories, recreational zones after achievement by
opencasts of critical depth of mining.

So, results of the executed researches show, that
in Kryvyi Rih iron ore basin, as well as in others iron
extracted regions of Ukraine, underground excavation
method not only does not concede opened for the basic
technical and economic indicators, but also surpasses it
for separately isolated factors, such as preservation of
the environment. Therefore, at forward planning of de-
velopment mines on the future it is necessary to prefer
combined, or to underground excavation method. Tech-
nologies of mining of minerals are expedient for apply-
ing in cases when high efficiency of operation and con-
siderable scales of manufacture get crucial importance
in object view achievement. So, if mines of Ukraine with
open-pit excavation method of iron ores do not take
advantage of the nearest years of possibilities of halv-
ing of a complex mining in model opencast-mine next

years they it is reached such cost price on which prof-
itability of opencasts will come nearer to zero, and a
number of opencasts become unprofitable.

Such conclusion is confirmed by calculations ac-
cording to which combined open-underground, and
in the future exclusively underground mining allows
to reduce on the average on one opencast opening
volume to 2.5-6.5 million m3, considerably to reduce
factor of opening with 3.0-3.5 to 0.1-0.2 m3/tonnes, to
lower a production cost on 35-55%, to increase by 20-
35% profit. Except material advantages, improvement
of an ecological condition of a daylight area of basin
and cleanliness of air in areas of transition to complex
technologies of mining operations is the core by envi-
ronment preservation.

® Discussion
S. Pysmennyi et al. (2022) notice that for reduction of
the cost price of stripping at open-pit mining of miner-
al deposits it is expedient to form internal spoil heaps
of barren rocks on boards of working opencasts. But
there is actual enough problem of the further oper-
ation of opencasts in conditions when the significant
number of barren rocks simply blocks in the volume
access roads, the contamination of benches and oth-
er problems is created. Internal spoil heaps would be
expedient for forming in opencasts provided that in
them critical depth of mining is reached. That is, such
conditions which opencasts without conducting un-
derground mining operations do not allow to exploit
further are created. Then it is possible to use not in-
volved benches of opencasts under dumps of barren
rocks. By researches in article it is proved, that it is
necessary to use the complex approach of transition
from open-pit mining operations to combined, or ex-
clusively underground. The given approach will reduce
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outbursts of harmful substances, will improve ecolog-
ical position of region, and also will give the chance
to utilise a significant number of barren rocks which
usually remained in dump.

In spent researches M. Byle et al. (2024) it is of-
fered to investigate long working supervision features
of formation on a daylight area of caving zones and dis-
placement zones at mining of mineral deposits in the
conditions of a karst deposit. It is offered to observe
of a part of a daylight area which directly contacts to
a working excavation of the bottom level which is ful-
filled in more details. Thus, it is recommended to pay
especially attention to physical and mechanical proper-
ties above lying soils, such as fracturing, humidity and
other. Also, it would be possible to recommend working
of the top part of a deposit by open-pit way. Further
with application of the same systems with a caving of
ore and adjacent strata. If insufficient durability above
lying soils, it would be more expedient to form a pillar
from hardening backfill between a daylight area and a
working excavation to warn a caving.

In scientific paper Y. Zhang & G. Sun (2020) it is
specified, that open-pit mining operations in opencast
on a coal mining have rather low complexity of opera-
tions and a production cost. However, in scientific paper
it is specified nothing about considerable ecological
influence on environment, considerable outbursts of
harmful substances, considerable zones of alienation of
a daylight area under opencasts. In the scientific pa-
per in the open-pit way without consequences of such
type of mining of minerals the problem of increase in
efficiency of a coal mining dared at environment and
ecological aspect as a whole. An effective coal mining
in the open-pit way it would be expedient to spend
taking into account results of researches of influence
of harmful factors on nature protection indicators. For
example, it is possible to create the plural form, model
or structure to calculate plural to a determinant which
will generate a direction of the further researches.

Authors Y. Zhang & G. Li (2020) methods of opti-
misation which are based on technologies of an artifi-
cial intellect of systems of decision-making at open-pit
mining of mineral deposits are offered. In their article
the basic lacks of open-pit mining of mineral deposits
is described, but the ecology problem here too is not
considered at conducting such way. It would be inter-
esting to learn about application of an artificial intel-
lect in the conditions of the combined mining when it
is necessary to fulfil the deposit most part in the future
in the underground way with application of an indus-
trial plane of opencast in the industrial purposes. In the
conditions of difficult environmental problems which
arise at conducting open-pit excavation method of de-
posits, the intrusion of bases of an artificial intellect in
settlement program complexes would be original idea
at a solution of some problems. For example, calcula-
tions of technical and economic indicators of the basic

processes of underground mining operations with arti-
ficial intellect application.

Scientists Y. Lu et al. (2024) research of stresses and
deformations of benches and a massif is considered
at deposit working by open-pit way. It is proved, that
mining of a mineral deposit by opencast has consid-
erable destroying actions on an earth daylight area. In
research the complex approach for a regular estimation
of shifts of pit walls is used. It is one of operations de-
voted to consideration of a problem of the increased
inflow of water of opencast which influences directly
the further mining of a deposit by underground way in
the conditions of deep levels. However, in operation it
would be possible to consider in the form of multifac-
torial model and other influencing indicators which are
not considered in research.

At analysis of considerable territories of a daylight
region at mining of deposits by the ore mining enter-
prises it has been analysed and compared geologic
structure of surfaces for the purpose of analysis of de-
gree of influence on the ecological factor. At an extrac-
tion of minerals there are destroyed fields of a daylight
region which require recultivation and restoration of
natural balance. To such questions though and on an
example of the Lviv-Volyn coal basin, researches have
been devoted K. Baraban et al. (2023).

So, at the general estimation of environment at
transition from open-pit mining operations to the com-
bined or underground excavation method of deposits
it is possible to use pictures of satellites which give
the evident image of a problem. Thus, it is possible to
consider invisible from a daylight region to a human
eye indicator. In general, the environment estimation
at influence of activity of mining operations should be
complex. All factors, such both physical and mechani-
cal properties of ore and soils, and the main stresses
and deformations in a massif that will give the chance
to apply safely at mining of mineral deposits the com-
bined way should be considered.

® Conclusions
For the purpose of definition of the basic dependenc-
es between indicators of interaction of a mining iron
ore mines on environment Kryvyi Rih iron ore basin
and financing in nature protection functionality, had
been applied the multifactorial form, as factorial signs
key parameters of activity of factories have been ac-
cepted, including the stored volume of overburdens,
volume of washery refuses and harmful impurities
which gets to air, considerable failures of the earths,
capital investments into ecology of extracting areas
and other. It has been calculated plural a determinant
which has made R?=0.9974 and a multidimensional
indicator of connection which is equaled according-
ly R=v0.9974 = 0.995. Calculations have shown that
results were approximately 99.74% variability of
ecological expenses speaks change of factors which
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influence surrounding habitat, and the rests - action
of not considered factors are calculated in the pre-
sented form. In the future transitional technologies
with formation of an underground extracting complex
in a pit wall and separately under a bottom of work-
ing opencast will be investigated and developed. It
is confirmed, that combined open-underground, and
in the future exclusively underground mining allows
to reduce on the average on one opencast opening
volume to 2.5-6.5 million m3, considerably to reduce
factor of opening with 3.0-3.5 to 0.1-0.2 m3/tonnes,
to lower a production cost on 35-55%, to increase by
20-35% profit. Except material advantages, improve-
ment of an ecological condition of a daylight region
of basin and cleanliness of air in areas of transition to

complex technologies of mining operations. The fur-
ther research will consist in definition of dependences
of the main indicators of stresses and deformations in
an opencast operative range at transition to an under-
ground mining magnetite quartzites chamber mining
methods with the combined backfill. Researches of
the is intense-deformed condition of rock massif of an
open-pit field will be carried out at mining operations
by exclusively open-pit way.
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AHanis Ta npobnemm cBiTOBOro NnpakTU4HOro AocBiAgy 3 BUAoo6yTKy
KOPUCHMX KonasiuH KoM6iHoBaHMM BigKpUTo-nig3eMHUM cnoco6om

® AHorauif. MeTolo gaHoi po6oTu 6ynu posrnsg Ta aHanis cBiTOBOI NPaKTUKKM 3 BUAOBYTKY KOPUCHUX KOMaNUH
KOMOIHOBAHMM BiAKPUTO-MNiA3E€MHUM CNOCOOOM 3 NOAANbLUMM OBOFPYHTYBAHHSAM MOro 3aCTOCYBAHHSA Ha TipHUUYMX
niznpuemcteax Kpusoro Pory. BukopuctaHi HacTynHi METOAM: aHani3 NPakTMYHOro OCBIAY 3 BUAOOYTKY KOPUCHUX
KOManuH KOMBiHOBaHMM BiAKPUTO-NiA3EMHMM CMOCOOOM HaMBIAOMILLMX CBITOBUX PYAHUKIB; y3aralbHEHHS HEL0MiKiB
TEXHOreHHO-AECTPYKTUBHUX TEXHONOTIN BiAKPUTOro BUA0DOYTKY 3ani30pyAHOI CUPOBUHM Ta Cy4aCHMUX €KOMOTiYHUX
npo6nem BiAKPUTOI pO3p0OOKM KOPUCHUX KOMANIUH; MPOBEAEHO PO3PaxXyHKM BaraTohakTOPHOT CTPYKTYPH 3aNEXHOCTI
B pobOTi ripHMYOPYAHOrO MiANPUEMCTBA Ha €KOMOTiYHI BTpaTW; MeToAM aHanisy. BctaHoBneHo, Wwo HeobxiaHa
po3pobka KOMMIEKCHOI cTpaTerii nepexoay 3 iCHYUOoi BiOKPUTOI TexHonorii BUA0OYTKY CUPOBUHU Ha TEXHONOTIi
BiAKPUTO-MiA3EMHOrO Ta NiA3eMHOro BUAOOYTKY KOPUCHMX KOMANMH 3 BPaxXyBaHHIM HanpyxXeHo-4edopMOBaHOro
CTaHy ripcbKOro MacuBy. BctaHOBNEHO 3aN€XHICTb MidK MOKa3HUKaMu BUA0DYTKY 3aMi3HOI pyau Ha FipHUYOPYAHUX
KOMOiHaTax Ta BUTpPaTaMu B HABKOJIMILHE cepefoBuLLe. Pe3ynbTaTv BUKOHAHUX pPO3paxyHKiB CBigYaTh, Wwo 99,74
% BapiaTUBHICTb €KOMOTIYHMUX BUTPAT MOSICHIOETLCS 3MiHOK (AKTOPIB, WO BNAMBAKTb HA HABKONIULLHE MPUPOLHE
cepenoBulLe, SKi po3paxoBaHi B NpeAcTaBAeHi CTPYKTYpi Ta iHWI 3aAMWKM — i€ HEBPAXOBAaHWUX YMHHMKIB. B
poboTi gocniaxeHo Ta po3pobneHo nepexifHi TeXHONMOorii 3 GOPMYBaHHAM Mif3eMHOr0 BUAOOYBHOrO KOMMAEKCY
B OopTy Kapepa. BukoHaHo ornan Ta aHanis npobnem nepexony Big BUAOOYTKY KOPUCHWX KOManWH BiAKPUTUM
CnocoboM Ha TexHonorii KOMBIHOBAHOMO BiAKPUTO-NiA3EMHOr0 1 NiA3eMHOro BMAOOYTKY 3ani30pyAHOI CUPOBUHM.
BcTtaHoBneHO, WO nNpu nepcnekTUBHOMY MNAHYBaHHI PO3BUTKY FipHUMYOAO0OYBHUX MiANPUEMCTB Ha MaWbyTHE
cnip, BigaaBaTu nepeeary KOM6iHOBaHOMY, abo nif3eMHOMY cnocoby po3pobku. Ha 0CHOBI NpakTMYHOro LOCBIAY
CBITOBMX PYAHWUKIB 3 KOMOIHOBaHWMM BMAOOYTKOM pO3pobneHO KOMMMEKCHY CTpaTerild nepexoay 3 iCHYKuoil
BiAKPUTOI TEXHONOTiT BUA0OYTKY CUPOBUHM HA TEXHONOTIT BIAKPUTO-NiA3EMHOr0 Ta NiA3eMHOro BUA00YTKY KOPUCHUX
KOMaNnuH 3 BpaxyBaHHAM HanpyxeHo-Aed®OpMOBAHOr0 CTaHy ripcbKoro Macuay. [1pakTMUYHa 3HAUYMMICTb nonsirae
B pO3pobneHHi ONTMManbHOI TEXHONOrii B MalbyTHbOMY 3 BpaxXyBaHHSM BCTAaHOBAEHUX HeAONiKiB Ta npobnem
3aCTOCYBaHHS KOMOIHOBAHOIO BiAKPWUTO-NiA3EMHOr0 cnocoby Ha CBITOBMX pyAHMKax Ans ymoB KpuBopisbkoro
3anisopygHoro 6aceiHy

® KniouoBi cnoBa: TexHOOrif; AOCNIIKEHHS; BiANpaLlOBaHHS; po3pobKa; pyaa; cXxema
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About the connection of the total porosity of fossil coal
with metamorphic transformations of coal seams

® Abstract. Studying the porosity of minerals, in particular coal, and understanding the relationship between its
structure and characteristics and properties is necessary for rationalising the use of coal, optimising processing
processes, and finding new methods of combating sudden emissions or gas release. The goal was to establish the
level of correspondence between the calculated values of the total porosity of coal (according to the empirical
equation) and their experimental determination by standard methods, as well as to determine the indicators of
the closeness of the correlation dependence of the total porosity on the degree of metamorphic transformations.
The research methodology was based on the analysis of the comparison of the compliance of the calculated
values of the total porosity for each separate coal seam according to the empirical equation with their values
established by standard methods. The results indicated that the physical characteristics of coal, in particular
density and porosity, change with the increase in the degree of metamorphism.The porosity of coal, the structure
of its porous system and the specific surface determine the filtration, diffusion and sorption processes both in
natural conditions of occurrence and during their changes under the influence of various physical and chemical
factors. It has been proved that there is a practical absence of correlation between the total porosity of fossil
coal and metamorphic transformations of coal seams when assessing the impact of these processes, taking into
account the volatile substances yield. The total porosity is a unique characteristic of a particular coal seam within
a mine field and is only partially determined by the volatile content. The averaged empirical dependencies on the
volatile matter yield provide only a general idea of the trends in coal porosity during metamorphic transformations
of coal seams. The results of the experiments make it possible to develop proposals for improving the regulatory
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framework for predicting the manifestation of dangerous properties of coal seams during mining operations. The
facts revealed in the research can be used in regulatory documents to predict the dangerous properties of coal
seams, as they allow the development of proposals and methods for improving the regulatory framework for safe
mining operations. This will lead to a decrease in the level of accidents with serious consequences, industrial

injuries at coal mining enterprises

® Keywords: coal seam; dangerous properties; coalification; labour protection

® Introduction

The issue of coal porosity and related phenomena is
of great practical importance, as it relates to the prob-
lems of gas capacity and gas carrying capacity of coal
seams, the solution of which would make it possible
to predict and manage the release of gases in mining
operations. Management of gas release directly de-
pends on the content of methane in mining products,
the amount of which can be contained under certain
conditions in fossil coal, is closely related to the struc-
ture of the coal substance. Porosity defines the physi-
cal properties of the rock, its overall strength, rate of
propagation of elastic waves, compressibility, electrical
and other characteristics.

Scientists T. Wang et al. (2023) emphasised in their
work that the pore-related characteristics of coal in-
clude porosity, specific surface area, pore volume, pore
size distribution and their relationship. Studying the
porous structure of various fossil coals and estab-
lishing its relationship with other characteristics or
features of coal, their properties is necessary for the
rational use of coal, optimisation of their processing
processes, and also, as noted by O. Bazaluk et al. (2024),
to develop effective methods for suppressing hazard-
ous emissions in coal or preventing emissions.

The nature of the hazardous properties of coal
seams, namely the release of explosive gas and dust,
unexpected gas and coal emissions, spontaneous
combustion of coal, explosiveness of coal dust and
other undesirable phenomena, has not been fully dis-
closed by 2024, therefore, ignoring occupational safe-
ty, using outdated mining technologies and methods
results in accidents with serious consequences for
workers. The problem of injuries and accidents at
enterprises has been considered by many scientists
(Nosal et al., 2021), and is still at a fairly high lev-
el. As noted by V. Tarasov et al. (2021), the problem
of endogenous fires and explosions of methane-air
mixtures, which lead to deaths, is of particular im-
portance in coal mining. M. Onifade & B. Genc (2020)
noted that a number of different methods have been
applied to minimise these cases, but the problem
still remains. Accordingly, scientific research aimed at
solving these problems is relevant for all coal-mining
countries of the world.

The aim of the work was to evaluate the strength
of the correlation between total porosity and the de-
gree of metamorphic changes in coal.

® Materials and Methods
All types of solid fuel have a porous structure. The ac-
tual sample density (d¢) is always greater than the ap-
parent density (d ). Their difference refers to the value
of the actual density and is expressed as a percentage,
which characterises the total porosity (P) of the coal:
dad-ar,

p=%"1a.
T ad

100. (1)

According to the same dependence, the value of P,
was calculated for a set of 590 coal seams according
to the catalogue of collector properties of hard coal
and anthracite (Makiyivka State Research..., 1985). For
this set of coal seams, the values of d’and d’were
determined experimentally according to DSTU GOST
No. 2160:2019 (2019) and ISO No. 5072:2021 (2021).
For the second set of 186 coal seams, the values of P.
were calculated according to equation (1), but using
the estimated values of d? and d according to em-
pirical dependencies. The catalogue (Makiyivka State
Research..., 1985) does not provide indicators of the
closeness of correlation for these dependencies. The
total volume of pores P,(p) in absolute terms for coal un-
loaded from rock pressure according to the catalogue
(Makiyivka State Research..., 1985) was determined
using the values of the actual (d“) and apparent (d,")
densities according to equation (2):

d_gr
Prpy = %, cm?/g. (2)

When determining P according to equation (2)
for a set of 590 coal seams, the experimental values of
d?and d, were used, established in a standard way in
accordance with the requirements specified by V. Taras-
ov et al. (2021). For the second set of 186 coal seams,
their values were calculated according to empirical
equations. In addition, the values of P’ were calculat-
ed in parallel to control the accuracy of calculations,
according to empirical equation (3), depending on the
yield of volatile substances during the thermal decom-
position of coal in a vacuum (V/%:

P, =0.114-0.006V% +0.00013(V*)%, cm¥/g.  (3)

The degree of compliance of the calculated val-
ues of Pr(p) according to empirical equation (3) with
their experimental determinations by standard meth-
ods was not established. For a long period of time, Vdf
was the only indicator of metamorphic transformations
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of seams when determining the consumer qualities of
coal in accordance with the geological and coal-chem-
ical map of the Donetsk basin (Donetsk State Coal
Research Institute, 1954). It remains one of the main
criteria in the modern classification of coal by genet-
ic and technological parameters according to DSTU
No. 3472:2015 (2015), and is also the main indicator
of metamorphism in determining the susceptibility
of coal seams to gas-dynamic phenomena (Order of
the Ministry of Energy and Coal Industry of Ukraine
No. 868, 2011). For these reasons, the V%" indicator has
been studied to a greater extent than other criteria, and
its values are given in the catalogue (Makiyivka State
Research..., 1985). This makes it possible, using the val-
ue of V% to estimate the degree of influence of met-
amorphic transformations of the seams on changes in
the total porosity of coal.

The methodology is based on a comparative anal-
ysis of the relationship between the calculated values
of the total porosity P for each of the set of 590 coal
seams according to empirical equation (3) and their
value P, determined by standard methods using equa-
tion (2). For the analysed set of 590 coal seams, the
closeness of the correlation with the volatile yield Vdaf
was determined by statistical processing by the least
squares method of the total porosity values calculated
using the experimental values of the real (d“) and ap-
parent (d ) densities according to equations (1) and (2).

® Results and Discussion
The graph comparing the calculated values of the total
porosity P’r(p) according to empirical equation (3) with
their determination by standard methods P, | according
to equation (2) showed significant differences in the
analysed ratios, as shown in Figure 1.

P 1y Py = 0401 - Py + 0.040; ,/2?
/g | 0= 0015 g/cm?; 1=0.59; 7 =590, .7
0.151
01— |
0.05
0 005 01 015 Py cm¥g

Figure 1. Interrelation between the calculated values of
total porosity and their determination for a set of 590 coal
seams according to the methodology of current standards

Notes: = - the established ratio for each coal seam between the
values of P’,(p) and Pr(p); 1 - averaging line; 2 - bisector of the
coordinate grid; r - correlation coefficient; o — root mean square
deviation; n - the number of processed data pairs

Source: authors’ development

In this case, there is no presence of high correlation
interdependence (r=0.59). The presence of maximum
distances of points in relation to the bisector of the co-
ordinate grid when P_ > 0.15 cm?/g (2), which deter-
mines the equality of ' and P, ,indicates insufficient
accuracy in determining the total porosity of P'r(p) using
the empirical equation (3). The direction of changes in
the total porosity of coal (P,(p) - equation (1) and P’r(p) -
equation (2)) during metamorphic transformations for
a set of 590 coal seams is illustrated by graphs of their
dependence on the yield of volatile substances (V %),
which are shown in Figure 2.

Pip,| 1)P,,=0.1061-0.00516-V+0.000111 (V)

cm3/g- 0=0.0218 g/cm?; R2=O.3f:r; r:=‘590.
2)P,=0.114 - 0.006 -Vdaf +0.00013 (Ve
0151 5=0.0220g/cm*; R2=0.33; n=186.. *
Ky 5 2
0.101 &

0.054

a 0 10 20 30 40 Var %

Pr| 3) P, = 14.587-0.734 Vel + 0,015 (V)%
0=2.54%; R?=0.45;n=590 |

b O 10 20 30 40 vl %
Figure 2. Dependence of the values of the total porosity of
coal (P,{p) and P), determined according to the methods of
generally accepted standards for a set of 590 coal seams

on the release of volatile substances (V)

Notes: x - values of total porosity P,(p) (@) and P_(b), determined

according to equations (2) and (1) using real (d?) and imaginary

(d/) density; 1 - empirical average curve of the second-order

polynomial obtained by the least squares method for a set of

590 coal seams; 2 - the average curve of the calculated values

of the total density () for a set of 186 coal seams according to

equation (3); 3 - the empirical average curve of the second-order

polynomial obtained by the least squares method for a set of 590

coal seams; o - root mean square deviation; R? - coefficients of

determination; n — number of processed data pairs

Source: authors’ development

The second-order polynomial shown in Figure 2(a),
curve 1, characterises a rather low, practically ab-
sent, correlation between total porosity and volatile
yield. The tightness of the connection (R? and o) for
the analysed complex of 590 coal seams is 0.34 and
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0.0218 cm?/g, respectively. Curve 2 is characterised by
approximately the same correlation indices (R?=0.33
and =0.0220 cm?3/g), in relation to the set of 590 coal
seams. This curve corresponds to empirical equation (3).
Almost identical correlation indicators for curves 1 and
2 indicate that the use of averaged calculated values of
P',(p) according to equation (3) did not affect the overall
accuracy of determining P, according to equation (2).

The obtained results show that the total porosity
of fossil coal is a strictly individual characteristic of a
particular coal seam, which is slightly dependent on
the yield of volatile substances. The average empirical
dependences on this indicator give only partial insight
about the direction of change in the total porosity of
fossil coal during metamorphic transformations of
coal seams.

The task of determining the volume of fossil coal
is characterised by the problems of gas capacity and
gas content of coal seams. The work by W. Han et
al. (2020) indicate that the pore structure of coal is an
important indicator for measuring the occurrence of
coalbed methane and the actual operational capacity
of coal mines. Despite a huge number of works in the
field of coal physics, there is no single theory for the
structure of fossil coals. According to the most general
idea, based on X-ray diffraction and electron micros-
copy, coals of various modifications are considered as
systems constructed of small graphite-like fragments
(crystallites) randomly oriented in volume and chain
non-aromatic part, as indicated by J.H. Shinn (1984) and
A. Oberlin (2021).

The porosity of coal, together with the structure
of its pore system and specific surface area, plays a
key role in regulating the processes of filtration, dif-
fusion and sorption. These processes take place both
in the natural conditions of coal deposits and during
coal transformation as a result of various physical and
chemical effects. In some cases, these factors include
the processes of metamorphic transformations of coal
seams. Under the influence of these processes, the ra-
tio between porosity types may change. It is divided
into three main types: general (or physical), effective
and open. Physical porosity includes the volume of
isolated and connected pores. An open porosity refers
to the volume of interconnected pores that are filled
with gaseous or liquid fluids when the rock is saturat-
ed in a vacuum. Open porosity is less than the total
porosity per volume of isolated pores. The effective po-
rosity determines the fraction of the volume occupied
by a moving fluid when the pore space is sufficiently
saturated with this fluid. B. Ma et al. (2020) noted that

the effective porosity is defined as the ratio of the vol-
ume of interconnected pore space to the total volume
of the porous sample.

The porous structure of fossil coal is directly relat-
ed to its crystal structure. T. Wang et al. (2023) found
that coal pores are mostly micropores and account for
more than 90% of the total pores. As of 2024, the pres-
ence of pores with a size of 103-10 m in the structure
of fossil coal can be considered proven. Porosity deter-
mination methods based on grinding and pycnometry
experiments give misleading results without taking
into account closed porosity. The problem of closed po-
rosity is studied from the standpoint of gas adsorption,
small-angle X-ray and neutron scattering techniques.

® Conclusions

The insufficient accuracy of determining the total po-
rosity using the empirical equation was established,
which is confirmed by the presence of maximum point
removals with respect to the bisector of the coordinate
grid at Pr(p)>0.15 cm?/g, which determines the equali-
ty P’ ,and P . The almost identical correlation coeffi-
cients of the dependences of the total coal porosity (P,(p)
and P ) on the volatile matter yield indicate that the
use of the averaged calculated values of P’ did not
affect the overall accuracy of the determination of Pr(p).
The total porosity of fossil coal is a strictly individual
characteristic of a particular coal seam, which to some
extent depends on the volatile matter yield. Based on
the averaged empirical dependences on (V) it is pos-
sible to state the direction of change in the total poros-
ity of fossil coal during metamorphic transformations
of coal seams. For the first time, the practical absence
of correlation between the total porosity of fossil coal
and metamorphic transformations of coal seams was
proved when assessing the impact of these processes
using the volatile substance yield. Prospects for fur-
ther research are the need to develop more accurate
methods for determining the total and closed porosity
of coal, in particular, taking into account its micropore
structure and metamorphic changes, as well as study-
ing the effect of porosity on filtration and sorption pro-
cesses in mine operation conditions.
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MNMpo 3B’a30K 3aranbHOI NOPUCTOCTI BUKOMHOIO BYFiNNA
3 MeTaMopdiYHUMU NEepPeTBOPEHHAMMU LLAaXTONNaCTIB

® AHoTauisi. BYUBUEHHS NOPUCTOCTI KOPUCHMX KOMANUH, 30KPEMa BYTiNNSA, Ta PO3YMiHHS 3B'3KY MOro CTPyKTypu
3 XapaKTepucTMKaMu Ta BNAaCTMBOCTAMM HeobXiAHe 3a4/d pauioHanisauii 3acTocyBaHHS BYrinng, onTuMisauii
nepepobHMX NPOLECiB Ta 3HAXOLXEHHS HOBMX MeTOAiB 60pOTbOM 3 panToBMMM BUKMOAMM abO ra3oBUAINEHHAM.
MeTa nondrana y BCTQHOBNEHI PiBHS BIAMNOBIAHOCTI PO3PaxXyHKOBMX 3HAYeHb 3arajJibHOI MOPUCTOCTI BYrinasg
(BiANOBIAHO A0 €MMIPUYHOTrO PiBHAHHSA) iX eKCMEPUMEHTANIbHOrO BU3HAYEHHS CTaHAAPTHUMU METOAAMM, a TaKoX
BM3HAYMUTU MOKA3HWUKKM TICHOTW KOPENALiMHOT 3aNeXHOCTi 3arasbHOI MOPUCTOCTI Bif, CTyneHs MeTamMopdiyHuUX
nepeTBopeHb. MeToamKa AOCNIAXEHb MPYHTYETbCA HA aHai3i NOPIBHAHHSA BiANOBIAHOCTI pO3paXyHKOBMX 3HAYEHb
3aranbHOi NOPUCTOCTI 419 KOXHOrO OKPEMOro LAXTOMAacTy BiANOBIAHO A0 eMNIPUYHOIO PiBHAHHS iX 3HAYEHHSIM,
BCTAQHOBNEHUM CTaHOAPTHMMM MeTodamu. Pe3ynbTaTu CBifyaTbh, WO 3 MNiABUWEHHAM CTyneHs MeTamopdizmy
3MIHIOOTLCS | PI3NYHI XapaKTepUCTUKKM BYFiNNg, 30KpeMa LWiNbHICTb i NOPUCTICTb. [TopUCTICTb BYrinng, CTpykTypa
MOro MOpuCTOi CUCTEMM Ta NMUTOMA MOBEPXHS BU3HAYAKOTb QinbTpauinHi, Audy3iiHi 1 copbuiliHi npouecn gk y
NPUPOLHMX YMOBAX 3aNAraHHA, TaK i Mif Yac iX 3MiH Nif BNAMBOM PiSHOMAHITHUX Qi3UYHMX Ta XiMIYHMX (aKTOPIB.
byno poBeaeHO NpakTU4YHY BIACYTHICTb KOPENsLUiMHOI 3aneXHOCTi 3aranbHOi NOPUCTOCTI BUKOMHOrO BYrinng Bifg
MeTaMopdiYHMX NepeTBOpPEeHb WAXTOMIACTIB NpU OLiHLI BRAAMBY LMX MPOLECiB, BPAaXOBYOUM MOKA3HWUK BUXOAY
NEeTKUX peYOBMH. 3arabHa NOPUCTICTb € YHIKaNbHOK XapaKTePUCTUKOK KOHKPETHOMO BYFiZIbHOMO MiacTa B Mexax
LIAaXTHOrO MO i AMLe YaCTKOBO BM3HAYAETLCA BMICTOM NIETKMX PEYOBUH. YcepeaHeHi eMMipuyHi 3anexHocTi Big,
NMOKa3HMKa BUXOLY NETKMX PEYOBMH HALAKOTh NIMLLE 3arajsibHe YSBEHHS NPO TeHAEHLIT 3MiHWM NOPUCTOCTI BYrinng
nif 4Yac mMetamop@iyHMX nNepeTBOpeHb WaxToniacTie PesynbtaT gocnifis [LO3BONSOTb po3pobuTh nponosuuii
33419 YAO0CKOHANEHHS HOPMAaTMBHOI 633K LWOA0 NPOrHO3yBaHHS NPOsIBY HeGEe3neyHNX BNaCTUBOCTEN LIAXTONNACTIB
npu ripHM4mMx poboTax. BusBneHi y pocnigkeHHi dakT MOXHa BMKOPUCTOBYBATM Y HOPMATUBHUX BOKyMeEHTax
LN NPOrHo3y Hebe3neyHMX BNACTMBOCTEN LAXTOMMACTIB, OCKiIbKMW BOHW A03BONSOTH po3pobuTM npono3sumuii
Ta MeTOAMKM LWOAO YAO0CKOHANEeHHsS HOpMaTMBHOI 6a3u 3 B6e3neyHoro BeAeHHS ripHMymx pobit. Lle npussene no
3HWXKEHHS PiBHS aBAPIMHOCTI 3 TAXXKMMU HaCNifKaMu, BUpOOHMYOro TpaBMaTU3MY Ha BYrief00yBHUX NiANPUEMCTBAX

® Kniouosi cnoBa: ByrifbHUIA NNacT; Hebe3neyHi BNACTUBOCTI; Byrnedikauis; oxopoHa npawi
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