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Abstract

Purpose. The research is aimed to identify, investigate and study the parameters and characteristics of the “quarry cavities —
backfill material” systems on the territory of Ukraine using new comprehensive methodological tools that form the basis for
the development of effective methods for restoring the earth’s surface with an emphasis on industrial and construction use.

Methods. An integrated approach is used, which includes: analysis of the spatial location of industrial waste heaps on the
territory of Ukraine as potential backfill materials and resulting quarry cavities that are not subject to complete earth’s surface
restoration, as well as determination of the volumes of resulting cavities and backfill materials. Based on a set of factors, the
“quarry cavities — backfill material” systems have been ranked according to priority. Tools used are: information data from the
State Informational Geological Fund of Ukraine, registers of industrial waste accumulation sites in region, the Google Earth
satellite program, an online topographic map (OpenStreetMap) and Blender program for constructing 3D models.

Findings. A new concept and theoretical representation of “quarry cavities — backfill material” has been formulated. The
characteristics of a number of important conditions for the harmonious existence and effective implementation of promising
“quarry cavities — backfill material” systems are provided. A new information-analytical map of the spatial location of poten-
tial backfill materials and resulting quarry cavities has been created. Thirteen promising systems and their parameters have
been identified, within which it is appropriate to consider backfill technologies for the complete earth’s surface restoration. The
existing balance of cavities and backfill materials for the identified systems has been determined, followed by grading of quar-
ries according to the predicted lifespan.

Originality. The “quarry cavities — backfill material” systems, which have the greatest advantages, are specified by ranking
them according to a complex of technological, environmental, economic and social factors.

Practical implications. The results obtained provide valuable information for the development of a government strategy
and environmental programs for the restoration of land areas disturbed by mining operations based on backfill technologies
and their subsequent use for industrial purposes.
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1. Introduction The greatest damage to the state of the environment is

Modern society has entered an era of intensive consumption ~ caused by qu_arrying_, because the subsoil and toppgraphy, the
of natural resources, which is a major challenge to sustainable ~ hydrogeological regime of water resources are disturbed on a
development and environmental conservation. The rapid expo-  Significant scale, ecosystems are impoverished and de-
nential growth of the planet’s population has led to an increase  Stroyed, and valuable land areas are alienated [9]-[13]. Spe-
in the consumer activity level, which in tum increases the de-  Cial attention should be given to the earth’s surface failures
mand for natural resources [1]-[3]. A special place is occupied ~ caused by the influence of underground mining, which de-
by mining of various minerals, which are used in various sec-  Stroys the upper layer of the earth’s crust, creating a danger
tors of the economy, making it possible to create products, 10 the _populatlon_and mfrastructure_ [14]-[16]_. Technological
technologies and goods necessary for human life and deve- ~ Operations for mining and processing of minerals generate
lopment [4]-[6]. Mining generates significant foreign exchange ~ huge volumes of industrial waste, such as rock dumps and
earnings for the economies of many countries, but at the same  tailings, and in mining-metallurgical complexes metallurgical
time causes severe damage to the natural environment. The  Slag dumps are also added. These wastes, often containing

open-pit mining method is currently considered the most effi- hazardous substances, pose a serious threat to_the environ-
cient and economical method due to its high level of produc- ~ Mentand human health and are capable of creating emergen-
tivity and lower primary capital costs for operation [7], [8]. cy situations (landslides, dam breaks, etc.). Industrial waste

occupies large land areas and is constantly expanding, and if
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underground mine workings are located below it, the waste
may even affect its geomechanical condition [17]-[19].

During underground mining, one of the effective envi-
ronmentally oriented measures is the backfilling the mined-
out space, which allows the removal of valuable reserves,
prevent the formation of critical earth’s surface deformations
and dispose of various types of industrial waste in the under-
ground space [20]-[25]. In the case of the open-pit method, the
implementation of land reclamation measures is better known.
After the completion of mining the fields, the most common
reclamation forms of quarry cavities are the creation of artifi-
cial water bodies, forestry, recreational areas or various archi-
tectural and cultural objects [26]-[30]. The full earth’s surface
level is usually not restored due to the lack of sufficient
volumes of fractured and hard rocks near the quarries.

These problematic aspects are also typical for Ukraine,
where complex mining of mineral deposits causes the greatest
damage to the earth’s surface and the environment. According
to the State GeoCadastre, the disturbed land area in Ukraine is
estimated at 142.7 thousand hectares, among which the fol-
lowing oblasts are the leaders: Dnipropetrovsk Oblast —
377 thousand hectares, Donetsk Oblast — 25.3 thousand hec-
tares, Lviv Oblast — 10.7 thousand hectares, and Luhansk
Oblast — 10.3 thousand hectares. It is obvious that the mining
industry, widely developed in these areas, has the greatest
influence [31], [32]. In pre-war times, up to 7-8 thousand
hectares of land, owned primarily by agricultural or forestry
enterprises, were allocated annually for the needs of the
mining industry, as the most land-intensive [33].

In addition to the most common methods of quarry resto-
ration, a reclamation method is also known, which is per-
formed by filling the mined-out space with waste rocks to the
earth’s surface level [34]-[36]. This is usually possible in the
case when there are dumps nearby with a sufficient volume
of overburden rocks from other quarries. Despite the fact that
this method is environmentally friendly and characterized by
relative simplicity, it has a number of disadvantages: low rate
of filling quarry cavities, significant porosity of reclamation
material and a high filtration coefficient with a subsequent
probability of contamination [37], [38]. Further use of land
areas reclaimed in this way in the construction direction of
restoration is doubtful and risky. In this case, the priority
vision of complete earth’s surface level restoration should be
based primarily on the geomechanical stability and reliability
of the formed artificial mass [39]-[41].

Creating a stable backfill mass in quarry cavities to re-
store the earth’s surface level, given geomechanical reliabi-
lity, may turn out to be a very promising and perspective
direction. However, to achieve successful implementation, it
is necessary to take into account several key factors — the
presence of cavities themselves and availability of sufficient
volumes of the necessary backfill material. It is in this con-
text that a new idea and concept of the “quarry cavities —
backfill material” system arises. The concept implies the use
of industrial waste to fill quarry cavities based on the selec-
tion of sound best methods and technologies for backfilling,
which not only eliminates the negative impact of quarries on
the environment, but also creates new opportunities for the
rational use of restored territories.

Restoration of the earth’s surface level to its original state
may have significant prospects. If we look in the context of
the further restored earth’s surface use, the location of open-
pit mining facilities is observed in most cases in industrial

127

zones, which typically have high levels of environmental
pollution [42], [43]. Therefore, the subsequent use of
reclaimed lands in agriculture, forestry and other areas may
have low efficiency and risks. In such regions, the develop-
ment of industrial and civil infrastructure after the restoration
of a stable earth’s surface level will be of priority im-
portance, especially in the conditions of post-war restoration
and reconstruction of Ukraine.

However, to date, it has not been determined where
exactly on the territory of Ukraine there are prospects for the
formation of backfill masses for restoring the earth’s surface
state. To date, the spatial location of the resulting quarry
cavities and industrial waste heaps, which can potentially be
considered as backfill materials, has not been sufficiently
studied. This research can provide an opportunity to identify
closely located groups of quarries and industrial waste heaps.
Studying and understanding the parameters and characteris-
tics of the discovered “quarry cavities — backfill material”
systems will allow us to develop effective strategies for
backfill methods during the reclamation of mined-out quar-
ries and ensure the effective earth’s surface use.

This research is aimed at identifying and further studying
the characteristics of promising “quarry cavities — backfill
material” systems on the territory of Ukraine, which will
create the basis for further development of effective methods
for restoring the earth’s surface and its rational use.

2. Peculiarities of the “quarry cavities —
backfill material” system concept

The “quarry cavities — backfill material” system is a new
methodology or approach that consists of using quarries
mined-out by filling their space with specially selected, closely
located backfill material based on industrial waste, followed
by the formation of a stable backfill mass. This system pro-
vides a number of benefits, including optimal use of the space
mined-out by quarries, reduced environmental impact, the
ability to recover resources and develop infrastructure, as well
as create jobs and attract investment for land restoration pro-
jects. The system should be aimed at geomechanically reliable
restoration of the earth’s surface disturbed by mining opera-
tions for its further use in various infrastructure projects, espe-
cially for industrial and construction purposes.

When identifying promising “quarry cavities — backfill
material” systems, in which there are closely spaced quarry
cavities and industrial waste heaps, it is necessary to use this
unique opportunity to restore the earth’s surface level dis-
turbed by mining operations and wisely use the vacated land
area. Figure 1 illustrates the conceptual relationship of the
above-mentioned aspects.

In our view, there are a number of important conditions
for the harmonious existence and effective implementation of
identified promising “quarry cavities — backfill material”
systems, which play a key role in the successful and sustaina-
ble implementation of the earth’s surface restoration techno-
logy based on the formation of sustainable backfill masses.
The list of specified basic conditions, according to the au-
thors, is illustrated in Figure 2, with the observance of which
the formation of a stable backfill mass in quarry cavities make
it possible to achieve complete earth’s surface restoration.

Compliance with the specified conditions makes it possi-
ble to optimize the filling process, reduce economic costs,
ensure environmental safety and receive support from society
and government authorities.
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Figure 1. Conceptual relationship between industrial waste heaps and quarry cavities through backfill technology
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Figure 2. A set of conditions for the existence and effective implemen-
tation of the “quarry cavities — backfill material” system

Thus, the conditions for harmonious existence and imple-
mentation of the “quarry cavities — backfill material” system
need balance between economic, technical, environmental and
social aspects. In the process of sustainable development of
industrial regions, it is necessary to strive for maximum effi-
ciency in the use of resources, minimizing the negative impact
on the environment and meeting the needs of society.

It is worth noting that the strategy for restoring the earth’s
surface according to the proposed conceptual approaches
should be supported by central and local government authori-
ties. Funding for such programs should be shared between
the government and the private sector. The identification and
selection of promising “quarry cavities — backfill material”
systems will help the government coordinate and determine
the vectors of the strategy for restoring the earth’s surface
using optimal backfill technologies for the purpose of sustai-
nable development of industrial regions, environmental
preservation, as well as the safety and health of the population.

3. Research methods

To achieve the purpose set, the research is conducted in
several sequential stages.

I stage. To determine the geographical location and iden-
tification of the mined-out spaces of active and closed quar-
ries, information data of valid and invalid special permits for
the subsoil use from the State Geologic and Subsoil Survey
of Ukraine have been studied. Attention is paid to the types
of quarries in Ukraine that, as a result of mining, have
formed significant cavities both in surface area and in depth
(S>5ha, H>20m). Quarries developing deposits of such
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minerals as kaolin, clay, loam, sand, manganese and titanium
ores, etc., are not taken into account, where mining systems
with internal overburden dumping and restoration measures
are used immediately after the advancement of the mining
front. No quarries are considered on the territory of Ukraine,
occupied by the russia from 2014 until the beginning of mili-
tary aggression on February 24, 2022. Based on the annual
productivity of active quarries and the volumes of available
balance reserves, they are graded according to the projected
lifespan to understand the priority cavities to be filled. To
determine the parameters of the resulting quarry cavities
(occupied areas, volumes), the following tools are used: the
Google Earth satellite program, an online topographic map of
Ukraine (OpenStreetMap) and Blender program for con-
structing 3D models (Fig. 3). The volume of resulting cavi-
ties is determined from the position of restoring the earth’s
surface level, that is, from the bottom to an imaginary hori-
zontal area along the quarry surface at the lowest absolute
elevation of the quarry contour. It is obvious that certain
volumes of cavities are predicted and have some error, which
is due to inaccurate reproduction of the relief on satellite
images (flattening of quarry benches). However, these as-
pects are relatively minor and do not have a critical influence
on the total volumes of cavities.

@

Figure 3. Fragments of the presented tools for determining the
parameters of formed quarry cavities: (a) creating a grid
and scanning the relief of the quarry cavity; (b) creating
a three-dimensional model of a quarry cavity
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Il stage. Based on the study of successful global practice of ~ materials are metallurgical slag, ash-slag materials (fly ash,
backfilling the mined-out space during mining of mineral depos- ~ furnace slag), and waste rock, beneficiation tailings, which,
its, it becomes possible to identify a group of wastes of natural-  according to the environmental legislation of Ukraine, belong
technogenic origin used as backfill materials [44]-[48]. Thus, for  to the IV hazard class and are low-hazard (Table 1). The speci-
the development of directions for backfilling the technogenic  fied materials are considered in the research. Industrial waste
cavities during mining of mineral deposits, the most common  heaps in volumes of more than 1 million tons are studied.

Table 1. Priority materials of natural-technogenic origin, promising for use as backfill components

Potential backfill Oridin Waste Source Storage site
materials g hazard class of the formation g
Overburden Dumps of overburden

. Natural v Mines and quarries .
and mine rocks and mine rocks

Metallurgical slag Technogenic \Y Metallurgical plants Slag dumps

Tailings and sludge . Mining and -
beneficiation Technogenic v beneficiation plants Tailings dams
Ash slag and Technogenic v Thermal power plants Ash dumps, ash-slag

dry fly ash dumps

Geographical location and identification of industrial ~ formed, indicating their characteristics for regions of
waste heaps from the mining-metallurgical complex are  Ukraine. Additionally, environmental passports and regional
determined based on a study of the State register of waste  reports on the environmental state for oblasts are studied, as
disposal sites for oblasts for 2020-2023 (Table 2). Each en-  well as a number of reports and scientific-informational
terprise annually reports to local and government authorities  resources of the mining industry. The stockpiled waste vo-
on the generated waste volume for the calendar year and in  lume (m®) is determined taking into account the value of its
general. Then, annual registers of waste disposal sites are  density in the loosened state.

Table 2. Fragment of the register of waste disposal sites in Dnipropetrovsk Oblast [49]

. - Last Name , - Characteristics Characteristics
Registration - - Owner’s full Operating  Ecosafety
revision of waste Location of waste of waste
No. / date . - name and address mode category . - . -
date disposal site disposal sites disposal sites
500-700 m PJSC Northern Volume: Waste from iron
Overburden north of GOK USREOU 910 million m3 ore quarrying
160/16 160/22 dump Oleksiivka 00191023, Active \Y (2507 million (overburden
25.07.2016 20.01.23 Persho- village, 50079, (Ukr. — B) tons) rocks)
travnevy 12110 Kryvyi Rih city, Area: 849 ha Group: 13
37200 Ternivsky district Open surface Hazard class: 4

Il stage. To identify promising “quarry cavities — back- 4. Research results
fill material” systems on the territory of Ukraine, a set of
comprehensive scientific-methodological tools are used,
which provides for the determination of the geographical . .
group location of industrial waste as potential backfill mate- ~ /AS @ result of comprehensive research on the spatial loca-
rials and resulting quarry cavities, with their subsequent  tion of formed quarry cavities and significant places of indus-
integration into a single information-analytical map and  (rial waste heaps, which are potentially considered as backfill
selection of appropriate systems using the Google Earth ~ Materials, 13 promising “quarry cavities — backfill material
online program (Fig. 4). Subsequently, the peculiarities and systems have been |dent|f|e(_1 .(F'g' 4). _These _systems combine
characteristics of the regions are studied. clo_sely_ spaced quarry cavities ar_1d_ _mdustrlal V\_/aste_heaps,

IV stage. To determine the priority “quarry cavities — which in the future opens the possibility of planning different

backfill material” systems for the implementation, a complex hackfill methods depending on the specifics of the region,

of technological, environmental, economic and social factors quarry cavities anq varieties Of_ backfill mater_ials. For _other
is formed, which are divided into scales. The priority level of quarries on the territory of Ukraine that are not included in the

the factors is divided into the catesories “verv low”. “low” identified systems, after the end of the lifespan, reclamation
“medium”. “hich” d “ext ;g hi h’Y r‘l}ihewr’omis\;;’ methods will be adopted, which do not provide for the com-
“quarlrl;mce;vitiéf —,bir;kﬁlf);nraegrei}a}l]” sl}%ste.ms arepanawzeg plete earth’s surface level restoration due to the lack of suffi-

d . . . . cient volumes of closely located backfill material reserves.
according to the following factors: population size, the dis- y

turbed land the existing bal between f d cavi The individual naming and zoning of the identified pro-
urbed fand area, the existing balance between tormed cavi- mising “quarry cavities — backfill material” systems have been
ties and backfill material, the level of infrastructure deve-

erformed: (1) Kryvyi Rih system No. 1; (2) K i Rih sys-
lopment, the industrial potential of the territories and the Fem No. 2: ((3)) Krg//\\//yyi Rih sillstem No. 3: E4; szvgi Rih st_
level of their contamination, the degree of readiness for back- {0 No. 4’. (5) Petrovsk system: (6) Pok’rov-NikopoI system:
filling, the poteptlal for creating a geom_echanlcally stable (7) Zaporizhzhia system; (8) Zavallia system; (9) Dnipro system:
mass. By analyzing the results, systems with more favorable  (10) Horishni Plavni system; (11) Mariupol system; (12) No-
factors are distinguished. votroitske-Dokuchaievsk system; (13) Lysychansk system

4.1. Identification of promising
“quarry cavities — backfill material” systems
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Mongosa

Figure 4. Schematic representation of the developed information-analytical spatial location map of quarry cavities and waste heaps, as
well as identified “quarry cavities — backfill material” systems

According to the authors, in order to develop strategies
for the complete restoring the earth’s surface disturbed by
mining operations based on various technologies for backfil-
ling the mined-out space on the territory of Ukraine, today,
first of all, it is the 13 above-mentioned identified systems
should be considered, taking into account the close location
of the resulting cavities and potential backfill material
reserves within their boundaries.

The following are the research results of the characteris-
tics of promising “quarry cavities — backfill material” systems
on the territory of Ukraine, which will create the basis for the
selection of priority systems for the earth’s surface restoration
by government and the further development of effective
methods for restoring the earth’s surface and its rational use.

4.2. Characteristics and parameters of the identified
promising “quarry cavities — backfill material” systems

Kryvyi Rih system No. 1. The objects of this identified
system, such as quarry cavities and industrial waste heaps,
are located in Dnipropetrovsk Oblast in the southern area of
the Kryvyi Rih city, occupying the southern area of
Inhuletskyi District of the city (Fig. 5). This area is located in
the south-western direction, 17 km from the main part of the
city of Kryvyi Rih.

Figure 5. Kryvyi Rih system No. 1, schematic representation

In the specified area, open-pit mining of oxidized quar-
tzite and magnetite quartzite ore deposits is used. Within a
diameter of 10 km, the system includes 1 large active quarry,
3 overburden and rock dumps, and 1 tailing dam for iron ore
beneficiation. The system has a well-developed transport
infrastructure, and only mining enterprises operate in the
industrial sector. The number of residents is about 16 thou-
sand people. With the specified number of the mining indus-
try facilities, the environment and the population experience
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a powerful harmful impact. Based on the degree of contami-
nation of the territory and technogenic load, the system is
classified as “extremely polluted” (category 5) according to
the environmental state map of Ukraine.

During the operation of these industries, 2.91 billion tons
of industrial waste have been accumulated in the system.
According to the analysis of disturbed lands of the Kryvyi
Rih system No. 1, their total area is 2404 hectares, of which
the quarry is 643 hectares, the rock dumps are 784 hectares,
and the tailings dam is 977 hectares. According to the analy-
tical assessment of the “quarry cavities — backfill material”
Kryvyi Rih system No. 1, the total volume of resulting quar-
ry cavities is estimated at 0.88 hillion m3, the total volume of
accumulated waste as potential backfill materials is
1.33 billion m3. Consequently, the balance of “quarry cavi-
ties — backfill material” is positive from the future perspec-
tive of backfill operations. The level of backfill material
supply is sufficient.

Kryvyi Rih system No. 2. System objects, such as quarry
cavities and industrial waste heaps, are located in the sou-
thern area of the Kryvyi Rih city, occupying the northern
area of Inhuletskyi District and parts of the Tsentralno-
Miskyi and Metallurgical districts of the city (Fig. 6).

oy fryvyi Rih-,

420

Figure 6. Kryvyi Rih system No. 2, schematic representation

In the specified area, open-pit mining of ferruginous
quartzite and quartzite-magnetite ore deposits is used. Within
a diameter of 15 km, the system includes 5 quarries (3 active
and 2 closed), 12 overburden and hard rock dumps, and
5 tailing dams for iron ore beneficiation, and 3 dumps of
metallurgical slag from a metallurgical plant. Of the
12 dumps, 5 dumps are not included in the State register,
which is probably due to their invalid status. At the same
time, the land areas occupied by them are registered. Indus-
try, urban and public buildings, as well as transport infra-
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structure are significantly developed within the system. The
number of residents is about 100 thousand people. It is obvious
that with such a density of mining, processing and metallur-
gical industry facilities, the environment and the population
experience a powerful harmful impact. Based on the degree
of contamination of the territory and technogenic load, the
system is classified as “extremely polluted” (category 5)
according to the environmental state map of Ukraine.

During the operation of these industries, 4.32 billion tons
of industrial waste have been accumulated in the system.
According to the analysis performed for the disturbed lands of
the Kryvyi Rih system No. 2, their total area is 6000 hectares,
of which the quarries are 1080 hectares, the rock dumps are
2660 hectares, the tailings dams are 1930 hectares, and the
slag dumps are 331 hectares. According to the analytical
assessment of the “quarry cavities — backfill material” Kryvyi
Rih system No. 2, the total volume of resulting quarry cavities
is estimated at 1.45 billion m?, the total volume of accumulat-
ed waste as potential backfill materials is 1.78 billion m2.
Consequently, the balance of “quarry cavities — backfill mate-
rial” is positive from the future perspective of backfill opera-
tions. The level of backfill material supply is sufficient.

Kryvyi Rih system No. 3. In the mentioned system, quarry
cavities and industrial waste heaps are located in the central
area of the Kryvyi Rih city, occupying Saksahanskyi District
and Pokrovsky District of the city (Fig. 7).

Figure 7. Kryvyi Rih system No. 3, schematic representation

The system uses complex mining of oxidized quartzite
and high-grade iron ores by open-pit and underground methods.
Within a diameter of 15 km, the system includes 6 quarries
(3 active, 2 closed, and 1 at the stage of filling), 6 mines,
12 dumps of quarry and mine rocks, 1 tailing dam for iron
ore beneficiation. Of the 12 dumps, 7 dumps are not included
in the State register, but the land areas occupied by them are
registered. Industry, urban and public buildings, and transport
infrastructure are also significantly developed within the sys-
tem. The number of residents is about 260 thousand people.
The environment and the population in this system expe-
rience a powerful harmful impact. Based on the degree of
contamination of the territory and technogenic load, the sys-
tem is also classified as “extremely polluted” (category 5). It
should be noted that on the earth surface within the mine
land allotments there are significant failures and shear zones
caused by the influence of mining operations. Iron ores are
mined without backfilling the mined-out space [50]-[52]. The
number of formed failures is 9 (blue marks, Fig. 7).

During the operation of mining and processing facilities,
according to an analysis of the register of waste generation
sites, 0.85 billion tons of industrial waste have been accumu-
lated in the system. The industrial waste volume requires
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further specification, because the research on the earth’s
surface state shows that 7 unregistered dumps have a signifi-
cant rock volume. According to the analysis of the Kryvyi
Rih system No. 3 disturbed lands, their total area is
3235 hectares, of which quarries are 720 hectares, rock
dumps are 730 hectares, tailings dams are 1705 hectares, and
mine failure zones are 80 hectares. The total volume of re-
sulting quarry cavities and system failure zones is estimated
at 0.765 billion m3, the total volume of accumulated waste as
potential backfill materials is 0.49 billion m3. According to
official data, the existing balance of quarry cavities and back-
fill material is negative, but the real industrial waste volume
is greater, which requires specification and further research.

Kryvyi Rih system No. 4. In the mentioned system,
quarry cavities and industrial waste heaps are located in the
northern part of the Kryvyi Rih city, occupying the
Ternivsky District of the city (Fig. 8).

(L
O%

Kfyvyi Rih

S
-

20

Figure 8. Kryvyi Rih system No. 4, schematic representation

The system also uses complex mining of oxidized quar-
tzite and high-grade iron ores by open-pit and underground
methods. Within a radius of 15 km, the system includes
4 quarries (2 active, 1 mothballed, and 1 at the stage of fil-
ling), 2 mines, 5 dumps of quarry and mine rocks, 1 tailing
dam for iron ore beneficiation. Of the 5 dumps, 3 mine rock
dumps are not registered and require specification. Industry
and transport infrastructure are significantly developed
within the system. The number of residents is about
80 thousand people. The environment and the population in
this system also experience a powerful harmful impact.
Based on the degree of contamination of the territory and
technogenic load, the system is also classified as “extreme-
ly polluted” (category 5). It should be noted that on the
earth surface within the mine land allotments, there are
significant failures and shear zones caused by the influence
of mining operations. Iron ores are mined without backfil-
ling the mined-out space. The number of formed failures
is 7 (blue marks, Fig. 8).

The system has accumulated 6.18 billion tons of industrial
waste. According to the analysis of the Kryvyi Rih system
No. 4 disturbed lands, their total area is 4545 hectares, of
which quarries are 1175 hectares, rock dumps are 1880 hec-
tares, tailings dams are 1410 hectares, and mine failure zones
are 79 hectares. The total volume of resulting quarry cavities
and failure zones is estimated at 1.44 billion m3, the total
volume of accumulated waste as potential backfill materials
is 2.54 billion m3, which indicates a positive balance. The
level of backfill material supply is sufficient.

In further research, it is planned to specify for the Kryvyi
Rih systems the amount and volume of rocks stockpiled in
dumps that are not included in the State register of waste.
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Petrovsk system. In the mentioned system, quarry
cavities and industrial waste heaps are located in Kiro-
vohrad Oblast, near the village of Petrovske and the city of
Zhovti Vody (Fig. 9).

Petrove

L

A

Zhovti Vody

Figure 9. Petrovsk system, schematic representation

The system conducts mining of ferruginous quartzite
using open-pit mining method. Within a diameter of 15 km,
the system includes 2 quarries (active), 5 overburden and
hard rock dumps, 2 tailing dams for beneficiation of iron and
uranium ores. The system has only developed mining and
uranium processing industries, agriculture, as well as traffic
interchanges. The number of residents is about 50 thousand
people. The environment and the population in this system
also experience a powerful harmful impact. Based on the de-
gree of contamination of the territory and technogenic load,
the system is also classified as “highly polluted” (category 4).

The system has accumulated 0.52 billion tons of industrial
waste. According to the analysis, the total disturbed land area
is 1330 hectares, of which quarries are 320 hectares, rock
dumps are 558 hectares, and tailings dams are 455 hectares.
The total volume of resulting quarry cavities is estimated at
0.214 billion m3, the total volume of accumulated waste as
potential backfill materials is 0.246 billion m3, which indi-
cates a positive balance and a sufficient level of backfill
material supply.

Pokrov-Nikopol system. In the specified system, quarry
cavities and industrial waste heaps are located in Dniprope-
trovsk Oblast, within the boundaries of the cities of Pokrov
and Nikopol (Fig. 10).

Figure 10. Pokrov-Nikopol system, schematic representation

The system conducts large-scale open-pit mining of man-
ganese ores and granites. Manganese ores are mined by a
mining system with internal dumping after the advancement
of the front of stope operations, which leads to almost com-
plete reclamation of disturbed lands, so these quarries are not
explored. Within the diameter of this system, there are
3 granite quarries (1 active and 2 closed), 4 sludge deposito-
ries for the beneficiation of manganese ores, of which 1 is
not registered, and 1 metallurgical slag dump of ferroalloy
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production. Mining, metallurgical industry and agriculture
are developed within the system. The transport infrastructure
is sufficiently developed. The number of residents is about
50 thousand people. The environment and the population in
this system also experience a powerful harmful impact.
Based on the degree of contamination of the territory and
technogenic load, the system is also classified as “highly
polluted” (category 4).

The system has accumulated 230 million tons of industrial
waste. According to the analysis, the total disturbed land area
is 1160 hectares, of which quarries are 130 hectares, tailings
dams are 1019 hectares, and slag dump is 11 hectares. The
total volume of resulting quarry cavities is estimated at
38 million m?, the total volume of accumulated waste as
potential backfill materials is 145.6 million m3, which indi-
cates a positive balance and a sufficient level of backfill
material supply.

Zaporizhzhia system. In the specified system, quarry cavities
and industrial waste heaps are located in Zaporizhzhia Oblast
in the vicinity of the city of Zaporizhzhia in the Shevchen-
kivskyi, Dniprovskyi and Zavodskyi districts (Fig. 11).

Figure 11. Zaporizhzhia system, schematic representation

The system conducts open-pit mining of granite depo-
sits. Within a diameter of 25 km, the system includes
5 granite quarries (4 active and 1 closed), 4 metallurgical
slag dumps (steel-smelting and furnace), 5 overburden
dumps, which are not included in the State register, but
occupy land areas. The system has developed machine
building industry, ferrous and non-ferrous metallurgy,
chemical and construction industries, urban and public
buildings, as well as an important road and railway hub.
The number of residents is about 200 thousand people. The
environment and the population in this system also experi-
ence a powerful harmful impact. Based on the degree of
contamination of the territory and technogenic load, the
system is also classified as “highly polluted” (category 4).

The system has accumulated 56 million tons of industrial
waste from the above-mentioned facilities, recorded by the
register. The total disturbed land area is 555 hectares, of
which quarries are 251 hectares, overburden dumps are
65 hectares, and slag dumps are 240 hectares. The total volume
of resulting quarry cavities is estimated at 106 million m?, the
total volume of accumulated waste as potential backfill mate-
rials is 33 million m3, which indicates a negative balance and
and a low overall level of backfill material supply. The in-
formation on overburden rock accumulations in 5 overburden
dumps requires further specification.

Zavallia system. In the specified system, quarry cavities
and industrial waste heaps are located in Kirovohrad Oblast
in the area of the village of Zavallia (Fig. 12). The system
conducts open-pit mining of graphite ore deposits.
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Figure 12. Zavallia system, schematic representation

Within a diameter of 4.5km, the system includes
1 quarry (active), 1overburden dump and 1 tailing dam.
Agriculture and the mining industry are mainly developed in
the system. The number of residents is about 4 thousand
people. Based on the degree of contamination of the territory
and technogenic load, the system is also classified as
“medium polluted” (category 2).

The system has accumulated 155 million tons of indus-
trial waste from the above-mentioned facilities, recorded by
the register. The total disturbed land area is 410 hectares, of
which quarry is 115 hectares, overburden dump is 109 hec-
tares, and tailing dam is 186 hectares. The total volume of
resulting quarry cavities is estimated at 47 million m3, the
total volume of accumulated waste as potential backfill mate-
rials is 72.3 million m®, which indicates a positive balance
and a sufficient level of backfill material supply.

Dnipro system. In the specified system, quarry cavities
and industrial waste heaps are located in Dnipropetrovsk
Oblast, mainly in the south-eastern area of the city of Dnipro,
in the Samarskyi district of the city (Fig. 13).

Figure 13. Dnipro system, schematic representation

The system conducts open-pit mining of granite deposits.
The system has 3 quarries (active), 1 ash slag dump, 1 ash
dump, 1 sludge depository, 2 overburden dumps, which are
not included in the regional waste register. The system also
has developed machine building industry, chemical and con-
struction industries, urban and public buildings, as well as an
important road and railway hub. The number of people living
in places where quarries and industrial waste heaps are con-
centrated is about 75 thousand people. Industrial enterprises
have a powerful impact on the environment and the popula-
tion. Based on the degree of contamination of the territory
and technogenic load, the system is classified as “extremely
polluted” (category 5).

The system has accumulated almost 50 million tons of
industrial wastes from the above-mentioned facilities, recorded
by the register. The total disturbed land area is 540 hectares,
of which quarry is 66 hectares, overburden dumps are
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16 hectares, and ash slag dumps are 460 hectares. The total
volume of resulting quarry cavities is estimated at 30 million
m?, the total volume of accumulated waste as potential back-
fill materials is 59.5 million m®, which indicates a positive
balance and a sufficient level of backfill material supply.

Horishni Plavni system. In the specified system, quarry
cavities and industrial waste heaps are located in Poltava
Oblast within the boundaries of Horishni Plavni and
Kremenchuk cities (Fig. 14).

Figure 14. Horishni Plavni system, schematic representation

The system conducts open-pit mining of ferruginous and
magnetite quartzites, as well as granite deposits. Within a
diameter of 21 km, the system includes 6 quarries (5 active,
1 mothballed), 6 overburden dumps, 1 tailing dam for iron
ore beneficiation, and 2 metallurgical slag dumps. The sys-
tem has a well-developed industry, agriculture and transport
infrastructure. The number of residents is about 260 thousand
people. Industrial enterprises have a powerful impact on the
environment and the population. Based on the degree of
contamination of the territory and technogenic load, the sys-
tem is classified as “highly polluted” (category 4).

The system has accumulated almost 2.86 billion tons of
industrial wastes from the above-mentioned facilities,
recorded by the register. The total disturbed land area is
4397 hectares, of which quarries are 1073 hectares, overbur-
den dumps are 1835 hectares, tailing dam is 1468 hectares,
and slag dumps are 21 hectares. The total volume of resulting
quarry cavities is estimated at 0.871 billion m?, the total
volume of accumulated waste as potential backfill materials
is about 1.26 billion m3, which indicates a positive balance
and a sufficient level of backfill material supply.

Mariupol system. In the specified system, quarry cavities
and industrial waste heaps are located in the south of the Do-
netsk Oblast, within the boundaries of the city of Mariupol, on
the coast of the Sea of Azov (Fig. 15). However, since May
2022, the city has been occupied by the russia.

> Mariupol-=
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Figure 15. Mariupol system, schematic representation
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The system conducted open-pit mining of granite deposits.
Within a diameter of 15 km, the system includes 2 non-active
quarries, 1 overburden dump, 4 metallurgical slag dumps,
and 1 ash dump. The system has well-developed metallurgi-
cal, machine building, construction industries, as well as
urban and public buildings and transport infrastructure. The
number of residents is about 420 thousand people. Industrial
enterprises have a powerful impact on the environment and
the population. Based on the degree of contamination of the
territory and technogenic load, the system is classified as
“extremely polluted” (category 5).

The system has accumulated 92 million tons of the indi-
cated industrial wastes. The total disturbed land area is
460 hectares, of which quarries are 43 hectares, overburden
dump is 14 hectares, slag dumps are 350 hectares, and ash
dump is 53 hectares. The total volume of resulting quarry
cavities is estimated at 14.6 million m3, the total volume of
accumulated waste as potential backfill materials is about
64.7 million m3, which indicates a positive balance and a
sufficient level of backfill material supply.

Novotroitske-Dokuchaievsk system. In the specified sys-
tem, quarry cavities and industrial waste heaps are located
in the southern area of the Donetsk Oblast in the vicinity of
the cities of Novotroitske and Dokuchaievsk (Fig. 16),
which are currently occupied by the russia. The city of
Dokuchaievsk has been occupied since 2014, and the city
of Novotroitske since 2022.

Figure 16. Novotroitske-Dokuchaievsk system, schematic rep-

resentation

The system conducts open-pit mining of dolomite, flux
limestone, limestone, and dolomitized limestone deposits. The
system includes 6 quarries (5 active and 1 inactive), 12 over-
burden dumps and waste from crushing and beneficiation
plants, of which only 6 are included in the State register. The
system has well-developed mining and agriculture. Transport
infrastructure is moderately developed. The number of resi-
dents is about 27 thousand people. Industrial enterprises have a
powerful impact on the environment and the population. Based
on the degree of contamination of the territory and technogenic
load, the system is classified as “highly polluted” (category 4).

The system has accumulated 400 million tons of waste
overburden and waste from beneficiation plants. The total
disturbed land area is 1730 hectares, of which quarries are
1020 hectares, and overburden and waste dump is 710 hec-
tares. The total volume of resulting quarry cavities is esti-
mated at 0.462 billion m®, the total volume of accumulated
waste as potential backfill materials is about 0.211 billion m?,
which indicates an overall negative balance and a low level
of backfill material supply. It should be noted that due to the
occupation of the territory on which the system is located,
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consideration of this system is further significantly compli-
cated by the lack of data on the state of quarry reserves and
projected data of the completion of mining operations, espe-
cially in the city of Dokuchaievsk, since this territory has
been occupied since 2014.

Lysychansk system. In the specified system, quarry cavi-
ties and industrial waste heaps are located in the western area
of the Luhansk Oblast in the vicinity of the city of
Lysychansk (Fig. 17), which has been occupied by the russia
since the summer of 2022.

Figure 17. Lysychansk system, schematic representation

The system uses the open-pit method for mining chalk
deposits and underground method for mining hard (bitu-
minous) coal. Within a diameter of 21 km, the system in-
cludes 3 quarries (1 active and 2 inactive), 2 overburden
dumps (not included in the State register), 17 mine rock
dumps, and 1 ash dump. The system has a widely developed
industrial complex, the basis of which is enterprises of the
coal, chemical, construction industries, and agriculture. The
system has a well-developed transport infrastructure. The
number of residents is about 95 thousand people. Industrial
enterprises have a powerful impact on the environment and
the population. Based on the degree of contamination of the
territory and technogenic load, the system is classified as
“extremely polluted” (category 5).

The system has accumulated 55 million tons of the indicated
industrial wastes. The total disturbed land area is 388 hectares,
of which quarries are 150 hectares, and overburden dump of
quarries is 58 hectares, mine rock dumps are 147 hectares, and
ash dump is 33 hectares. The total volume of resulting quarry
cavities is estimated at 23.2 million m, the total volume of
accumulated waste as potential backfill materials is about
32.7 million m?, which indicates an overall positive balance
and a sufficient level of backfill material supply.

Based on the conducted research, a histogram has been
compiled illustrating the balance between the cavities formed
in the depths of the mining industry and accumulations of
large-tonnage industrial waste as potential backfill materials in
the identified “quarry cavities — backfill material” systems
(Fig. 18). As can be seen from the histogram, in Ukraine there
are systems of different scales. It is worth noting that over
time, the cavities of active quarries will increase in volume, as
will the industrial waste accumulation in the region. It is be-
lieved that the balance will be maintained.

Figure 18 analysis shows that the largest scale of cavities
formed in the subsoil and industrial waste accumulations are
observed during mining of iron ore and flux limestone depo-
sits in the following systems: Kryvyi Rih system No. 1 (1);
Kryvyi Rih system No. 2 (2); Kryvyi Rih system No. 3 (3);
Kryvyi Rih system No. 4 (4); Horishni Plavni system (10);
Novotroitske-Dokuchaievsk system (12).
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The histogram illustrates the current balance of systems
relative to cavities formed in the subsoil and industrial
waste accumulations, describing, above all, the overall
supply of systems with backfill material volumes calculated
for all cavities. The negative balance of cavities and back-
fill materials in some systems (Fig. 19) does not mean that
backfilling the mined-out space is impossible.
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In the identified systems, the order of backfilling the
mined-out space in certain quarries will depend on their
lifespan, the social-economic situation in the region, legis-
lative norms and environmental policy, as well as on the
responsibility of enterprises and the development of the
government strategy for restoring the disturbed land areas.
The histogram shows the general balance situation in the
system and if negative, it only characterizes the possible
lack of sufficient volumes of backfill materials. However,
for investment projects on the earth’s surface restoration, a
positive balance is important to minimize risks.

Of significant importance in the “quarry cavities — back-
fill material” system is directly the state of the quarry
cavities (active/inactive), which at different times may
be subject to backfilling the mined-out space. It is
important to understand that some quarries in the regions
may have already been closed, while some continue their
economic mining activity.

For this purpose, for each identified “quarry cavities —
backfill material” system, a gradation of quarries has been
compiled according to the predicted lifespan. All systems
have a total of 46 quarries (Fig. 19).
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Figure 19. Distribution of quarries by predicted lifespan for the identified “quarry cavities — backfill material” systems (value “0” means

that the quarry is inactive)

Figure 19 analysis shows the situation regarding the al-
ready existing quarry cavities for the development of projects
for backfilling the mined-out space and those that will gra-
dually be decommissioned over time. Thus, in systems No. 1,
5, 7, 8, 10, there are currently no ready cavities for conside-
ring the possibility of their backfilling. The projected
decommissioning of quarries occurs both in the relatively
short-term perspective — 8-17 years, and in the long-term
perspective of 20-70 and even 100 years. The situation is
different in systems No. 2, 3, 4, 6, 10, 11, where there are
inactive quarries in different statuses: temporarily stopped,
mothballed or closed, however, compared to active quarries,
they have priority in restoring the earth’s surface level dis-
turbed by mining operations. On the one hand, the presence
of inactive quarry cavities in the specified systems indicates
a priority for backfilling. On the other hand, if agricultural or
forestry activities are too developed in the system, priority
will be given to backfill technologies using bulky backfill
material, since it does not require the high geomechanical
earth’s surface stability, which is the focus of research. To
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achieve geomechanical stability in technogenic cavities, in
the future it is planned to consider backfill technologies with
the formation of an artificial monolithic mass or a combina-
tion with a bulky one.

Thus, determining the general level of priority for the
“quarry cavities — backfill material” systems requires the
consideration of a significant set of factors that will influ-
ence the need for the earth’s surface restoration. Some
factors of the analyzed systems are considered and com-
pared further in the research.

4.2. Priority for implementation of identified
“quarry cavities — backfill material” systems

An important task is to assess and select precisely from
the 13 identified promising “quarry cavities — backfill mate-
rial” systems on the territory of Ukraine for the implementa-
tion of technologies for backfilling the technogenic cavities
and restoring the earth’s surface level. It is the understanding
of the backfill mass formation in technogenic cavities (quar-
ries, mine failure zones) that presupposes the achievement of
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its geotechnical reliability for the further use of restored land
for the development of industrial and civil infrastructure.
Research has chosen a number of factors, the significance of
which is explained further.

Population size. A higher population density in the
region, where the “quarry cavities — backfill material” sys-
tem is considered for implementation in the future, means a
more urgent need for land restoration and the creation of
new infrastructure facilities. This may also be important
from an environmental and social point of view, as land
restoration can improve the living conditions, safety and
health of local people.

Number of areas disturbed by mining operations. The
area of land disturbed by mining operations should be an
indicator of the urgency of restoration. The more the dis-
turbed area, the more important becomes the “quarry cavities —
backfill material” system for the restoration of these areas
and their environmental rehabilitation.

Balance of cavities and backfill material. This factor is
critically important, since for the successful system imple-
mentation, it is necessary to have an available backfill mate-
rial volume that meets the needs for restoring the technoge-
nic cavities. This is a priority when the volumes of backfill
material exceed the volumes of technogenic cavities. The
balance is determined by the ratio of the volume of backfill
materials to the volume of cavities formed.

Degree of readiness for backfilling. This factor indicates
how quickly backfilling of technogenic cavities for the pur-
pose of restoration can begin. If the quarries are in the final
phase of mining, this can significantly accelerate the system
implementation, since the cavities can already be considered
ready for backfilling. In addition, the presence in the system
of mine failure zones, which represent additional ready-made
cavities, is of no small importance.

Industrial and construction potential of restored areas.
The development of industry and construction in the region
can create additional demand for new facilities and infrastruc-
ture, requiring new land areas. This may increase the econo-
mic efficiency and feasibility of implementing the system. The
factor is considered in the context of the existing industrial-
construction potential in the regions where the systems exist.

Potential for creating a geomechanically stable mass.
The creation of stable geomechanical masses in cavities will
ensure the safety and stability of new infrastructural facilities

on the restored earth’s surface, such as industrial enterprises,
structures and buildings for various purposes, including
energy and civil ones. Geomechanical earth’s surface stabi-
lity can be achieved by creating an artificial monolithic back-
fill mass, which requires reserves of binding and inert materi-
als. Therefore, if there is an accumulation of relevant waste in
the system, the system is considered to be of higher priority.

Level of environmental pollution of territories. In regions
with a high environmental pollution level, the implementation
of the “quarry cavities — backfill material” system can contribute
to the disposal of industrial waste, the reduction of technoge-
nic landscapes and the cleanup of contaminated areas, which
has a positive effect on the environment and public health.

Development of transport and communications. The level
of infrastructure development, the availability of transport
communications and logistics capabilities can significantly
influence the choice of a system. The more infrastructure
developed areas are more attractive.

Each of these factors plays its role in prioritizing the
“quarry cavities — backfill material” system and ensures a
balance between the environmental, economic and social
policies of the government for sustainable development and
restoration of the earth’s surface.

Based on the studied quantitative and qualitative
values of selected factors in promising “quarry cavities —
backfill material” systems, their distribution by the level of
priority has been compiled: very low, low, medium, high,
extremely high (Table 3).

When compiling the correspondence of the actual factor
values to the developed scale of values, it is possible to
qualitatively assess both the level of priority of each factor of
the system, and the systems themselves as a whole. For this
purpose, according to the “quarry cavities — backfill material”
systems, a matrix of values for a set of factors has been de-
veloped, given in Table 4.

Table 4 data analysis shows that the following systems
have the greatest advantages in terms of above factors:
Kryvyi Rih system No. 2, Kryvyi Rih system No. 3, Kryvyi
Rih system No. 4, Horishni Plavni system, and Mariupol
system. These systems combine the largest number of factors
with maximum priority levels: “high” and “extremely high”.
It is in these systems that optimal conditions have been
created for the further development of effective technologies
for backfilling the technogenic cavities and investments.

Table 3. Scale of factor values of the “quarry cavities — backfill material” systems by priority level

Priority level

of factor values Very low Low Medium High Extremely high
Population, thousand 0-50 50-100 100-150
residents (I1)
Disturbed land 0-1000 10002000 2000-3000
areas, ha (I2)
Balance of cavities
and backfill material (13) <05 i 015
Degree of readiness
for backfilling, years (1) 5 S 20550
Industrial potential .
of restored areas (Is) Y\ I b B
Potential for creating a geo- .
mechanically stable mass (ls) Ve CO bR
Pollution level .
of territories (1) Very low Low Medium
Development of transport Very low Low Medium

and communications (Is)
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Table 4. Qualitative presentation of the matrix of values for a set of factors according to the “quarry cavities — backfill material” systems

Factors /

systems No. 1

No.2 No.3 No.4 No.5 No.

6

No.7 No.8 No.9 No.10 No.11 No.12 No.13

I1

I2
I3
lg
Is

| 2 HEEE BEE A =

lg
I7
Ig

It should be noted that the concept of developing a com-
plete restoration of the earth’s surface disturbed by mining
operations in identified potential systems is possible in the
conditions of synergistic interaction between government au-
thorities and the pivate sector. Thus, the results obtained pro-
vide valuable information for the development of government
strategy and environmental programs for the restoration of land
areas disturbed by mining operations and their subsequent use
for industrial purposes. The identified 5 systems are the most
promising and can bring the maximum benefit for the environ-
ment, economy and society. The economic efficiency of restor-
ing the disturbed earth’s surface based on backfill technologies
is in the future benefits of using the territory in multi-
directional infrastructure projects and exempting enterprises
from paying environmental taxes for environmental pollution.

Directions for further research should be the scientific
substantiation of rational and optimal methods for backfilling
the technogenic cavities in the identified 5 promising “quarry
cavities — backfill material” systems.

5. Conclusions

This research makes an attempt to identify and assess the
parameters and characteristics of the “quarry cavities — back-
fill material” systems on the territory of Ukraine to create a
basis for determining an effective mechanism and effective
measures to fully restore the earth’s surface state disturbed
by mining operations, thereby strengthening the domestic
and international image of Ukraine as a responsible and envi-
ronmentally conscious country. The following results of the
research have been obtained.

1. Attention is focused on creating a stable backfill mass
in resulting technogenic cavities (quarry cavities, failure
zones) for restoring the earth’s surface level in regions with
developed industrial and construction infrastructure, given
geomechanical reliability, which could prove to be a very
promising and perspective direction. It has been revealed that
today it is not precisely determined where on the territory of
Ukraine there are prospects for the formation of land masses
for restoring the earth’s surface state. To date, the spatial
location of the resulting quarry cavities and industrial waste
heaps, which can potentially be considered as backfill mate-
rials, has not been sufficiently studied.

2. A new concept and theoretical representation of “quar-
ry cavities — backfill material” has been formulated. The
presented characteristics of a number of important conditions
for the harmonious existence and effective implementation of
promising “quarry cavities — backfill material” systems will
allow optimizing the backfill process, reducing economic
costs, ensuring environmental safety and receiving support
from society and government authorities.
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3. A methodical approach to identifying promising sys-
tems has been developed, which will be useful for scientists
and government authorities to focus on certain regions
where it is possible to successfully achieve earth’s surface
restoration based on backfill technologies. It has been re-
vealed that on the territory of Ukraine, backfilling of the
mined-out space of quarries for the complete earth’s surface
restoration is expedient to consider in 13 regions where
potential “quarry cavities — backfill material” systems are
located. Each system has been analyzed in terms of its geo-
graphical location, number of active quarries and places of
industrial waste accumulation, level of industrial and infra-
structural development, population size, level of contamina-
tion of the territory, volume of cavities formed and backfill
materials with their balance, total number of disturbed land
areas and individual objects.

4. A histogram has been compiled illustrating the current
balance in systems for cavities formed in the depths and
accumulations of industrial waste, which characterizes, first
of all, the overall supply of systems with backfill material
volumes calculated for all cavities. For each identified “quar-
ry cavities — backfill material” system, a gradation of quar-
ries (46 pcs.) has been compiled according to the predicted
lifespan, illustrating the situation regarding the already exis-
ting quarry cavities for the development of projects for back-
filling the mined-out space and those that will gradually be
decommissioned over time.

5. It has been determined that the following systems have
the greatest advantages according to the set of technological,
ecological, economic and social factors: Kryvyi Rih system
No. 2, Kryvyi Rih system No. 3, Kryvyi Rih system No. 4,
Horishni Plavni system, and Mariupol system. These systems
combine the largest number of factors with maximum priori-
ty levels: “high” and “extremely high™. It is in these systems
that optimal conditions have been created for the most eco-
nomical, environmental and technological implementation of
operations for backfilling the mined-out space of the formed
technogenic cavities and restoring the earth’s surface level
disturbed by mining operations.

Acknowledgements

The research was performed within the framework of
scientific research under the grant project of the National
Research Foundation of Ukraine “Development of technolo-
gy for the restoration of lands disturbed by mining operations
by forming backfill masses based on natural and technogenic
materials” (Grant No. 2021.01/0306).

The authors express their sincere gratitude to the anony-
mous reviewers for their useful advice and recommendations
during the preparation of the paper for publication.



M. Petlovanyi, K. Sai, O. Khalymendyk, O. Borysovska, Ye. Sherstiuk. (2023). Mining of Mineral Deposits, 17(3), 126-139

References

[1] Ericsson, M., & Lof, O. (2019). Mining’s contribution to national
economies between 1996 and 2016. Mineral Economics, 32(2), 223-250.
https://doi.org/10.1007/s13563-019-00191-6
Maja, M.M., & Ayano, S.F. (2021). The impact of population growth
on natural resources and farmers’ capacity to adapt to climate change in
low-income countries. Earth Systems and Environment, 5(2), 271-283.
https://doi.org/10.1007/s41748-021-00209-6
Khan, 1., Hou, F., & Le, H.P. (2021). The impact of natural resources, energy
consumption, and population growth on environmental quality: Fresh
evidence from the United States of America. Science of The Total Envi-
ronment, (754), 142222. https://doi.org/10.1016/].scitotenv.2020.142222
Zhou, L. (2023). Towards sustainability in mineral resources. Ore Geology
Reviews, (160), 105600. https://doi.org/10.1016/j.oregeorev.2023.105600
Petlovanyi, M., Saik, P., Lozynskyi, V., Sai, K., & Cherniaiev, O.
(2023). Substantiating and assessing the stability of the underground
system parameters for the sawn limestone mining: Case study of the
Nova Odesa deposit, Ukraine. Inzynieria Mineralna, 1(1(51)), 79-89.
https://doi.org/10.29227/IM-2023-01-10
Chang, L., Taghizadeh-Hesary, F., & Mohsin, M. (2023). Role of
mineral resources trade in renewable energy development. Renewa-
ble and Sustainable Energy Reviews, (181), 113321.
https://doi.org/10.1016/j.rser.2023.113321
Altiti, A.H., Alrawashdeh, R.O., & Alnawafleh, H.M. (2021). Open pit
mining.  London, United Kingdom: IntechOpen, 176 p.
https://doi.org/10.5772/intechopen.92208
Liu, G., Guo, W., Chai, S., & Li, J. (2023). Research on production
capacity planning method of open-pit coal mine. Scientific Reports,
13(1), 8676. https://doi.org/10.1038/s41598-023-35967-y
Cheng, S., Shu, C., Jin, M., & He, Y. (2023). Balancing resources
and sustainability: Analyzing the impact of mineral resources utiliza-
tion on green growth. Resources Policy, (86), 104143.
https://doi.org/10.1016/j.resourpol.2023.104143
Gorova, A., Pavlychenko, A., Borysovs’ka, O., & Krups’ka, L. (2013).
The development of methodology for assessment of environmental risk
degree in mining regions. Annual Scientific-Technical Collection — Mining
of Mineral Deposit 2013, 207-209. https://doi.org/10.1201/b16354-38
Zhu, D., Chen, T., Zhen, N., & Niu, R. (2020). Monitoring the effects of
open-pit mining on the eco-environment using a moving window-based
remote sensing ecological index. Environmental Science and Pollution Re-
search, 27(13), 15716-15728. https://doi.org/10.1007/s11356-020-08054-2
Asif, Z. (2018). Life cycle based air pollution analysis and manage-
ment for open pit mining. International Journal of Environment and
Sustainability, 6(4). https://doi.org/10.24102/ijes.v6i4.901
Kostenko, V., Zavialova, O., Chepak, O., & Pokalyuk, V. (2018).
Mitigating the adverse environmental impact resulting from closing
down of mining enterprises. Mining of Mineral Deposits, 12(3), 105-112.
https://doi.org/10.15407/mining12.03.105
Pysmennyi, S., Chukharev, S., Khavalbolot, K., Bondar, I., & ljilmaa, J.
(2021). Enhancement of the technology of mining steep ore bodies ap-
plying the “floating” crown. E3S Web of Conferences, (280), 08013.
https://doi.org/10.1051/e3sconf/202128008013
Zhang, D., Wang, J., Guo, S., & Cao, J. (2021). Numerical simulation
of crack evolution mechanism and subsidence characteristics effected
by rock mass structure in block caving mining. Research Square.
https://doi.org/10.21203/rs.3.rs-579107/v1
Bazaluk, O., Petlovanyi, M., Zubko, S., Lozynskyi, V., & Sai, K. (2021).
Instability assessment of hanging wall rocks during underground mining
of iron ores. Minerals, 11(8), 858. https://doi.org/10.3390/min11080858
[17] Yoshida, K., Okuoka, K., Miatto, A., Schebek, L., & Tanikawa, H.
(2019). Estimation of mining and landfilling activities with associated
overburden through satellite data: Germany 2000-2010. Resources,
8(3), 126. https://doi.org/10.3390/resources8030126
Petlovanyi, M., Sai, K., Malashkevych, D., Popovych, V., &
Khorolskyi, A. (2023). Influence of waste rock dump placement on the
geomechanical state of underground mine workings. IOP Conference
Series: Earth and Environmental Science, 1156(1), 012007.
https://doi.org/10.1088/1755-1315/1156/1/012007
Zubov, A., Zubov, A., & Zubova, L. (2023). Ecological hazard, typology,
morphometry and quantity of waste dumps of coal mines in Ukraine.
Ecological Questions, 34(4), 1-19. https://doi.org/10.12775/eq.2023.042
Emad, M.Z., Mitri, H., & Kelly, C. (2014). State-of-the-art review of
backfill practices for sublevel stoping system. International Journal
of Mining, Reclamation and Environment, 29(6), 544-556.
https://doi.org/10.1080/17480930.2014.889363
[21] Kuzmenko, O., Petlyovanyy, M., Heylo, A. (2014). Application of
fine-grained binding materials in technology of hardening backfill con-

[2]

3]

[4]
[5]

[6]

[71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[18]

[19]

[20]

138

struction. Progressive Technologies of Coal, Coalbed Methane, and

Ores Mining, 465-470. https://doi.org/10.1201/b17547

Petlovanyi, M., & Mamaikin, O. (2019). Assessment of an expediency

of binder material mechanical activation in cemented rockfill. ARPN

Journal of Engineering and Applied Sciences, 14(20), 3492-3503.

Li, J., Yilmaz, E., & Cao, S. (2021). Influence of industrial solid waste

as filling material on mechanical and microstructural characteristics of

cementitious backfills. Construction and Building Materials, (299),

124288. https://doi.org/10.1016/j.conbuildmat.2021.124288

Khomenko, O., Kononenko, M., & Petlovanyi, M. (2015). Analytical

modeling of the backfill massif deformations around the chamber with

mining depth increase. New Developments in Mining Engineering

2015: Theoretical and Practical Solutions of Mineral Resources Mining,

265-269. https://doi.org/10.1201/b19901-47

Malashkevych, D., Petlovanyi, M., Sai, K., & Khalymendyk, O.

Influence of rock leaving in the longwall face goaf on the extraction

drift stability. (2022). ARPN Journal of Engineering and Applied Sci-

ences, 17(21), 1924-1934.

Macdonald, S.E., Landhéusser, S.M., Skousen, J., Franklin, J., Frouz, J.,

Hall, S., Jacobs, D.F., & Quideau, S. (2015). Forest restoration following

surface mining disturbance: Challenges and solutions. New Forests,

46(5-6), 703-732. https://doi.org/10.1007/511056-015-9506-4

Xu, H., Xu, F., Lin, T., Xu, Q., Yu, P., Wang, C., Aili, A., Zhao, X,

Zhao, W., Zhang, P., Yang, Y., & Yuan, K. (2023). A systematic review

and comprehensive analysis on ecological restoration of mining areas in the

arid region of China: Challenge, capability and reconsideration. Ecological

Indicators, (154), 110630. https://doi.org/10.1016/j.ecolind.2023.110630

Popovych, V., Kuzmenko, O., Voloshchyshyn, A., & Petlovanyi, M. (2018).

Influence of man-made edaphotopes of the spoil heap on biota. E3S Web

of Conferences, (60), 00010. https://doi.org/10.1051/e3sconf/20186000010

[29] Kuter, N. (2013). Reclamation of degraded landscapes due to open-
cast mining. Advances in Landscape Architecture, 33.
https://doi.org/10.5772/55796

[30] Pratiwi, Narendra, B.H., Siregar, C.A., Turjaman, M., Hidayat, A., Rach-
mat, H.H., Mulyanto, B., Suwardi, Iskandar, Maharani, R., Rayadin, Y.,
Prayudyaningsih, R., Yuwati, T.W., Prematuri, R., & Susilowati, A. (2021).
Managing and reforesting degraded post-mining landscape in Indonesia: A
review. Land, 10(6), 658. https://doi.org/10.3390/1and10060658

[31] Hunko, L., & Berezhna, K. (2021). Problems regarding treatment of
disturbed land in Ukraine. Zemleustrij, Kadastr i Monitoring Zemel’,
(2), 1-14. https://doi.org/10.31548/zemleustriy2021.02.06

[32] National report on the state of the natural environment in Ukraine in
2021. (2022). Kyiv, Ukraine: Ministry of Environmental Protection and
Natural Resources of Ukraine, 514 p.

[33] Sywyi, M., Paranko, I., & lvanov, Ye. (2013). Geography of mineral
resources of Ukraine. Lviv, Ukraine: Prostir M, 684 p.

[34] Dyson, A.P., Moghadam, M.S., Zad, A., & Tolooiyan, A. (2022). The
role of creep deformation in pit lake slope stability. Geomechanics and
Geophysics for Geo-Energy and Geo-Resources, 8(5), 138.
https://doi.org/10.1007/s40948-022-00451-w

[35] Bazaluk, O., Anisimov, O., Saik, P., Lozynskyi, V., Akimov, O., &
Hrytsenko, L. (2023). Determining the safe distance for mining equip-
ment operation when forming an internal dump in a deep open pit. Sus-
tainability, 15(7), 5912. https://doi.org/10.3390/su15075912

[36] Testa, S.M., & Pompy, J.S. (2007). Backfilling of open-pit metallic
mines. Journal American Society of Mining and Reclamation, 2007(1),
816-830. https://doi.org/10.21000/jasmr07010816

[37] Niedbalska, K. (2022). Parametric assessment of groundwater vulnera-
bility to pollution within an open pit reclaimed by gangue. Applied Wa-
ter Science, 12(12), 261. https://doi.org/10.1007/s13201-022-01783-4

[38] Petlovanyi, M., Malashkevych, D., Sai, K., Bulat, I., & Popovych, V.

(2021). Granulometric composition research of mine rocks as a materi-

al for backfilling the mined-out area in coal mines. Mining of Mineral

Deposits, 15(4), 122-129. https://doi.org/10.33271/mining15.04.122

Babets, D.V., Sdvyzhkova, O.0., Larionov, M.H., & Tereshchuk, R.M.

(2017). Estimation of rock mass stability based on probability approach

and rating systems. Naukovyi Visnyk Natsionalnoho Hirnychoho Uni-

versytetu, (2), 58-64.

Petlovanyi, M. (2016). Influence of configuration chambers on the

formation of stress in multi-modulus mass. Mining of Mineral Deposits,

10(2), 48-54. https://doi.org/10.15407/mining10.02.048

Pysmennyi, S., Chukharev, S., Peremetchyk, A., Fedorenko, S., &

Matsui, A. (2023). Study of stress concentration on the contour of un-

derground mine workings. InzZynieria Mineralna, 1(1(51)), 69-78.

https://doi.org/10.29227/IM-2023-01-08

Batur, M., & Babii, K. (2022). Spatial assessment of air pollution due

to mining and industrial activities: A case study of Kryvyi Rih,

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[39]

[40]

[41]

[42]


https://doi.org/10.1007/s13563-019-00191-6
https://doi.org/10.1007/s41748-021-00209-6
https://doi.org/10.1016/j.scitotenv.2020.142222
https://doi.org/10.1016/j.oregeorev.2023.105600
https://doi.org/10.29227/IM-2023-01-10
https://doi.org/10.1016/j.rser.2023.113321
https://doi.org/10.5772/intechopen.92208
https://doi.org/10.1038/s41598-023-35967-y
https://doi.org/10.1016/j.resourpol.2023.104143
https://doi.org/10.1201/b16354-38
https://doi.org/10.1007/s11356-020-08054-2
https://doi.org/10.24102/ijes.v6i4.901
https://doi.org/10.15407/mining12.03.105
https://doi.org/10.1051/e3sconf/202128008013
https://doi.org/10.21203/rs.3.rs-579107/v1
https://doi.org/10.3390/min11080858
https://doi.org/10.3390/resources8030126
https://doi.org/10.1088/1755-1315/1156/1/012007
https://doi.org/10.12775/eq.2023.042
https://doi.org/10.1080/17480930.2014.889363
https://doi.org/10.1201/b17547
https://doi.org/10.1016/j.conbuildmat.2021.124288
https://doi.org/10.1201/b19901-47
https://doi.org/10.1007/s11056-015-9506-4
https://doi.org/10.1016/j.ecolind.2023.110630
https://doi.org/10.1051/e3sconf/20186000010
https://doi.org/10.5772/55796
https://doi.org/10.3390/land10060658
https://doi.org/10.31548/zemleustriy2021.02.06
https://doi.org/10.1007/s40948-022-00451-w
https://doi.org/10.3390/su15075912
https://doi.org/10.21000/jasmr07010816
https://doi.org/10.1007/s13201-022-01783-4
https://doi.org/10.33271/mining15.04.122
https://doi.org/10.15407/mining10.02.048
https://doi.org/10.29227/IM-2023-01-08

M. Petlovanyi, K. Sai, O. Khalymendyk, O. Borysovska, Ye. Sherstiuk. (2023). Mining of Mineral Deposits, 17(3), 126-139

Ukraine. IOP Conference Series: Earth and Environmental Science, [47] Zhang, J., Li, M., Taheri, A., Zhang, W., Wu, Z., & Song, W. (2019).

970(1), 012004. https://doi.org/10.1088/1755-1315/970/1/012004 Properties and application of backfill materials in coal mines in China.
[43] Savenets, M., Oreshchenko, A., & Nadtochii, L. (2022). The system for Minerals, 9(1), 53. https://doi.org/10.3390/min9010053

near-real time air pollution monitoring over cities based on the Senti- [48] Mashifana, T., & Sithole, T. (2021). Clean production of sustainable

nel-5P satellite data. Visnyk of V.N. Karazin Kharkiv National Univer- backfill material from waste gold tailings and slag. Journal of Cleaner Pro-

sity, Series Geology. Geography. Ecology, (57), 195-205. duction, (308), 127357. https://doi.org/10.1016/].jclepro.2021.127357

https://doi.org/10.26565/2410-7360-2022-57-15 [49] Register of waste disposal sites in the Dnipropetrovsk Oblast. (n.d.).
[44] Behera, S.K., Mishra, D.P., Singh, P., Mishra, K., Mandal, S.K,, Dnipro, Ukraine: Dnipropetrovsk Regional State Administration, 119 p.

Ghosh, C.N., Kumar, R., & Mandal, P.K. (2021). Utilization of mill Retrieved from: https://adm.dp.gov.ua/storage/app/media/uploaded-

tailings, fly ash and slag as mine paste backfill material: Review and files/06.05.2021_reestr_misc_nakopichuvannja_vidhodiv.pdf

future perspective. Construction and Building Materials, (309), [50] Pysmennyi, S., Chukharev, S., Kourouma, I.K., Kalinichenko, V., &

125120. https://doi.org/10.1016/j.conbuildmat.2021.125120 Matsui, A. (2023). Development of technologies for mining ores with
[45] Kuzmenko, O., Dychkovskyi, R., Petlovanyi, M., Buketov, V. instable  hanging wall rocks.  Test, 1(1(51)), 103-112.

Howaniec, N., & Smolinski, A. (2023). Mechanism of interaction of https://doi.org/10.29227/IM-2023-01-13

backfill mixtures with natural rock fractures within the zone of their in- [51] Bazaluk, O., Petlovanyi, M., Lozynskyi, V., Zubko, S., Sai, K., & Saik, P.

tense manifestation while developing steep ore deposits. Sustainability, (2021). Sustainable underground iron ore mining in Ukraine with

15(6), 4889. https://doi.org/10.3390/su15064889 backfilling  worked-out area.  Sustainability, 13(2), 834.
[46] Petlovanyi, M.V., Malashkevych, D.S., & Sai, K.S. (2020). The new https://doi.org/10.3390/su13020834

approach to creating progressive and low-waste mining technology for [52] Pivnyak, G., Bondarenko, V., Kovalevs’ka, L., & Illiashov, M. (2012).

thin coal seams. Journal of Geology, Geography and Geoecology, Geomechanical processes during underground mining. London, United

29(4), 765-775. https://doi.org/10.15421/112069 Kingdom: CRC Press, 238 p. https://doi.org/10.1201/b13157

AHAJITHYHI 10CHII)KeHHS NapaMeTPiB Ta XapaKTePUCTHK HOBUX CHCTEM
“kap’€pHi NyCTOTH — 3aKJAHUH MaTepian”: HA NpUKJIAAl YKpaiHu
M. IletnsoBanwmii, K. Caii, O. Xanumenauk, O. bopucosceka, €. [llepcTiok

Merta. BusaBneHHs, IOCTIKEHHS Ta BUBUEHHS MapaMeTPiB 1 XapaKTEPUCTUK CHCTEM ‘‘Kap’€pHi IyCTOTH — 3aKJaJHUHA MaTepian” Ha
TepuTopii YKpaiHH i3 BAKOPUCTaHHAM HOBOTO KOMIIIEKCHOTO METOIMYHOTO IHCTPYMEHTAapito, MO0 GopMye HMiATPYHTS I PO3POOKH epeKTu-
BHHUX CIIOCO0IB BiTHOBIICHHS 3¢€MHOT IIOBEPXHi 3 aKLIEHTOM Ha MIPOMHUCIIOBE Ta OyZiBeJIbHE BUKOPHUCTAHHS.

MeToauka. BUKoprucTaHO KOMITIEKCHUH MiAXiJ, KU BKIIOYAE: aHANII3 MIPOCTOPOBOTO PO3TAIlyBaHHA HA TepUTOpPil YKpaiHH Hakomu-
YeHb TPOMHUCIIOBHX BiJXOJIIB SIK IIOTEHIIITHNX 3aKJIaJHAX MaTepialiB Ta yTBOPEHHUX Kap €pHUX IyCTOT, IO HE MiUIATal0Th HOBHOMY BiJTHOB-
JICHHIO 3€MHOI ITOBEPXHi, BU3HAYEHHS 00’ €MIB YTBOPEHUX ITyCTOT i 3aKJIaIHUX MaTepiaiB. 3a KOMIUIEKCOM (haKTOPiB BUKOHAHO PAH)KYBaHHS
3a MPIOPUTETHICTIO CHCTEM “‘Kap’€pHi MyCTOTH — 3aKJIaqHUi Martepian’. Bukopucrani HacTymHi iHCTpyMeHTH: iH(GOpMauiiiHi naHi Jepxas-
HOT'O T'e0JIOTTYHOr0 (OHIY YKpaiHW, PEECTPH MICIh HAaKOIMYEHHs MPOMHCIOBHX BiIXOMIB 32 perioHaMH, CyIlyTHHKOBa Iporpama Google
Earth, tonorpagiuna onnaitn-kapra (OpenStreetMap) ta nporpama Blender mis mo6ynosu 3D-moneneii.

PesyabTatu. ChopMyap0BaHO HOBE TIOHATTS Ta TEOPETHYHE YSBICHHSA “Kap’€pHIi IyCTOTH — 3aKIagHuil Matepian”. Hagana xapakrepu-
CTHKa HU3KH BXJIMBHX YMOB FapMOHIMHOTO iCHYBaHHS i e()eKTHBHOI peaizallii MepCIeKTUBHIX CUCTEM “Kap’€pHi IIyCTOTH — 3aKJIAIHUI
matepian”. CTBOpeHO HOBY iH(OpMamifHO-aHANITHYHY KapTy MPOCTOPOBOTO PO3TALIyBaHHS MOTCHLINHMX 3aKJIaTHUX MaTepialiB Ta yTBO-
pEHHX Kap €pHUX IyCTOT. Bu3HaueHo 13 mepCrneKTHBHUX CHCTEMH Ta iX mapaMeTpH, y MeXax SKHX JOLIUIFHO PO3IVISAaTH TEXHOJIOTI] 3aKia-
JIaHHs JUTsl TIOBHOTO BiTHOBIICHHSI 3eMHOI MOBepXHi. Bu3HaueHo icHyroumii 0anaHc MycToT i 3aKIagHUX MaTepiajiB MO BHSBICHHX CHCTEMaX,
a TaKOXK CKJIaJICHO TPajallifo Kap’ epiB 3a IPOrHO3HUM TEPMIHOM IX iCHYBaHHS.

HaykoBa HOBHM3HA. YTOYHEHO CHCTEMH “Kap’€pHi MyCTOTH — 3aKIaJHHA MaTepian”’, IO BOJOMIIOTh HaHOIIBIIMMHU TepeBaraMu,
HIIIXOM iX paH)XyBaHHs 32 KOMIUIEKCOM TEXHOJIOTIYHHX, €KOJIOTTYHUX, EKOHOMIYHHX Ta COLIAIbHUX (haKTOPIB.

MpakTnyna 3HaunMicTh. OTpUMaHi pe3yNbTaTH € MIHHOK 1H(OopMamieo I PO3poOKU JepiKaBHOI CTpaTerii Ta eKOJOTIYHUX TPOTPaM
IIOJI0 BITHOBIICHHS MOPYIICHUX TipHHYMMHU POOOTaMH TEPHUTOPi HA OCHOBI TEXHOJIOTiIH 3aKJaJaHHS Ta IX MOJAJBIIOTO BUKOPHCTAHHS y
TIPOMUCIIOBHUX ITUJISX.

Kntouoei cnosa: xap 'epni nycmomu, npomMuciosi 8ioxoou, 3aKkAaOHUti Mamepian, 3aKIAOHUL MACus, BIOHOGIEHHA 3eMHOI NOBEPXHI,
eKon02iuna nebesnexa

139


https://doi.org/10.1088/1755-1315/970/1/012004
https://doi.org/10.26565/2410-7360-2022-57-15
https://doi.org/10.1016/j.conbuildmat.2021.125120
https://doi.org/10.3390/su15064889
https://doi.org/10.15421/112069
https://doi.org/10.3390/min9010053
https://doi.org/10.1016/j.jclepro.2021.127357
https://adm.dp.gov.ua/storage/app/media/uploaded-files/06.05.2021_reestr_misc_nakopichuvannja_vidhodiv.pdf
https://adm.dp.gov.ua/storage/app/media/uploaded-files/06.05.2021_reestr_misc_nakopichuvannja_vidhodiv.pdf
https://doi.org/10.29227/IM-2023-01-13
https://doi.org/10.3390/su13020834
https://doi.org/10.1201/b13157

