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Abstract: The possibility of replacing the traditional components of the filling mass with man-made
waste and the need for the use of mechanical activation of the components of the filling composite
in order to improve its rheological characteristics and the strength of the mass after solidification
are proved. The demand for resource-reproducing technologies that allow the most complete use of
the industrial mineral resource potential of the mining and processing enterprise, which will lead
to a multiplicative ecological and economic effect, is confirmed. It is necessary to introduce the re-
processing of man-made waste in order to further extract the useful component to a level that meets
the standards of environmental safety and economic feasibility, which would create conditions for
the actual sustainable development and give some perspectives for extending the operating time of
mining regions. It is established that the sustainable development of the mining and processing
region is impossible without a highly efficient exploitation of natural deposits and man-made
georesources in combination with an integrated approach to the development of subsurface re-
sources.

Keywords: waste-free production; geotechnology; fill mass; man-made waste; sustainable
development; comprehensive development of mineral resources

1. Introduction

Due to the development of modern societies, technological progress and the constant
widening of the availability of goods, it can be concluded that along with the exponen-
tially growing population of the Earth, the level of consumption of mineral resources is
also close to exponential [1]. The consumption of goods is also growing in countries where
mineral resources (raw material base) are limited [2] or close to exhaustion [3]. At the
same time, growing awareness of societies and pressure from environmental organiza-
tions mean that more and more importance is attached to sustainable development [4].
This also applies to mining regions, where less environmentally invasive means of con-
tinuing mining activities are sought or, after the mine has been extinguished, revaluation
through cultural landscapes of industrial heritage is being carried out [5].

In this regard, there is a depletion of available reserves and a sharp increase in the
depth of mine field development. In the last century, the depth of the exploited seams in
deep mines rarely exceeded 1.5 km. The depletion of shallow seams and the combination
of demand on the raw materials market with the need to maintain the economic founda-
tions of the functioning of communities related to mining activities force the use of ever
deeper, regularly documented seams. The maximum depth of extraction in some mining
fields (“Mponeng Mine”, “TauTona Mine”, “Bambanani Mine” —all in South Africa,
“Kidd Mine” —Canada) is approaching 4 km. In the Russian Federation and the countries
of Eastern Europe, the extraction of mineral resources takes place at depths exceeding 1.5
km (the “Czeremukhovskaya-Glubokaja” mine, the “Taimyrsky” mine—both in Russia,
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the Lenin mine, the “Rodina” mine—both in Ukraine). Increasing the depth of mineral
extraction leads not only to an increase in the maintenance costs of the technological pro-
cess, but also to an increased risk of rock pressure in unpredictable forms [6], which entails
the need for backfilling [7,8]. Exploring deep or hardly accessible deposits is associated
with the occurrence of man-made disasters and the decrease in the safety of underground
mining operations [9], including global risk of operations and local risk for employees due
to machine (vehicle) operation [10] and severe climatic conditions [11]. Some researchers
tend to analyze so-called “well-being at work” by means of sustainable performance in
the workplace [12].

The increase in the depth of development leads to the increase in the volume of over-
burden rocks. The frequency of man-made disasters in various manifestations: hard rock
blasting activities; man-made earthquakes; the formation of sinkholes on the surface [13];
water sinking into the mine, and others, increases during the extraction of minerals [14].
Hard rock blasting activities and man-made earthquakes (paraseismic activities) cause vi-
brations that affect underground and ground structures and the environment. Methods
for monitoring that kind of vibrations were considered in [15]. Other significant problems
and challenges for the mining regions are related to excessive mineral extraction, proper
management of sulfide-bearing waste [16], and control of groundwater balance [17].

In addition, the development involves reserves that were previously classified as off-
balance sheet: the development of which at the time of evaluation, according to technical
and economic calculation, is not economically efficient (with low content of extracted min-
erals); located within water protection zones, causing potential risk of excessive settle-
ments of buildings and structures, influencing badly on agricultural facilities, nature re-
serves or natural, historical and cultural monuments. The involvement in the develop-
ment of deposit areas with a low content of the useful component in the ore increases the
costs of extraction, transportation and processing, as well as the formation of more man-
made waste. The last-mentioned aspect has a double potential impact as deposits in tailing
ponds not only destroy local landscape, but may also bring serious risks intensified by
paraseismic activities caused by mining production. Industrial waste from overburden
operations, formed in the process of enrichment and metallurgical processing, is stored
on the surface and occupies vast territories. This leads to changes not only in the horizon-
tal landscape environment, but also in the vertical one. Experiences gathered in Russia
prove that 2.5 to 4.8 billion tons of mining and processing waste is generated annually,
and 1 billion tons of solid waste is accumulated in the dumps and storage facilities of the
country’s mining industry [18]. Industrial waste stored on the surface has a significant
impact on the ecosphere. This is expressed in increased dust formation and subsequent
entrainment of fine fractions from the surface of industrial storage facilities, and in the
decrease in soil quality, and groundwater deterioration. All that involves the degradation
of flora and fauna, up to the degeneration of historically established plant and animal
species.

Equation (1) presented by Golik [19] is presented just to show the complexity of eco-
system degradation as a result of the impact of man-made waste from mining and pro-
cessing industries. Understanding of this mathematical model that considers a long list of
influencing factors helps to emphasize cumulative effects of threats for the environment
and makes it possible to determine the reserve of man-made damage [19].

n p 0 T
Vo= FQuERTI = D 3> 1@+ Qn+ 0a)(@ — a)] X (KeKiKoKiKaK,) M

n=1p=10=1t=1

where Y;—reserve of industrial damage; Q,, —the total volume of industrial waste; £ —
the quantity of components of industrial waste migrating to the ecosystem; n—the con-
centration of individual components of industrial waste; T —time; [1—is the number of
enterprises processing/disposing of industrial waste; P—the number of hazardous com-
ponents in industrial waste; 0 —the number of recycling operations; Q;, Q,, Q,—the
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number of pollutants in the lithosphere, hydrosphere, atmosphere; a;, a,—the initial and
final concentration of components of man-made waste that pollute the ecosystem; Ks—
the coefficient of self-organization of polluting components in man-made storage facili-
ties; K;—the coefficient of leakage of polluting components into the ecosystem; K, —the
coefficient of the radius of distribution of polluting components; K;—the coefficient of the
influence of polluting components on the biosphere; K;—the coefficient of the probability
of an environmental disaster; K, —the coefficient of the risk of an environmental disaster
from unaccounted factors.

If the technology of deposit developing with the collapse of ores and host rocks at
sufficiently low losses does not allow to preserve the pristine landscape, then the technol-
ogy with the natural support of the stope is characterized by high losses.

All this indicates that rational geotechnology [20] is already at this stage obliged to
create a foundation and to start the advanced development of science with the integration
of mining experience and scientific and technological knowledge. It is necessary to intro-
duce technologies that ensure the completeness of the minerals” extraction, safe mining
operations with minimal impact on the environment and allow for the sustainable devel-
opment of the region. In further paragraphs, the authors are willing to guide the reader
through the idea of reuse of industrial waste in the laying composite, process of backfill
composite preparation with regard to the possibility of additional mineral extraction, pre-
senting the efficiency of this extraction and achieved strength of composed backfill com-
posites, defining the paradigm of sustainable development of mining regions and finally
creating and proposing a road map (scheme) of sustainable development of the mining
region, followed by conclusions.

2. Industrial Waste in the Laying Composite—A Method for Their Disposal

Reuse of industrial waste and efficient use of by-products are two main principles of
sustainable industrial processes. Contemporary research is focused on concrete modifica-
tions [21,22], forming of the man-made ground embankments [23] and even evolutionary
game theory study for construction and demolition waste recycling [24]. The main way to
ensure the sustainable development of the mining region is to use mineral deposit devel-
opment systems with a hardening backfill and to include man-made waste in a closed
production cycle [25,26]. In addition to solving the issue of safe mining operations [8], the
use of geotechnology with a backfill helps to improve the completeness and quality of
deposit extraction (presented in further sections), protects the hydrogeological regime and
reduces the degree of crack development in the mined-out mass. That leads to the preser-
vation of the water-protective layer and protects the daylight surface from collapse. Ge-
otechnology with a backfill allows to mine—out previously abandoned pillars. This tech-
nology increases the mineral resource base of the mining enterprise and increases the life
of the mine, as well as solves the social issue of the region, where the mining enterprise
has a city-forming role at the same time.

The use of man-made waste from mining and processing enterprises in the prepara-
tion of the fill composite leads to their disposal [25]. Utilization of industrial waste in ge-
otechnology with the backfill leads to a reduction in the volume of industrial storage fa-
cilities (tailings), which reduces the cost of their creation, maintenance [27] and provides
a certain level of security [28]. All this contributes to the implementation of the waste-free
production concept [27], comprehensive exploitation of mineral resources, sustainable de-
velopment [29] and reducing the impact of mining and processing industries on the envi-
ronment [30]. It must be pointed here that mineral extraction in the course of mining waste
activation significantly increases the metal yield during the reprocessing of man-made
waste from tailings. It emphasizes the synergetic effect of waste activation, and using it as
backfill, and simultaneously lowering the risks for environment, and last but not least,
giving some perspectives for extending the operating time of mining regions.

The backfill of the mined-out space is the process of constructing an artificial mass in
the stopes. This process involves the creation of various composite mixtures, which, under



Minerals 2021, 11, 739

4 of 15

the influence of hydrolysis and hydration of the binder, crystallization through ongoing
chemical reactions, form a monolithic mass with the specified characteristics [31].

Over the past 40 years, the evolution of geotechnology with backfill has undergone
significant changes from dry rock to hydraulic backfill based on complex composite ma-
terials. Despite the main drawback, high cost, geotechnology with the backfill has a fairly
broad application prospects due to the fact that it allows to avoid the shortcomings of
other systems to a greater extent, to ensure high completeness of the extraction of miner-
als, and the safety of mining operations. However, due to the relatively high cost, this
technology has a dominant application in the extraction of high-value ore or during the
deposit’s development in heavy mining. At coal enterprises, the backfill was used in pow-
erful mine fields and fields with a high risk of gas emissions [32]. The blocks were mined
by dead-end stopes with their subsequent expansion in a straight line and with the backfill
[33]. The use of backfill in coal deposits was abandoned due to the high cost of backfill,
which increased the cost of production.

Creating a solid artificial mass allows to fully use the advantages of a hardening back-
fill. It is because during the construction of a solid fill mass, a number of conditions are
considered: the parameters of the mined blocks; the seismic impact on the explosion mass;
the height and area of the outcrop; the standard strength and other conditions. These con-
ditions are quite strict and reflect the ability of the created fill mass to carry the load. The
creation of an artificial mass with high regulatory characteristics does not allow reducing
the cost of fill composite preparing and the cost of delivering it to the laying site [34].

For a wider application of the technology with artificial support of the mined-out
void, it is necessary to reduce the cost of filling operations: reducing the cost of the backfill
mixture components by completely eliminating or partially reducing the use of expensive
binders and using industrial waste as aggregates; changing the approach to the formation
of a continuous artificial mass through the use of new innovative solutions.

3. Preparation of the Backfill Composite Based on Industrial Waste

The creation of new composite materials based on man-made waste from mining and
processing industries is currently a priority research in the field of the artificial mass for-
mation during the extraction of minerals. Modern composite materials are produced by
changing the internal material structure by creating new or secondary crystal structures,
which leads to a significant increase in the strength characteristics of the mass after com-
plete solidification. The activation of the individual components of the backfill composite
or the finished mixture is the cheapest and easiest way to influence them in order to
change the properties of the material. In addition to improving the strength characteristics
and uniformity of the created mass, the activation of the finished composite mixture im-
proves its rheological properties, which significantly increases its transportability from
the place of preparation to the place of laying. Mechanical activation in the disintegrator
is a rather promising method of activation processing of the components of the backfill
composite (Figure 1).
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Figure 1. Activation installation (disintegrator). 1—cap; 2—fingers; 3—discs; 4 —nozzles; 5—
pump; 6 —drain; 7—feed funnel. (A-A —cross section).

During the experiment, separate processing of industrial waste was performed be-
fore mixing it with other components. Before feeding the waste to the working body of
the disintegrator, it is necessary to pre-grind it. When using the processing waste and slags
of the metallurgical plant, with fine composition, preliminary grinding is not required.
But in some cases, due to the high-water content of the processing tailings, it is necessary
to remove the excess moisture. However, it should be considered that the compositions of
man-made waste are very diverse and may include useful components necessary for re-
development [35-38]. The use of some man-made waste is limited due to the presence of
components that have a long-term negative impact on the environmental situation or have
a negative effect on the created mass (heating, softening, expansion, etc.). Therefore, the
presence of various components in man-made waste (both useful and harmful) can be an
obstacle to their direct use in the preparation of the backfill composite.

International experience demonstrates the high efficiency of non-traditional technol-
ogies for extracting useful components from man-made waste, ranging up to 40% of the
consumed volume of copper, up to 35% of gold and significant amounts of other precious
and rare earth metals that are extracted. Industrial waste accumulated on the territory of
Russia has a mineral and raw material value since the average content of the useful com-
ponent in them is comparable to the content in natural deposits [39].

Currently, various technologies for the re-processing of man-made waste, which al-
low for additional profit, have been created. It is also necessary to create technologies that
neutralize the negative impact of individual components on the environment and exclude
the negative impact on the created mass. That will make it possible to use all the man-
made waste in a closed production cycle without any restrictions. Depending on the com-
position of man-made waste, it is necessary to take a differentiated approach to their use
as a part of the backfill material. In the absence of a useful component sufficient for ex-
traction in industrial waste, it is used only after the processing. If there is a useful compo-
nent, it is necessary to initially ensure its extraction from the disposed waste, and then use
it in the backfill composite after activation (Figure 2).
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100%

20 mm M + reagent
Activated tails 50% Product solution 70%
0,076 mm M-+activated tails

Figure 2. Using the disintegrator. 1 —simple activation; 2—extraction and activation treatment.

Studies on the additional extraction of a useful component from man-made waste
(waste from the processing of the Gaya mining and Processing Plant) were carried out
with different activation times and irrigation of the working solution with hydrochloric
acid of differential concentration. The results of the study of the useful component extrac-
tion from the enrichment waste showed positive results and demonstrated a decrease in
the final metal content in the tailings (Tables 1-3 and Figures 3-5). It is worth observing
that the efficiency of extraction can be effectively mounted by any range of activation
treatments. Optimal concentration of hydrochloric acid in solution can also be determined
experimentally for any kind of material from tailings.

Table 1. Extraction of zinc from tailings.

Activation Concentration of Hydrochloric Acid in Solution, %

Treatment, min. 4.0 6.0 8.0 10.0 12.0 16.0 20.0
0 9.8 19.1 27.1 31.6 38.1 40.8 44.2

30 14.7 26.7 349 40.2 52.7 64.9 70.9

60 15.1 26.9 35.3 40.3 52.8 65.2 71.2

90 15.7 27.3 35.5 40.3 529 65.2 71.3

120 16.3 27.7 35.9 40.4 53.0 65.3 71.5
150 16.8 28.1 36.1 40.5 53.0 65.4 71.7
180 16.9 28.5 36.3 40.6 53.3 65.4 719
210 17.2 28.6 36.6 40.8 53.5 65.4 72.3
240 17.9 29.1 36.9 40.8 53.7 65.7 72.3
270 18.5 29.4 37.0 41.0 53.8 65.9 724
300 18.9 29.7 37.1 41.2 53.8 66.1 72.5
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Table 2. Extraction of iron from tailings.

Activation Concentration of Hydrochloric Acid in Solution, %

Treatment, min. 4.0 6.0 8.0 10.0 12.0 16.0 20.0
0 12.3 17.6 23.1 26.9 29.8 33.0 35.9

30 24.9 42.1 52.4 61.5 70.6 74.7 78.9

60 25.2 424 52.7 61.8 70.9 75.0 79.2

90 25.5 42.7 53.0 62.1 712 75.3 79.5

120 25.8 43.0 53.3 62.4 715 75.6 79.8
150 26.1 43.3 53.6 62.7 71.8 75.9 80.1
180 26.4 43.6 53.9 63.0 72.1 76.2 80.4
210 26.7 43.9 54.2 63.3 724 76.5 80.7
240 27.0 44.2 54.5 63.6 727 76.8 81.0
270 27.1 44.3 54.6 63.7 72.8 76.9 81.1
300 27.3 44.5 54.8 63.9 73.0 77.1 81.3

Table 3. Extraction of copper from tailings.

Activation Concentration of Hydrochloric Acid in Solution, %

Treatment, min. 4.0 6.0 8.0 10.0 12.0 16.0 20.0
0 18.6 321 422 46.9 51.8 65.6 61.5

30 30.9 46.2 56.7 60.5 63.8 83.8 87.4

60 312 46.5 57.0 60.8 64.1 84.1 87.7

90 315 46.8 57.3 61.1 64.4 84.4 88.3

120 32.0 47.1 57.6 61.4 64.7 84.7 88.7
150 32.1 47.5 57.9 61.7 65.0 85.0 88.9
180 32.6 47.7 58.2 62.0 65.3 85.6 89.0
210 32.7 48.0 58.5 62.2 65.4 85.7 89.3
240 33.0 48.3 58.8 62.3 65.8 85.9 90.0
270 33.3 483 58.9 62.9 66.1 86.2 90.3
300 33.7 48.6 59.1 63.1 66.4 86.6 90.4

Concentration of
hydrochloric acid [%]

60
40

20\ -

Time [min]

200

0

Figure 3. Extraction of zinc from tailings. Efficiency of extraction in % vs. concentration of hydro-
chloric acid in solution and duration of activation treatment.
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Time [min]

200

0
Figure 4. Extraction of iron from tailings. Efficiency of extraction vs. concentration of hydrochloric

acid in solution and duration of activation treatment.

Concentration of
hydrochloric acid [%]

80

60
[%]
40

55 W

Time [%]
200

0

Figure 5. Extraction of copper from tailings. Efficiency of extraction vs. concentration of hydro-
chloric acid in solution and duration of activation treatment.

The presented research results imply that the use of mechanical activation signifi-
cantly increases the metal yield during the re-processing of man-made waste.
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The vector aimed at the additional extraction of useful components from man-made
waste from mining and processing industries before their use as a part of the backfill com-
posite fully complies with the rules of human interaction with nature and becomes par-
ticularly relevant when solving the problems of diversification of mining and metallurgi-
cal industries in the context of globalization and high competition. The extraction of a
useful component from man-made waste before its reuse in a closed cycle of main and
auxiliary production allows the introduction of a single technological cycle of non-waste
(low-waste) production. This will strengthen the present and future potential to meet hu-
man needs and aspirations to prepare backfill material. The study was conducted using
cement M500 or metallurgical slag of Chusovoy Metallurgical Plant as a binder and tail-
ings of the Gaysky Mining Plant as an aggregate (Table 4). From experimental results, it
can be concluded that in the preparation of backfill composite for geotechnology with
backfill, it is possible to completely replace the traditionally produced components with
industrial wastes which were subject to activation treatment.

Table 4. Testing the fill materials.

Fill Material Components

Ultimate Strength in

Chusovsky Gaysky = ~ E g Uniaxial Compression (MPa)
3 = 3 = 2 35 o & Cementing Duration (Days)
No = 2 K g 2 2 £ a
2 s 2 s 2 5 ki v
"g st "g b 3] = & g 7 28 60 90
K < K < © = & O
1 0 0 70 0 5 25 110 12 0.19 2.00 2.75 3.10
2 0 0 0 70 5 25 120 14 0.26 2.70 3.72 4.20
3 0 0 0 73 2 25 110 13 0.21 2.20 2.95 3.35
4 15 0 58 0 2 25 95 10 0.15 1.70 2.25 2.75
5 15 0 0 58 2 25 100 10 0.19 2.10 2.75 3.10
6 0 15 58 0 2 25 100 11 0.21 2.20 2.85 3.15
7 0 15 0 58 2 25 115 12 0.26 2.65 3.8 4.10
8 25 0 50 0 0 25 105 10 0.10 1.45 2.00 2.35
9 25 0 0 50 0 25 105 11 0.14 1.95 2.70 3.15
10 0 25 50 0 0 25 110 13 1.45 1.72 2.60 2.95
11 0 25 0 50 0 25 145 15 0.24 2.75 3.80 4.15

Note: Slags of the Chusovsky Metallurgical Plant. % Waste from the enrichment of the Gaysky Mining and Processing

Plant. %.

Activation treatment of the backfill composite components:

e increases the strength of the fill mass;
e  adjusts the rheological properties of the backfill composite, which improves its trans-
portability.

4. Discussion on Non-Waste (Low-Waste) Production as the Paradigm of Sustainable
Development of Mining Regions

The innovative idea of the proposed technology is that the increase in the mineral
resource base of the mining enterprise occurs due to the involvement in the development
of off-balance reserves left in the blocks and due to the use of geotechnology with the
backfill and extraction of useful components from man-made waste before their applica-
tion in a closed production cycle. The impact of mining and processing industries on the
ecosystem of the region is usually considered as a complex dynamic system. In such sys-
tem each individual impact has a multifactorial and multi-criteria character, which are
difficult to simply measure, describe and manage. But at the same time, it should be con-
sidered that in any, even most complex systems (not only in the ecological and economic
field), very ordered patterns often appear. On the basis of the identified patterns, it is pos-
sible to identify certain rules with clear relationships. One of the elementary rules that
establish the order in the functioning of such complex systems is the multiplication effect,
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where there are increasing effects (negative and positive) on the final value of the con-
trolled system. The cumulative multiplicative effect from implementation of waste-free
technology according to the maximum profit criterion, considering the economic compo-
nent of the industrial mineral resource base circulation, can be represented by the follow-
ing expression [40]. It is a very complex issue (see the size of the Equation (2) [40]).

EDWIWIWHWN CIETLSE

p=1o=1m=1t=1 f=1n=

[

3
= D [K(1+ Buy) + B + B )

- Z[(MeCM +QC,) + Q.C. KKK, Ky Ky K Ko e — max
y=1
where:

P—industrial waste to be recycled;

O0—types of industrial waste;

M —methods of processing industrial waste;

T—time of industrial waste utilization;

F —terms of existence of the mining and processing plant;

N —stage of industrial waste utilization;

M, —volume of a valuable component obtained from industrial raw materials;

C,y—price per unit volume of a valuable component in industrial raw materials, %;

Qy—volume of products production from industrial raw materials,

Cqy—price per unit of products made from industrial raw materials,

3 —costs of utilization and processing of industrial waste;

K —capital costs of utilization and processing of industrial waste;

Eny—discount rate;

Eq;—discounted operating costs,

E, — discounted capital costs,

Y —economic damage from the impact of the project on the environment

M, —volume of a valuable component not extracted from industrial raw materials,

Cy—price per unit volume of a valuable component that has not been extracted,

Q —volume of products made from industrial raw materials not purified to zero

Cq —price per unit of products made from unrefined industrial raw materials,

Q.—volume of buried (utilized) industrial raw materials

C,—price per unit volume of a valuable component in buried (utilized) industrial raw
materials

K —coefficient of industrial dump’s self-organization;

K; —coefficient of solutions’ influence on the system;

K, —distribution radius of solutions’ coefficient;

Kjp —coefficient of influence of industrial waste components on the biosphere;

Ky —risk coefficient;

K, —time coefficient;

K, —coefficient of unaccounted factors.

Same comment may be provided considering Equation (3) [10] dealing with safety
pricing in mining industry. Equations (2) and (3) were included just to show the complex-
ities of the implementation of waste-free technology and environmental protection.

The effectiveness of environmental protection measures is expressed by the ratio of
the probabilistic consequences of the environmental disasters” occurrence, expressed in
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monetary terms, to the costs associated with the prevention of their development and oc-
currence [10]:

n P C T
Pg = Z Z Z Z[(Qz + Qn + Qo) X (B,C, — B,C)IK.K;K, Ky 3)
n=1p=1c=1

t=1

where Pz —profit from the use of technologies that reduce the load on the ecosystem; Y. —
the sum of factors affecting the ecosystem; T —the time of impact; n—the number of fac-
tors affecting the ecosystem; P —the total amount of work related to the elimination of the
environmental disasters’ consequences; Q;. Q. Q,—the number of pollutants in the lith-
osphere. hydrosphere. atmosphere; P,—the amount of compensation work; C,—the cost
of compensation work; P, —the amount of work related to the protection of the ecosystem;
C,—the cost of work. related to the protection of the ecosystem; K, —time coefficient that
considers the increased impact on the system; K;—the coefficient of the influence of pol-
luting components on the biosphere; K, —the coefficient of the accuracy of predicting an
environmental disaster; K, —the coefficient of the risk of an environmental disaster from
unaccounted factors.

It is impossible to implement the requirements of sustainable development of the
mining region without an integrated approach to the development of resources. Compre-
hensive resource exploitation implies engagement of man-made waste in a closed cycle of
main and auxiliary production. It can be implemented based on a systematic approach to
the development and implementation of technological schemes. in which a single techno-
logical task is a discrete element of a single scheme of a mining enterprise (Figure 6). At
the same time, the profitability of individual design and technical solutions based on the
involvement of man-made waste in the processing should be evaluated from the point of
view of the effectiveness of the entire field development project within the mining com-
plex.

Zone of sustainable development of the mining region

Zone of mining enterprise influence on the environment

Figure 6. Scheme of sustainable development of the mining region.
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The introduction of resource-producing technologies allows one to extract the eco-
nomic effect of obtaining additional products and improves the environmental situation
in the region of the mining enterprise. At the same time, an indispensable condition for
the sustainable development of the mining region is not so much the improvement of the
technical and economic indicators of the development of its mineral resource base but its
increase due to the involvement in the highly efficient production operation of man-made
waste generated as a result of the long-term activities of mining enterprises and mining
the blocks by applying geotechnology with backfill.

Consequently, the introduction of a full cycle of comprehensive resource exploitation
ensures the sustainable development of the mining region and causes positive economic
effects:

e increase in the mineral resource base of mining and processing enterprises;

e reduction of production costs;

e increase in quality indicators during production and processing;

e reduction of losses of minerals during extraction and useful component during pro-
cessing;

e reducing the cost of mining operations by replacing specially extracted components
of the fill composite with man-made waste;

e  reducing the cost of storing man-made waste by involving it in a closed cycle of main
and auxiliary production.

In addition to the economic effects, the sustainable development of the mining region
provides the following environmental and social effects:

e improving the health and life quality of the mining regions’ population by signifi-
cantly reducing the impact on the ecosystem, and as a result, significantly improving
the environmental situation by reducing the amount of man-made waste stored on
the surface;

e increasing the effective operation life of the mining enterprise due to the develop-
ment of the blocks, involvement in the industrial use of substandard and poor ores,
including the processing of man-made waste in the production cycle;

e more complete use of the mineral resource base of the region, due to the implemen-
tation of the useful components” extraction from low-value and off-balance ores, as
well as man-made waste and complex processing of mineral raw materials;

e reduction of costs for the operation and construction of man-made storage facilities,
as well as for environmental deductions;

e  creation of innovative production facilities for new types of products that are not
typical for a mining enterprise;

e increasing the competitive position and improving financial stability in the context
of globalization through the introduction of high-performance physical, chemical
and physical-technical technologies at mining enterprises with natural and man-
made raw materials.

5. Conclusions

Studies have proved that the preparation of the backfill composite can completely
replace the traditional, specially extracted components, and partially binders with man-
made waste from mining and processing industries. Activation of industrial waste used
in the fill composite significantly (up to 40%) increases the strength of the mass after so-
lidification.

The use of man-made waste in the fill composite must be carried out after their re-
processing, which allows to additionally extract the remaining useful components and
neutralize the negative impact of harmful ones. Presented results can also prove that the
activation process (concerning its duration time and concentration of hydrochloric acid in
solution) may also increase the efficiency of mineral extractions from tailings. The full use
of natural and man-made georesources increases the mineral resource base of the mining



Minerals 2021, 11, 739 13 of 15

enterprise, which will allow for the achievement of sustainable development of the mining
region.

It must be underlined here, that sustainable development is costly and any additional
profit from technological processes (mineral extraction) increases the motivation for
cleaner and safer mining production.

Proposed “Scheme of sustainable development of the mining region” (Figure 6) with
red (bad) and green zones of process description emphasizes the importance of the crea-
tion of backfill materials based on industrial waste.

6. Final Remarks and Prospects for Further Studies

Sustainable development of the mining region is possible through the introduction
of resource-reproducing technologies, considering a comprehensive approach to the
depth development and the transition to an innovative principle of production organiza-
tion [40]. The principle excludes the formation of waste and determines the use of inter-
mediate products (man-made waste) in cyclic production. The maximum ecological, eco-
nomic and social effect in the mining industry is possible with deep exploitation along
with natural resources of man-made waste [41].

For highly efficient exploitation of natural deposits and man-made georesources, it
is necessary to include physical-technical and physical-chemical technologists in the uni-
fied technological process of resource development at the design stage of a mining and
processing enterprise. It is important to consider the gradual depletion of natural re-
sources and the attenuation of physical-technical geotechnologies and the increase in
physical-chemical geotechnologies, and to ensure optimal, phased commissioning of op-
erational thickness.
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