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Abstract: Sustainability of the open pit mining and technical system (MTS) is one of its key goals in the
changing conditions of the external and internal environment. All MTS’s subsystems must function
in concert to achieve this goal. The structure of the MTS is formed by many subsystems and elements,
which are evaluated by a significant number of indicators. A comprehensive assessment of the MTS
for all possible indicators is a complex and time-consuming task. However, each subsystem and
element of the MTS has a different effect on the sustainability of this system. The MTS’s parameters
change significantly during transition periods, for example, at a new stage of open-pit mining
or when switching to an open-underground method of developing mineral deposits. The MTS’s
sustainability declines during the transition periods. Changes in the parameters of technological
processes during these periods can have a negative impact on the state of the economic and social
subsystems of mining enterprises, as well as on the environment. Ensuring the sustainability of
an MTS during transition periods requires the development of new approaches and principles for
managing the work of mining enterprises, based on the alignment of economic goals, with goals
in the field of ecology and social development. The study substantiates the key role of one of
the MTS subsystems—the opening-up of an opencast system (OOS). It is shown that this system
has a decisive influence on sustainable functioning and development. The systematization of the
principles of sustainable functioning and development of mining enterprises and its systems has been
carried out. Four groups of principles are distinguished: system-wide principles of management,
principles of development of mining enterprises, principles of MTS development, and principles
of the MTS’s subsystem development. The proposed system of principles is based on the idea
of a sequential transformation of the subsystems at all stages of design and operation. A feature
of the proposal system of principles is the consideration of economic, social, and environmental
aspects to ensure the specified parameters for the sustainable functioning and development of mining
enterprises. The results of the analysis of the factors of the external and internal environment of
the MTS are presented. The parameters and indicators for assessing the sustainability of OOS
and MTSs were selected and substantiated. The justified parameters and indicators were ranked
using the fuzzy Analytic Hierarchy Process (AHP). The results of the assessment showed a high
convergence of expert opinions on a group of economic parameters, which were rather high in
technical and technological parameters. However, there is a divergence of expert opinions on
social and environmental parameters. As a result of the study, it was concluded that the current
management decisions are aimed at ensuring the economic and technological sustainability of MTS
functioning, while achieving the goals of sustainable development of this system is not ensured.
The methodology developed and presented in the study can be used to assess the sustainability of
the functioning and development of MTSs.

Keywords: mining and technical system; mining enterprise; opening-up of an opencast system;
sustainable functioning; sustainable development; concept; principles; indicators; fuzzy AHP
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1. Introduction

The development of reserves of steeply dipping ore deposits by the open method is
currently being carried out according to projects involving the final depths of open pits
up to 800 m and more [1,2]. The economic indicators of a mining and technical system
(MTS) deteriorate with the increase in the depth of the open pit. The structure of an MTS is
formed by many subsystems. However, the greatest costs are observed in the subsystems
associated with the operation of open pit transport. For example, the costs of transporting
rock mass reach 60–70% of the total costs [3,4] and the costs of creating an opening scheme
and equipping it with trucks reach 30–50% of the total costs of opening-up [5].

Ensuring the sustainability of MTS functioning is a priority task for a mining enter-
prises (MEs) in the context of an unstable external environment and deteriorating mining
conditions for the development of mineral deposits. Technical and technological transfor-
mations in the subsystems of the MTS do not only affect the economic performance of the
mining enterprise. They also significantly affect the state of the environment (increase in
emissions of harmful substances, waste generation) and social changes (deterioration of
working conditions for personnel, decrease in labor productivity, growth of social ten-
sion). Ensuring the sustainability of MTS functioning requires the development of new
approaches to its management, based on a comprehensive assessment of the MTS and its
subsystems. Such an assessment of the MTS is currently difficult for the following reasons:
the disunity of the existing principles and goals of the functioning and development of
different MTS systems, the absence of a system of interrelated indicators, and the presence
of many parameters and contradictory indicators.

The study [6] proved that sustainable development for mining companies is a critical
requirement for their current operations. Therefore, the motivation of the authors of this
study is due to the need to improve the quality of the assessment of MTS sustainability.
For this, the study systematizes the principles, parameters, and indicators of the MTS
and its subsystems. The ranking of indicators was made to improve the quality of the
assessment of sustainability. Such an assessment is the basis for making strategic decisions
that ensure the alignment of the economic goals of MTS, with goals in the fields of ecology
and social development.

The remainder of this paper is organized as follows. After the introduction, Section 2
presents a literature review containing three subsections. They consistently analyze the
studies of the structure, functions, and factors of sustainable development of the MTS,
then present studies of the MTS’s principles of sustainable development, and finally provide
an overview of publications in the field of calculating and applying various parameters
and indicators of MTS functioning. Section 3 presents the author’s concept of sustainable
operation and development of the MTS. This concept includes a system of principles
for sustainable development of the MTS during transition periods, as well as a set of
parameters and indicators for assessing its sustainability. Section 4 contains a description of
the fuzzy Analytic Hierarchy Process (AHP) and the results of its application to assess the
development sustainability of one of the key subsystems of the MTS—the opening-up of
an opencast system. In the conclusion, the main results of the study are presented, and the
directions of its development are discussed.

An explanation of all abbreviations used in this article is given in Appendix A, Table A1.

2. Literature Review
2.1. Structure, Functions, and Factors of Sustainable Development of the Open Pit Mining and
Technical System

The mining and technical system is a combination of mining structures, open and
underground technical and technological subsystems, and physicochemical and special
mining methods in interaction with the enclosing subsoil areas [7].

The presence of many approaches to the consideration of the structure of an MTS is
the reason that different authors distinguish different systems and subsystems of MTSs.
This is mainly due to the objectives of the study and the method used for the development
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of mineral deposits. An MTS is also considered as an element of more complex systems,
such as a geosystem, a mining operation, or a mining and metallurgical holding [8].

The main elements of an open pit MTS are minerals, overburden, mine workings,
mining structures, mining, and transport machines [7]. The main functions of an MTS are
the production of a given quality and quantity at a given time and meeting the economic
needs of stakeholders.

The effectiveness of the functioning of an MTS is influenced by many factors of
the internal and external environment. Various factors have a strong influence on the
sustainability of the MTS, including geological factors [9,10], the level of infrastructure de-
velopment in the region [11], technical factors [10,12–16], technological factors [17,18],
environmental requirements [19–22], employees [21,22], and conditions of the socio-
economic environment [23].

The study of the features of MTS functioning carried out by the authors [8] established
the following:

• The presence of a significant impact of the external environment on the MTS and its
subsystems, characterized by many economic, environmental, social, organizational,
and technological factors.

• Lack of systematic implementation of the principles of the concept of sustainable
development in the MTS and its subsystems.

• The importance of the opening-up of an opencast system as the key to sustainable
development and functioning of the MTS.

The choice of the MTS’s development options largely depends on the layout of the
opening-up of an opencast system (OOS). The key characteristics of the OOS are as follows:
It requires from 20 to 70% of the mine’s equipment (depending on the type of transport
used), up to 50% of the mine’s workers are involved, it generates up to 60% of the mine’s
pollutant emissions (excluding one-time emissions from blasting operations) and up to 50%
of its waste (overburden from placement of opening workings and waste from operation).
Moreover, up to 70% of the mine’s operating costs for the development of the field are
spent and up to 60% of its capital costs are concentrated on the OOS.

2.2. The Principles of Sustainable Functioning and Development of the Open Pit Mining and
Technical System

A systematic literature review revealed the absence of clearly formulated principles
of sustainable development for the mining industry, the implementation of which would
allow achievement of the sustainable development goals formulated in [24]. The principles
currently applied are focused on systems of various levels—from global principles at the
mining enterprise level to specific principles for individual subsystems. Various principles
are implemented both at the design stage and at the stage of development of a mineral
deposit. It is proposed that the principles of design and development of systems in the
mining industry, identified as a result of a systematic literature review, are divided into the
following groups:

• General system principles, which are typical for systems of all levels—from mining
and metallurgical holding to subsystems of the MTS [25];

• Principles implemented at the stage of ME design: pit design principles [26,27] and
principle for setting contours for open-pit mining [28];

• Principles implemented in the development of mineral deposits in general: principles of
development [29], principles of modern mining [30], principles of sustainable devel-
opment of geotechnologies [7], methodological principles of work planning [31,32],
and principles of environmental risk control [33];

• Principles of development of the MTS, implemented in the design and development
of mineral deposits: the principle of reuse of open pit space and technogenic raw
materials [34,35], the principles of system flow [36], the principles of geometallurgy [37],
the principles of economic, environmental, social, and cultural sustainability [25,38–43],
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the principles of activity in the mining industry [22], and the principles of a method-
ological approach to solving the problems of subsoil development [44];

• Principles of development of an open pit or mine as an independent unit—the princi-
ples of a full cycle of development of a mineral deposit [7];

• Principle of concurrent mining and reclamation technology [45] and principles of
organization of the MTS [11];

• Principles of MTS design [27], principles of ensuring sustainability of individual MTS
elements [34,46–48], control principle [49,50], and optimization principle of combined
open pit and underground mining [35].

Particular principles aimed at the development of individual MTS subsystems,
including the OOS include principles of cyclic-flow technology in the development of
deep open pits [51], the principle of formation of the opening scheme [52], the principles of
formation of freight flows [53], based principles of high angle conveyors [54], principles of
transport operation [55,56], principles of determining the moment of transition to a new
mode of transport in the development of deep open pits [57], principles of the formation of
transport systems of deep open pits [58], principles of modeling excavator-truck-conveyor
complexes [59], and principles for mine closure planning [60].

Thus, it becomes clear that, at present, there is no universal system of principles for
the sustainable development of an MTS and its subsystems. Most of the known principles
are focused on high-level systems. Forty-nine percent of the principles identified relate to
the level of a mining enterprise and above, 38% are applicable to MTSs, and only 13% are
focused on MTS subsystems [8].

Moreover, a systematic review of the literature leads to the following conclusions.
First, a systematic approach to implementing the principles of sustainable development
in the mining industry is not being implemented. Secondly, the existing principles of
design and development of MTSs and ME are focused primarily on the management
of a mining enterprise and poorly consider the design and function of the MTS and its
subsystems. This approach does not contribute to the sustainable development of MTSs
and ME in general.

2.3. Indicators and Methods for Assessing the Functioning of the Open Pit Mining and Technical
System and Its Subsystems

This section presents the results of a systematic literature review of studies in the field
of the application of various parameters and indicators of the MTS and the OOS (Table 1).
Parameters and indicators are systematized according to their compliance with the factors
of the sustainable development of MTS and the OOS. Six large groups of factors were
identified, considering the characteristics of the developed mineral deposit; the equipment
used; and the technological, environmental, social, and economic characteristics of ME.
This grouping and allocation of factors is because geological, technical, technological,
and economic factors ensure the sustainability of the MTS operation. Social and environ-
mental factors reflect the relationship between the peculiarities of the functioning of the
OOS as part of the MTS and the concept of sustainable development. The results of the
research review showed the absence of a universal set of parameters and indicators for
assessing the MTS and the OOS, and, as a result, there is no unified approach to assessing
an MTS and its subsystems.

Table 1. A review of research of existing parameters and indicators for evaluating the mining and technical system and the
opening-up of an opencast system.

No. Factors/Elements Parameters/Indicators References

1.

Geological (Qualitative) [9,54,61,62]

Mineral characteristic
Mineral quality and quantity [9,61,62]

Quality of mined minerals [9,61]

Deposit characterization
Deposit geology [9,10,54]

Weather condition [13]
Stripping ratio [10,54,63]
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Table 1. Cont.

No. Factors/Elements Parameters/Indicators References

2.

Technical [10,13–16,54,61]

Mining transport

Type of transport (trucks, railway, conveyer) [13,17,64]
Technical feature [9,19,65]

Use of combined transport [57,59,61]
Compatibility with other equipment to match

the production system [10]

Life-cycle of equipment [15]
Ergonomics [10,64,66]

Automation level [64]

In-pit crusher (transshipment)
point

In-pit crusher location [3]
Performance transshipment point in pit [12]
Number of transshipment point in pit [67]

3.

Technological [17,18]

Production

Production performance [9,10,68]
Risk [13,69]

Mine life [10,54]
Work scheduling [68]

Mine parameters
Bench height [10,19]
Berm width [19,70]

Berm slope angle [19]

Size of opening-up of an
opencast

High of opening-up [3,57]
Width of opening-up [5,56]

Length of opening-up (road slope) [68,71]
Volume of opening-up of an opencast [5]

Ore and overburden flow
Performance of the ore and overburden [72]

Transport work [17,73]
Parameters of mining transport [74]

Transportation route and
transportation construction

Transportation route length [71]
Transportation route form [58,71]

4.

Economic [21,23,54,61]

Cost
Capital cost [9,60,74–76]

Operating cost [9,23,54,74]

Profit
Distribution of revenues and wealth [23]

Value added [74]

Investments
Shareholder value [23]

Creation of new business opportunities [23]

5.

Environmental [19,21,22,63]
Air pollution Air emissions [39,77,78]

Quantity of waste
Overburden from opening mining and waste

from mining transport [39,79]

Percentage of materials used that are recycled
input materials [39]

Water contamination
Water use, effluents, and leachates [23]

Sedimentation of river sand flooding in nearby
villages [23,80]

Noise Noise pollution [23]

Negative impact on the ground Lock-up of large areas of fertile land under waste
dump [23]

Energy efficiency Energy efficiency in mining [39,78,81]
Renewable energy [82]

6.

Social [21,83]

Company staff

Creation of employment [23]
Role of operators [10]

Employee education and skills development [23]
Labor productivity [84]
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A systematic analysis of research and practice in the application of parameters and
indicators for evaluating the MTS and the OOS led to the following conclusions.

• There is no system of indicators for a comprehensive assessment of the functioning
and development of the MTS and the OOS from the standpoint of the concept of
sustainable development.

• Assessment criteria are focused on economic, technical, and technological factors and
poorly consider the environmental and social aspects of the functioning of the MTS
and the OOS.

• Different ways of grouping factors of the external and internal environment of the
MTS are used in different studies. The number of factor groups varies from three to
six. Moreover, different researchers assign the same factors to different groups.

• The number of parameters and indicators used for evaluating the MTS and the OOS
can vary from 6 to 69. Furthermore, the assessment can both be carried out based on
precise quantitative indicators, using approximate qualitative estimates.

• Geological, technical, technological, and economic factors are considered as factors of
sustainability of MTS functioning, and economic, environmental, and social factors are
considered as factors of sustainable development. Simultaneously, economic factors
are considered as decisive for the sustainability of the functioning and development
of the MTS and the OOS.

• Most of the parameters and indicators are focused on the assessment of large and com-
plex systems such as ME or MTSs and cannot be used to assess the MTS subsystems,
including OOS.

• At present, a methodological basis for assessing the functioning and sustainable
development of the OOS as part of the MTS has not been formed.

The presence of many parameters and indicators for assessing an MTS and its sub-
systems makes it expedient to analyze the possibility of using multi-criteria methods for
making management decisions relating to a comprehensive assessment of the sustainable
functioning and development of the MTS and the OOS.

Currently, decision-making in the field of mining and the processing of minerals is
complicated by several problems, the solutions to which require interdisciplinary knowl-
edge from the decision maker, including geological, technical, technological, economic,
environmental, and social aspects, as well as political peculiarities and regulatory legal acts.
Making decisions on managing an MTS and OOS requires consideration of the following
factors, in addition to those listed in Table 1.

• The objectives of the various stakeholders.
• Risks associated with geological data, mining methods, new technologies, land alloca-

tion, resource allocation, commodity prices, and market conditions, etc.

Multi-Criteria Decision Making (MCDM) approaches are widely used to solve such
complex multi-factorial and multi-criteria problems. MCDM is a model that describes the
decision making process, with many conflicting criteria and a set of alternatives. The use
of MCDM facilitates quantitative and qualitative analysis under both known conditions
and uncertainty [85].

MCDMs are widely recognized in the mining industry. MCDMs are used in both min-
ing and mineral processing. The review [85] shows that the most widespread method is the
Analytic Hierarchy Process (AHP), which is used alone or with other methods. The AHP
method is effectively used for the selection of mining transport equipment [9,86], for the
selection of a site for the development of mineral deposits [16,62], the choice of technol-
ogy [9,64], and for the assessment of environmental factors of mining enterprises [23,66].
The main advantages of the method are [10,66]: the ability to choose the best alterna-
tives for each criterion and the ability to use quantitative and qualitative criteria, as well
as alternatives on the same scale of preferences, simplicity of computational processes,
and ease of verifying the consistency of judgments. In addition, AHP is supported by
user-friendly software platforms such as Expert Choice and Super Decision. The use of
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fuzzy AHP, in contrast to the classical AHP proposed by Thomas Saaty [87], allows not
only the avoidance of an imbalance in the scale of judgments, uncertainty, and subjectivity
of expert judgments, but also to increase the accuracy of ranking [19].

Thus, the possibility of using fuzzy AHP to rank the parameters and indicators of
the functioning and development of the MTS and the OOS is justified by the following
considerations: a variety of factors of the external and internal environment of ME, the lack
of an integrated approach to assessing all MTS subsystems, and insufficient consideration
of the requirements of the concept of sustainable development in the management of MTS.

3. The Concept of the Mining and Technical System Sustainable Functioning and Development
3.1. Preliminary Considerations

Assessment of the functioning of the MTS, as well as the feasibility of its development,
is a complex multivariate task that requires an analysis of many indicators of all MTS
subsystems. Various researchers distinguish from three to seven such subsystems in the
structure of the MTS. Each subsystem has a different impact on MTS functioning and
the development of sustainability. The authors consider the MTS as a set of technical,
technological, organizational, economic, social, and ecological subsystems, as well as the
OOS, ensuring the sustainable operation and development of the MTS at all stages of the
development of a mineral deposit (Figure 1). MTS subsystems are interconnected by solving
the main problem of efficiently transforming input material, information, and financial
flows into marketable products of the required quantity and quality. In addition, the MTS
generates man-made objects, emissions into the environment, various types of financial
contributions, etc. The main system in the structure of the MTS is the OOS because it
combines technical, technological, and organizational subsystems.

Figure 1. Scheme of the mining and technical system and its subsystems structure.

The opening-up of an opencast system (OOS) is defined by the authors as a complex
technical and technological subsystem of the MTS, designed for the formation and transporta-
tion of freight flows of minerals, overburden, equipment, and materials, consisting of opening



Sustainability 2021, 13, 1101 8 of 24

workings, mining transport, and devices, as well as in-pit crasher (transshipment) points of
rock mass. The MTS is characterized by the number and purpose of its elements, the pa-
rameters of connections between them, and the duration of the functioning of the OOS
elements in an unchanged form. The sustainability of the functioning and development of
the OOS largely determines the sustainability of the MTS [8].

The proposed concept of ensuring the sustainability of the MTS is based on a sys-
tematic approach. In accordance with this approach, the MTS is considered as a set of
interacting subsystems—smaller systems. The functioning of each subsystem should be
subject to the goals of the sustainable functioning and development of the entire system.
The main conditions for the coordinated functioning of MTS subsystems are:

• Compliance with the system of principles as the governing rules for each subsystem
of the system.

• Identification of the OOS as a key subsystem that has the greatest importance on the
sustainability of the functioning and development of the MTS.

• Application of methods for assessing the sustainability of the functioning and devel-
opment of the MTS subsystems.

The systematization of the principles of an MTS (Section 2.2) by the levels of their
application in accordance with the proposed concept are presented in Table 2.

Figure 2. Concept for the implementation of mining and technical system sustainable functioning
and development principles.

The systematization of the principles make it possible to reveal their preferential
orientation towards achieving organizational and technological goals at the level of the MTS
and ME. The absence of “social” and an insufficient number of “environmental” principles
at the MTS level does not allow ensuring the environmental and social sustainability of
this system and, consequently, reduces the overall sustainability of the MTS and ME.
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Table 2. Systematization of existing principles of mining enterprise according to the levels of their application.

Mining Enterprise Level Characteristic Hierarchical Structure Number of Principles

Mining enterprise (ME)

Includes one or several
open pits (mines),

a processing complex,
and personnel for each

structural unit and
general management

System-wide
principles—4

ME sustainability—14

The mining and technical
system (MTS)

A separate open pit (mine)
equipped with the

necessary equipment and
personnel for the work

MTS
sustainability—8
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Table 2. Cont.

Mining Enterprise Level Characteristic Hierarchical Structure Number of Principles

The opening-up of an
opencast system (OOS)

MTS subsystem,
designed for the formation
and transportation of cargo

flows of minerals,
overburden, equipment,

and materials

OOS
sustainability—6

Note: The colors in the “Hierarchical Structure” column correspond to the colors of the similar elements in Figures 1 and 2. The colors in the “Number of Principles” column allow you to visualize the
correspondence between the contents of the fourth and third columns.
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3.2. System of the Mining and Technical System Sustainable Functioning and Development
Principles in Transition Periods

The authors suggest separating the concepts of “sustainable development” and
“sustainable functioning” of the MTS to ensure the goals and objectives of sustainable
development at all levels of management both within the MTS and in its interaction with
the external environment.

Sustainable functioning of the MTS means the stable operation of the system over time
with established technological (ore and overburden productivity) and economical design
indicators after passing through transition periods. Sustainable functioning is ensured
by optimizing the parameters of the opening system and the technical, technological,
and organizational subsystems of the MTS. Sustainable development of the MTS expands
the term of “sustainable functioning” and additionally considers changes in the social
and environmental subsystems of the MTS during the transition period, as well as in
subsequent stages of MTS operation and for the period after the completion of mining.

Mining enterprises extract minerals in established volumes in accordance with the
projected development stage. An increase in the depth of mining operations leads to an
increase in development costs, mainly in the OOS. Therefore, the decision to move to a
new stage of development may occur during a period of decline in the overall efficiency of
field development. The earlier a decision is made to start the transition period, the more
alternatives exist for changing the OOS and MTS to ensure the sustainable functioning and
development of the ME. Approaching the end of the next stage of development is associated
with additional costs and other complicating factors characteristic of the transition period.
As a result, the functioning of the MTS may become unstable. This can lead to a complete
stop of the MTS operation.

Ensuring that the sustainable functioning and development of ME is based on the
consistent and coordinated implementation of the relevant principles in the systems and
subsystems of ME (Figure 2). In other words, the implementation of the principles of
sustainable functioning and development for the OOS and other subsystems is the basis
for the sustainability of the MTS, whereas the sustainability of ME is achieved by the
implementation of the principles of sustainable operation and development of the MTS.
Achievement of the goals of sustainable development of ME is carried out by aligning
the goals of all subsystems of lower levels of management of goals and objectives of
higher levels.

The proposed concept is used to systematize the existing principles (Section 2.2). The ba-
sis for systematization is the distribution of principles by levels of implementation (Figure 2):
system-wide principles, principles of ME development, principles of development of the MTS,
and principles of development of MTS subsystems, OOS. In addition, the existing princi-
ples are grouped according to aspects (factors) of sustainability: technical, technological,
economic, environmental, and social (Table 3).

Table 3. System of principles for sustainable functioning and development of mining enterprise.

Group of
Principles Title of Principles

Aspects (Factors) of
Sustainable Functioning

Aspects (Factors) of Sus-
tainable Development

Technical Technological Economic Environmental Social

System-wide
principles

Integrity + + + + +
Structurality + + + + +

Hierarchy + + + + +
Controllability + + + + +
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Table 3. Cont.

Group of
Principles Title of Principles

Aspects (Factors) of
Sustainable Functioning

Aspects (Factors) of Sus-
tainable Development

Technical Technological Economic Environmental Social

Mining enterprises
development

principles

Development principles + + +
Principles of modern mining + + + +

Principles of sustainable
development of geotechnology + + + +

Methodological principles of mining planning + + +
Principles of macro-ecological risk mapping of

mining industry areas + + +

Pit design principles + + + +
Principles to mine waste management + + +

Systemic flow-based principles in mining + + +
Geometallurgy principles + + +

Principles of economic, environmental, and
socio-cultural sustainability + + + +

Mining operation principles + + + + +
Principles of a methodological approach to

solving
mining problems

+ + + +

Open pit mining
and technical

system
development

principles

Principle of concurrent mining and
reclamation technology + + +

Principles of the full cycle of deposit
development + + + +

MTS organization principles + + +
MTS design principles + + + +

Principle for setting contours for open-pit
mining + +

Principles of ensuring the sustainability of
mining objects + +

Control principle + + + +

Opening-up of an
opencast system

and other
subsystem’s devel-
opment principles

Principles of cyclic-flow technology in the
development of deep pits + + +

The principles of the formation of ore and
overburden flows, the principle of the OOS

scheme formation
+ + +

Transport operating principles + + +
Principles for determining the moment of

transition to a new mode of transport in the
development of deep quarries

+ + +

Principles of modeling of
excavator-truck-conveyor complexes + + +

The principles of deep quarries transport
systems formation + + +

Based principles of high angle conveyors + +

The use of the proposed system of principles is the basis for the effective functioning
and sustainable development of ME. In addition, this system ensures the compliance of all
systems and subsystems of ME with the goals of the concept of sustainable development
and, as a result, ensures the achievement of the economic, environmental, and social goals
of the functioning of ME.

3.3. Opening-Up of an Opencast System Parameters and Indicators

The implementation of the principles of sustainable operation and development of an
MTS requires an assessment of the parameters and indicators of this system. In the previous
sections, it was shown that the OOS is a key subsystem of the MTS. Therefore, the authors
limited themselves to the study of the parameters and indicators of the OOS in this paper.

The complexity of assessing the functioning of the MTS and OOS lies in the insuf-
ficiently studied interrelationships of indicators and parameters of the MTS subsystems.
Moreover, there are no methods for a comprehensive assessment of the set of parameters
and indicators of OOS and its elements. The authors identified the following elements of
the OOS: opening-up of an open-casts, transportation route and transportation construc-
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tion, vehicles, in-pit crusher (transshipment) points of rock mass, ore and overburden flows.
The assessment of these elements is carried out using the parameters and indicators shown
in Figure 3.

Figure 3. Elements, parameters, and indicators of the opening-up of an opencast system.

Systematization of MTS parameters and indicators is based on a functional approach.
Five aspects (factors) of sustainable development have been identified: technical, technological,
economic, social, and environmental. Each factor is assigned certain parameters and
indicators (Table 4). The indicators are used to assess the interaction of the OOS with the
MTS and the external environment. Indicators allow direct assessment of the OOS itself.

Table 4. System of parameters and indicators for evaluating the opening-up of an opencast system.

Aspects (Factors) of Sustainable
Functioning and Development Parameters Indicators

Technical Mining transport (N) Mono transport (N1)
Combined transport (N2)

Technological

Performance of mining transport (QT)

Number of transport vehicles (QT1)
Performance of mining transport (QT2)

Number of transshipment points in pit (QT3)
Performance transshipment points in pit (QT4)

Transport work (AT)
Transportation route length (AT1)

Height of rock mass transportation (AT2)
Traffic volume (AT3)

Volume of opening-up of an
opencast (V)

Height of opening-up (V1)
Width of opening-up (V2)

Length of opening-up (road slope) (V3)

Economic

Useful life of opening-up of an
opencast (T)

The duration of formation opening-up of an opencast (T1)
Mine period (T2)

Number of mine periods (T3)

Economic efficiency (E)
Capital cost (E1)

Operating cost (E2)
Total income (E3)

Social Social efficiency (S)

Working efficiency (S1)
Staff working conditions (S2)

Level of automation and robotization of the transportation
process (S3)

Environmental Environmental efficiency (EK) Air pollution (EK1)
Quantity of waste (EK2)
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Management decisions on sustainable functioning and development of ME should
be made considering compliance with the system of principles (Table 3). Evaluation of
the effectiveness of the decisions made is carried out using the presented parameters and
indicators (Table 4). The authors created the ranking of parameters and indicators—efficiency
criteria using the fuzzy AHP.

4. Ranking of Parameters and Indicators of the Opening-Up of an Opencast System
for Sustainable Functioning and Development
4.1. Fuzzy AHP

The hierarchy system of parameters and indicators of OOS includes two levels.
The first level includes eight groups of parameters and the second level includes twenty-
three parameters and indicators (Table 4).

The triangular function [88] is used as a membership function in this study. Linguistic vari-
ables and triangular fuzzy numbers for assessing the parameters and indicators of OOS are
presented in Table 5.

Table 5. Fuzzy and linguistic variables for evaluating parameters and indicators of the OOS.

Fuzzy Number Linguistic Term Scale of Fuzzy Number

1 Equal importance (1,1,3)
2 Moderate superiority (1,3,5)
3 Significant superiority (3,5,7)
4 Strong superiority (5,7,9)
5 Absolute superiority (7,9,10)

The ranking is carried out in four stages.
Stage 1. Construction of paired comparison matrices Ã(ẽij) for all parameters and

indicators of the MTS. This is necessary to determine the relative importance of each pair
of parameters (indicators) among themselves.

Ã =


(1, 1, 1) ẽ12 . . . ẽ1n

ẽ21 (1, 1, 1) . . . ẽ2n
. . . . . . . . . . . .

ẽ(n−1)1 ẽ(n−1)2 . . . ẽ(n−1)n
ẽn2 ẽn2 . . . (1, 1, 1)

 (1)

The judgment matrix, Ã, is an n × n fuzzy matrix containing fuzzy numbers, ẽij.
Stage 2. Determination of the value of the fuzzy synthetic extent, Si, relative to the

i-th criterion

ẽij =

{
1, i = j;
9−1, 8−1, 7−1, 6−1, 5−1, 4−1, 3−1, 2−1, 1−1, 1, 2, 3, 4, 5, 6, 7, 8, 9, i 6= j.

(2)

where

Si =
m

∑
j=1

ẽij

[
n

∑
i=1

m

∑
j=1

ẽij

]−1

(3)

m

∑
j=1

ẽij =

(
m

∑
j=1

aj,
m

∑
j=1

bj,
m

∑
j=1

cj

)
(4)

[
n

∑
i=1

m

∑
j=1

ẽij

]−1

=

 1
n
∑

i=1
ci

,
1

n
∑

i=1
bi

,
1

n
∑

i=1
ai

 (5)
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Stage 3. Calculation of the degree of possibility. The degree of possibility,
M2 = (a2, b2, c2) > M1 = (a1, b1, c1), is defined as

V(M2 ≥ M1) = sup
[
min

(
µM1(x),µM2(y)

)]
= hgt(M1 ∩M2) = µM2(d) (6)

µM(d) =


1, i f b2 ≥ b1
0, i f a1 ≥ c2

a1−c2
(b2−c2)−(b1−a1)

otherwise
(7)

where d is the ordinate of the highest intersection point D between µM1(x) and µM2(y).
The degree of the possibility for a convex fuzzy number is greater than k convex fuzzy

numbers, Mi(i = 1, 2, 3, . . . , k), and is calculated by the formula

V(M ≥ M1, M2, . . . , Mk) = V[(M ≥ M1), (M ≥ M2), . . . , (M ≥ Mk)] . . . , k = minV(M ≥ Mi), i = 1, 2, . . . , k (8)

The value d′(Ai) is calculated by the formula

d′(Ai) = minV(Si ≥ Sk), f or k = 1, 2, . . . , n; k 6= i (9)

Stage 4. Calculation of the weight vector and normalized weight vectors.
The weight vector is defined as

W ′ = (d′(A1), d′(A2), . . . , d′(An))
T (10)

where Ai(i = 1, 2, 3, . . . , n) is the vector of estimated parameters consisting of n elements.
Via normalization, the normalized weight vectors are

W = (d(A1), d(A2), . . . , d(An))
T (11)

where W is the non-fuzzy number.
As a result of using the fuzzy AHP, the values of the weights of the parameters and

indicators of the MTS will be obtained.

4.2. Results

Ten academic experts and ten representatives of mining industries were selected for
questioning to assess the parameters and indicators of the MTS (Appendix A, Table A2).
The questionnaires were processed using linguistic variables and triangular fuzzy numbers.
Matrices of fuzzy aggregated estimates of MTS parameters and indicators are presented in
Tables 6 and 7. The calculation results are shown in Figures 4–6.

Table 6. Final ranking parameters of opening-up of an opencast system.

Parameters
Weight/Rank

Academic Experts Mining Company Experts Total

Mining transport (N) 0.0603/(8) 0.1316/(5) 0.0915/(6)
Performance of mining transport (QT) 0.1594/(2) 0.1851/(2) 0.1709/(2)

Transport work (AT) 0.1109/(5) 0.1357/(4) 0.1217/(4)
Volume of opening-up of an opencast (V) 0.0821/(6) 0.1623/(3) 0.1233/(3)

Useful life of opening-up of an opencast (T) 0.0713/(7) 0.1306/(6) 0.0993/(5)
Economic efficiency (E) 0.2481/(1) 0.2487/(1) 0.2668/(1)

Social efficiency (S) 0.1527/(3) 0.0047/(7) 0.0738/(7)
Environmental efficiency (EK) 0.1153/(4) 0.0013/(8) 0.0527/(8)
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Table 7. Final ranking indicators of opening-up of an opencast system.

Indicators
Weight/Rank Global Weight/Global Rank

Academic
Experts

Mining
Company

Experts
Total Academic

Experts

Mining
Company

Experts
Total

Mono transport (N1) 0.0789/(2) 0.1046/(2) 0.0934/(2) 0.0047/(23) 0.0137/(16) 0.0085/(23)
Combined transport (N2) 0.9211/(1) 0.8954/(1) 0.9066/(1) 0.0555/(4) 0.1178/(2) 0.0829/(2)

Number of transport vehicles (QT1) 0.1709/(4) 0.1451/(3) 0.1484/(4) 0.0273/(16) 0.0268/(14) 0.0254/(19)
Performance of mining transport (QT2) 0.3120/(1) 0.5031/(1) 0.4145/(1) 0.0497/(6) 0.0931/(3) 0.07086/(3)

Number of transhipment points in pit (QT3) 0.2833/(2) 0.0021/(4) 0.1520/(3) 0.0452/(9) 0.0004/(23) 0.0259/(18)
Performance transshipment points in pit (QT4) 0.2337/(3) 0.3497/(2) 0.2852/(2) 0.0372/(12) 0.0647/(5) 0.0488/(5)

Transportation route length (AT1) 0.2577/(3) 0.3632/(2) 0.3012/(3) 0.0286/(17) 0.0493/(8) 0.0367/(9)
Height of rock mass transportation (AT2) 0.4301/(1) 0.2385/(3) 0.3158/(2) 0.0477/(7) 0.0324/(13) 0.0385/(7)

Traffic volume (AT3) 0.3121/(2) 0.3983/(1) 0.3830/(1) 0.0346/(14) 0.0540/(7) 0.0466/(6)
Height of opening-up (V1) 0.5073/(1) 0.4636/(1) 0.5030/(1) 0.0416/(10) 0.0753/(4) 0.0620/(4)
Width of opening-up (V2) 0.1523/(3) 0.3746/(2) 0.2559/(2) 0.0125/(22) 0.0608/(6) 0.0315/(15)

Length of opening-up (road slope) (V3) 0.3404/(2) 0.1617/(3) 0.2411/(3) 0.0279/(18) 0.0263/(15) 0.0297/(16)
The duration of formation opening-up of an opencast (T1) 0.4502/(1) 0.2946/(3) 0.3596/(2) 0.0321/(15) 0.0385/(11) 0.0357/(11)

Mine period (T2) 0.3570/(2) 0.3726/(1) 0.3619/(1) 0.0254/(19) 0.0487/(9) 0.0359/(10)
Number of mine periods (T3) 0.1928/(3) 0.3327/(2) 0.2785/(3) 0.0137/(21) 0.0435/(10) 0.0277/(17)

Capital cost (E1) 0.1835/(2) 0.0499/(3) 0.1256/(3) 0.0455/(8) 0.0124/(17) 0.0335/(14)
Operating cost (E2) 0.1412/(3) 0.1384/(2) 0.1403/(2) 0.0350/(13) 0.0344/(12) 0.0374/(8)
Total income (E3) 0.6753/(1) 0.8117/(1) 0.7340/(1) 0.1676/(1) 0.2019/(1) 0.1958/(1)

Working efficiency (S1) 0.3551/(2) 0.3246/(2) 0.3347/(2) 0.0542/(5) 0.0015/(19) 0.0247/(20)
Staff working conditions (S2) 0.4986/(1) 0.4194/(1) 0.4688/(1) 0.0761/(3) 0.0019/(18) 0.0346/(12)

Level of automation and robotization of the
transportation process (S3) 0.1463/(3) 0.2560/(3) 0.1965/(3) 0.0223/(20) 0.0012/(20) 0.0145/(22)

Air pollution (EK1) 0.6762/(1) 0.5988/(1) 0.6413/(1) 0.0779/(2) 0.0008/(21) 0.0338/(13)
Quantity of waste (EK2) 0.3238/(2) 0.4012/(2) 0.3587/(2) 0.0373/(11) 0.0005/(22) 0.0189/(21)

Figure 4. Ranking of opening-up of an opencast system parameters.
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Figure 5. Ranking of opening-up of an opencast system indicators.

Figure 6. Cont.
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Figure 6. Ranking of opening-up of an opencast system indicators: (a) Mining transport; (b) Performance of mining
transport; (c) Transport work; (d) Volume of opening-up of an opencast; (e) Useful life of opening-up of an opencast;
(f) Economic efficiency; (g) Social efficiency; (h) Environmental efficiency.

The results of evaluating groups of parameters (Figure 5) show a fairly high conver-
gence of expert opinions regarding the significance of the following parameters:
economic efficiency, E = 0.24812, rank = 1 (academic experts) and E = 0.24870, rank = 1
(mining company experts); career transport performance, QT = 0.15939, rank = 2 (academic
experts) and QT = 0.18514, rank = 2 (mining company experts).

The greatest divergence of opinions among experts occurs regarding social (S) and
environmental (EK) efficiency. Mining company experts assigned these parameters the
smallest values, S = 0.00471, rank = 7 and EK = 0.00129, rank = 8. On the contrary,
the assessment of these parameters by academic experts is high, S = 0.15269, rank = 3 and
EK = 0.11528, rank = 4.

The results of ranking the OOS indicators (Figure 6) show a significant superiority of
economic efficiency (total income) (E3). This indicator is ranked first by all expert groups.
Comparisons of OOS indicator assessments by academic and mining company experts
show the greatest convergence of opinions by indicators: total income, E3 = 0.1676, rank= 1
(academic experts) and E3 = 0.2019, rank = 1 (mining company experts); combined transport,
N2 = 0.0555, rank = 4 (academic experts) and N2 = 0.1178, rank = 2 (mining company
experts).

The worst convergence of expert opinions are on the following indicators: air pollution,
EK1 = 0.0779, rank = 2 (academic experts) and EK1 = 0.0008, rank = 21 (mining company
experts); staff working conditions, S2 = 0.0761, rank = 3 (academic experts) and S2 = 0.0019,
rank = 18 (mining company experts).

The results of ranking the parameters and indicators of the OOS showed the greatest
significance of the parameters: economic efficiency (E), performance of mining transport
(QT), and the volume of opening-up of an opencast (V). The most significant indicators
are total income (E3), combined transport (N2), and performance of mining transport
(QT2). There is a significant difference in the assessments of academic experts and mining
industry representatives regarding social and environmental parameters and indicators.
Mining industry representatives ranked these parameters and indicators as least significant.
This suggests that managerial decisions to optimize the OOS and the MTS for enterprises are
primarily aimed at achieving sustainable functioning of ME. On the other hand, academics
experts consider it more important to achieve sustainable development goals.

5. Conclusions

The literature review showed a lack of research on the relationship of parameters and
indicators between the subsystems of the mining and technical system (MTS).
Moreover, there are no methods for a comprehensive assessment of numerous param-
eters and indicators of the mining and technical system and its elements. This is the reason
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for both the difficult assessment of the functioning of the mining and technical system and
the opening-up of an opencast system (OOS), and the managerial decision making.

The paper analyzes the factors of sustainable functioning and development of an MTS.
It has been proven that the opening-up of an opencast system has the greatest impact on
MTS efficiency and should be considered as a priority subsystem. The systematization
of the parameters and indicators of the OOS was carried out based on a functional ap-
proach and the allocation of five groups of factors (aspects of sustainable functioning and
development): technical, technological, economic, social, and environmental. A two-level
hierarchical assessment of factors is proposed using eight groups of parameters (first level)
and twenty-three parameters and indicators (second level). The first level of the hierarchy
considers the parameters for assessing the OOS when interacting with the MTS and the
external environment. The second level of the hierarchy includes specific parameters
and indicators of the functioning of the OOS. Fuzzy AHP for ranking parameters and
indicators of the OOS is justified. The developed methodology and the results of assessing
the sustainable functioning and development of the OOS using the fuzzy AHP method are
presented.

The results of the assessment and ranking of the parameters and indicators of the
MTS showed:

• The most significant groups of parameters (rank more than 0.1) are established:
economic efficiency (E), performance of mining transport (QT), and the volume of
opening-up of an opencast (V). The most significant parameters and indicators of
the OOS (rank more than 0.07): total income (E3), combined transport (N2), and per-
formance of mining transport (QT2). The greatest divergence of opinions between
academic and industrial experts is observed on groups of parameters: social efficiency
(S) and environmental efficiency (EK).

• The least significant indicators of the opening system, according to experts, are mono
transport in the quarry (N1), the level of automation and robotization of the trans-
portation process (S3), and quantity of waste (EK2). The listed indicators are included
in the groups of parameters that have a low rating rank.

• Three groups of indicators were identified as a result of ranking: with a weight from
0.195 to 0.048 (rank 1–5), with a weight from 0.046 to 0.029 (rank 6–16), and with
a weight below 0.029 (rank 17–23). The first group includes one economic (E3),
one technical (N2), and three technological (QT2, QT4, V1) indicators of the MCS.
The second group consists of five technological (AT1, AT2, AT3, V2, V3), four economic
(E1, E2, T1, T2), one social (S2), and one environmental (EK1) indicators. The third
group is represented by two technological (QT1, QT3), two social (S1, S3), one technical
(N1), one economic (T3), and one environmental (EK2) indicators.

The results of ranking the parameters and indicators of the OOS showed the pri-
ority of economic, technological, and technical factors over environmental and social
factors when making management decisions. This testifies to the predominance of the
goals of sustainable functioning in management practice. The sustainable development of
the MTS and the OOS should be based on a comprehensive assessment of the technical,
technological, economic, environmental, and social aspects of sustainable development.
Economic indicators are used to manage both the process of sustainable operation and
the sustainable development of the MTS and its subsystems. The priority of economic
indicators ensures exclusive profit and economic sustainability. However, ignoring envi-
ronmental and social indicators does not allow the MTS and its subsystems to achieve
sustainable development goals.

A concept and a system of principles for sustainable functioning and development of
the MTS in transition periods have been developed. The implementation of the concept
and the system of principles ensures the coordination of the economic goals of the MTS
subsystems with goals in the fields of social development of ME and environmental
protection. The existing principles of design and development of mining production
are grouped in accordance with the levels of management of ME and the MTS into four
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groups: system-wide principles, mining enterprise development principles, principles of
development of the MTS, and the opening-up of an opencast system and other subsystem
development principles. In addition, the grouping considered the factors (aspects) of the
sustainable functioning and development of the MTS: technical, technological, economic,
environmental, and social.

The research performed can be useful for open pit mines. The use of the proposed
technique is especially relevant for deep open pit mines. These open pit mines are devel-
oped in several stages. Each stage is characterized by numerous possible options for the
development of the OOS. The main advantages of the proposed approach to the assessment
of the OOS: achieving objectivity in the assessment of OOS elements for compliance with
the requirements of the concept of sustainable development; ensuring the validity of design,
strategic, and operational decisions based on the alignment of economic goals with goals
in the fields of ecology and social development MTS.

Future research involves the use of combined multi-criteria decision making methods
(MCMDs) to select the development option for the OOS and the MTS, considering the
conditions for the functioning of ME. A combination of Analytic Network Process (ANP)
and the Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is
proposed. Using ANP allows for consideration of the dependencies and feedbacks between
the parameters and indicators of the MTS. TOPSIS is supposed to be used to select the most
effective option for the sustainable development of the MTS.
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Appendix A

Table A1. List of abbreviations. The abbreviations including in the text are reported alphabetically.

Abbreviation Full Form Definition

AHP The Analytic hierarchy process
AHP is a structured technique for organizing and
analyzing complex decisions based on mathematics and
psychology, developed by Thomas Saaty in the 1970s.

ANP The Analytic Network Process

ANP is a multi-criteria theory of measurement used to
derive relative priority scales of absolute numbers from
individual judgments (or from actual measurements
normalized to a relative form) that also belong to a
fundamental scale of absolute numbers.

MCDM Multiple-criteria decision-making
MCDM is a sub-discipline of operations research that
explicitly evaluates multiple conflicting criteria in
decision making.

ME The Mining Enterprise ME is a mining enterprise that independently mines and
processes minerals.
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Table A1. Cont.

Abbreviation Full Form Definition

MTS The Mining and Technical System

MTS is a combination of mining structures, open and
underground technical and technological subsystems,
physicochemical and special mining methods in
interaction with the enclosing subsoil areas.

OOS The Opening-Up of An Opencast System

OOS is defined by the authors as a complex technical
and technological subsystem of the mining and technical
system, designed for the formation and transportation
of freight flows of minerals, overburden, equipment,
and materials, consisting of opening workings, mining
transport, and devices, as well as in-pit crasher
(transshipment) points of rock mass.

TOPSIS The Technique for Order of Preference by
Similarity to Ideal Solution

TOPSIS is a method of compensatory aggregation that
compares a set of alternatives by identifying weights for
each criterion, normalizing scores for each criterion and
calculating the geometric distance between each
alternative and the ideal alternative, which is the best
score in each criterion.

Table A2. Information about the experts.

No. Academic Degree Number of Experts Expert Science Interests Work Experience in
the Field of Research

Academic experts

1 Professor, Doctor (Technical Science) 2 Geotechnology, design of mining systems 41
2 Industrial transport, logistics 34

2 Assistant Professor (PhD) 4 Geotechnology, design of mining systems 16–17

2 Industrial transport, logistics,
geotechnology 19

Mining industry representatives
3 Senior leadership (PhD) 1 Iron ore mining 15
4 Top management 3 Copper ore mining 5–9

5 Top management,
Senior leadership 3 Diamond and other minerals mining 7–10

6 Top management,
Senior leadership 2 Mine design, automation of mining

operations 10–14

7 Senior leadership (PhD) 1 Mine design, automation of mining
operations 35
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