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Abstract. Paper demonstrates the importance of substantiating the
reserves volumes ready for mining in extraction units, in accordance with
the mine output capacity, averaging mode and reducing the variation in
the mined product quality. Rational methods of planning mining
operations based on innovative technological solutions to achieve high-
quality ore mass uniformity in terms of mineralogical composition are
presented. Optimization of mineral extraction scheduling is possible with
a comprehensive analysis of the existing situation and determining a well-
founded method for mining operations. Averaging the mined ores content
by two components requires a change in their volume planned for separate
panels. Based on critical analysis and personal analytical research, a new
method has been developed for averaging the mineral raw materials
content. The method of ore content bottom-hole averaging in underground
mining is substantiated, taking into account the output distribution over
extraction units and obtaining a uniform quality of the extracted raw
materials. The proposed method of averaging the minerals quality differs
from the existing ones by the optimal ore volumes distribution in
accordance with their content directly in the mined-out faces of the panels
during the period of the field exploitation by underground method.

1 Introduction

When scheduling mining operations, technical solutions should be substantiated to ensure the
optimal concentration of mining blocks and panels, to exclude the lack of their concentration
and great number of horizons when mining the mineral deposits. Under these conditions, an
important task of subsoil exploitation is to confirm the readiness of reserves for mining,
taking into account averaging the mined ores content. In practice, in order to average the
mineral raw materials quality, the measures are performed, as a result of which the variation
of standard indicators for a specified ore volume is stabilized within certain limits. In mining
operations, there are techniques for mixing in various ways of the mined volumes of ore,
differing in mineralogical and physical properties during the mining period or in special
warehouses. In the process of industrial mining of any field, the standards should be
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substantiated of the readiness of reserves for mining in order to provide consumers with the
required quality of the extracted raw materials. Under these conditions, substantiation of the
optimal output from each extraction unit helps to ensure a rational level of completeness of
mineral raw materials extraction, the most complete, comprehensive and efficient use of the
balance reserves of the main and adjacent to them ore deposits [1].

The qualitative composition of the mined mineral depends on the mining-and-
geological conditions, technological and mining-engineering factors of the mined field. In
this regard, during the period of mining operations, it is necessary to study the quality
variation of the extracted mineral raw materials over horizons, blocks and panels, the
presence of waste rocks and substandard ores within the exploited deposit boundaries. The
level of averaging of ore qualitative composition is influenced by the number of stope faces
in operation, as well as the ore content in them. When managing ore mining process in the
mode of averaging and reducing the quality, the reserves volumes ready for mining in
extraction units should be substantiated. Under these conditions, the standards of reserves,
which have already been prepared and are ready for mining should have a reserve to
compensate for the irregularity of mining operations [2 — 5].

The ore quality stabilization methods, when mining ore by underground method, are
influenced by organizational and production-technological measures. The organizational
component includes the planning, organization and management of mining recovery,
conducted in the mode of averaging the ore quality in the mine technological scheme [6].
The main organizational measures objective is to provide a specified level of the ore output
quality indicator. Organizational impacts on the quality characteristics of the mined ore
influence on the quantitative and qualitative dependences, based on which the quantity and
quality of ore are set for ensuring an average level of output quality indicators or the ore
flow for a certain period of time. At the stage of operating management, the unit volumes of
ore mass not uniform in quality, which is involved in the stabilization process along with
averaging are significantly reduced, which leads to a decrease in the range of ores variation.
Production-technological measures are conducted with the purpose of mixing the unit
volumes of ore mass to achieve uniform managed component distribution in the resulting
volume of raw materials.

When decreasing the content in underground mining operation, the costs required for
metal extraction increase, therefore, ores with a high ore content are primarily exploited [7].
In this regard, the mining technology improvement cannot reduce the minimum energy
required for the raw materials extraction when the deposits are dispersed at different
horizons. The results indicate that the ore content in separate mines is gradually decreasing,
while energy production and consumption are increasing. This tendency has been proven in
the copper ores mining, as more accurate information was available relative to energy use
and mineral quality [8]. In this regard, the ore content reduction is no longer a theoretical
problem, but is a real problem under the conditions of existing mines.

When extracting the mineral raw materials by underground method, operating quality
control of the mined minerals in accordance with the readiness of reserves for mining is
performed by regulating the faces number. In addition, the sufficient conditions are being
created for scheduling and managing mining operations.

2 Literature review

In underground mining, order of mining has great significance, as it allows to mine out the
field’s reserves in any direction, including from bottom to top [9]. Under these conditions,
unification of ore flows in a quarry and in mine sufficiently widens the technological
capabilities for smoothing the natural ore quality variation at the first stage due to the general
scheduling and current planning of mining operations. The ore quality stabilization methods
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are divided into organizational and technological. Organizational methods are carried out by
means of organizational-managerial activities in the scheduling and current planning of
mining operations, as well as when managing the specific ore flows, from faces to
consumers. Technological methods of ore quality stabilization include the methods based on
the creation and use of special structural systems for averaging the bunker type or stack type,
which introduce certain adjustments to the mine technological scheme.

The problem of forming the ore raw materials quality relates to the solution of a number
of problems for deposits mapping, designing mining and processing mining enterprises,
taking into account the quality characteristics of the mined ores [10]. As a result, the issues
have been successfully solved on stabilizing and averaging the ores in underground
conditions and on the surface in case of bulk mining, separate mining, and processing
according to technological types and grades.

The basis for the rational performance of a mining enterprise in modern economic
conditions is an effective production planning system [11]. The decisive factors influencing
preparing of the mine operation production program for a certain period of time are the
state of the stope faces, as well as reserves prepared and ready for mining. Depending on
mining-and-geological conditions, the sequence optimization of mine working development
and the availability of reserve faces maintains the mine capacity and planning processes, as
well as provision of the enterprise with reserves ready for mining with account of their
averaging to stabilize the ores quality.

Development of the technology for managing and controlling the quality of mineral raw
materials extraction and processing based on fields modelling and ore flow management is
relevant for large mining-and-metallurgical enterprises [12]. The development of intelligent
technology for monitoring and managing the ore flows quality when mining the multi-
component ores involves solving the following problems: creating digital geological
models of fields that provide the basis for preparing the systems of long-term and operating
planning; development of a system for automated planning of mining operations and
technological solutions that guarantee the specified standards and mining rates, as well as
quantitative and qualitative characteristics of the formed ore flows; creating a system of
quality control for the ore transported through the use of technical means of the components
content operating measurement that could operate in a continuous monitoring mode. In
accordance with global trends in the technical retooling of underground mines, they, along
with mining operations, are entrusted with the functions of primary ore preparation and
bringing the mined ore quality to a state that exceeds the quality of ore in the mined-out
deposits [13 — 15].

The managing system of the ore quality stabilization in the underground mine includes
an averaging and mixing subsystem [16]. The information is being obtained by the group of
analysis and development of operating decisions, from where the most rational options for
actions are transferred to the mine technical management as recommendations for
implementation [17]. The scientific and technical substantiation of the mine system for the
formation of a stable mined ore mass composition includes information on the qualitative
and quantitative characteristics of ore in the bowels and in the main nodes of the
technological mine scheme. In addition, it includes planning and organization of mining
operations in the mode of stabilizing the material composition of ore mass.

The standards stabilization is ensured by qualitative mined ore uniformity in the ranges that
are permissible in a technical and economic term, by managing the technological processes and
conducting appropriate organizational and technical measures at various stages of mining,
transportation and raw materials extraction [18]. One of the regulating elements, in order to
achieve the necessary qualitative ore mass uniformity, is the averaging its quality, achieved
by mixing the ore volumes differing in mineralogical and chemical composition, and, in
some cases, in physical properties. The ore quality stability is assessed by the deviation
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value of the components content from the average value at a controlled point of time.

The decrease in the range of raw material variations during averaging provides
significant quality uniformity and content stability of the ore flow output entering the
processing enterprise with a favourable low-frequency ore flow [19].

Under these conditions, with the purpose to study the content changes dynamics of the
ore flow entering the processing enterprise, a stability criterion is proposed by quality and
output capacity, taking into account the copper content deviations from the plan value for
mining-engineering productive capacity, which makes possible to plan and analyse the
mine operation.

In underground mining operations, methods for managing the ore quality during its
mining can be: mining-technological, organizational and economic [20]. Mining-
technological methods can be implemented by selecting the development systems and their
parameters, which ensure a corresponding change in the output quality, as well as
improving production processes of stope works with additional measures included in the
technological scheme. Organizational management of ore quality is performed through
measures that create a specific order of ore extraction, delivery, transport, loading and
unloading the storage capacities, as well as additional scheduling of mining operations.
Economic management of ore quality is based on the study of the ore raw materials quality
influence on the final results of the mining-and-metallurgical complex activity with an
integrated economic assessment of decision options in accordance with the actual
production capabilities of the mine and market conditions.

The central place in the planning process is occupied by an advanced block model that
includes probabilistic data of the project composition [21]. It is detailed in the course of
mining operations development with the aim to make partially weighted decisions for
improving output and minerals content [22, 23]. Simulation modules are developed with
account of usefulness for various operators, each of them contains a summary table of the
main results, as well as the graphs of key efficiency indicators. Significant results require
that the input data are in correlations with the production environment between mineral
components, production relation and time. In this regard, the data are used on mining in real
operations and ore content variability, adjusted for potential proposals of development.

The growth of consumer requirements for product quality and ecological safety of
production technology, an objective decrease in the mineral raw materials quality stimulate
the search for new organizational and technical-and-economic solutions on increasing the
competitiveness of mining companies [24]. The diversification strategies development
based on the principles of integrated resources use requires consistent decisions-making.
The effective mineral raw materials use includes application of the rational methods for
planning mining operations and waste processing based on innovative technological
solutions in the subsoils development.

When using the proposed structure, it is possible to systematically solve the problem of
ore quality management in the process of its underground mining [25]. At the first stage of
management, mining operations are being planned providing an average regulated metal
content in annual, quarterly and monthly output. In this case, certain mining objects and
extraction volumes are set with the determination of the main technical and technological
means of mining operations and, accordingly, quality management methods used at this
stage. Under these conditions of operating planning and management of mining operations
with simultaneous forming the required absolute ore quality level, the current indicators
deviations are minimized if compare with the average regulated value. To increase the
metals concentration in the ore mass and to classify it by grades, the modern means of
preliminary concentration and ore sorting are used. Then, at the last stage of output quality
control, internal uniformity of the mined ore mass composition is ensured by means of
averaging in the mine workings or on the mine surface. In addition, the output control is
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performed by all quality indicators of raw materials supplied to consumers.

Systems and technologies that facilitate to optimize the planning of mining operations
can be extended to several mines [26 — 28]. This task is an integrated system for planning
the production activity at a mining enterprise. When optimizing, the planners manage to
know what is happening with the current production configuration. By changing the certain
values and by restarting, optimizers will be able to notice the influence of changes within
5—10 minutes. The described results evidence two main advantages of this system:
comprehensive analysis of the situation and obtaining quick optimization of mining
operations plans, taking into account the extracted mineral raw materials quality.

Mining companies have not been able to accurately assess the ore content, despite good
sampling of quality control and geological control [29, 30]. Regulating the ore content with
proper management will lead to a significant improvement in the processes in the whole
chain of extraction cost development. Key recommendations relate to the observations and
conclusions of research aimed at improving ore content control, an integrated approach to
sampling, modelling of resources and overall quality management of the mined mineral
[31, 32].

The formation of mined ores with a certain quality is a complex process, depending on a
number of factors related to the natural ores properties and the technology of ore bodies
extraction. This stage is the most important in the formation of merchantable ores intended
for processing [33]. For this purpose, it is necessary to solve the problems of averaging the
ore content at the stage of scheduling the deposit mining and to determine their rational
level. It is important to choose ways for output quality stabilization precisely for the
underground mine, taking into account the readiness of reserves and the requirements for
their subsequent processing.

When conducting underground mining operations, a significant dependence has been set
of the mined ore depth and content influence on the use of electricity [34]. Ore quality and
the depth of mining have not significant influence on the use of energy for underground
mining operations during ore leaching [35, 36]. Energy costs are accelerated significantly
when the ore content is below 0.5%, and flotation is becoming increasingly difficult in the
conditions of current efficiency [37]. The study has revealed that a decrease in the ore
quality depends on the depth of mining operations and an increase in energy costs.

The development of various ore grades, mainly as a result of growing demand and
rational technological improvements, as well as mining the low-grade ores, have become
profitable. The increase in costs associated with a decrease in the mined ore content limits
the availability of mined resources in terms of sustainability.

3 Methods

The paper proposes a method for bottom-hole averaging the mineral raw materials, taking
into account the volume and content of ore mined in extraction units during underground
mining operations [38]. The stabilization of the extracted mine products quality, with
account of the averaging the ores, should be provided at the stage of scheduling the
mineral resources mining. An unreasonable degree of minerals readiness for mining in
underground mines requires the implementation of significant amounts of mining
operations, so a sharp excess of the adopted reserve standards in the market terms is
undesirable [39 — 42]. Therefore, the reserve standards accepted for the conditions of a
particular mined field should correspond in the mining scheduling to the design capacity
of the underground mine in terms of the degree of readiness and with account of the
extracted raw materials quality.

When conducting mining operation, averaging of the extracted ore quality is influenced
by several characteristic peculiarities of technological factors in the used systems of mining
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(Fig. 1). Under these conditions, the sequence of mining at any mine horizon includes the
following main modes of mining: sequential and selective.

Technological factors

'

| |

Order of | |Dimensions Ore Granulomet Drawing Rock
horizon of produ breaking ric composi-| |and delivery | pressure
mining cing blocks tion of ore of ore managemen

Fig. 1. Technological factors determining the ore flow quality and its stability.

Therefore, the substantiation of the rational methods influencing the quality of the ore
flow and the stability of the mined ore content in the conditions of underground mining
operations is important in mining the field.

The number of mining faces in operation influences on the determining the level of
averaging the qualitative composition of the total ore flow mined. In the case of
underground mining operations, the availability of reserves prepared and ready for mining
facilitates the management of the mining process in the averaging mode and allows to
reduce variation in the ore flow content. The number of extraction units in operation
depends on the mine capacity and the order of mining the deposits. Thus, their number
should correspond to the accepted sequence of the raw materials extraction, taking into
account the planned mining of minerals.

In the conditions of intensive deposits exploitation and a regular decrease in the mined
ores quality content, mainly due to mining the richer reserves, a search should be made for
new engineering and mining-technological solutions for the bottom-hole averaging of
minerals mining. For this purpose, in underground mines, it becomes possible to increase
the practical use and create fundamentally new technical solutions that correspond to the
mining-and-geological conditions of mining operations. When mining deposits, ensuring
the required ore quality depends on the state of reserves ready for mining and the ore mass
in them at any stage of mineral raw materials extraction.

The mined ores quality stabilization requires an analysis of their content in extraction
units and the distribution of useful components in them. Under these conditions, the
geological and surveying service of the mine should determine in advance the volumes and
quality of ore mined from operating extraction units to ensure the planned indicators of raw
material extraction in the mine. Then the reserves readiness norms, taking into account the
content and volumes of ore planned for mining by panels at the enterprise, are substantiated
in the following sequence. The task of the mine surveying service is to calculate the ratio of
ore volumes, which are supplied, for example, from the current four extraction units. To
determine its average content, a method is used of determining the weighted average mined
ore value.

Using the method of determining the weighted average value, the average content of ore
mined is found and the ratio of the mineral raw materials volumes, which is supplied from the
current four extraction units, is calculated with two useful components using the formula:

oy \GEENIHG+C) 5 HG G H(G G
’ AT

where (G+G,), is content of useful components in merchantable ore; (G+G,), is content of

useful components in extraction unit; ¥, V5, V3, ¥, are ore volumes mined from
extraction units.
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4 Results and discussion

The data of mining operations scheduling allows determining the quality and volume of ore
supplied to the processing enterprise, since at this stage the planned indicators are known of
reserves extracted from each operating face in the mine. Therefore, when conducting
underground mining operations, data on the quality of reserves ready for mining, in the
mined panels or blocks, contribute to the successful decision for planning bottom-hole
averaging of the ore. To do this, it is necessary to know the planned values and quality
indicators of mined ores located in extraction units, as well as the planned output in the
mine as a whole.

Pillar-and-panel mining system is used in the underground mines of “Kazakhmys
Corporation” LLP for mining the shallow and inclined ore deposits with stable ores and
host rocks with average ore value [43]. In case of underground mining of horizontal and
slightly inclined ore deposits with an inclination angle of up to 10° the panel drifts are
driven beginning with supply gate, panel inclines every 40 m, a stope drift, driven
beginning with the first incline and a ventilation drift is located in the centre of the chamber
(Fig. 2). Under these conditions, cutting operations include volumes of slanting the stope
drift to a width equal to the span between the pillars, and to a length equal to the width of
three chambers. Then, for conducting mining operations, a method is proposed for bottom-
hole averaging of copper-zinc ore with a pillar-and-panel mining system, the essence of
which is as follows.
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Fig. 2. Pillar-and-panel mining system.

In the extraction units operated simultaneously, copper and zinc content in the ore of the
panels, as well as the planned daily ore output in the panels, are shown in Table 1. For these
conditions, based on the indicated data, the mined ore averaged volume planned for mining is
determined from each extraction unit with account of the existing content deviations. Then,
for optimal planning of minerals mining, a planned weighted average value is determined of
the copper and zinc content in the mined ore.
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Table 1. The content of copper and zinc in the ore of the panels.

Element Rank Content, % Weighted avﬂerage
content, %

Cl.1 0.97
Cl.2 1.31

Cu 13 oo 1.185
Cl4 1.39
C2.1 1.91
C2.2 2.42

Zn >3 RS 2.020
C24 1.96

Then, according to the weighted average value, the deviations from the average content
of mined ores with available minerals in percent, in the developed mine panels are
determined (Table 2). After that, taking into account the above discrepancies in the mined
minerals content, the planned averaged daily ore output from each panel is substantiated.

Table 1. The planned ore output with averaged content.

Deviations from tlle average Averaged daily
Panels content, % output, ton.
Copper (Cu) Zinc (Zn) ’
1 1.222 1.058 1025
2 0.904 0.835 753
3 1.107 1.128 1006
4 0.852 1.031 848

The data obtained serve as the basis for scheduling the mineral mining in stope faces of
mining enterprise panels during a certain period of field exploitation.

In case of underground mining, the spatial location of each extraction unit at the
horizons influences on the operating planning of mining operations. In this regard, to
analyse the parameters of averaging the useful components content in extraction units, it is
proposed to create a block model of the mined deposits with plans and sections over
horizons (Fig. 3).

Fig. 3. Block model of the ore body.

Using of such a block model provides an opportunity to work with blocks of various
content that differ from the traditional approach. This, in its turn, makes possible to assess
with great accuracy the localization of poor and rich ores over horizons.
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As a consequence, such an approach to mining the ores in an underground mine allows
calculating of volumes and quality indicators of mineral raw materials in extraction units
that are in the process of stope operations, with different contents of useful components.

The change in the volume of mineral raw materials from the planned in separate panels
is conditioned by averaging the mineral content by two components of ores mined directly
in the course of underground mining operations. Output in the first and third panels exceed
the previously planned volumes, and in the second and fourth panels it is reduced in order
to ensure the planned ore content. The increase and decrease in output over the panels is
explained by the increase in ore output with a low content of useful component, which
allows uniform mining of deposits with averaging the mineral raw materials quality. The
proposed bottom-hole averaging of the copper-zinc ore content when mining by pillar-and-
panel system is shown in Fig. 4.

vV C
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12004 2 1/\\/e
2
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600 1 4
0,, 0 Il } Il |
0 2 4
Panels

Fig. 4. Bottom-hole averaging of the copper-zinc ore content: 1 — zinc content in the ore; 2 — averaged
output; 3 — planned daily output; 4 — copper content in the ore.

Timely production plan implementation at the operating mining enterprise requires
substantiation of the planned volumes of extracted mineral raw materials over the panels
taking into account its content to ensure the rational development of the subsoil and the
rhythmic mine’s operation. The presented bottom-hole averaging of the multicomponent
ores content, which takes into account the planned volumes and contents of the ore mined
over the mined panels, is proposed to be used in underground mining operations. The
recommended method of bottom-hole averaging during the underground mining ensures
uniform quality of extracted mineral raw materials, supplied to the processing enterprise
during a certain period.

5 Conclusions

In underground mining operations, stabilization elements for achieving the desired
qualitative uniformity of the ore mass include the averaging of its quality, achieved by
mixing ore volumes that differ in mineralogical composition. Deviation of the average
component content in the ore during the planning period requires taking measures to
manage the averaging of its quality. The mined ore content stabilization depends on the
order of mining the group of deposits, rational and operating regulation of the output under
operation in the existing faces, in accordance with the reserves readiness in extraction units.
The change in the mined ore volume in separate panels is explained by averaging the
mineral content by two ore components during underground mining operations and
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ensuring the planned ore content mined in them. In general, the sequence of using the
bottom-hole averaging depends on the mining-and-geological conditions of the mined
deposits and it should be regulated at the stage of scheduling mining operations.
Substantiating the optimal option of bottom-hole averaging, which corresponds to the
volume and content of ore mined from each panel, is aimed at improving the technical and
economic indicators of the deposit mining.

This paper has been prepared within the framework of the result-oriented financing of the Ministry of
Education and Science of the Republic of Kazakhstan 2018/BR05235618.
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