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Abstract. Long-term activity of mining enterprises causes the necessity to substantiate the strategies of management of
the mining and technical system functioning in terms of improvement of ore quality control, which is determined by
its change in the course of field development due to the priority development of the main reserves and, as a conse-
quence, forced transition to the mining of complex structural rock blocks with a decrease in the recovery percentage,
which is typical in case the ore component meets the requirements of the feasibility study in terms of grade at substandard
capacity. In this case, it is possible to identify the recovery percentage and the potential for its increase by analyzing
the long-term activity of the mining and industrial enterprise, namely, by analyzing the data of mining complex struc-
tural rock blocks with the subsequent establishment of the relationship between the primary data on mining and geo-
logical conditions and information on the quality of the mineral obtained from the technological equipment. Therefore,
the purpose of the research was to substantiate the necessity of improving the management strategy of the mining-
technical system functioning, which consists in the fact that on the basis of analyzing the mining data of complex
structural rock blocks it is possible to determine the ore mass losses and their quantity and to lay the basis for the
development of decisions on its extraction. For this purpose, the collected data on the mining of complex structural
rock blocks, accounting the geological and industrial type of extracted ores, were considered in modeling the conditions
and studying the parameters of technological processes, the implementation of which provides additional products.
It was revealed that the ore mass from substandard thickness layers is delivered to the dumps, and ore mass losses have
been estimated at 25-40 % per year. It is proved that determination of ore mass losses based on the analysis of data on
mining of complex structural rock blocks, as well as timely solution of this issue can significantly increase the produc-
tion efficiency of mining and technical system. Taking into account for the results obtained, the options for optimizing
the production of the mining and engineering system were proposed.
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Introduction. The continuous operation of mining enterprises with the priority of mining rich
ores gradually leads to the fact that nowadays there is an increase in mining volumes with a simulta-
neous decrease in the quality characteristics of ore flow [1, 2]. This is one of the urgent problems
reducing the production efficiency of the mining system [3, 4]. Since rational management of the
qualitative characteristics of the extracted ore mass is the basis for ensuring the production perfor-
mance of the mining and technical system [5, 6], the solution of this problem will increase the com-
pleteness of subsoil development and improve the production performance of mining enterprises
as a whole.
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The quality characteristics of ore streams are managed in all technological processes along the
chain: stripping of the deposit or its parts — preparation for cleaning excavation — loading into ve-
hicles — transportation — shipment and storage for processing — beneficiation. The effectiveness of
quality management depends directly on the analysis of data from the rock mass [7, 8] and techno-
logical equipment [9].

According to the sources [10, 11], traditional methods and tools of quality management allow
identifying problems and optimizing the decision-making process, but a significant disadvantage can
be considered a delay in the implementation of corrective actions. In addition, prolonged development
of mineral deposits introduces new complexities in technological processes, which is often associated
with depletion of reserves or complication of mining and geological conditions and requires new
approaches to quality management of ore mass. Information and communications technology make
it possible to increase efficiency in quality management by integrating into technological processes
various patterns obtained from data analysis and reflecting production efficiency [12, 13], as well as
to manage the quality of ore mass in real time, while minimizing losses [11, 14, 15].

Currently, Industry 4.0" technologies such as the Internet of Things (IoT) [16], big data [17],
cloud computing, 3D visualization, provide digital transformation of mining enterprises with a num-
ber of advantages in terms of production efficiency, product quality and cost reduction [18-20],
as well as determination and prediction of various process parameters [21-23]. The authors of the
article [24] believe that the key components for effective quality management are the processing of
big data and improvement of prescriptive analytics.

The basis of the digital process control system capable of ensuring the required level of efficiency
at a mining enterprise [25] is reliable and timely information at all levels of production [26, 27].
However, the highest efficiency indicators can be achieved only with the understanding of the target
task, based on which the list of information sources and types of data generated during the implemen-
tation of technological processes should be determined. In terms of quality management such sources
can be data on the material composition and technological properties of ores, geophysical and geo-
chemical studies [28-30], as well as data from analytical information and automated systems [31],
including the automated control system of the mining and transportation complex, automated control
system of drilling and blasting control system, quality control system and other systems and types of
data that include information on changes in the quality characteristics of the mineral at all stages of
field development [32].

In terms of definition of sources of digital data and organization of their collection, the classifi-
cation of data sources of mining-technical system based on the object of their obtaining, proposed in
the paper, [33], is the most suitable, because this classification allows to justify the order of putting
the source of information into operation at the design stage for each physical object, to determine the
parameters of the received signals and the principles of their transformation into digital form and, if
necessary, to establish the requirements for the frequency of the received data, as well as the format,
suitable for the data collection. for processing, analysis, long-term storage and conditions for using
the data.

Statement of problem. As the authors admit [34], the solution to improve the homogeneity of the
quality characteristics of the formed ore streams is the reliable separation of ore deposits in the rock
mass with their precise delineation and identification of technological types and grades of ores, ensuring
their efficient mining and transportation in the appropriate modes of separation or quality averaging.
However, the reliability of such allocation depends on the mining and geological conditions of the fields
being developed, based on the analysis of which the industrial value and complexity group of the objects
are determined with subsequent justification of the geotechnology of their development [35]. It should

* Industrial Development Report 2020: Industrializing in the digital age. Vienna: United Nations: Industrial Development
Organization, 2019, p. 228.
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be noted that the quality indicators of the extracted ore mass crucially depend on the mining and
geological features of the mined deposits, so it is necessary to pay special attention to improving the
reliability and processing of data on the rock mass and to interpret the obtained results accounting for
the analysis of other data sources.

The problem of ensuring consistent quality is most relevant for mining companies engaged in
the development of complex structural deposits of solid minerals [36, 37], where the total volume of
the developed deposit has a significant proportion of low-power steeply dipping ore bodies, the ef-
fective excavation of which is complicated [38]. As a rule, the main difficulties in ensuring quality
characteristics in this case are associated with the lower capacity of the working bodies of the exca-
vation equipment compared to the thickness of ore layers, which results in the ore dilution, leading
to a decrease in the quality characteristics of raw materials.

In addition, when developing deposits, mining companies are required to conduct their opera-
tions in accordance with the adopted feasibility report of the conditions, which may set limits on both
the content of valuable components and the capacity of ore bodies. Thus, for example, the basic block
model of the deposit, which is formed accounting for the compliance with the power specifications,
is simplified by excluding ore layers whose thickness does not meet the accepted requirements, if
within the developed deposit there are ore layers with a thickness of 4 to 5 m, and the specifications
are focused on the development of layers with a thickness of more than 6 meters. As a result, the
reliability of the real mining and geological situation is reduced, which subsequently leads to a de-
crease in the productivity of the enterprise due to the planning of mining operations based on an
incomplete set of data, leading to significant losses of ore mass entering the dumping facilities. This
allows us to formulate a hypothesis on the necessity of finding solutions aimed at identifying possible
losses of ore mass and justifying the recommendations that will ensure increased efficiency in quality
management in the course of deposit development.

Thus, due to the increasing probability of significant losses of the ore component, corresponding
in content to the requirements of the feasibility study at substandard capacity, when mining complex
structural rock blocks, a variant of improving the management strategy of the functioning of the mining
and technical system is proposed, which differs in that the increase in the completeness of subsoil
development can be provided on the basis of analyzing the data on the mining of complex structural
rock blocks, namely by identifying the types of possible losses and their quantitative index, which as
a result will contribute to the development of solutions aimed at additional extraction of ore mass.
Justification of the proposed variant will determine the possibility of revision of the existing quality
management systems or their supplementation accounting for the need to increase the productivity of
the enterprise and obtain additional marketable products in the form of productive fraction, previously
not extracted for objective reasons.

Justification of the improvement of the management strategy for the functioning of the mining
and technical system in terms of quality management within mining and industrial enterprises is a
considerable task, the solution of which can be realized by obtaining their long-term activity. The
study is based on the analysis of big data generated during the functioning of the mining-technical
system from each unit of mining equipment, which is the source of formation of data on the indicators
of its operation and condition [9, 27, 39]. In this case, to solve the problem of ore flow quality
management, special attention should be paid to analyzing data on the mining of complex structural
rock blocks with the subsequent establishment of the relationship between the primary data on the
mining and geological conditions of the deposit and data on the quality of the mineral obtained from
the process equipment.

The aim of the paper is to substantiate the necessity and possibility of improving the management
strategies of mining-technical systems based on more adequate block models and mechanisms of ore
flow management using modern methods of predictive analytics.
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Methodology. Since the highest efficiency indicators of mining system development processes
can be achieved only by understanding the target task, it should be taken into consideration that the
list of requested data is determined both depending on the availability of data at the enterprise and
accounting for the geological and industrial deposit type. For example, when collecting information
at an enterprise extracting iron ores”, data from both chemical sampling and geophysical methods for
determining the quality of the mineral are mandatory.

In order to verify the proposed variant of improving the management strategy for the functioning
of the mining-technical system at one of the iron ore mining-industrial enterprises of the country, an
audit of the current quality management system was conducted, and retrospective data for the last
three years of activity were requested, including information on the processing of complex structural
rock blocks obtained from the mining mass and technological equipment.

Modeling of conditions and study of parameters of technological processes, implementation of
which can provide extraction of additional marketable products, was carried out in several stages:

« collection and processing of all information received from the enterprise on the mining of com-
plex structural rock blocks received from the mining massif and technological equipment;

« verification of the integrity of uploads from provided databases;

« preparation of initial data presented in the form of distribution of the rock mass structure indi-
cators, elements of working processes of the mining and engineering system, tied to specific points
of space and time;

» modeling of conditions and research of technological processes parameters based on the regu-
larities identified at the first stage;

« preparation of conclusions based on the data analysis on possible scenarios for the development
of complex structural rock blocks to determine the types of possible losses and their quantitative
indicators.

Taking into account the data available to the enterprise, as well as the geological and industrial
type of ores to be mined, the list of required data included:

» maps of magnetic iron content distribution by mined blocks, drawn up at the annual planning
stage;

* maps of magnetic iron content distribution over mined blocks, based on drill and blast
logging data;

* block layout on the pit plan;

« instructions adopted at the enterprise for determining, accounting and standardization of pro-
duction losses;

« ore control station performance statistics;

* loss reports;

« data on ore types and their characteristics (study);

« data on wells of the exploration stage at the deposit, which are the basis for building the initial
block model;

« current ore quality requirements at the beneficiation plant;

« list of attributes (magnetic iron content, sulfur content, enrichment, lithology);

« data on mining, loading and transportation means used;

« dispatching system data (hnumber of machines sent to dump, ore stockpile, SMS with linkage
to faces).

At the stage of initial data preparation for modeling, the integrity of database uploads was
checked, which consisted in determining the presence of information on spatial position and hole
parameters. In addition, a cross-check was performed to verify the consistency of the same infor-
mation presented in different records of different database tables.

“Guidelines on the application of the Classification of reserves and forecast resources of deposits of solid minerals. Iron ore.
Moscow: Gosudarstvennaya komissiya po zapasam poleznykh iskopaemykh, 2007, p. 40 (in Russian).
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At the initial stage of resource model prepara-
tion, it was decided to use data from the enterprise’s
block model, however, during the analysis of the
logging data by blocks, including the search for
substandard thickness of interlayers, taking into
account the peculiarities of ore depo-sits occur-
rence and annual mining decline, the discrepancy
between the block model data and hole logging re-
sults was established (Fig.1). In the course of mod-
eling, this may lead to a mismatch between the ac-
tual production volumes and the modeling results.

The second negative point affecting the quality
of the final result is the use of interpolation models
when building a block model, which increases the
smoothness of contours and leads to increased
resource costs for processing and analyzing the ob-
tained information. Therefore, it was decided to

Fig.1. Results of comparing data of hole logs (a) use as initial information on the geological struc-

and block model (b) ture an analog of the block model built from hole

logging data without using interpolation (Fig.2).

The proposed model is based on A.K.Boldyrev's reserve calculation method and the concept of the
nearest area (geometric area of influence of the hole)” (Fig.2, b).

At the stage of information processing the selection of initial data for modeling was carried out.
Due to the lack of standardization of digital data collection and storage, as well as unstructured data
from multiple technological processes, the obtained information on the functioning of the mining and
technical system was multi-format, which made it difficult to analyze it using standard methods of
mathematical analysis. Since geologic data are generated in the process of research and additional
study of the massif under development (frequency of receipt and updating at least once a month), and
dispatching data (discreteness — 1 s or more) — due to the operation of process equipment, there is a
problem of linking the collected information into a single complementary complex or structure of
spatial and temporal data sets. The problem is solved by synchronizing, structuring, transforming and
bringing different datasets to a common format that allows the construction of a single spatio-tem-
poral model processed using uniform methods and rules.

Analysis of the initial data at the stage of their preparation allowed us to identify two key sets of
factors that have a major impact on the efficiency of the mining and technical system of this
enterprise: factors related to the features of the geological structure, and factors related to the

Fig.2. The principle of matching logging data with the nearest area (a)
and the principle of constructing the nearest area (b) for holes

* Zamotin V.B., Koshkina L.B., Lyskov I.A. Calculation of solid mineral reserves. Perm: Perm National Research Polytechnic
University, 2012, p. 33 (in Russian).
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operation of the mining and transportation system, which forms the structure of the ore and
overburden flow

The geological component of the geospatial source data set in this case is represented by the
description of geological information in the form of simple text and graphic files: graphical represen-
tation of the developed block in the form of nearest area sets for each hole in the block, logging data,
hole data with areas of constructed nearest areas.

Information on the operation of mining and transportation equipment, including information on
the volume of cargo transportation, is represented by a set of basic indicators of the automated dis-
patching system: average speeds of dump trucks, distances of their movement from blocks to unloading
points, the model range of dump trucks by body volume, data on average intervals of loading of one
dump truck taking into account the productivity of a particular excavator, data on bucket volumes of
the used excavators. The specified set of data as constants and parameters is presented in the form of
spreadsheets and was used to obtain different variants of models on the same set of geologic data.

The program part of the database generates output data based on the specified information in the
form of sets of files: block card with stocks, dump truck flow with information on each machine,
statistics on all generated dump trucks and total statistics on stock data in all blocks included in the
model. This data set allows checking the correctness of resource generation for the model by means
of simple comparison of data from different files.

Results. Comparison of the two approaches allowed us to draw the following conclusion: the
quality of the information presented by the two methods is comparable, but the recommended modeling
variant is less costly in terms of time and resources, also when applying various interpolation models
smoothing the actual distribution of components, no additional distortion is introduced into the
original information, so it is preferable. Figure 3 shows examples of graphical representation of mo-
deled blocks.

In order to determine the necessary parameters of the quarry transport system operation, the
analysis of the dispatching system data was performed. A total of 3548880 records were checked and
processed according to the dispatching data. Corrections in coordinates were made in 391275 records,
which is 11 % of the total volume.

Further, the average loading interval was calculated for the analysis and general data on excava-
tor productivity was determined. During the calculations the data on loading time of each dump truck
with reference to a specific excavator were analyzed. The analysis was performed for different inter-
vals of statistics accumulation from a minute to a quarter. Figure 4 shows an example of building
a graph of dump truck loading intensity.

Number of loads

0 5000 15000 25000 35000

Time, h
Fig.3. Examples of graphical representation Fig.4. Excavator operation statistics 13
block model when creating a resource database (maximum loadings — 16) during an hour
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Fig.5. Chart of continuous operation
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Fig.6. Result of modeling of loading processes
and transportation of rock mass from complex structural rock
blocks with and without power conditioning:
a — unit without power conditioning;
b — overview of the complex structural block considering
balance (red) and off-balance (yellow) ores;
¢ — power conditioned unit

Analysis of the graphs allowed to determine
the average length of intervals between dump
truck loading, as well as fluctuations in the
length of the interval depending on the intensity
of excavator operation. The results of the inter-
vals were compiled into a protocol file, the con-
clusion of which summarizes the downtime,
number and intervals of loading. All information
is presented in text with delimiters, which makes
it easier to load into spreadsheet editors for fur-
ther data analysis.

The second direction of the analysis was to
estimate the number of simultaneously operating
excavators. Analysis of the diagram of the dura-
tion of continuous operation for each excavator
(Fig.5) allowed to establish that up to 13 exca-
vators work simultaneously at the pit, and the av-
erage number of simultaneously working exca-
vators is only seven units.

The obtained data on the operation intervals
of mining and transportation equipment can be
used as a basis for the ore flow management sys-
tem to reduce downtime by redirecting transpor-
tation equipment. This will improve the strategy
for managing the functioning of the mining and
technical system by analyzing the data on the op-
eration of mining and transportation equipment
during the mining of complex structural rock
blocks.

As a result, a resource database was cre-
ated based on the results of statistical pro-
cessing of data on the operation of the mining
and industrial enterprise over the past few
years. Thanks to the collected information it
was possible to model the processes of loading
and transportation of rock mass from complex
structural rock blocks with and without power
conditioning (Fig.6). Based on the modeling re-
sults, the volumes of ore mass were calculated
with and without power conditioning. The dif-
ference in volumes determined further allowed
us to determine the volumes of ore mass enter-
ing the overburden dumps, the values of which
amounted to 25-40 % depending on the geolog-
ical structure of the complex structural rock
blocks being mined.

The model was further verified using two
main facts — data from the beneficiation plant on
the quality of ore flows entering the plant and
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data on the quality of rock mass sent to the overburden dumps. Comparison of the data obtained in
the modeling and the data used for verification confirmed the validity of the modeling.

As a result, the modeling allowed estimating the losses of quality-conditioned and substandard
ore mass from 25 to 40 % per year, which confirms the need to improve the strategy of management
of the mining and technical system based on the analysis of data on the mining of complex structural
rock blocks.

Conclusion. The results of their integrity assessment obtained during the processing of databases
available at the enterprise confirmed the need to standardize approaches to processing, collection and
analysis of information [34]. The results of their integrity assessment obtained during the processing
of databases available at the enterprise confirmed the need to standardize approaches to processing,
collection and analysis of information. Standardized approach to the introduction of digital solutions
will allow to expand the functionality more effectively and ensure the interface of information with
related structural units in the management of mining and engineering system, which in support of the
hypothesis will contribute to a rational assessment of possible options to improve the management
strategy of the functioning of the mining and engineering system in terms of optimization of techno-
logical processes of a particular enterprise.

Comparison of the results of hole logs, which do not consider the minimum thickness of ore
layers specified by the conditions feasibility report, and the data of the block model of the enterprise,
created with account of all requirements, allowed to determine one of the types of losses: ore mass
from low thickness layers of the required grade is delivered to the dumps, but the conditioned thick-
ness of these layers is not provided in accordance with the requirements of the conditions feasibility
report.

No doubt, the feasibility report of the conditions was developed considering the practicability
and economic efficiency of the development of a certain mineral deposit, which implies regulatory
and legal complexities in revising and changing the condition requirements, as well as changing the
quality management system as a whole. Therefore, the possibility of adjusting the quality manage-
ment system of mineral and raw material flows of the enterprise by optimizing the following areas
has been determined:

» more detailed information on the structure of the blocks under preparation with the identifica-
tion of ore bodies that are currently substandard in terms of thickness through the introduction of
analytical platforms, which, based on the analysis of historical data and the search for patterns in
them, will allow for increased reliability during subsequent sampling;

« improvement of selective ore extraction technologies at the excavation stage in the face to
minimize ore dilution;

* in case it is impossible to improve selective excavation technologies, the option of introducing
cyclic-flow technology is considered to separate previously unrecoverable ore mass on the conveyor;
in this case, cyclic-flow technology will not only ensure optimization of ore mass transportation, but
will also allow timely management of ore flow quality by identifying the ore component arriving on
the conveyor from complex structural rock blocks and redirecting it to ore stockpiles rather than waste
disposal facilities.

Management strategy improvement of the mining-technical system functioning against the back-
ground of the tendency of inevitable deterioration of mining-geological and mining-technical condi-
tions of deposits development represents a highly relevant direction of optimization of subsoil de-
velopment technological processes. Ensuring stable quality indicators of mined minerals is currently
becoming an urgent problem of any mining enterprise and can be solved by analyzing the data on the
development of complex-structural blocks obtained from the rock mass, environment, technological
equipment, as well as automated systems of the mining and industrial enterprise.
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