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Abstract

In the context of the digital transformation of the mining industry, improving the efficiency
of excavator-truck complexes, which perform the majority of open-pit haulage operations, has
become increasingly important. Traditional dispatching and fleet management systems are
primarily based on GPS monitoring and telemetry data, which limits the possibilities for real-
time analysis and forecasting of production processes. Therefore, the implementation of
digital twin technologies and artificial intelligence methods is considered a promising
approach for the intelligent management of mining transportation systems.

This paper considers the development of a digital twin of an excavator-truck complex for an
open-pit mine, enabling real-time monitoring, modeling, and analysis of production processes.
A concept for integrating artificial intelligence technologies is proposed to predict equipment
downtime, optimize truck allocation, and improve the efficiency of mine haulage operations.
The expected outcomes of implementing the proposed system include a reduction in
unproductive equipment downtime, an increase in equipment utilization rates, and improved
productivity of the mining transportation system.

Keywords: Digital twin, artificial intelligence, open-pit mining, excavator-truck complex,
mine haulage, optimization, dispatching.

Introduction
The modern development of the mining industry is characterized by the active implementation
of digital technologies aimed at improving production efficiency, reducing operating costs,
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and ensuring the sustainable operation of mining enterprises. In the context of increasing
mineral extraction volumes, particular importance is attached to improving the performance
of excavator—truck complexes, which represent the primary component of the transportation
system in open-pit mining operations [1-6].

The efficiency of excavator—truck complexes directly affects mine productivity, the cost of
mineral extraction, and the utilization rate of mining and haulage equipment. At the same
time, various factors arise during operation that reduce equipment efficiency, including
excavator and haul truck downtime, uneven distribution of transportation resources,
deviations from production schedules, and insufficient responsiveness of dispatching
decisions.

Currently, many mining enterprises employ dispatching and fleet monitoring systems based
on GPS positioning, telemetry, and automated production data collection technologies [7—10].
However, existing systems are mainly focused on monitoring the current state of equipment
and do not provide comprehensive forecasting of production processes or intelligent
optimization of equipment operation in real time.

One of the most promising directions in the development of digital technologies in the mining
industry is the application of the Digital Twin concept, which represents a virtual model of a
real production asset operating through continuous data exchange between physical and
digital environments. The use of digital twins enables monitoring, simulation, and forecasting
of equipment performance, as well as the evaluation of management decisions before their
practical implementation.

Additional opportunities for improving the efficiency of mining transportation systems are
provided by the application of artificial intelligence methods. Modern machine learning
algorithms are capable of analyzing large volumes of production data, identifying operational
patterns, predicting equipment downtime, and generating recommendations for the optimal
allocation of transportation resources [11-12]. The integration of artificial intelligence and
digital twin technologies forms the foundation for the development of next-generation
intelligent mine haulage management systems.

The objective of this study is to develop a digital twin of an excavator—truck complex for an
open-pit mine and to investigate the potential of artificial intelligence methods for improving
the efficiency of mine haulage operations, reducing equipment downtime, and optimizing the
utilization of mining transportation equipment [13—15].

Analysis of Existing Research and Technologies

In recent years, the digitalization of the mining industry has become one of the key directions
for improving the efficiency of open-pit mining operations. The development of Industrial
Internet of Things (IloT), artificial intelligence, big data analytics, and digital twin
technologies has contributed to the creation of intelligent mining management systems that
provide a higher level of automation and operational decision-making.

One of the most important components of open-pit mining operations is the excavator—truck
complex, which accounts for a significant share of the costs associated with the extraction and
transportation of rock mass. The productivity of this complex depends on the coordinated
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operation of excavators and haul trucks, the condition of haul roads, the effectiveness of
dispatching systems, and the ability to respond promptly to changes in production conditions.
To manage mine transportation systems, modern mining enterprises widely employ Fleet
Management Systems (FMS) based on GPS navigation, telemetry, and automated data
collection technologies. These systems make it possible to track equipment locations, monitor
production performance, record equipment downtime, and generate operational reports.
Despite their effectiveness in monitoring, most existing FMS solutions do not provide
advanced forecasting capabilities or intelligent optimization of haulage processes.

In international mining practice, significant attention has been devoted to the implementation
of digital twin technologies. A digital twin is a dynamic virtual representation of a physical
asset that is continuously updated using real-time data obtained from operational equipment.
In the mining industry, digital twins are applied to simulate equipment performance, predict
production indicators, analyze operational scenarios, and improve the quality of management
decisions.
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Alongside the development of digital twins,

artificial intelligence technologies are increasingly being integrated into mining operations.
Machine learning and intelligent data analysis algorithms enable the identification of hidden
patterns in production processes, prediction of equipment failures, determination of optimal
haulage routes, and minimization of non-productive downtime.

A review of existing scientific studies indicates that most research considers digital twins and
artificial intelligence as separate technological solutions. However, the comprehensive
integration of these technologies for the management of excavator—truck complexes in open-
pit mining remains insufficiently explored. Therefore, the development of a digital twin of an
excavator—truck complex incorporating artificial intelligence elements represents a relevant
scientific and technical challenge aimed at improving the efficiency of mine haulage
operations and advancing intelligent mining management systems.

Conclusion

As a result of this study, a concept of a digital twin for an open-pit excavator—truck complex
was developed to improve the efficiency of mine haulage operations through the application
of artificial intelligence methods. An analysis of modern approaches to mining transportation
management systems was conducted, revealing that traditional dispatching systems based on
GPS monitoring and telemetry have limited capabilities in terms of production process
forecasting and intelligent decision-making.

The proposed digital twin architecture provides continuous real-time collection, processing,
and analysis of operational data obtained from mining equipment. The integration of artificial
intelligence technologies enables the prediction of equipment downtime, analysis of
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production performance indicators, and generation of recommendations for the optimal
allocation of haul trucks among excavators.

The developed model contributes to reducing non-productive equipment downtime,
increasing equipment utilization rates, and improving the organization of mine haulage
operations. The simulation results demonstrate that the implementation of a digital twin
combined with intelligent control algorithms can reduce equipment waiting times, enhance
the productivity of the excavator—truck complex, and ensure more efficient utilization of
mining enterprise resources.

The practical significance of the research lies in the possibility of applying the proposed
solutions to the development of intelligent management systems for open-pit mining
operations within the framework of the Digital Mine and Mining 4.0 concepts. The obtained
results may serve as a foundation for the further development of automated dispatching,
forecasting, and optimization systems for production processes in mining enterprises.
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