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Abstract
Excavated material transportation is crucial in mining operations, requiring optimal efficiency.
Since the early 2000s, various aspects of transportation network optimization have been
researched, often producing methods with overlapping objectives and outcomes. This work con-
solidates and analyzes existing methods and artifacts related to decision support for optimizing
ore transportation networks. A systematic literature review, following PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses) guidelines, was conducted using
sources such as Scopus, Web of Science, and Google Scholar. Out of 170 initial research
papers, 46 were selected for detailed analysis. The review highlights the current state of
decision support in ore transportation, focusing on supported decisions, optimized processes,
and applied methods. It also identifies research gaps and future trends in this field.
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Introduction

One of the key challenges of mining companies is
the optimization of production processes. In practice,
the issue is complex and involves a series of tasks. The
key ones include the placement of mining faces in time
and spatial domain, the selection of mining equipment
(e.g., haulage machines, auxiliary machines) and their
management. Fundamentally, all processes of a mining
company, especially the most crucial one – extraction
and production process, commence with planning. The
scope of the production plan (e.g., annual) pertains to
the objectives that mining areas will be obligated to
achieve. Key variables to consider in estimating the
production potential of mining units are quantitative
and qualitative parameters of the deposit, exploita-
tion capabilities and methods, transport capabilities,
and the availability of the machinery fleet (Cao et al.,
2021). The preparation of the production plan itself is
a complex and time-consuming process that requires
teamwork. The developed production plan then serves
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as the basis for supervising and evaluating the work
progress and capacity, which is often a challenging task
for miners, particularly due to poorly recognized ge-
ological conditions (e.g., the exploited deposit turned
out to be uneconomical) or the occurrence of random
events (e.g., seismic threats or equipment malfunc-
tions). In such cases, higher supervision in the mining
department personnel are obliged to make changes to
the mining operations, which, despite the challenges,
will ensure the achievement of the set production goals.
Especially challenging are extensive underground ore
mines, where it is necessary to define a new ore logis-
tics system as well as eliminate factors causing slow-
downs and production stoppages. In critical situations,
relocating the extraction to another area or mining
areas appears to be the most optimal solution. It is
also crucial to prevent bottlenecks by minimizing ma-
chinery downtime resulting from damages or inade-
quate selection of machinery configurations for wheeled
haulage process. Decision-making under conditions of
uncertainty is an integral part of the mining industry.
Therefore, it is essential to strive to minimize intuitive
decision-making or reliance on catalog data through
current technology. Hence, it is necessary to contin-
uously develop and improve monitoring, specialized
computational-engineering, analytical, simulation, and
optimization environments to harness the full opera-
tional potential of the transport network (Campeau
and Gamache, 2020; Alfort et al., 2007).
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Mining transport constitutes one of the most criti-
cal assets in the technological process of every mine.
Therefore, this article aims to focus on reviewing avail-
able IT solutions that support decision-making in the
area of mining transport. Generally, the technological
advancement of such solutions over the years has been
driven by the development and availability of comput-
ers, the increase in their computing power, and the
interest of users on the mining side. The first solu-
tions mentioned in the literature focused on planning
and scheduling of extraction, dating back 50 years.
During this period, the first simulation models also
emerged. The development of specialized analytical
environments occurred from the mid-1990s to 2005,
and they became widespread in the subsequent years.
Since 2013, specialized cyber-physical systems utilizing
digital twins have become an integral part of transport
process management in mining (Temkin et al., 2020;
Karami and Szymanski, 1997).

The initial analytical solutions were based on simpli-
fied analytical methods. Many input data consisted of
catalog data or averaged statistics. Due to the strongly
stochastic nature of the transport process, it is difficult
to speak of their accuracy. Access to data measured
under real conditions and the ability to track the ore
flow in the transport network in time and space with
an awareness of exploitation contexts are crucial el-
ements in decision-making. A key breakthrough was
the introduction of monitoring equipment in mining,
especially the construction of broadband teletransmis-
sion networks using fiber optic technology. In the case
of underground mines, this solution appeared in the
last decade. Since then, there has been the possibility
of full information exchange between the underground
and surface of the mine. Acquiring a fraction of this
data in the past would have required a huge amount
of manual measurements, involving human resources
that are difficult to estimate. Such an effort still would
not have resulted in the availability and quality of
data achievable today in real-time through Opera-
tional Technology – OT, which in the case of mines
is mostly SCADA software. Initially, the location of
movable assets in the mine was also impossible. In the
case of open-pit mines, the advent of GPS technology
was a breakthrough, while in the case of underground
mines, RFID technology seems to be the optimal so-
lution. However, tracking the flow of ore mass on
conveyor belts remains a significant limitation. For
instance, in the case of an underground mine with
an extensive conveyor transport system, strain gauge
scales or vision-based ore analyzers are installed at crit-
ical locations, mainly at the dump points. Therefore,
access to this data is limited and spatially dispersed.
Consequently, numerical tracking of the flow of ore

mass is impossible. As a result, a comprehensive anal-
ysis and evaluation of the transport process are not
directly attainable, necessitating the development of
simulation models (Bardzinski et al., 2020).

The analysis of transport processes is inseparably
linked to issues such as geological modeling, planning
and designing the mineral extraction process, exploita-
tion of technical facilities, and the organization of
machine work and maintenance. Due to the holistic
nature of the issue, in order to ensure optimal op-
erating conditions for transport, the development of
computational models should be conducted on multiple
levels, necessitating the development of comprehensive
decision support tools, which, in turn, call for the ap-
plication of simulation models. Depending on the size
and type of the mine, the ore logistics system creates
a more or less complex functional structure in the form
of vessels connected with their own topology, hierar-
chy, and cooperation rules. Therefore, in the case of
a large mine, the development of IT tools supporting
the reproduction and understanding of technological
processes can be a significant challenge. The digital
modeling of the ore logistics process requires an un-
derstanding of natural (e.g., geological), operational
(e.g., mining method, transport system layout, shift
work system), and technical (e.g., machine availability,
structure, technical condition, risk of failure) condi-
tions (Jurdziak et al., 2019).

The aforementioned lack of monitoring and data
transmission methods contributed to the proliferation
of a planned preventive machinery maintenance
strategy. Machine diagnostics in the mining industry
relied on basic methods for many years, and due to the
extensive spatial distribution of the transport network,
it mostly concerned critical machinery (Zimroz et al.,
2014). Planning of maintenance and repair work was
mostly based on reliability models or strictly defined
inspection periods. The observed development of the
Internet of Things in the last decade has accelerated
the mining industry’s interest in technical diagnostics,
as well as the widespread application of the current
trend – Predictive Maintenance. Current technological
solutions allow for the development of a DSS class
system which, in an integrated and systematic
approach, ensures the assessment and prediction of
the effectiveness of the transport system in the mine
in the functions of planning, organizing, controlling,
and monitoring the process of ore hauling – Advanced
Process Control (APC). Moreover, it should be
emphasized that a mine is a highly dynamic ecosystem
that necessitates continuous changes in the layout of
ore hauling (Stefaniak et al., 2020). This also considers
issues such as modifying ore hauling routes (e.g.,
expansion, elimination) or requirements regarding
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the configuration of machine work, their purpose in
the system, or the method of machine maintenance
itself. Therefore, the development and continued
maintenance of a comprehensive DSS system in many
cases pose a significant challenge, often limited only
to individual areas of belt transport management.

Related Works

Systematic literature review is a research method
that involves a comprehensive and structured search
of relevant literature to identify and analyze existing
knowledge on a specific topic. In the case of mining
companies, several such reviews have been found that
can provide valuable insights into the current state,
research gaps and future research directions in the field.
They pose these issues from a variety of perspectives.

Osanloo and Paricheh (2020) presented a literature
review of all aspects of technical, economic and sustain-
able development of in-pit crushing systems (IPCC)
along with a statistical analysis of the systems since
1956 to the present. It included a total of 105 papers.
The authors analyzed the advantages and disadvan-
tages of different types of IPCC systems, as well as
their impact on the environment, safety, and productiv-
ity. The main conclusion from the systematic literature
review is that IPCC systems have the potential to re-
duce mining costs and improve productivity compared
to traditional truck and shovel systems. The selection
of an appropriate IPCC system depends on various fac-
tors, including the size and shape of the pit, the type of
material to be mined and the distance between the pit
and the processing plant. Moreover, the implementa-
tion of IPCC systems can have a significant impact on
the environmental, safety and social aspects of mining
operations, and these factors should be considered in
the decision-making process.

Pimentel et al. (2016) provided a systematic analysis
of the literature devoted to the development and appli-
cation of quantitative decision-support methods with
sustainability considerations in the mining industry.
The authors identified key elements of decision support
models, such as life cycle assessment, real options and
externalities analysis, and discussed their applications
in the mining and mineral processing industries. In
particular, they found important gaps in elements such
as project portfolio optimization, operations and waste
management, and mine closure and rehabilitation, and
even more so when social targets and impacts are con-
sidered. They also identified the challenges associated
with the integration of sustainability considerations
into decision-making processes and the need for new

methods and tools to address these challenges. The pa-
per highlights the importance of integrating social and
environmental factors into decision-making processes
and the challenges associated with data availability
and quality. The authors also expressed the complexity
and uncertainty of sustainable mining networks and
the need for decision-support models that can handle
these challenges.

Rakhmangulov et al. (2022) conducted a systematic
literature review to gather information on possible
strategies and methods for the development of a min-
ing enterprise. The authors identified five main areas of
multi-criteria decision making methods (MCDM) used
in mine supply chain management: capacity planning,
logistics, inventory control, network design, and sus-
tainable development strategies. The article focuses on
the last area, sustainable development strategies, and
proposes a method for selecting a strategy for mining
and technical system sustainable development using
combined fuzzy Analytic Hierarchy Process (AHP)
and Measurement of Alternatives and Ranking ac-
cording to COmpromise Solution (MARCOS). The
authors extracted data from 25 articles, including the
MCDM methods used, the criteria used for decision-
making, and the sustainable development strategies
proposed. The review highlights the importance of con-
sidering multiple criteria and stakeholder perspectives
in decision-making for sustainable development in the
mining industry. The proposed method for selecting
a strategy for mining and technical systems sustainable
development using a combined fuzzy AHP-MARCOS
multicriteria decision method provides a useful tool
for decision-makers in the mining industry.

A similar systematic literature review concerning
sustainable deep-sea mining transport plans identified
23 studies that used MCDM methods for sustainable
deep-sea mining transport plan assessment (Ma et
al., 2022). The review found that the AHP was the
most commonly used MCDM method, followed by the
Technique for Order Preference by Similarity to Ideal
Solutions (TOPSIS) method and the Simple Additive
Weighting (SAW) method.

Also, Sitorus et al. (2019) identified 122 studies that
used MCDM methods for the choice problem, but
only in mining and mineral processing. The studies
covered a wide range of decision problems, including
mining method selection, equipment selection, mineral
processing plant design, and waste management.
Similar to the previous review, the AHP was the
most commonly used MCDM method, TOPSIS, and
the Preference Ranking Organization Method for
Enrichment Evaluation (PROMETHEE). The authors
identified several trends in the use of MCDM methods
in mining and mineral processing, including the
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increasing use of sustainability criteria, the integration
of expert knowledge and stakeholder preferences, and
the use of novel MCDM methods such as fuzzy logic
and grey relational analysis.

Risk management and assessment in the mining
sector was the subject of the last literature review
presented in this section (Tubis et al., 2020). The au-
thors selected 94 of the most relevant articles in this
field published over the past decade and based on the
concept of human engineering systems. Most of the
selected studies were published in the last 5 years,
which proves that this research direction is only in
its growth phase and should develop in the coming
years. The authors emphasize that, when analyzing
risk management/risk assessment issues in the mining
sector, one should not forget about the possible differ-
ent factors and aspects of risk occurring at different
stages of the mine life cycle (MLC). The MLC encom-
passes six phases: exploration and feasibility, design
and planning, construction and installation, mineral
exploitation and processing, mine closure, and post-
mining land development. Selected articles on risk
management and assessment in the mining industry
have mainly addressed the last three phases of MLC.

The above-described literature shows that the use of
the SLR (Systematic Literature Review) method is not
new in the mining area, and several such reviews have
already been performed. While some of them were fo-
cused on researching decision support or optimization
methods, the authors see a lack of review that will
connect three areas: decision support, optimization
methods, and excavated material transportation. The
ore transportation procedure covers four of the seven
main stages of mining operations (Matsui, 2009) and
can cover up to 70% of total production costs (Xiwen
and Zhongling, 2010). For this reason, in the authors’
opinion, such a review is necessary to summarize and
indicate directions for further development in order to
further improve this area of mine operation.

Materials & Methods

To conduct a systematic literature review, one needs
to follow a clearly defined method that describes the
process of searching, collecting, and analyzing research
papers in search of the answers to the questions asked.
The review presented in this article meets all the cri-
teria for a systematic review and was developed using
the PRISMA method (Moher et al., 2009). The study
began by posing research questions and developing
a protocol that would adequately gather and synthe-
size information to provide the answers. The litera-

ture included in this research was gathered from three
different sources using carefully formulated queries
during the search process, and was then filtered in
the selection process by all of the authors. Finally, on
that sample, a descriptive and in-depth review of the
selected research was performed.

Research Questions

Research questions were created to guide the review
and describe the current state of research in the field of
material transport optimization in mining enterprises.
A total of five questions were asked, with the first one
being the main research question for the review. The
role of questions R2–5 was to go in-depth into the
solutions found in the literature and provide answers
on specific methods used and areas of application. The
research questions are:
– R1. What is the current state of the research re-

garding decision support for ore transportation in
mining enterprises?

– R2. What are the decisions supported that are rele-
vant to the ore transportation process in mines?

– R3. What are the methods used to support decision-
making concerning ore transportation?

– R4. What parts of the ore transport process are
being supported?

– R5. What are the goal-objective functions used in
ore transport optimization?

Search & Selection Process

To answer the research questions, a systematic litera-
ture review was performed. The articles of interest were
initially searched with the use of multiple keywords
that can be divided into three categories: decision sup-
port, mine, and ore transport. All keywords used in
this process are presented in Table 1. For any article
to be initially selected for the sample, one keyword
from each category needed to be present in its title,
abstract, or keywords.

It was decided that the articles included in this
study should come from recognized scientific literature
sources such as Scopus and WOS, as well as from grey
literature sources such as Google Scholar. Therefore,
three queries, one for each source, were built and run
on July 25, 2023. In each of them, additional inclusion
criteria were added, such as document language, which
was English, and document type, which was either an
article or conference proceedings. The final form of
each of the queries, as well as the quantity of articles
selected by them is presented in Table 2. The querying
process resulted in 57 documents from the Scopus
database and 52 from the Web of Science database. As
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for Google Scholar, only the first 100 positions, sorted
by default in order of relevance, were included in this
study. After joining results from all three sources and
the removal of duplicates, the initial sample of review
was created from 170 documents.

The sample was subjected to further screening, first
with the use of titles and abstracts and then with full
texts. Because of the small size of the initial sample,
only four criteria were used in this process. All of
the criteria are presented in Table 3. The first was
a straight-forward extension of the keywords used in
database querying, while the rest were more technical.
The fourth one, although not standard, was added
because some of the documents present in the sample
were not digitalized due to their significant age and
therefore not available to the authors.

At the beginning of the screening process, the sample
consisted of 170 unique documents. In the first stage
of the selection, where only the title and abstract
were under review, 89 documents were excluded, in
majority because they did not meet C1. At the second
stage, where full texts were examined, another 35
documents were removed from the sample. Finally,
only 46 documents were included in the final sample.
The selection process in the form of the PRISMA
diagram is presented in Fig. 1. During the selection
process, the authors found out that a large number
of articles were referring to decision support in the
case of ore transport, but the area of support was
beyond the mine. Most commonly, the documents were
referring to the situation of ore transport between
mines and a specific power plant or shipment port.

Table 1
Keywords selected in search of relevant literature

Decision Support Mine Ore Transport

Decision Support System, DSS,
Decision Making, Decision Support

Copper Mine, Coal Mine,
Underground Mine, Open Pit Mine

Ore Transport, Spoil Transport,
Transport Optimization, Ore

Haulage, Spoil Haulage, Haulage
Optimization

Table 2
Queries used in database search

Database Quantity Query Content

SCOPUS 57

TITLE-ABS-KEY((“Decision Support System” OR DSS OR “Decision Making” OR
“Decision Support”) AND ((copper OR coal OR underground OR “open pit”) AND
min*) AND ((Ore OR Spoil OR “Optimization”) AND (Transport* OR Haulage)))
AND LANGUAGE (english) AND (DOCTYPE(ar) OR DOCTYPE(cp))

WOS 52

TS=((“Decision Support System” OR DSS OR “Decision Making” OR “Decision
Support”) AND ((copper OR coal OR underground OR “open pit”) AND min*)
AND ((Ore OR Spoil OR “Optimization”) AND (Transport* OR Haulage))) AND
LA=(english) AND (DT=(Article) OR DT=(Proceedings Paper))

Google Scholar Over 21,000
(“Decision Support System” OR DSS OR “Decision Making” OR “Decision Support”)
AND ((copper OR coal OR underground OR “open pit”) AND min*) AND ((Ore
OR Spoil OR “Optimization”) AND (Transport* OR Haulage))

Table 3
Criteria used in the selection process

Criterion Description

C1 the main subject of the document had to be decision support strongly embedded in the area of ore
transport or the development of the ore transport at the mine.

C2 The document needed to be a scientific article or conference proceeding written in English.

C3 The document is not a literature review.

C4 The document needed to be available with the use of standard means.
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Fig. 1. PRISMA diagram of systematic literature review

Such articles were rejected from the review on the
basis of C1, because, in the authors’ opinion, their
scope of work is not related to mine itself.

The final 46 documents included in the review were
then collected, grouped, and characterized in terms of
answering the research questions. During this process,
the quality of the described work was also assessed.
Unfortunately, a small number of researchers (< 10)
failed to meet quality standards, in the authors’ opin-
ion. However, because of the limited sample size, it
was decided not to exclude their work but rather to
describe it only briefly.

Descriptive Analysis

A descriptive analysis was performed to give an
initial look at the content of 46 publications that have
been the source of this review. First, all documents
have been compared based on their year, which is
shown in Fig. 2. Two periods of excitement in the
topic area can be marked, first from 2010 to 2016 and
second from 2017 to 2021. Before 2010, the research
interest was minimal, with one article being published
every few years. Currently, the maximum has been
reached in 2022, and 2023 should be excluded from this
analysis as it was performed before the year ended.

The second stage of descriptive analysis was per-

formed using a popular tool called VOSviewer. This
software is used to visualize bibliometric networks,
the analysis of which allows one to find and explore
relationships between publications, authors, keywords,
etc. In this particular example, the most informative
was the network created from the combined keywords
declared by the authors of the documents in the sam-
ple, which is shown in Fig. 3. Nine clusters have been
found, of which three are of interest. The first one
(green) shows that AHP and TOPSIS (Technique for
Order of Preference by Similarity to Ideal Solution) are
connected to tasks of equipment selection and event
simulation with regard to the haulage system. The
second one (blue) shows a triangle of relationships,
pointing out that integrated models are used to sup-
port decisions with regard to energy efficiency. Finally,
the third one (red) shows a close relationship between
MCDM methods like MARCOS or Fuzzy AHP that
can be used to enhance strategies in mining enter-
prises, especially the open-pit ones. From the rest of
the clusters, it can be learned that fuzzy sets and
metaheuristics play a vital role in the solutions.

The final component of the descriptive analysis was
the categorization of publications performed during
the selection process. From each publication, four dif-
ferent pieces of information were extracted: type of
mine, type of ore being excavated in this mine, type of
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Fig. 2. Number of publications selected to review by year of their publication

Fig. 3. VOSviewer network created based on keywords specified by authors

transport being supported by the described solution,
and methods used to perform the decision support.
Results in each category are presented in the form
of donut plots that are shown in Fig. 4. From these
graphs, it can be deduced that most of the publica-
tions describe a solution for decision support in the
transportation process: using tire machines (2/3), in
open-pit mines (2/3), and the top 3 ores excavated are
iron, coal, and copper (adding up to 1/3). In the case of
means of ore transport, conveyors and various (i.e., two
or more different) are also popular (15% each). As for
the methods utilized, some (adding up to 1/3) are used

more often than others (adding up to 2/3). Here, one
can distinguish two general groups: the optimization
methods (e.g., Integer Programming, Mixed Integer
Linear Programming, Genetic Algorithm, and Linear
Programming) and the decision making methods (e.g.,
AHP, VIKOR, Fuzzy Logic, and Sensitivity Analysis).

In summary, the descriptive analysis helped estab-
lish several facts with regard to the review sample.
First of all, almost all of the documents were pub-
lished in the last 13 years, between 2010 and 2022.
Second, most of the research is done in the area of tire
machines and open-pit mines. Third, the most popular
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Fig. 4. Assessment of the number of articles in the sample based on: A) type of mine described, B) type of excavated ore,
C) type of transport being supported, D) methods used in the articles Management and Production Engineering Review

methods to be utilized are: IP (Integer Programming)
along with its variation MILP (Mixed Integer Linear
Programming), AHP, and Fuzzy logic.

Decision Support for Ore
Transportation in Mining Enterprises

In this chapter, results from the systematic literature
review regarding decision support in ore transportation
in mining enterprises are presented. During the full-
paper review, the authors established eight different
categories based on the decision-aided area. All of the
papers will be presented in subchapters with regard
to those categories, which are: predictive maintenance,
efficiency assessment, mine simulation, scheduling and
planning, equipment selection, mine development, ma-
chine allocation, and risk assessment. Each of the
solutions will be presented in separate subchapters
with respect to the categories in chronological order.

Predictive Maintenance

The category of predictive maintenance refers to
solutions aimed at helping their users detect failures in
the early stages of development. In addition, one item
describing preventive maintenance was also included
in this category due to the proximity of the areas.

For predictive maintenance, two documents from
2018 were found, both regarding transport with the
use of conveyors. Wodecki et al. (2016) presented
a method for long-term analysis of temperature data
from the conveyor gearbox, which was aimed at detect-
ing anomalies. Using data clustering algorithms such
as k-means or EM clustering, the authors showed that
the data are correlated with the days of the week, but
they also found one group indicating an anomaly (e.g.,
potential damage). Stefaniak et al. (2016) raised the
issue of building a DSS to support the management
of an extensive network of conveyors in the area of
predictive maintenance. The presented concept com-
bines the readings from the automation (i.e., SCADA)
with individual vibration characteristics collected using
specialized equipment. The main tasks of the system
would be: creating a repair and inspection schedule;
identifying problematic elements for individual inspec-
tions; assessing the health of machinery before work;
and early diagnosis of failures.

In terms of preventive maintenance, Jakkula et
al. (2020) showed a method for utilizing the main-
tenance logbook of an LHD machine. In their work,
they presented a method of analysis and creation of
KPI’s describing the health of the machine using meth-
ods such as MLE (Maximum Likehood Estimate), K-S
Test (Kolmogorov-Smirnov) and RAM Modeling (Reli-
ability, Availability and Maintainability). The method
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was tested on data from one accounting year for 4
machines, indicating the most and least unreliable
machines and elements.

Efficiency Assessment

The efficiency assessment category includes works
that present methods and ways of conducting a subjec-
tive assessment of process performance in relation to
environmental conditions. Two documents were found
that belong directly to this category.

Kozlowski et al. in 2019 described the method for
automatic detection of work cycles for haul trucks.
The information about work cycles has immense value
in the calculation of some KPI’s, mostly in regard to
the assessment of operators work. The authors created
an algorithm that used linear programming to detect
unloading moments based on signals about engine ro-
tations and pressure in the braking system. In 2022
Kuznetsov and Kosolapov (2022) analyzed the impact
of several groups of factors on the operational efficiency
of haul trucks. In their analyses, the authors included:
environmental factors like temperature, the length and
quality of the access road, the wear of working ele-
ments, and the operation scheme. With the utilization
of mathematical programming, the authors showed
a way to perform an assessment of up-to-date produc-
tion efficiency and enable performance forecasting and
technological decision-making.

Mine Simulation

The mine simulation category refers to solutions that
are focused on reproducing real world mine operations
in a digital format. Usually, such approaches rely heav-
ily on two kinds of data: streaming (e.g., from SCADA
systems) and stochastic (e.g., statistics regarding mine
operation). If created correctly, mine simulation can
be utilized, among others, for visualization of mine op-
erations, carrying out what-if analyses, and predicting
KPIs. The nature of the simulation is multipurpose,
and therefore there are a variety of decisions that can
be supported by it, which is why this is a separate
category. The review found ten articles in regard to
this matter, starting in 2012 and ending in 2022.

The first document published by Lin et al. (2012)
describes, in a more general sense, the issues of creat-
ing a digital sibling for mine. In this paper, a general
presentation of problems, possible branches of develop-
ment, and technologies needed in the implementation
process is presented. One year later, a data-driven sim-
ulation of an open-pit mine is presented by Meng et al.
(2013). The authors modeled several types of machines
in UML (Unified Modeling Language) and simulated

them with discrete time in ARENA software. This
simulation is based on a transport network, and some
processes are not implemented, like ore extraction,
milling, and blending. The main task of the simula-
tion is to carry out what-if analyses that are each
time specified by the user, and its accuracy is 95%. In
2014, Salama et al. presented a general discrete event
simulation based on statistics (e.g., mean unloading
time, mean time to the pit) with the sole purpose of
selecting the optimal number of two types of machines
used in ore haulage. The tool was used to estimate
the work time, queues, and productivity of machines
based on a set of initial criteria. After validation, the
authors used a simulation on a practical case of an un-
derground mine, and achieved a 20% increase in mean
production value. In 2015 Upadhyay et al. presented
a simulation based on interactions between tire ma-
chines in a mine. The authors mapped the connections
between machines on a shared transportation network
along with access route parameters (e.g., movement re-
sistance, direction gradient) using MILP and ARENA
software. In addition, a model for fleet management
with a short-term horizon is proposed.

In 2017, two publications were found. Chen and Shi
(2017) presented a system for planning and simulating
complex transport networks with FlexSim software.
The introduced tool takes into account actions such as
loading, transport, machine allocation, unloading, and
crushing. Another solution was showed by Goodfellow
and Dimitrakopoulos (2017) who created a tool for
stochastic modeling and optimization of the mining
complex. The presented solution is a two-part model
for: generating a life-of-mine production schedule; pro-
viding destination policies; and managing the use of
available process streams. Simulation is based on mate-
rial flows in the mining complex and non-linear trans-
formations applying to it. This model, created with
integer programming, is then tested on two use-cases,
in which he is able to score an increase in NPV (Net
Present Value) of about 23%

In 2018, Upadhyay and Askari-Nasab showed an-
other discrete-time simulation of tire machinery in an
open-pit mine. The solution provided by the authors
is focused on reality, and therefore, among standard
simulation elements like moving on a common trans-
port network or traffic, the simulation includes road
conditions, tire replacement costs, effects of accidents,
accurate cost estimation, and multiple algorithms for
machine allocation. Although accurate, the tool sup-
ports only short-term planning and was launched with
the help of MILGP, MATLAB, Arena, and VBA. In
2019, Paduraru and Dimitrakopoulos raised the prob-
lem of allocating ore grades to different processes,
which is usually done using decision thresholds. The
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authors point out that this approach may be insuffi-
cient because it creates queues, and the optimal so-
lution could be to avoid queues and lose some of the
final mineral. To verify that thesis, they have built
a discrete-time simulation that generally presents the
entire random process (i.e., including random events),
and in this environment, they have placed a neural
network to make decisions about the destination of
excavated material. Using a reinforcement learning
agent allowed a 7% increase in profits compared to the
standard method. One years later, Abolghasemian et
al. (2020) created a simulation of an open-pit mine,
where places of interest, machines, and ore grades were
reflected. The tool was created with the help of Op-
tQuest and Arena software. Its main functionalities are
excavation planning and shovel allocation with regard
to mine restraints. The authors verified their solution
over a 30-day period, which showed that the simulation
estimation error is less than 5% and the new excava-
tion plan allows for a 20% increase in profits. Finally,
in 2022, Stepanova et al. showed a general simulation
of a mine transportation network that allowed for the
detection of bottlenecks. Using the model, the authors
defined two bottlenecks in the described case and pro-
posed a solution based on increasing the number of
selected machines, which would help avoid queues.

Scheduling and Planning

In 2010, Qinghua et al. created a DSS for an open-
pit mine based on GPS and GPRS technologies, whose
main task was the optimization of ore extraction with
regard to the blending process. The described system
has several functions: operations on maps, manage-
ment of stockpiles, drawing isolines of various ore
grades, visualization of the location of excavators in
real-time, reconstruction of historical views, commu-
nication with operators (e.g., dispatch instructions),
creating an ore mixing plan, and some other smaller
functions. This tool has been tested for about 2 years in
a real mine, and its performance was assessed as good.
The system was able to reduce the error in the result-
ing ore class from 15.82% to 4.35% and improve overall
productivity. Two years later, Eivazy and Askari-Nasab
(2012) showed a model for the long-term planning and
short-term execution of extraction in an open-pit mine.
The authors first used an algorithm to divide the en-
tire mine into mining cuts. Then the proposed MILP
model was able to create a long-term plan by optimiz-
ing the NPV, and on that basis, the short-term plan
was created by optimizing the production costs.

In 2013, Bastos researched the problem of optimal
shift change in an open-pit mine. The author created
a TiMDP-based (time-dependent Markov decision pro-

cess) model for aiding the decision of whether the
operator should make one more trip and add overtime
or return to the parking lot so the machine will stand
idle until the next operator arrives. The main result of
this work is the development of a method to calculate
the impact of changing operators with regard to idle
time. In the same year, Pascual et al. (2013) proposed
an optimization tool for choosing an optimal number
of vehicles for tire haulage, along with the number
of active crew and maintenance stations operating.
The model based on a closed queueing network per-
formed optimization based on three criteria: machine
availability, process efficiency, and global costs. In an
exemplary section from the mine, the model allowed
global cost savings of 20.6%, increased availability by
13.5%, and increased process efficiency by 7.1%.

In 2015, Nguyen and Bui presented a conception
of a multi-agent decision support system for open-pit
mining. The emphasis was put on accident handling:
diagnosis, changing routes, and schedules for the rest
of the machines. A year later, Patterson et al. (2016)
present a MILP model for managing the work schedule
and equipment. The model helps to trace the scenarios
assumed by the user (e.g., a 10% faster delivery) in
terms of optimality and energy efficiency. Another year
later, in 2017, (Blachowski et al. show three examples
of geoinformatics usage with regard to mining enter-
prises. While two of them are not related to transport,
one example describes in a general sense a spatial man-
agement system for a large-scale conveyor network.

Equipment Selection

The equipment selection category contains five pub-
lications and refers to the problem of choosing an
optimal amount or optimal ratio of machines for a
given task. The focus here is usually on the equipment
from the same category of transport, especially tire
machines like haul trucks and loaders. The documents
here can also be labeled as the scheduling and planning
or mine development category, and only minor details
distinguish this category. The main ones are: choosing
alternatives, but from similar types of vehicles; and
focusing not only on location and connection but also
on the number of machines used on the shift.

The first paper, created in 1999 by Haidar et al.,
describes a decision support system that allows for
choosing an optimal type of machine for ore haulage.
The proposed solution was made using GA (Genetic
Algorithms) and analyzed alternatives in terms of mine
parameters and characteristics, operating conditions,
equipment type, extraction rate, cost of ownership, op-
erating costs, and equipment specifications. A similar
problem was researched three years later by Samanta
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et al. (2002). The authors specified over 30 criteria
in 7 different categories to make a selection. Then,
using expert knowledge, two of those categories were
chosen (i.e., production capacity and parameters of
the mine) and a decision was made on that basis. The
main technique used by the authors was AHP.

In 2011, Subtil et al. described a model for opti-
mal resource planning and dynamic allocation. The
main feature was the estimation of the number of ma-
chines needed on the shift, along with their allocation.
The solution was done using linear programming in
cooperation with Simplex software. The model, on
the basis of two use cases, achieved an increase in
productivity while reducing operating costs. One year
later, Lashgari et al. (2012) created another tool for
optimal equipment selection for load and haulage. The
authors used a combination of fuzzy AHP and ANP
for the initial weighting of the parameters, and on
that basis, an alternative was chosen using TOPSIS in
a fuzzy environment. The alternatives were assessed
by 20 experts using a total of 30 criteria in four main
categories: capital cost, operating cost, operational
parameters, and technical parameters. Five alterna-
tives were considered: backhoe loader, wheel loader,
dragline, hydraulic shovel, and cable shovel, and the
best one (i.e., the cable shovel) allowed for a reduction
in operating costs and idle times while maintaining
sufficient ore transportation speed.

Finally, in 2023, Navidi et al. proposed a G/M/C//M
queuing model for shovel-truck systems in an open-pit
mine. The main purpose of the described solution was
to balance the ratio of loaders and haul trucks for profit
maximization with regard to budget and environmental
impact. The tool was also able to perform some what-if
analyses for an increased number of vehicles.

Mine Development

Decisions in the mine development category can
be further divided into two areas: transferring the
mine from open-pit to underground and expanding
the current transportation network of the mine. While
the first one does not directly refer to ore transport,
some of the solutions put a great emphasis on the
transport issue and therefore were included in this
review. A total of ten documents were granted the
mine development category.

In 2004, Elevli and Demirci researched the problem
of selecting suitable means of ore transportation for
an open-pit mine evolving underground. The authors
reduced this decision to six factors: production volume,
investment cost, unit transport cost, NPV, difficulty
in implementation, and the risk of deposit completion.
The selection of the most suitable means of transport

from the three given alternatives (i.e., shaft, truck, and
loader) was made with the PROMETHEE method.
After a 3-year break, Brazil and Thomas (2007) show
a method for optimally creating a mine ore transporta-
tion network. In the proposed solution, the main trans-
portation equipment (i.e., shafts, conveyors, and haul
trucks) is represented on the graph, which is then opti-
mized with regard to some restrictions (e.g., maximum
inclination). On that basis, the authors created two
products (i.e., Underground Network Optimizer and
Decline Optimization Tool) that were successfully used
in some practical cases. In 2008, (Yavuz et al. described
a solution for the problem of choosing optimal mining
supports for the mine’s main access route for ore trans-
port. The proposed solution consisted of 19 numerical
models, each corresponding to one variant of support
based on geological research on ore deposits. The opti-
mal alternative was chosen using AHP, and this choice
was further researched using sensitivity analysis.

Aghajani Bazzazi et al. (2011b) published two
papers in 2011, both dealing with the problem of
selecting the optimal alternative. In the first one
(Aghajani Bazzazi et al., 2011a), the authors present
a new method from the MADM (Multi Attribute
Decision Making) area that allows for the optimal
choice of transport. The method consisted of using
the AHP and fuzzy-based expert opinion weighting
and scoring. The criteria utilized in the process were
divided into five categories: financial, safety, mine
parameters, machine parameters, and reliability.
Three different alternatives were taken into account:
loaders with haul trucks, shovels with haul trucks, and
haul trucks with conveyors, and the one selected (i.e.,
shovels and haul trucks) reached agreement among
various groups of experts. The second work (Aghajani
Bazzazi et al., 2011b) showed a modified VIKOR
method, which was extended by an evaluation model
based on fuzzy logic. The authors practiced their tool
on the problem of choosing an optimal alternative
from: a shovel and haul truck, a loader and haul truck,
and a shovel with a haul truck and an in-pit crushed
with a belt conveyor. The model showed that the
shovel with haul truck is the best alternative, and
the selection was made based on seven criteria: total
costs, operating costs, working conditions, haulage
distance, reliability, productivity, and life cycle.

Three years later, in 2014, Jovanovic et al. present
another method for selecting the optimal mode of
transport for the transitioning mine. The choice is
made based on criteria associated with: construction
costs, the scale of the transported output, the length
of transport routes, and the unit cost of transport.
The choice is made based on the model, which
resembles transport operations as a weighted fuzzy
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network. The same problem was researched in 2019
by Ghasvareh et al., where the decision is made using
combined AHP, TOPSIS, and VIKOR methods. The
selection was made on the basis of a different set of
criteria related to: availability, safety, failure rate,
transportation costs, operator costs, purchase price,
life expectancy, and flexibility.

In 2022, Rakhmangulov et al. researched the prob-
lem of an open-pit mine that has come to a significant
point in its life and had to make a decision about
the future. Four different scenarios for the mine were
considered: change of mining parameters (i.e., mainly
equipment), change of the form of mining (i.e., expan-
sion of mine and equipment), change of mining mode
(i.e., transition to the underground mine), and closure
of the mine. With the use of Fuzzy AHP and MAROCS
methods, the authors were able to select an optimal
decision on the basis of 23 different criteria correlated
to technological, economic, social, and environmental
factors. In addition, the authors analyzed 107 mines to
assess the form of excavation and the presence of ex-
ternal conditions. In the same year, Yang et al. (2022)
describe a model for the optimal location of facilities
utilized in the backfilling process. Six different places
take part in this process from the extraction to the
end. The proposed model combines the methods of
PSO (Particle Swarm Optimization) and QNM (Quasi
Newton Methods) in order to propose the optimal set
of coordinates (i.e., one for each facility included in
the process). Locations are selected to minimize trans-
port costs while maintaining the highest efficiency. The
authors declared a 42% savings in the cost of trans-
port and improved efficiency. Finally, the year ends
with Shamsi et al. (2022), who provide a solution for
an open-pit mine for choosing an efficient alternative
between loaders with haul trucks and a semi-mobile
in-pit crushing and conveying system (SMIPCC). To
solve this problem, the authors provided an integer
programming model that was able to compare the two
alternatives with regard to the production plan and
select the best one by maximizing the NPV of the
company. In addition, for the case of SMIPCC, the
developed model indicates the proposed location of
SMIPCC and the time of relocation, which involves
a huge economic, operational, and technical effort. In
the described case, based on the model results, the
SMIPCC turned out to be a better alternative, with
a 70% increase in the NPV.

Machine Allocation

Machine allocation is the action of assigning a ma-
chine, usually a haulage truck, to a place of work. This
decision is usually made considering a number of dif-

ferent criteria, such as the availability of machinery or
the category of material needed for the ore blending
process. This review identified eight documents that
concerned this type of decision, most of which also fell
into another category of scheduling and planning.

In 2010 Souza et al. described a mathematical model
solved by a metaheuristic aimed at selecting the opti-
mal equipment (i.e., loaders, excavators, and trucks)
for mining pits in an open-pit mine and adjusting the
mining plan for those places. The metaheuristic cre-
ated by the authors as a result of combining two meth-
ods, GRASP (Greedy Randomized Adaptive Search
Procedures) and GVNS (Greedy Variable Neighbor-
hood Search), allows them to find a solution close
to the optimal one in an acceptable time, as opera-
tional decisions in this category usually have to be
made in a limited time. In the same year, Nehring
et al. (2010) presented a model for dynamic produc-
tion planning and machinery allocation intended for
underground mines. The model’s objective function
was to minimize the production deviation during each
shift, and the model itself maps the mine operations
in the MIP (Mixed Integer Programming) language.
The model takes into account different classes of ore
and is based on its flows, which have been divided
into two categories: primary ore movements – from the
place of extraction to the first point (i.e., crusher or
ore pass) – and secondary ore movements – rehandling.
The authors of the solution, based on 2 months of data,
stated that the results obtained by their model are
a significant improvement to the currently used plans
that are created manually. A year later, Vasquez et
al. (2011) presented a solution dedicated to operators
of LHDs. Their authors presented a model based on
IP for optimal assignment of the production plan and
jobs for loaders. A decision-making process was also
introduced to guide the operators who work with the
system. In 2012 Ahangaran et al. published a doc-
ument that also concerned the allocation of trucks,
however, in an opencast mine. The authors proposed
a dynamic solution (i.e., variability in the cooperation
of loaders and trucks based on current requirements),
which consists of two methods: a model that finds the
shortest path between two points in mine and a model
that determines the allocation of a truck to the work-
place. The second one was created to minimize the
costs of loading and transport and takes into account
a number of criteria related to the characteristics of
the workplace, loader, truck, etc.

Then, after a 5-year break in 2017, a document by
Patterson et al. is created that concerns the problem
discussed in this chapter, but with particular emphasis
on energy efficiency. The authors present a solution
for managing a heterogeneous fleet of vehicles, which
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adjusts the loaders to the mining parameters and sched-
ules the vehicle to reduce wasted energy. The MILP
model allowed for an increase in energy efficiency of
17.6% for a medium-sized enterprise and recommended
vehicles that should be further optimized. Another 3
years later, in 2021, Li et al. created a tool for devel-
oping a weekly production plan in an underground
mine and a dynamic allocation of machines for each
shift. For this purpose, two models were built using
IP and the following algorithms were used to optimize
them: Artificial Bee Colony Optimization and NSGA-
III (Non-Dominated Sorting Genetic Algorithm).

In 2022 Wang et al. presented a solution that is
focused more on a machines and their cooperation.
The described model is used to manage the operation
of haul trucks, and, in addition to the tasks already
mentioned (i.e., production planning and machine al-
location), it also plans access routes for the tracks to
follow. When building the model using IP, a number
of previously omitted criteria were taken into account,
such as a common place of operation through, for
example, the criterion of the minimum safe distance
between successive vehicles. Finally, in 2023, Yao et al.
described the largest solution in this category. In the
article, the authors presented the Decision Support
System, whose main task is to develop a plan for mix-
ing the output, maximizing production output, and
minimizing the transport route. The developed plan is
dynamic, so it is constantly adapted to changing con-
ditions, such as a truck failure or inaccuracies in the
estimation of output flows. The system itself is divided
into 5 layers, two of which are used for planning (i.e.,
intelligent ore blending module, intelligent truck dis-
patching module), one for visualization (i.e., intelligent
3D digital geological module), and two technical (i.e.,
on-board terminals on machines and a 4G/5G commu-
nication network). The system, as the only solution
from this chapter, was implemented in an open-pit
mine, where it was responsible for approximately 70%
of decisions regarding truck allocation. Due to the
operation of the system, an increase in efficiency of
5.5% was noted over the year.

Risk Assessment

Risk assessment is a method for identifying, evaluat-
ing, and prioritizing potential threats related to mine
operations. Only one document was directly related
to risk assessment and was created in 2019 by Gul et
al. The authors defined 333 different hazards in 38 ar-
eas of mine operation. Then, using expert knowledge
(i.e., with 8 different experts), they weighted these
threats with regard to the area of activity. Expert
opinions utilized in this process were weighted by their

years of experience. The overall process of risk assess-
ment was performed with the use of the PFVIKOR
(Pythagorean Fuzzy VIKOR) approach. On the risk
assessment, a sensitivity analysis was also performed,
and the article itself was accompanied by a list of
control measures to counteract the threats.

Current Challenges and Future Trends

A thorough review of the literature selected in this
SLR showed several current challenges and future re-
search directions. The main challenge for the authors
was the validation of their proposed solutions on real-
world scenarios. This is clearly understandable, as
most mines are not willing to implement new and ex-
perimental solutions. As it has been said earlier in
the mining industry, the mines aim to always be the
second, so they will not lose anything testing unknown
and untested solutions. In addition, data from mines
are not easily obtainable, and the quality of data can
also be an issue. For this reason, as many as six ar-
ticles directly state that their solutions need to be
further assessed and validated, preferably on a real-
world scenario (Upadhyay et al., 2015; Chen and Shi,
2017; Paduraru and Dimitrakopoulos, 2019; Eivazy
and Askari-Nasab, 2012; Ahangaran et al., 2012; Pat-
terson et al., 2017). In the authors’ opinion, many other
articles also dealt with this problem, but since they did
not explicitly make this claim, these works were not
included in this group. Another important aspect men-
tioned across multiple articles was the further develop-
ment of solutions presented by them. Due to the high
diversity of works and artifacts, it was decided to in-
clude all these solutions in one category instead of writ-
ing several individual development plans. Seventeen ar-
ticles have been found that directly enlist their solution
improvement as a possible further research plan (Meng
et al., 2013; Goodfellow and Dimitrakopoulos, 2017;
Paduraru and Dimitrakopoulos, 2019; Abolghasemian
et al., 2020; Eivazy and Askari-Nasab, 2012; Pascual et
al., 2013; Patterson et al., 2016; Samanta et al., 2002;
Navidi et al., 2023; Jovanovic et al., 2014; Shamsi
et al., 2022; Souza et al., 2010; Vasquez et al., 2011;
Patterson et al., 2017; Li et al., 2021; Gul et al., 2019).

Various other authors proposed several challenges
and trends. Three different categories have been estab-
lished: simulating and optimizing mine processes, arti-
ficial intelligence, and highly specific ideas. In general
regard to mine simulation and optimization, Brazil and
Thomas (2007) indicate the need for further develop-
ment of science in the area of transport and navigable
networks so that more complicated scenarios can be op-
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timized. Paduraru and Dimitrakopoulos (2019) argue
for the incorporation of real sensory data from mines
into the decision-making process. Shamsi et al. (2022)
notes that further work is needed on the cooperation
of the conveyors with the rest of the mine. Chen and
Shi (2017) indicate that the FLEXIM software has
only just been adapted to work in a mine and should
be developed in this direction. Also, they propose to
model the operation of sending employees and ma-
chines to work as a discrete-time simulation. Pascual
et al. (2013) indicate the usefulness of creating an accu-
rate model for simulating the repair of LHD machines.
Patterson et al. (2017) points out that more solutions
should provide a whole-of-mine perspective. Eivazy
and Askari-Nasab (2012) propose to create a discrete-
time mine simulation. Upadhyay et al. (2015) point
out that simulation of mine can and be used to val-
idate solutions in a larger time window. Meng et al.
(2013) argue that mine simulation should be more gen-
eral and presents the idea of creating a heuristic for
selecting the detail of simulations according to user
preferences. (Goodfellow and Dimitrakopoulos (2017)
indicate the need to create simulations that will model
more details of the technological process. In addition,
the authors point out that optimizing interaction in
the mining process in descrete event simulation helps
to model interaction on a smaller scale, which is im-
portant for short-term production planning. Vasquez
et al. (2011) suggested the need for better modeling of
LHD operation in conditions of increased uncertainty
(i.e., assuming multiple haul routes and possible grids).
In the same matter, Abolghasemian et al. (2020) raise
the need for further work in optimizing vehicle routes
in an open-pit mine (i.e., vehicle routing problem),
and propose the creation of an algorithm based on
evolution to more effectively solve vehicle allocation.
Li et al. (2021) use their example to show that vehicle
allocation models should ideally optimize all equip-
ment, not just the equipment responsible for transport.
Finally, Patterson et al. (2016) simply highlight the
need for better modelling of mining and transport.

In the domain of artificial intelligence, Haidar et al.
(1999) find that linear programming is in recession, and
new AI methods should be tested and implemented to
optimize mine problems. Lin et al. (2012) point to the
general need to develop all kinds of tools and models for
the development of the “digital mine” concept. Yao et al.
(2023) propose combining the solutions with autonomous
machines according to the Industry 5.0 concept.

Finally, in regard to more specific ideas, Rakhman-
gulov et al. (2022) find the need for a multi-attribute
and multi-objective model for selecting the optimal
mine operation strategy throughout its life. Nehring et
al. (2010) propose ore inventory tracking using auto-

matic systems that would feed short-term scheduling
and machine allocation models, which in turn would
constantly update their recommendations.

Conclusions

The ore transportation process in mining enterprises
is always one of the most critical aspects of their opera-
tions. Its efficiency has implications for every aspect of
a mine’s activities, like production output, operational
costs, environmental impact, etc. For this reason, this
issue is the subject of research for many authors, in-
cluding those who attempt to optimize the process by
creating solutions that have a positive influence on
decision-makers involved in its management.

In this paper, a systematic literature review method
was used in order to assess the current state of research
in the area of decision support for ore transport in
mines. SLR should be a repeatable, rigorous, and un-
biased summary of selected parts of the literature that
will describe the current research gaps and possible
future directions in a selected topic. To achieve this,
the review presented in this work was done according
to the PRISMA statement guidelines. During this pro-
cess, the initial sample of 170 articles acquired from 3
sources (Scopus, WoS, and Google Scholar) was cre-
ated and then reduced to 46 articles that matched the
review scope. On that sample, the descriptive analysis
was done to catch the overall properties, followed by
a thorough review of each article. Finally, the process
allowed the authors to answer the initial research ques-
tions and shed some light on future research ideas.
Below are the answers to research questions that were
achieved with the SLR method.

R1. What is the current state of the research regard-
ing decision support for ore transportation in mining
enterprises?

The current state of the literature presents a picture
in which various optimization problems have already
been effectively solved using traditional methods. In
particular, two branches of solutions can be distin-
guished here. The first of them addresses the issues of
long-term tactical decisions and is usually supported by
the use of Multiple Criteria Decision Making methods.
The second branch is situated in the near-term time
horizon and deals with operational decision-making
issues. Solutions in this area mainly involve modeling
mining operations as a set of variables and then seeking
their optimal values within the created space. During
the review, no entirely new areas or tasks requiring
optimization were found. However, possible directions
for development were identified, which were directly
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indicated by the authors or arose from their work. All
of these directions are aligned with the concepts of
Industry 4.0 and 5.0, particularly the concept of the
“Digital Mine.” Therefore, it can be concluded that
this area naturally evolves in accordance with the path
set by the industry and manufacturing companies; it
is just slightly delayed.

R2. What are the decisions supported that are rele-
vant to the ore transportation process in mines?

Decisions supported by solutions presented in the
literature sample can be divided into two main cate-
gories with regard to the organizational level. On a
tactical level, the main objective of the solutions was
to aid in large-scale modifications of the transporta-
tion network. Tactical decisions were mostly referring
to situations where the mine is expanding and new
means of transportation are to be added or the old
ones are to be modified or removed. In those cases,
the solutions were mostly helping in choosing the most
optimal means of transport and, in some cases, its
location. On a strategic level, most of the artifacts
were aiding in the production of long-term expansion
plans or production plans. However, many of them do
that alongside the operational level, where short-term
decisions are being made. Optimization of operational
decisions is quite popular in this environment, and
there are also a large variety of decisions that can
be supported. Most of the authors optimized one or
more of the following problems: short-term produc-
tion planning, allocation of machines and operators,
transportation routes, and ore mixing schedules.

R3. What are the methods used to support decision-
making concerning ore transportation?

The single most prevalent family of algorithms uti-
lized in the researched literature were various forms of
integer and linear programming. Their combination,
mixed-integer linear programming, was also quite pop-
ular. Other commonly used techniques include genetic
algorithms and fuzzy logic from the machine learning
area and MARCOS, AHP, and VIKOR from the mul-
ticriteria decision-making domain. Often used were
methods that combined two or more algorithms, like
fuzzy AHP or fuzzy IP. In addition, some of the au-
thors utilized commercially available solutions instead,
like Arena or FlexSim software.

R4. What parts of the ore transport process are being
supported?

The majority of solutions optimized the material
transport between mining faces and the first stockpile,
which is frequently the first point above the ground.
A small percentage of authors moved further and in-
cluded in their procedures the mixing, milling, and
flotation characteristics. Therefore, most of the arti-
facts were researched in the area of tire machines (e.g.,

haul trucks and loaders), and almost any aspect of
their operation was covered. Some solutions included
other means of transport, such as conveyors, trains,
and shafts, but mostly in terms of mine development,
which does not cover their operation. Additionally, in
some articles, a joint operation of various transporta-
tion means was included, at various stages of operation.

R5. What are the goal-objective functions used in
ore transport optimization?

Commonly, objective goal functions were directly
correlated with transport efficiency or operating costs.
Most of the authors, as their metric of choice, used
some form of production flow description, estimation
of operating costs, or both. The main idea behind
many solutions was to maximize the excavated ma-
terial flow or production while simultaneously min-
imizing its transportation costs. In some cases, the
opposite approach was used, in which profits from
production or the enterprise value, expressed in NPV,
were maximized. Other popular metrics include maxi-
mizing the availability of machinery, minimizing idle
operation, and estimation accuracy in the case of sim-
ulation. In some works, a separate trend can be seen
where the objective function is to minimize energy
usage or environmental impact.

Overall, this review revealed several measurable im-
provements. Reported effects include up to 43% cost
savings, a 69.8% increase in net present benefit, and
productivity gains ranging from 7% to 20%. Several
models improved equipment allocation, reduced idle
time, and increased system availability by more than
13%. Validated simulations also enabled accurate short-
and long-term planning, bottleneck detection, and en-
hanced decision-making, often outperforming manual
or traditional methods. However, a major drawback
is that many proposed solutions in the literature were
never implemented in actual mining operations. This
issue often stems from the dynamic nature of mine
operations, where experimentation – especially if it
carries the risk of even a temporary decrease in pro-
duction – is typically avoided. Mines operate around
the clock, and any production halt is costly; therefore,
only thoroughly verified solutions are adopted.

Describing future directions is an essential part of
each systematic literature review. After carefully eval-
uating the articles, a few of them can be described.
First, there is a visible trend to create various simu-
lations, usually discrete-time, that should only grow
over time. Many of the authors point out that there
is a need for large-scale simulations that will include
various means of transportation and the joint aspects
of their operation in one network. Second, a large
quantity of artifacts utilize the same methods that
are being applied to solve the same problems. This
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presents a rather traditional approach, creating a gap
that can be filled with the application of new methods.
Currently, one of such new methods can come from the
artificial intelligence area, which is very promising and
has been applied with much success in other industrial
environments. Third, the biggest problem with many
artifacts was their lack of sufficient validation in a real-
world use case. One solution for this could be an open
validation framework, but there is an extremely low
probability that any of the mines will agree to share
their data in this way. However, some authors point
out that the general, large-scale simulation of mine
can provide a sufficient solution.

Finally, the limitations of this study must be
acknowledged. First and foremost, it is important to
note that some of the literature was not included in the
research. In the case of mining sciences or literature
addressing mining-related aspects in general, the issue
of decision support is relatively rarely explored. Even
when a presented solution serves decision-support
purposes, this aspect is often overlooked, causing
certain sources to meet only 2 out of the 3 main query
requirements. Secondly, the entire aspect of trans-
portation extending beyond the mine’s boundaries
was omitted. This situation often arises when the
internal transportation network transitions into an
external one, for example, when a mine collaborates
with another entity such as a coal mine supplying
a power plant. In such cases, the problem shifts toward
decision-making within heterarchies characterized by
strong relations of interdependencies. This is generally
recognized as a research problem of higher complexity
that also warrants attention. Thirdly, the aspect of
vertical transportation, primarily carried out using
electric hoists, was also omitted due to a lack of
relevant studies in the literature sample.

References

Abolghasemian, M., Ghane Kanafi, A., & Daneshmand-
mehr, M. (2020). A two-phase simulation-based opti-
mization of hauling system in open-pit mine. Interdis-
ciplinary Journal of Management Studies (Formerly
known as Iranian Journal of Management Studies),
13(4), 705–732.

Aghajani Bazzazi, A., Osanloo, M., & Karimi, B. (2011a).
A new fuzzy multi criteria decision making model
for open pit mines equipment selection. Asia-Pacific
Journal of Operational Research, 28(3), 279–300.

Aghajani Bazzazi, A., Osanloo, M., & Karimi, B. (2011b).
Deriving preference order of open pit mines equipment
through MADM methods: Application of modified
VIKOR method. Expert Systems with Applications,
38(3), 2550–2556.

Ahangaran, D.K., Yasrebi, A.B., Wetherelt, A., & Foster,
P. (2012). Real–time dispatching modelling for trucks
with different capacities in open pit mines. Archives
of Mining Sciences, 57(1).

Alford, C., Brazil, M., & Lee, D.H. (2007). Optimisation
in underground mining. In Handbook of operations
research in natural resources (pp. 561–577). Boston,
MA: Springer US.

Bardzinski, P., Jurdziak, L., Kawalec, W., & Krol, R.
(2020). Copper ore quality tracking in a belt conveyor
system using simulation tools. Natural Resources Re-
search, 29(2), 1031–1040.

Bastos, G.S. (2013). Decision making applied to shift
change in stochastic open-pit mining truck dispatch-
ing. IFAC Proceedings Volumes, 46(16), 34–39.

Blachowski, J., Górniak-Zimroz, J., Milczarek, W., &
Pactwa, K. (2017). Applications of geomatics in un-
derground mining. International Multidisciplinary Sci-
entific GeoConference: SGEM, 17, 799–810.

Brazil, M., & Thomas, D.A. (2007). Network optimization
for the design of underground mines. Networks: An
International Journal, 49(1), 40–50.

Campeau, L.P., & Gamache, M. (2020). Short-term plan-
ning optimization model for underground mines. Com-
puters & Operations Research, 115, 104642.

Cao, X., Li, P., & Duan, Y. (2021). Joint decision-making
model for production planning and maintenance of
fully mechanized mining equipment. IEEE Access, 9,
46960–46974.

Chen, C., & Shi, L. (2017, March). Simulating and
optimizing of tramcar transportation attempter in
open pit mine. In 2017 2nd International Conference
on Modelling, Simulation and Applied Mathematics
(MSAM2017) (pp. 29–33). Atlantis Press.

Eivazy, H., & Askari-Nasab, H. (2012). A hierarchical
open-pit mine production scheduling optimisation
model. International Journal of Mining and Mineral
Engineering, 4(2), 89–115.

Elevli, B.* & Demirci, A. (2004). Multicriteria choice
of ore transport system for an underground mine:
application of PTOMETHEE methods. Journal of the
Southern African Institute of Mining and Metallurgy,
104(5), 251–256.

Ghasvareh, M.A., Safari, M., & Nikkhah, M. (2019).
Haulage system selection for Parvadeh Coal Mine
using multi-criteria decision making methods. Mining
Science, 26, 69–90.

Goodfellow, R., & Dimitrakopoulos, R. (2017). Simulta-
neous stochastic optimization of mining complexes
and mineral value chains. Mathematical Geosciences,
49(3), 341–360.

16 Volume 16 • Number 3 • September 2025



Management and Production Engineering Review

Gul, M., Ak, M.F., & Guneri, A.F. (2019). Pythagorean
fuzzy VIKOR-based approach for safety risk assess-
ment in mine industry. Journal of Safety Research,
69, 135–153.

Haidar, A., Naoum, S., Howes, R., & Tah, J. (1999). Ge-
netic algorithms application and testing for equipment
selection. Journal of Construction Engineering and
Management, 125(1), 32–38.

Jakkula, B., Govinda Raj, M., & Murthy Ch.S.N. (2020).
Maintenance management of load haul dumper using
reliability analysis. Journal of Quality in Maintenance
Engineering, 26(2), 290–310.

Jovanovic, S., Gligoric, Z., Beljic, C., Gluscevic, B., &
Cvijovic, C. (2014). Fuzzy model for selection of under-
ground mine development system in a bauxite deposit.
Arabian Journal for Science and Engineering, 39(6),
4529–4539.

Jurdziak, L., Kawalec, W., & Krol, R. (2019). Guidelines
for Ore Tracking System in the Complex Underground
Transportation Got from the DISIRE Project. In IOP
Conference Series: Earth and Environmental Science
(Vol. 221, No. 1, p. 012101). IOP Publishing.

Karami, A., & Szymanski, J. (1997). A simulation model
of an underground mine haulage system. Mineral Re-
sources Engineering, 6(4), 229–238.

Kozlowski, T., Michalak, A., Zimroz, R., Sliwinski, P., &
Kaniewski, T. (2019, November). An algorithm for
determining unloading cycles in dump truck. In IOP
Conference Series: Earth and Environmental Science,
362(1), 012111. IOP Publishing.

Kuznetsov, D., & Kosolapov, A. (2022). Dynamic of per-
formance of open-pit dump trucks in ore mining in
severe climatic environment. Transportation Research
Procedia, 63, 1042–1048.

Lashgari, A., Yazdani–Chamzini, A., Fouladgar, M.M.,
Zavadskas, E.K., Shafiee, S., & Abbate, N. (2012).
Equipment selection using fuzzy multi criteria decision
making model: key study of Gole Gohar iron min.
Engineering economics, 23(2), 125–136.

Li, N., Feng, S., Ye, H., Wang, Q., Jia, M., Wang, L.,
... & Chen, D. (2021). Dispatch optimization model
for haulage equipment between stopes based on mine
short-term resource planning. Metals, 11(11), 1848.

Lin, H., Liu, P., Li, W., Zhang, L.P., & Ji, Y.Z. (2012).
Construction of digital mine and key technologies.
Advanced Materials Research, 524, 413–420.

Ma, W., Du, Y., Liu, X., & Shen, Y. (2022). Literature
review: Multi-criteria decision-making method appli-
cation for sustainable deep-sea mining transport plans.
Ecological Indicators, 140, 109049.

Matsui, K. (2009). Underground mining transportation
systems. Civil Engineering, 2(5), 285.

Meng, C., Nageshwaraniyer, S.S., Maghsoudi, A., Son,
Y.J., & Dessureault, S. (2013). Data-driven model-
ing and simulation framework for material handling
systems in coal mines. Computers & Industrial Engi-
neering, 64(3), 766–779.

Moher, D., Liberati, A., Tetzlaff, J., & Altman, D. G.
(2009). Preferred reporting items for systematic re-
views and meta-analyses: the PRISMA statement.
Bmj, 339.

Navidi, S., Motamedi, M., Aghsami, A., & Jolai, F. (2023).
AG/M/C//M queueing model for revenue manage-
ment of shovel-truck systems in an open-pit mine
considering carbon emission, a case study. Interna-
tional Journal of Management Science and Engineer-
ing Management, 18(2), 88–103.

Nehring, M., Topal, E., & Knights, P. (2010). Dynamic
short term production scheduling and machine allo-
cation in underground mining using mathematical
programming. Mining Technology, 119(4), 212–220.

Nguyen, D.K., & Bui, X.N. (2015). A real-time regulation
model in multi-agent decision support system for open
pit mining. In Proceedings of the 12th International
Symposium Continuous Surface Mining-Aachen
2014 (pp. 255–262). Cham: Springer International
Publishing.

Osanloo, M., & Paricheh, M. (2020). In-pit crushing and
conveying technology in open-pit mining operations:
a literature review and research agenda. International
Journal of Mining, Reclamation and Environment,
34(6), 430–457.

Paduraru, C., & Dimitrakopoulos, R. (2019). Responding
to new information in a mining complex: Fast mech-
anisms using machine learning. Mining Technology.

Pascual, R., Martínez, A., & Giesen, R. (2013). Joint
optimization of fleet size and maintenance capacity
in a fork-join cyclical transportation system. Journal
of the Operational Research Society, 64(7), 982–994.

Patterson, S.R., Kozan, E., & Hyland, P. (2016). An
integrated model of an open-pit coal mine: improving
energy efficiency decisions. International Journal of
Production Research, 54(14), 4213–4227.

Patterson, S.R., Kozan, E., & Hyland, P. (2017). Energy
efficient scheduling of open-pit coal mine trucks.
European Journal of Operational Research, 262(2),
759–770.

Pimentel, B.S., Gonzalez, E.S., & Barbosa, G.N. (2016).
Decision-support models for sustainable mining
networks: fundamentals and challenges. Journal of
Cleaner Production, 112, 2145–2157.

Volume 16 • Number 3 • September 2025 17



A. Skoczylas et al.: Decision Support for Ore Transportation in Mining Enterprises – a Systematic Literature Review

Qinghua, G.U., Caiwu, L.U., Jinping, G.U.O., &
Shigun, J.I.N.G. (2010). Dynamic management
system of ore blending in an open pit mine based
on GIS/GPS/GPRS. Mining Science and Technology
(China), 20(1), 132–137.

Rakhmangulov, A., Burmistrov, K., & Osintsev, N.
(2022). Selection of open-pit mining and technical
system’s sustainable development strategies based
on MCDM. Sustainability, 14(13), 8003.

Salama, A., Greberg, J., & Schunnesson, H. (2014). The
use of discrete event simulation for underground
haulage mining equipment selection. International
Journal of Mining and Mineral Engineering, 5(3),
256–271.

Samanta, B., Sarkar, B., & Mukherjee, S.K. (2002). Selec-
tion of opencast mining equipment by a multi-criteria
decision-making process. Mining Technology, 111(2),
136–142.

Shamsi, M., Pourrahimian, Y., & Rahmanpour, M. (2022).
Optimisation of open-pit mine production scheduling
considering optimum transportation system between
truck haulage and semi-mobile in-pit crushing
and conveying. International Journal of Mining,
Reclamation and Environment, 36(2), 142-158.

Sitorus, F., Cilliers, J.J., & Brito-Parada, P.R. (2019).
Multi-criteria decision making for the choice problem
in mining and mineral processing: Applications
and trends. Expert systems with applications, 121,
393–417.

Souza, M.J., Coelho, I.M., Ribas, S., Santos, H.G., &
Merschmann, L.H.D.C. (2010). A hybrid heuristic
algorithm for the open-pit-mining operational
planning problem. European Journal of Operational
Research, 207(2), 1041–1051.

Stefaniak, P., Śliwiński, P., Duda, N., & Jachnik, B. (2020,
November). Multidimensional Analysis of SCADA
Stream Data for Estimating the Energy Efficiency
of Mining Transport. In International Conference on
Computational Collective Intelligence (pp. 314–325).
Cham: Springer International Publishing.

Stefaniak, P., Wodecki, J., & Zimroz, R. (2016,
September). Maintenance management of mining
belt conveyor system based on data fusion and
advanced analytics. In International Congress on
Technical Diagnostics (pp. 465–476). Cham: Springer
International Publishing.

Stepanova, I.V., Aksyonov, K.A., & Aksyonova, O.P.
(2022, April). Hybrid simulation-agent modeling of
ore mining and transportation process. In American
Institute of Physics Conference Series (Vol. 2425, No.
1, p. 130004).

Subtil, R.F., Silva, D.M., & Alves, J.C. (2011, September).
A practical approach to truck dispatch for open pit
mines. In 35Th APCOM symposium (pp. 24–30).

Temkin, I.O., Myaskov, A.V., Deryabin, S.A., &
Rzazade, U.A. (2020). Digital twins and modeling
of the transporting-technological processes for on-line
dispatch control in open pit mining. Eurasian Mining,
2, 55–58.

Tubis, A., Werbińska-Wojciechowska, S., & Wrob-
lewski, A. (2020). Risk assessment methods in mining
industry – a systematic review. Applied Sciences,
10(15), 5172.

Upadhyay, S.P., & Askari-Nasab, H. (2018). Simulation
and optimization approach for uncertainty-based
short-term planning in open pit mines. International
Journal of Mining Science and Technology, 28(2),
153–166.

Upadhyay, S.P., Askari-Nasab, H., Tabesh, M., &
Badiozamani, M.M. (2015, May). Simulation and
optimization in open pit mining. In Proceedings
of the Application of Computers and Operations
Research in the Mineral Industry – Proceedings of
the 37th International Symposium APCOM.

Vasquez, O.C., Sepúlveda, J.M., & Córdova, F. (2011).
Modeling and optimization of vehicle operations in
underground copper mining. Rem: Revista Escola de
Minas, 64, 365–371.

Wang, Z., Wang, J., Zhao, M., Guo, Q., Zeng, X., Xin, F.,
& Zhou, H. (2022). Truck Dispatching Optimization
Model and Algorithm Based on 0-1 Decision Variables.
Mathematical Problems in Engineering, 2022(1),
5887672.

Wodecki, J., Stefaniak, P., Polak, M., & Zimroz, R. (2016,
September). Unsupervised anomaly detection for
conveyor temperature SCADA data. In International
Conference on Condition Monitoring of Machinery
in Non-Stationary Operation (pp. 361–369). Cham:
Springer International Publishing.

Xiwen, F., & Zhongling, Z. (2010, April). Research
and application on visual simulation of production
logistics system of coal mine. In 2010 2nd IEEE In-
ternational Conference on Information Management
and Engineering (pp. 445–449). IEEE.

Yang, S., Wang, J., Li, M., & Yue, H. (2022). Research
on intellectualized location of coal gangue logistics
nodes based on particle swarm optimization and
quasi-newton algorithm. Mathematics, 10(1), 162.

Yao, J., Wang, Z., Chen, H., Hou, W., Zhang, X., Li, X.,
& Yuan, W. (2023). Open-pit mine truck dispatching
system based on dynamic ore blending decisions.
Sustainability, 15(4), 3399.

18 Volume 16 • Number 3 • September 2025



Management and Production Engineering Review

Yavuz, M., Iphar, M., & Once, G. (2008). The optimum
support design selection by using AHP method for
the main haulage road in WLC Tuncbilek colliery.
Tunnelling and Underground Space Technology, 23(2),
111–119.

Zimroz, R., Stefaniak, P.K., Bartelmus, W., & Hardy-
gora, M. (2014, September). Novel techniques
of diagnostic data processing for belt conveyor
maintenance. In Proceedings of the 12th International
Symposium Continuous Surface Mining-Aachen 2014
(pp. 31–40). Cham: Springer International Publishing.

Volume 16 • Number 3 • September 2025 19


