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Abstract:

This paper discusses improvements to the design of underground mining machines
with respect to safety, finite element analysis (FEA), and structure. It illustrates the
need to maximise heat and energy use in mining machinery, as shown by research
on porous freon steam generators that work better than the old way. The studies
also highlight computational modelling in designing structural equipment to
overcome operational issues. Additionally, FEA is discussed as an essential resource
for modelling complex structures and discovering where failures might occur to
bring more reliability and cheaper development. The combination of automation
and monitoring systems is also covered and shows how they are reducing the
level of risk for humans in high-risk processes and providing safe underground
environments through real-time ventilation monitoring. In all, the paper provides a
detailed description of how new designs and technologies can be applied to improve
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1. INTRODUCTION

New designs of underground mining equipment have
been critical to making mining safer and more effective.
The combination of these technologies not only makes
operations more efficient but also seeks to reduce the
inherent danger of underground mining. These advances
include different methods, like FEA, which facilitates highly
detailed simulations and optimisations of the devices under
different load conditions, with the goal of optimising the
safety profiles and performance measures [1].

Underground mining is also confronted with a lot of
issues, from dangerous geology to workers’ safety to the
environment. As mineral resources are being demanded

more and more, modern design not only to deliver the
required output but to meet the required safety standards
has never been more crucial. The newer equipment designs
are orientated toward the use of cutting-edge materials and
construction innovations that would reduce the possibility
of equipment failure and accidents in the difficult
subterranean environments [2].

A powerful tool here is the use of FEA, which helps
engineers to simulate large structures and their dynamics
during the load conditions. FEA simulates multiple
conditions, which helps in pinpointing failure points and
design optimisations before making actual prototypes. This
will shorten development time and cost as well as increase
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the longevity of mining equipment [3].

And as the importance of the environment grows more
prominent, innovations in mining machinery also target
sustainability. It entails the development of machinery that
leaves little scar to the surface and no pollution, crucial for
long-term mine operations. Equipment evolution not only
meets operational requirements but also more generally
meets environmental and regulatory requirements [4].

In summary, the innovations in underground mining
equipment design supported by safety innovations, FEA,
and structure technologies help to secure the future
of mining. This review article aims to dive into these
developments and examine the recent innovations and how

they impact underground mining safety and efficiency.

1.1. Safety innovations in Underground Mining
Equipment Design

Safety innovations in underground mining machine design
are key innovations for reducing hazards to personnel and
increasing efficiency under harsh conditions. This report
examines some innovations, why they matter, and how they
influence industry safety practices.

1.2. Evolution of Braking Systems

Braking is the most important innovation of the
underground mining machine design. By the mid-1970s,
liquid-cooled/oil-immersed brakes from Wagner Mining
and Construction Equipment were supplanting the drum
and dry disc brakes. The technology greatly improved safety
and maintenance through increased control and reliability
under hostile underground conditions. Wagner improved
on safety with the Spring Applied Hydraulic Release
(SAHR) brake system, which was a fail-safe combination
of liquid-cooled wheel end brakes and hydraulic release in
the mid-1980s [5].

1.3.Monitoring and Ventilation Technologies

For safety reasons, monitoring technologies are needed.
Systems that track ventilation data (temperature, humidity,
pressure, etc.) have become vital tools for keeping
underground areas clean. Real-time monitoring via the
use of Internet of Things (IoT) can make operations safer.
The fact that these parameters are tracked means miners
are not exposed to dangerous air or harsh environmental
conditions [6].

1.4. Electrical Control and Safety Features

It has been similarly remarkably easier to design electrical
control boxes for subterranean mining equipment. Now
they have turned to intrinsic safety designs that avert any
potential electrical hazards. Electrical isolation and design
safeguards are put in place to make intrinsic and non-
intrinsic safety circuits operate safely without triggering
dangerous conditions. These kinds of controlled conditions
are very useful for eliminating electrical breakdown risks

[7].

1.5. Air Quality Management Systems

It’s the air in the sealed cabs of mine machines that matters
to health workers. Improvements have allowed filtration
and pressurisation equipment to be optimised to effectively
remove respirable dust and improve the quality of air.
Studies comparing MERV-16 with HEPA filters suggest
that MERVs can be more efficient and less restrictive. That
leads to not only cost reductions but also more comfortable
working conditions for operators [8].

1.6. Support Technologies and Automation

Safety measures in underground mining are also affected by
automation and robotics. Autonomous drilling systems, for
example, resolve most of the older safety issues by avoiding
direct human involvement in dangerous activities. When
we have robotic drills and support personnel available,
there is less risk of accident, which makes the results safer

[9].

2. FEA IN UNDERGROUND MINING
EQUIPMENT: APPLICATIONS AND
IMPLEMENTATION FRAMEWORK

FEA is an efficient computational technique to calculate
structures under a number of different conditions by
reducing them to smaller components that can be solved
easily. When applied to underground mining equipment,
FEA can be used for various designs and optimisations of
these devices.

2.1. Applications of FEA in Underground Mining

FEA in underground mining machinery solves a host
of issues related to integrity, choice of material, and cost
effectiveness. Key applications include:

o Structural Analysis: Through FEA, the mining
structures’ strength and stiffness under varying loads
and environments can be measured. This also entails
analysing the impact of dynamic loads like rock bursts
or earthquakes [10].

o Equipment Design: When a heavy machine, like a
conveyor belt hydraulic system, is to be designed, stress
and deformation must be carefully thought out. FEA
helps to tune the design parameters to improve safety
and productivity, such as the design of dynamic belt
clamps for heavy-duty drift belt installation [11].

«  Material Behaviour Simulation: FEA can be used to
understand materials in mining equipment, like the
creep behaviour of polymers for support liners. They
simulate the viscoelasticity of such materials to identify
their lifetime performance [12].

o Safety Assessments: Since underground mining can
cause hazards such as rockbursts, ground control
auxiliary systems are essential. FEA helps simulate the
effectiveness of these systems in preventing accidents
and improving worker safety [10].

2.2.Steps to Implement FEA in Underground
Mining Equipment

Implementing FEA involves several critical steps to ensure
https://doi.org/10.63960/synergyint.j.multidiscip.stud..v2i1.30
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accurate modelling and analysis. The basic process is as
follows:

o Problem Definition: A clearly defined problem is
required, such as what the goal of the problem is and
what the details about underground mining equipment
to be investigated are. This can include setting up the
operating environment, stresses, and limitations of the
equipment in its lifetime [13].

o Geometry Creation: Create a geometric sketch of the
machine, then create an orthogonal sketch of it. That
often involves the CAD design of the mining machine
parts to make it just right. This geometry will be
important for good meshing and analysis [14].

o Meshing: The geometry needs to be broken down into
finite elements, which can be of any shape and size
depending on the analysis task. More accurate mesh,
but also a bigger computational investment. Finding
the right mesh density is a compromise between
precision and speed [15].

o Material Properties Specification: Define material
properties on model objects. These are Young’s
modulus, Poisson’s ratio, yield strength, and other
pertinent mechanical parameters describing how each
part of the machinery responds under stress.

«  Boundary Conditions and Loading: Create appropriate
boundary conditions to simulate constraints on the
device, like static support or applied loads in operation.
The load app needs to elicit real-world scenarios like
static and dynamic loads [16].

o Solving and Analysis: Once the model is set up, the
simulation is performed in FEA software. It will yield
outputs describing stress distribution, deformation,
and other relevant parameters needed to test equipment
performance [17].

o Result Validation: We need to check the FEA results
against the experimental results or the benchmarks.
This is to help make sure that the model captures the
physical behaviour of the equipment [16].

o Optimisation and Iteration: Based on results, optimise
the design with a parameter or component change.
The review can be incrementally improved in order to
optimise performance, save weight, or add safety [18].

o Documentation and Reporting: Finally, gather the
information into a report of how it was conducted,
the outcomes, and suggestions for equipment design
or improvements. This documentation is needed by

stakeholders and regulatory requirements.

3. STRUCTURAL INNOVATIONS
IN UNDERGROUND MINING
EQUIPMENT

Exploration of underground mining equipment structural
innovations that help to optimise operations, ensure safety,

https://doi.org/10.63960/synergyint.j.multidiscip.stud..v2i1.30

and minimise the risks associated with mining. These
solutions solve various issues in the extreme environment of
subsurface, where devices are exposed to high-temperature
wear, corrosion, and stress during operation.

3.1.Key Innovations in Equipment Design

Newer mining machinery design focuses on using
premium materials and design to enhance toughness. Ti-
Cu coatings, for example, are shown to provide protection
from biocorrosion, which is a serious problem in subsurface
mining where microbes speed up metal corrosion [19].
These composite coatings don’t just enhance anti-corrosion
properties but also strive to improve tribological properties,
critical for the long-term service of equipment that will be
exposed to extremes of the mining environment.

3.2. Equipment Selection Models

For maximum productivity, choosing the right equipment
for underground mining is vital. Establishing advanced
models that evaluate all of these associated factors allows
operators to choose the correct equipment. These models
consider the compressive strength of rock, operating
expenses, and machine capabilities [20]. Analysis of
these parameters can help mining operators select the
machinery not only for better productivity but also with
low maintenance and operating costs.

3.3. Automation and Technological Integration

This is where automation comes in handy to tackle the
problem of underground mining. The self-driving car and
advanced control systems are all in the works to improve
operational security and performance. Autonomous
vehicles, for instance, have high-end communications
protocols for the real-time communication of information,
which enhances situational awareness and operational
decision-making [21]. Furthermore, the control panels
of mining equipment are being revamped to correct
ergonomic problems to increase the comfort of operators
and minimise the likelihood of accidents [22].

3.4. Use of Mobile Technologies

Mobilisation of technologies (such as LiDAR for structure
mapping) is another innovative concept in underground
mining. Convenient portable LiDAR can quickly and
effectively map underground buildings in 3D to provide
miners with information on possible rock mass failure
modes and overall mine safety [23]. It is a technology that
can do detailed structural description without the invasive
effort of analysing previously and has the potential to
improve productivity at the subsurface.

3.5. Environmental Considerations

Environmental stewardship has never been more of an issue
in subsurface mining technology. For instance, scientists are
trying to find a way to better deal with and remove mining
spoils like coal gangue by way of underground backfill. This
not only solves the issue of waste but also contributes to the
better sturdiness of the mine’s workings [24]. Designs such
as these are examples of a more general effort to minimise
the environmental impact of mining.
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4. ADVANCING UNDERGROUND
MINING EQUIPMENT DESIGN:
LEVERAGING SAFETY INNOVATIONS,
FEA, AND STRUCTURAL
ADVANCEMENTS

4.1. Safety Innovations in Underground Mining
Equipment Design

« Carroll Technologies Group is a major supplier and
service provider in the mining, steel, construction,
and tunnelling industries. They have a reputation for
taking safety seriously and are available 24/7, providing
increased availability and an emergency response [25].

+  MineARC Systems is the global innovator of controlled
environments and safety solutions for underground
mining. Their technology focuses on providing refuge
solutions and security chambers that significantly
improve underground safety systems [26].

o ChromeGuard provides safety solutions to improve
equipment performance and longevity. They use
cylinder guards, which can save expensive equipment
from breakage, prolonging the life of the machine and
making it safer to mine [27].

o Point.Laz has built an automated mine shaft inspection
system using 3D laser scanning. It greatly eliminates
manual inspection, which in turn provides better
safety for miners and operational efficiencies through
predictive maintenance data [27].

» SafeGauge is developing wireless pressure testing
equipment for heavy equipment, the SafeTest PT
Series. With this technology, hydraulic pressures
can be monitored at a distance without risk of being
injured during maintenance [27].

4.2.FEA in Underground Mining Equipment
Design

+  Predictive Engineering has more than 20 years of FEA
consulting experience. They offer comprehensive stress
and dynamic analysis of various engineering problems,
such as specific equipment for the mining industry
[28].

o  Friedman Research uses FEA to develop occupant
protection from blast and ballistic forces to dramatically
enhance the safety performance of mine equipment in
hazardous environments [29].

o Acuren uses FEA for a variety of applications, from
pressure vessels to mining machinery. They provide
expertise to ensure operation and safety upgrades with
in-depth structural assessments [30].

o Finfinite Engineering specialises in FEA services for
the high-end requirements of mining equipment.
Their solutions are essential for successful mining
infrastructure design and maintenance [31].

+ ProForma Engineering is an FEA and simulation

22

solution company for a variety of sectors, such as
construction and mining. Their comprehensive
reviews ensure machinery and equipment are kept safe
and effective [32].

4.3. Structural Innovations in Underground
Mining Equipment Design

Caterpillar Inc. is known for their high-quality
underground mining machinery engineering; the
company’s recent Cat 3000H Load-Haul-Dump
machine incorporates modern technology to enhance
load capacity and production productivity [33].

Sandvik Mining has gone through some massive design
improvements in their DD321 underground drill rig,
which includes improved safety and functionality
designed to deliver greater productivity in challenging
mining environments [33].

Komatsu’s comprehensive offering includes cutting-
edge technologies and construction solutions for
optimised performance and safety in underground
hard rock mining [34].

Joy Global is also known for its bespoke underground
equipment that incorporates the most modern
improvements in safety and efficiency. Their
quadbolters feature a revolutionary design for safe and
efficient mining [33].

Atlas Copco has introduced many high-tech mining
solutions, like the Scooptram ST18 loader. These tools
aredesigned in such a way that they increase the comfort
and productivity of the operator and consequently

enhance the level of safety of the underground [33].

LITERATURE REVIEW ON
SAFETY INNOVATIONS, FEA AND
STRUCTURAL INNOVATIONS

IN UNDERGROUND MINING
EQUIPMENT DESIGN

The number of articles covered in this review on
safety innovations, FEA, and structural innovations in
underground mining equipment design is shown in Fig 1.
from 2019 through 2024.

7

6

Numberof Articles Reviewed
N w & »

°

u Safety Innovations
_ #FEA
| Structural Innovations

2019 2020 2021 2022 2023 2024
Year

Fig. 1: Articles reviewed (2019-2024) on the safety
innovations, FEA and structural innovations in underground
mining equipment design
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5.1. Advancing Safety in Underground Mining:
Innovations in Equipment Design to Minimize
Accidents

Table 1 below shows a quantitative distribution by publisher

of the number of articles related to the safety innovations in
underground mining equipment design.

Table 1: Number of articles from different publishers reviewed
on the safety innovations in underground mining equipment
design

Number
Publisher of Articles

Reviewed
IEEE 4
Springer 2
Yandy Scientific Press 2
AGSER 1
ASERS Publishing 1
Darcy & Roy Press 1
Elsevier 1
Hréek 1
iJRASET 1
IOS Press 1
MDPI 1
National Research Institute
of Industrial Safety and 1
Occupational Health
NCMMI (STU) 1
Penerbit UTeM Press 1
Scientific Technical Center of |
Industrial Safety Problems Research
SZABIST 1
Total 21

Adjiski et al. (2019) created an intelligent PPE device that
has sensors integrated for workers to detect the health and
environmental risks from work in real time. They had five
layers, enabling interoperability, real-time risk management,
and situational awareness to avoid accidents with predictive
warnings [35]. In contrast, Li et al. (2020) used image
processing to find equipment abnormalities, like oil leaks
in mining transformers, with advanced algorithms and
H-S colour histograms. They had a much better detection
performance with their technique, thus allowing an early
response to eliminate hazards [36]. Rudakov (2020) went
the other way around, modelling environmental and
occupational safety using multifunctional safety systems
(MSS) and geo-mechanical process modelling. The
program was geared towards minimising rockfall accidents
and optimising the mine’s stability through cutting-edge
monitoring and control systems [37].

Alam et al. (2021) designed a smart miner helmet that
sensed environmental data (toxic gases, temperature,
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humidity) and health indicators (heartrate) and provided
instant notifications and crisis alarms in case of accident.
The system used collision detection and focused on
simplicity and value [38]. Sarkar et al. (2021) built a Hybrid
Mine Hazard Alert System (MHAS), including video-based
and SMS-based alerts, to help communicate and respond to
fire, water flood, and strata failure. Their field trials in hard
rock mines revealed that the system can find and warn staff
about several hazards at once—a significant step up from
single-target systems [39]. Meanwhile, Fayyaz et al. (2021)
had suggested a smart helmet design for coal miners, which
tackles environmental, chemical, and thermal hazards of
mining. Its design was to minimise risk through monitoring
and warning of environmental conditions in real time
with the statistical documentation of mining accidents as
evidence of its need [40].

Nikitenko et al. (2022) focused on the invention of
mechanised walking supports and special dust gauges
for dealing with organic aerosols and dust-methane-air
combinations that were unsafe and the need to detect dust
levels accurately to avoid explosions [41]. Likewise, Xu
(2022) went further with an intelligent positioning system
using Ultra-Wideband (UWB) and obtained accurate
real-time location tracking of personnel with static and
dynamic positioning errors of 0.3 m and 7.3 m, respectively,
drastically improving emergency response effectiveness
[42]. Meanwhile, Qian et al. (2022) surveyed all Collision
Avoidance Systems (CAS) technologies and discovered
advanced positioning and communication algorithms
that can be centimetre-precise with nanosecond end-to-
end latency, giving situational awareness and decreasing
collision incidents [43].

Miao and Niu (2022) focused on neural networks and
signal processing to process electrical equipment signals,
predicting accidents in advance, and managing electrical
safety in coal mines. They found that O-Net monitoring
systems and designed algorithms reduced the risk of
electrical safety accidents based on top risk factors [44].
Chaitanya et al. (2023) moved in an IoT direction with
its Air QuBlynk network that provides real-time air
monitoring and miner health data from sensors and phones.
This network helped in disaster relief and operation safety
by transmitting environmental and physiological signals
continuously [45]. Cholke et al. (2023) highlighted IoT-
connected helmets to track toxic gases, prevent helmet
tampering, and follow miners. These helmets met physical
and environmental risks and had the potential to reduce
accidents and offer safety monitoring in real time [46].

He et al. (2023) dedicated to mining safety concepts and
technologies—the necessity of international cooperation
and new designs for deep-mine safety concerns such as
rockbursts and gas explosions. They also outlined the
necessity of adaptive safety systems as the deep mining
landscape became more complicated [47]. Salahudeen et al.
(2023) introduced a LoORaWAN-based smart PPE system
with sensors to monitor conditions and workers’ vitals in
real time for proactive action in the event of a hazardous
situation. This research covered topics such as sensor
reliability and data security for improving safety control
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with predictive analytics [48]. Reshotka and Tkalych (2023)
inspected the VDNU-4TX machine installation using
HAZOP to detect and eliminate working at heights, falling
objects, and fire risks. They proved that hazard analysis and
planning can lead to reductions in installation accidents
and increase operational effectiveness [49].

Vishwakarma et al. (2024) worked on a smart helmet with
IoT integration that would monitor the environment,
identify when the helmet is removed or damaged, and issue
real-time warnings to increase worker safety. The findings
revealed the huge opportunity for accident mitigation and
data-driven hazard prevention [50]. Similarly, Dange et al.
(2024) demonstrated a prototype smart helmet equipped
with IoT devices and sensors for hazardous gases such
as methane and carbon monoxide, which could provide
emergency response to miners in need. Its study was
specifically orientated to solving global mining safety
issues in high-accident areas of the world and foresaw
significant reductions in death [51]. In contrast, Pdakkonen
et al. (2024) created and evaluated a reference architecture
(RA) for digitalising underground mining with respect to
situational awareness, emergency stops, and high-speed
location monitoring via digital twin modelling, MQTT
messaging, and 5G networks [52].

Klyuev and Gavrilova (2024) targeted electrical safety
by retrofitting unsound components of the power grid
with new cables and motors with better insulation.
Their experimentation detected flaws in power supply
infrastructure and suggested equipment upgrades and
full-spectrum inspection systems to prevent electrical
failure accidents [53]. Zhang (2024) investigated the use
of intelligent technologies, such as BIM, IoT, and Al, to
enhance safety monitoring. The research showed that
intelligent mining platforms facilitated risk analysis,
tracking, and response in the event of an emergency,
thereby reducing accidents by optimising decision-making
[54]. He et al. (2024) devoted themselves to disaster
management in coal mining with a focus on developments
in dust-control technologies and disaster prediction models.
They concluded that chemical dust control, increased
monitoring, and advanced prediction systems were key to

reducing explosion risks and protecting miners [55].

5.2. Advancements in FEA: Enhancing the
Design, Accuracy, and Structural Integrity of
Underground Mining Equipment

Table 2 below shows a quantitative distribution by publisher

of the number of articles related to FEA in underground
mining equipment design.

Table 2: Number of articles from different publishers reviewed
on FEA in underground mining equipment design

Number
Publisher of Articles
Reviewed
IOP Publishing 3
MDPI 2

Number
Publisher of Articles
Reviewed

Taylor & Francis 2
Wiley 2
AIP Publishing 1
Australian Centre for Geomechanics ]
(ACG)
DergiPark Akademik 1
Elsevier 1
Institute for research and design in ]
industry
Institution of Engineering and ]
Technology (IET)
JERR 1
Naukovyi Visnyk Natsionalnoho

. . 1
Hirnychoho Universytetu
Ore & Metals Publishing house 1
Polish Academy of Sciences 1
RUE Publishing House "Belaruskaya ]
Navuka"
Tech Science Press 1
Total 21

Nguyen et al. (2019) evaluated the dynamic behaviour of
a new rockbolt, the Superbolt, in dynamic loads, using
drop tests with Abaqus to test for impact capability in
rockburst-prone mining applications. They showed that
the performance of the bolt varied with the epoxy resin
and the hardness of the bolt material and that the Superbolt
could be used for better ground support and safety in
subsurface mining [56]. Garcia Rosero and Zsaki (2020),
by contrast, proposed a priori local p-refinement method
for finite element mesh accuracy of stress analysis in
subterranean diggings. They found that this approach
significantly improved mesh quality, stress prediction error,
and numerical simulation convergence under complex
geological conditions. This perfectionism helped create
safer and more efficient tunnelling and mining designs
[57]. Ibrahim et al. (2020) went even further and developed
an automated p-adaptive mesh improvement algorithm
for subterranean prismatic cross-sections. They developed
a computerised model that yielded higher computational
efficiency with extremely accurate stress analysis, especially
for models of difficult material properties and loadings.
The automated approach helped us save computational
time and yielded better quality outputs for geotechnical
engineers and researchers [58].

Wang et al. (2021) focused on numerical simulations of
surface movement and deformation by underground
mining in stratigraphic environments. Their work resulted
in a novel MATLAB-based interface program for finite
element software that can be used to controllably generate
3D surfaces based on CAD contours. The simulation paired

https://doi.org/10.63960/synergyint.j.multidiscip.stud..v2i1.30
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with FLAC3D software produced simulations close to field
data, showing that this method could predict subsidence
and surface deformation under geologically complex
conditions [59]. Dmitriev et al. (2021) have also devised
a new method for modelling stress-strain states in rock
layers with structural differences using 3D models and
structured meshes. Their technique used a dedicated zero
element to keep the mesh regular while modelling contact
elements, making geomechanical modelization in mining
much more precise. These conclusions gave engineers an
efficient mechanism to design geomechanical models to
more accurately reflect structural instability in rocks [60].
Rotkegel et al. (2021), by contrast, used FEA to investigate
composite C-profiles as lining materials for arch supports
in mine digs. They used pultrusion technology to make
prefabricated composite materials, and simulations
revealed how well and how poorly the material operated,
so composites might be a suitable replacement for standard
steel and concrete linings. Although they did not perform
any field tests, they showed that composite materials could
be used to improve the structural integrity in mining
applications [61].

Berdoudi etal. (2022) evaluated the stability of underground
mine structures in Algeria with a 2D FEA model based
on the New Austrian Tunnelling Method (NATM) for
tunnelling. Their findings showed a lot of ground motion
while tunnelling, well above the limits, and advised raising
tunnel cover height to limit dangers [62]. In contrast,
Batsaikhan et al. (2022) focused on the pipe-jacking
process for supporting underground coal mining tunnels,
especially in porous rock layers. They demonstrated
by 3D-FEA simulations that smaller tunnel inclination
angles permitted better tunnel advance and stability, and
they found that precast concrete pipes could be used for
structural integrity without grouting provided that crown
deformation was within safe limits [63]. Hu et al. (2022)
utilised a full 3D-FEA model to investigate the structure of a
subterranean cavern complex. Simulating the mining of all
caves showed that displacement and stress prediction were
substantially different for full versus simplified simulations
and advised the entire simulations for more accurate and
safe design [64].

Bernuzzi et al. (2022) explored the durability of derrick
cranes—so essential to mine production—by assessing local
injury in different geometrical designs. They ran FEA to
run various damage conditions, detecting the critical parts
and suggesting design optimisations to maintain structural
integrity over the lifetime of the crane [65]. Guo et al. (2023)
used transient dynamic FEA to analyse mining excavators’
gear transmission systems. Their work included an accurate
simulation of gear contact stress during operation at various
stress distributions and failure sites. They also tested the
fatigue of gear tooth surfaces, which is part of the system’s
overall reliability assessment [66]. Donmez and Tun¢demir
(2023), meanwhile, were interested in support pressures for
underground buildings using FEA as well as convergence-
confinement. They looked at the stability of the digs by
comparing the rock faces with the supporting structures.
Both strategies were effective but also highlighted the
practical merits of the convergence-confinement strategy,
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especially in soft rock masses [67].

Ilyasov et al. (2023) had applied the finite-discrete element
method (FDEM) to the stability of tunnel openings using
support structures. They also showed that FDEM was
more accurate in its predictions of induced stresses and
stability than finite element methods (FEMs), especially
under geologically complex conditions. Using numerical
simulations, they were able to tune support systems and
show how FDEM could be used to develop cheaper and
more efficient support for mine excavation [68]. Liang
et al. (2023) focused on underground mining efficiency
of roadheader cutting and FEA modelling of the cutting
operation. They validated their research with experimental
data to prove that FEA can properly simulate cutting
dynamics and distributions, which improve stability
control and cutting efficiency. They combined theoretical
calculation with FEA using MATLAB to provide insight
into torque waveforms and cutting forces, which led to the
more efficient and stable operation of roadheaders [69].
Diulin et al. (2023) studied the stress-strain condition
of mine shaft linings by FEA in the ANSYS Workbench.
Their study was designed to test the lining of the shaft for
structural integrity and locate leaking spots that needed
repair. They illustrated with detailed stress distribution
charts how the shaft’s bearing capacity can be evaluated and
how to monitor and maintain it for safe operation [70].

In the mining of extra-thick coal seams, Mai and Li (2024)
used FDEM to simulate water-conducting fractures in
faulted roof layers. The importance of constitutive models
and numerical simulations to the forecasting of rock failure
and water inrush accidents, one of the primary safety hazards
in underground mining, was emphasised by them. These
findings showed that repeated deformation and collision
of single rock blocks could be easily modelled, and the
durability of sand mudstone as a substrate for propagation
of fractures during successive mining disruptions [71].
Downey (2024) instead aimed at infrasound resonance in
underground mine tunnels using a discontinuous Galerkin
FEM. The focus here was on the sensitivity of infrasound
signals to tunnel geometry and boundary changes, which
is critical for monitoring and structural analyses of mine
tunnels. Downey’s data indicated possibilities for volcanic
and industrial monitoring to learn more about the tunnel’s
dynamic behaviour [72]. Wu et al. (2024) designed a
modular and parametric model system for finite element
modelling in the subsurface. They applied the method to
the Shuangjiangkou Hydropower Station and integrated
Python-based cloud servers to generate models very quickly
under astro-geological conditions. This work confirmed the
general applicability of parametric models for describing
deformation and stress around excavated caverns and
verified the method by comparing it with classical ANSYS
models [73].

Wang et al. (2024) focused on the support effects and
fracture characteristics around deep-line tunnels using a
combined FDEM (CGP-FDEM), which integrated GPU
parallel processing to simulate large-scale rock fractures.
Their results indicated that reinforcement significantly
affected the excavation damaged zone and surrounding



Synergy: International Journal of Multidisciplinary Studies

rock deformation, with weak rock masses experiencing
increased stress concentrations and instability. They
proposed a uniform reinforcement principle to mitigate
stress concentrations and improve roadway stability [74]. In
comparison, Jialin (2024) optimised the structural design
of a 60T electric mining vehicle frame, employing FEA
to analyse stress and deformation under various loading
conditions. The study found that increasing the thickness
of the support plate and enhancing its stress area reduced
stress by up to 39.2% during turning, leading to improved
durability and stability despite a slight increase in weight
[75]. Similarly, Sun et al. (2024) applied FEA to the design
of a large vibrating screen, using an equivalent static load
method and topology optimisation to reduce stress and
enhance fatigue durability. The optimisation led to a 46.8%
decrease in maximum stress and a 14.9% reduction in
weight, contributing to improved efficiency and durability

of the screen in dynamic loading conditions [76].

5.3. Advancements in Materials Science and
Computational Modelling : Shaping the Future
of Structural Innovations in Underground
Mining Equipment Design

Table 3 below shows a quantitative distribution by publisher

of the number of articles related to structural innovations
in underground mining equipment design.

Table 3: Number of articles from different publishers
reviewed on the structural innovations in underground
mining equipment design

Number
Publisher of Articles
Reviewed
MDPI 5
Springer 4
Elsevier 2
Scientific Electronic Library 2
AGH University of Science and 1
Technology
EDP Sciences 1
Erdélyi Muzeum-Egyesiilet 1
IOP Publishing 1

M.S. Poliakov Institute of Geotechnical
Mechanics of the National Academy of 1
Sciences of Ukraine

Ore & Metals Publishing house 1
Scientific Council of Dnipro University

1
of Technology
Taylor & Francis 1

Number
Publisher

of Articles
Reviewed

Total 21

Xueetal. (2019) examined directional blasting fracturing for
stabilising critical layers of deep coal. Their work generated
structural models that lowered abutment pressures and
roof fracturing mechanisms by up to 60% for mining
safety. When the study’s results were implemented in the
Honggqinghe coal mine, the technology had been shown
to be successful in stabilising the mine space and reducing
stress levels [77]. Alternatively, Sokolov et al. (2020)
analysed how to build new underground geotechnologies
that utilised design concepts to extract more ore, increase
the efficiency of labour, and reduce the cost. Their studies
focused on sophisticated methods for environmental
protection and the efficiency of resource extraction. This
reported the significant improvement in ore extraction
completeness, labour efficiency, and cost savings, as well as
the use of mining waste in more sustainable processes [78].
Kaplunov et al. (2020) compared the cost of transitioning
to new technologies in underground mining as work
reached higher depths. Their research was on cutting-
edge waste separation and backfilling equipment and
emphasised the cost-benefit and operational benefits of
installing equipment below ground as opposed to on the
surface. According to the study, the improved technological
configuration reduced costs, specifically in the area of
transportation and lifting [79].

The article by Zhao et al. (2021) developed and tested hybrid
roof standing supports with new materials to supersede
existing pumpable supports in underground mining. The
hybrid columns showed superior load capacity and stability
according to the experiments and were found to improve
the safety and productivity in the mining process [80].
In contrast, Zhang et al. (2021) focused on the stability
control for full-mechanised longwall mining, Equipment
Recovery Passage (ERP). Their work was based on FLAC3D
numerical simulations that tested the effects of different
longwall face speeds and roof structure optimisation on
abutment stress reduction and demonstrated that speeding
up the longwall face and roof structure could significantly
increase ERP stability [81]. Zhao et al. (2021) studied the
optimisation of NPR (Negative Poissons Ratio) cable
support in deep shaft environments with heterogeneous
stress fields by implementing FLAC3D simulations to
analyse the distribution of stress and modes of failure. It
was shown that when the spacing and length of NPR cable
supports were implemented at the highest, the plastic
zones and failures were significantly decreased while also
enhancing shaft stability [82].

Zhang and Zhao (2022) proposed a hybrid mine-supporting
structure for underground operations that integrates fibre-
reinforced polymer (FRP) with polyvinyl chloride (PVC)
composites for increased load capacity and deformation
resistance. According to their lab findings, the FRP-PVC
tubular standing support (FPTSS) showed better mechanical

https://doi.org/10.63960/synergyint.j.multidiscip.stud..v2i1.30
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attributes—for example, higher compressive strength
and axial deformation capacity—than standard support
systems. The results pointed to the structural integrity
and economic efficiency of the FPTSS that could enhance
safety and productivity in the mining industry [83]. Wojtas
(2022) focused on the mechanisation of support systems
with the HENNLICH-20/43-CH type crossing-powered
support. The system, which was intended to eliminate
handwork and improve productivity, proved the power of
hydraulic operation and motorised power steering versus
single props. These studies showed the business benefits,
such as safety and lower physical pressures on workers [84].
On the contrary, Y. S. Oryngozhin et al. (2022) tried out
a different kind of mining, bottom-up mining using self-
propelled haulage vehicles. This way ore bodies could be
better mined, waste rock removed more effectively, and
it made the operation more economic and sustainable.
Houlage ramps for exploration also facilitated mine work
[85].

The paper by Andras et al. (2022) wrote on how
mechatronics and advanced technologies of manufacturing
can be integrated in the design of mining machines in
order to overcome the economic, environmental, and safety
problems in mining. The work stressed functional analysis
and new manufacturing methods to optimise the alignment
and functionality of mining machines and a long-term
view of technological maturity triggering an evolution into
innovation [86]. Florea, Toderas, and Itu’s paper (2023),
by contrast, investigated the reliability and maintenance of
mining machines, in this case, the TR-7A scraper conveyer,
which was regularly worn out. Operational information
and failure analysis led the authors to formulate a reliability
enhancement plan based on maintenance optimisation and
wear considerations, including lubrication and sealing.
They discovered that there is a need for better design in
order to minimise operational disruption and maintenance
[87]. Meanwhile, Liu et al. (2023) conceived of an energy-
absorbing rockbolt (SD-bolts) protection system for active
disasters such as rockbursts in deep underground mining.
They performed field experiments showing that the SD-
bolt reduced the effect of moderate rockburst significantly,
enhancing both worker protection and equipment life [88].

Aboelezz et al. (2023) focused on the development of an
intrinsically safe drone propulsion system for underground
coal mining, utilising computational and experimental
methods to optimise design features such as motor spinners
and structural components. They found that new designs
could greatly increase performance, weight reduction, and
safety due to reduced heat hazards, leading to more effective
operation in hazardous mining sites [89]. Mishra (2023)
dealt with the introduction of Mass Production Technology
(MPT) in the underground coal mines of India, with an
emphasis on longwall technology. These studies exposed
the problems and possibilities of growing underground
coal output to reach ambitious targets and indicated that
MPT would increase output and competitiveness against
opencast. They used computational modelling to illustrate
how the design of structural equipment could be very useful
for solving operational and regulatory issues [90]. Lukisha
et al. (2023) studied the thermal-hydraulic performance of
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porous freon steam generators in mine power plants. They
computed these generators to show that, compared with
smooth-wall generators, they would cut system length and
differential pressure costs and thus achieve a higher energy
efficiency. Using optimal thermal management, this work
made computational methods the priority in the design of
mining machines for optimal performance and low power
consumption [91].

Wang et al. (2024) demonstrated non-explosive mechanised
and intelligent mining by using automation, in-field
monitoring, and intelligent control technology to combat
critical issues such as rock breakage and stability in deep
hard rock formations. They focused on environmental,
rock, and excavation parameters as the most important
factors in the optimal mine. Their results derived a
proposed cyclic management model (PDCA)-based safety
and efficiency for the safer and more effective alternative to
conventional mining methods [92]. In contrast, Nikitenko
et al. (2024) involved creating a safety module for walking
robots on a roof for an underground mine. Their work
used numerical modelling to evaluate the stability of roof
members by plotting load distributions and stresses near
the preparation face. A remote control system meant the
system could be operated without collapse and without
risk to people. This research went toward structural
improvements to enhance mine safety in potentially
dangerous settings [93]. Meanwhile, Shalomeev et al.
(2024) dealt with material fatigue by adding aluminium,
vanadium, calcium, and rare earth metals to medium
carbon steel 40HL to make it resistant to wear in mine tools.
The study found that these types of changes vastly improved
the mechanical characteristics and durability of hard-
wearing parts (unloading grates and ladles), which often
fail. Their research made it clear that a better combination
of composition and geometry was critical to optimise
material composition and form to lessen the frequency of
maintenance and prolong the life of mining machines [94].

Herasymenko et al. (2024) surveyed alternative transport
for underground mining, with a special focus on suspended
monorail systems with diesel locomotives as an alternative
to cars. Their studies, based on both expert assessments
and operational parameter reasons, concluded that these
transport solutions considerably increase the effectiveness
and versatility of coal mine preparation works in the face
of swollen bottom rocks [95]. Xiao et al. (2024) focused
on the optimisation of large-scale polycrystalline diamond
compact (PDC) teeth, using computational tools like
Abaqus simulation software to optimise their structural
geometry in rotary mines. They found that by making
the conical tooth arc more circumferential, the impact
resistance increased, and an optimised form was capable of
withstanding high impacts and thus extending the lifetime
of excavating equipment [96]. Lastly, Liu et al. (2024)
reviewed all the intelligent technology used in underground
mining, including drilling, blasting, and ventilation. They
also discussed the gains in production efficiency and safety
with deep learning and big data. The ongoing problems
of fully autonomous, unmanned mining, they wrote, are
another concern for their research, namely technological



Synergy: International Journal of Multidisciplinary Studies

innovation [97].

6. CONCLUSION

Underground mining equipment design has been a big step
forward in terms of safety, efficiency, and sustainability. FEA
is used to upgrade the occupant protection against blast and
ballistic damage to drastically reduce the risk associated
with mining. With FEA, not only does it accelerate
development, but it also reduces costs through optimising
equipment design and performance, so machinery is
reliable and effective in extreme environments. The paper
emphasises innovative design solutions consistent with
regulations and standards. Such is the creation of machinery
that reduces surface disturbance and pollution to the lowest
levels necessary for the viability of mining. Especially
as the industry transitions to greener initiatives, waste
minimisation and environmental footprint minimisation
are becoming ever more critical. For these, solutions like
underground backfilling technology are being considered.
Developing advanced equipment-selection models helps
mining companies make better and more profitable
decisions to increase productivity. These models accounted
for everything from rock resistance to running costs to get
the best performance. In summary, the paper underscores
the critical role of advanced design techniques, particularly
FEA, in shaping the future of underground mining
equipment. As long as safety, efficiency, and sustainability
remain top priorities, the mining sector can keep evolving

and adapting to modern realities.

7. CHALLENGES AND FUTURE SCOPE
IN UNDERGROUND MINING
EQUIPMENT DESIGN
The underground mining industry has a few issues that
must be solved in order to be safe, effective, and viable. This
article points out these problems and identifies potential

future directions for equipment design and technology
adoption.

7.1.Challenges

o Adverse Geological Conditions: Unpredictability of
rock formations creates equipment damage and health
risks. This will require more flexible and dependable
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machines that can flex under different circumstances.

o Worker Safety: Although improvements have been
made, worker safety has never been a concern. There
are no design alternatives that should leave as many
humans as possible involved in risky operations.
Automation and robotics are a must to solve these
safety challenges, but they are difficult and expensive
to implement.

o Environmental Impact: As the environment gets more
tightened, mining has to adjust to leave the least carbon
footprint possible. Among those, there is the disposal
of waste and pollution (which presents a real design
challenge for the equipment).

o Technological Integration: The new technologies
(automation, advanced materials, etc.) take investment
and training to be incorporated. Making sure that
the workforce can be trained to deal with these
technologies is an issue the industry has to solve.

7.2.Future Scope

«  Innovative Materials and Designs: The next generation
of equipment designs must be focused on advanced
materials that can be durable and low maintenance.
Explorations in composite coatings and other
safeguards could mean longer-lasting gear.

«  Sustainable Practices: Sustainable methods will be
a feature of the design of the underground mining
equipment in the near future. Technologies for
handling waste, like the underground backfilling, can
help keep costs low and ensure the sustainability of
operations.

o Enhanced Computational Modelling: Computational
modelling and FEA will only become more accurate
as the industry develops, which in turn will make it
possible to predict the performance of equipment in a
variety of conditions. This could lead to huge increases
in efficiency and safety in design.

«  Automation and Robotics: The future will more and
more turn to automation and robotic technologies
for safety and efficiency. And future research and
development could remove a lot of the old-school risks
of underground mining.
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