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Abstract

This article presents a comprehensive study on the management and optimization of frame-anchor support systems for
seam preparatory excavations designed for the transportation of large-tonnage cargo via suspended monorail transport.
With the intensification of underground mining operations and the increasing use of heavy mechanized transport,
ensuring the stability and safety of mine workings under dynamic load conditions has become a critical challenge for
engineering. The research proposes an innovative support technology based on the combined fastening of monorail
systems to the crowns of metal arches and directly to the roof using deep-embedded anchors. This approach aims to
reduce dynamic impacts on the excavation roof and improve the overall reliability of the support system. To evaluate the
effectiveness of the proposed support design, a numerical modelling method was employed to simulate the interaction
of components within the dynamic system “suspended monorail - support - rock mass.” The stress-strain behaviour of
the frame-anchor structure under real load scenarios was analyzed using SolidWorks Simulation software. During the
simulation, various parameters were systematically varied, including the spacing of support frames, the length and an-
chorage depth of the rock bolts, and the mechanical properties of the surrounding rock mass. The results of the analysis
enabled the identification of rational design parameters that minimize deformation and enhance load-bearing capacity.
In particular, optimal combinations of frame spacing and anchor configurations were found to significantly reduce stress
concentrations and improve the stability of preparatory workings under dynamic loading from moving monorail trains.
The study demonstrates that effective management of support system parameters can lead to improved safety, reduced
material consumption, and faster development of mining panels. The findings have practical significance for the design
of underground transport routes and can be incorporated into normative documents governing support systems in
dynamically loaded mine environments.

Keywords:
Frame-anchor fastening, Monorail transportation, Heavy cargo delivery, Stress—strain analysis, Mining infrastructure manage-
men, Dynamic load distribution

the dynamic behaviour of the surrounding rock mass un-
der stress becomes a significant concern. Intense defor-
mation of the rock mass can lead to alterations in the
stress distribution, which, in turn, negatively impacts the
technical condition and reliability of the transportation
infrastructure (Herasymenko et al., 2023; Rastsvie-
taiev et al., 2015; Kononenko et al., 2024). As a result,
effective management of support systems becomes es-
sential to maintain the stability and safety of both the

1. Introduction

The implementation of suspended monorail tracks as
the primary transportation system in the development of
mineral deposits plays a crucial role in accelerating the
progress of seam-level district excavations (Herasy-
menko et al., 2023). This method enhances logistical
efficiency and reduces the time required for preparatory
operations (Rastsvietaiev et al., 2015). However, when

monorail systems are mounted using traditional fasten-
ing schemes, typically attached directly to arch supports,
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monorail structures and the surrounding excavation (Ba-
bets et al., 2023). An optimized management approach
should include continuous monitoring, adaptive rein-
forcement strategies, and the integration of innovative
fastening technologies to ensure consistent performance
under variable geological and loading conditions (Rast-
svietaiev et al., 2015; Aitkazinova et al., 2022).
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Studies (Herasymenko et al., 2023) have shown that
the transportation of large-tonnage cargo along de-
formed monorail tracks generates dynamic loads that
can lead to the failure of arch supports and even roof
collapses. These loads intensify the degradation of struc-
tural elements and significantly compromise the safety
of underground workings. Under conditions of intensi-
fied mining operations, traditional technological schemes
for auxiliary transportation prove to be particularly vul-
nerable to changes in the geomechanical environment
(Rastsvietaiev et al., 2015; De Borst et al., 2012). Their
limited adaptability to evolving stress conditions and de-
formation zones makes them unsuitable for high-perfor-
mance and safe mining systems (Rastsvietaiev et al.,
2015; Tereshchuk et al., 2018). Effective management
of transportation infrastructure is essential, requiring a
proactive approach to monitoring, maintenance, and re-
inforcement of support systems (Aitkazinova et al.,
2022; De Borst et al., 2012; Tereshchuk et al., 2018;
Khomenko et al., 2023). To address these challenges,
innovative technical solutions must be developed and
implemented to enhance the structural resilience, ope-
rational stability, and adaptability of monorail-based
transport systems under dynamic loading conditions
(Herasymenko et al., 2023; Rastsvietaiev et al., 2015;
Tereshchuk et al., 2018; Khomenko et al., 2023;
Bondarenko et al., 2021).

One of the critical tasks is the safe and efficient trans-
portation of large-tonnage equipment, such as sections
of mechanized roof supports, shearer components, and
other heavy machinery, to designated installation cham-
bers (Rastsvietaiev et al., 2015; Khomenko et al.,
2018). Traditional transportation methods, particularly
overground rail systems, often lack the necessary flexi-
bility and adaptability to function effectively under such
conditions (Bondarenko et al., 2021; Khomenko et al.,
2018; Kononenko et al., 2023). Their performance is
typically constrained by irregular layouts, limited turn-
ing radii, and unstable ground surfaces inherent to the
mine environment (Herasymenko et al., 2023; Konon-
enko et al., 2024; Zienkiewicz et al., 2013). This lack
of adaptability can lead to delays, increased labor costs,
and heightened safety risks for personnel and equip-
ment. Feasibility of implementing such innovative solu-
tions is particularly relevant during the preparation of
new mining panels, as well as during installation and
dismantling operations (Kononenko & Khomenko,
2010). These stages of mine development involve com-
plex logistical challenges and increased operational
risks, especially in confined underground environments.
Therefore, the management of transportation systems in
these critical phases must focus on adopting more resil-
ient and adaptable technologies, such as suspended
monorail systems, to ensure operational continuity and
safety.

In international mining practice, the development of
coal seams using high-performance mining complexes

encounters similar challenges related to transportation
and infrastructure stability (Rastsvietaiev et al., 2015).
These challenges are typically addressed by introducing
alternative types of auxiliary transportation and imple-
menting methods to maintain their technical condition in
response to specific geological and operational condi-
tions (Rastsvietaiev et al., 2015; Moldabayev et al.,
2021). Ensuring the continuous functionality of trans-
portation systems under dynamic mining environments
is critical for both productivity and safety (Kononenko
& Khomenko, 2010; Moldabayev et al., 2021; Kova-
levska et al., 2020). One of the most promising develop-
ments in this area is the adoption of suspended monorail
diesel locomotives, which offer enhanced maneuverabil-
ity and load-bearing capacity in confined underground
spaces (Khomenko et al., 2023; Yegorchenko et al.,
2022). To ensure their effective application, it is essen-
tial to evaluate their operational performance based on
the integrated behaviour of components within the trans-
port-technological system “suspended monorail — mine
support — rock mass.” Such system-level analysis allows
for the rational management of technical parameters and
supports the development of robust, adaptive transporta-
tion infrastructure in modern mining operations.

It has been experimentally confirmed that, at present,
the interaction parameters between the components of
the technological system “suspended monorail — mine
support — rock mass” remain insufficiently studied and
poorly understood (Herasymenko et al., 2023). This
knowledge gap limits the ability to predict system be-
haviour under varying mining conditions and compli-
cates the development of effective transport manage-
ment strategies (Sala & Bieda, 2021). As mining opera-
tions become more dynamic and equipment loads
increase, the lack of comprehensive data on these inter-
actions poses risks to both infrastructure integrity and
operational safety (Rastsvietaiev et al., 2015; Khomen-
ko, Kononenko & Bilegsaikhan, 2018). The issues of
operational monitoring of the technical condition of sus-
pended monorail tracks in district workings are of criti-
cal importance. Particular attention must be given to
determining the maximum allowable dynamic loads that
the system can safely withstand under real underground
conditions (Falshtynskyi et al., 2020). Addressing these
challenges requires a combination of in-situ field obser-
vations, numerical modelling, and theoretical justifica-
tion to develop reliable criteria for design, maintenance,
and safety management (Herasymenko et al., 2023;
Rastsvietaiev et al., 2015; Babets et al., 2023; Vlasov
et al., 2022).

Based on in-mine research into the interaction be-
tween suspended monorail components and arch sup-
ports, it was established that zones of deformed roof
rock tend to form around the crowns of load-bearing
arches to which the monorail system is attached during
the transportation of large-tonnage cargo through seam-
level district workings (Rastsvietaiev et al., 2015).
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These deformations compromise both the structural in-
tegrity of the support system and the safety of under-
ground operations (Kosenko et al., 2025). The primary
cause of such deformation has been identified as dynam-
ic loading, particularly at the joints between monorail
beams and in sections of the track characterized by alter-
nating elevation profiles (Babets et al., 2023; Khomen-
ko et al., 2023; Yegorchenko et al., 2022; Kosenko et
al., 2025). These areas are especially prone to stress,
concentration and fatigue due to the uneven distribution
of loads (Babets et al., 2023; Bondarenko et al., 2021;
Moldabayev et al., 2021; Kovalevska et al., 2020;
Kononenko et al., 2016). Additionally, emergency
braking scenarios introduce sudden dynamic overloads,
which are transferred from the monorail beams to the
arch supports, exacerbating structural instability (Ba-
bets et al., 2023; Kovalevska et al., 2020; Tokarczyk,
2016). The comprehensive understanding of these inter-
actions is essential for the effective management and de-
sign of support systems capable of withstanding the op-
erational demands of modern monorail transport in un-
derground mining environments (Rastsvietaiev et al.,
2015; Khomenko et al., 2023; Lewicka & Lewicka,
2019).

Such disturbances in the technical condition of the
monorail support, along with increased dynamic loads
on the arch supports and surrounding rock mass, have a
negative impact on the transportation process and reduce
the throughput capacity of haulage workings. Therefore,
the aim of this study is to develop innovative techno-
logical schemes involving combined frame-anchor sup-
port for preparatory workings and an improved monorail
support system for suspended monorails. The objective
is to justify and determine the optimal parameters of
these systems to ensure the safe and efficient transporta-
tion of large-tonnage cargo under complex and dynamic
operational conditions.

Literature Review on Frame-Anchor Fastening
Parameters for Preparatory Excavations in Mono-
rail-Based Heavy Cargo Transportation.

Efficient management of underground mining opera-
tions critically depends on the stability and reliability of
preparatory excavations, especially when heavy cargo
transport is involved (Rastsvietaiev et al., 2015; Vla-
dyko et al., 2025). Frame-anchor fastening systems
have emerged as a fundamental component in maintain-
ing the structural integrity of mine workings subjected to
dynamic loads from suspended monorail transport
(Herasymenko et al., 2023; Rastsvietaiev et al., 2015;
Khomenko et al., 2018; Kumbasaroglu, 2010). Stud-
ies emphasize the importance of optimizing fastening
parameters, such as anchor length, spacing, and depth, to
ensure load distribution and prevent excessive deforma-
tion or failure of supports (Kononenko & Khomenko,
2010; Mackiewicz et al., 2022). Effective mine man-

agement integrates monitoring of these parameters to
minimize downtime and enhance safety during material
handling operations (Dychkovskyi et al., 2024).

The transportation of large-tonnage cargo via sus-
pended monorail systems generates complex dynamic
loads that interact with the rock mass and support struc-
tures (Kononenko & Khomenko, 2010; Kang et al.,
2020). Research has shown that traditional fastening
schemes may not adequately address the dynamic ef-
fects, leading to accelerated wear and failure of arch
supports and anchors (Kononenko & Khomenko,
2010; Moldabayev et al., 2021; Kang et al., 2020;
Carrascal et al., 2007). Consequently, investigations
focus on developing combined fastening techniques,
such as frame-anchor systems, that better absorb and re-
distribute stress (Kang et al., 2020; Carrascal et al.,
2007; Dychkovskyi et al., 2024). These studies high-
light the need for adaptive support designs tailored to
site-specific geomechanical conditions and operational
demands.

Recent advancements in artificial intelligence (Al)
and neural networks have opened new horizons for pre-
dictive management and optimization of mine support
systems (Psyuk & Polyanska, 2024). These technolo-
gies offer the capability to process and interpret large
volumes of data collected from sensors embedded
throughout the underground mine environment (Rasts-
vietaiev et al., 2015; Blinov et al., 2025). By continu-
ously monitoring parameters such as stress levels, dis-
placement, vibration, and load distribution, Al-driven
models can provide real-time assessments of support
integrity and detect early signs of potential failure (Psy-
uk & Polyanska, 2024; Chen & Chen, 2024). Neural
networks are highly effective in simulating complex,
nonlinear interactions between suspended monorail
loads, structural support elements, and the surrounding
rock mass under dynamic operating conditions (Psyuk
& Polyanska, 2024; Zapukhliak et al., 2019). These
models enable the identification of hidden patterns and
relationships that traditional analytical methods may
overlook. As a result, intelligent systems can facilitate
the dynamic adjustment of fastening parameters, such as
anchor length, spacing, and installation angles, based on
changing geomechanical and operational conditions
(Sosnowski et al, 2024). The integration of Al into mine
supports design and monitoring significantly enhances
operational reliability, safety, and the overall efficiency
of transportation systems in deep and structurally com-
plex mining environments (Rastsvietaiev et al., 2015;
Kononenko & Khomenko, 2010; Zapukhliak et al.,
2019; Sosnowski, Dyczko & Kaminski, 2024; Polyan-
ska et al., 2024).

Sustainable mining practices increasingly demand
that support and transportation systems are designed not
only for operational efficiency but also for minimal envi-
ronmental impact (Khomenko et al., 2018; Lewicka &
Lewicka, 2019; Bashynska et al., 2024). Frame-anchor
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fastening systems must be evaluated in terms of both
their mechanical performance and their influence on the
surrounding geological and hydrogeological environ-
ment (De Borst et al., 2012; Myronova et al., 2025).
Improperly designed or overloaded support systems can
result in excessive deformation, leading to ground sub-
sidence, fracture propagation, or contamination of
groundwater resources (Moldabayev et al., 2021; Kon-
onenko et al., 2023). Such consequences pose signifi-
cant environmental risks and may compromise the long-
term stability of the mine and its surrounding ecosystem
(Lewicka & Lewicka, 2019; Lapshyn et al., 2025). To
address these challenges, recent research has focused on
integrating environmental monitoring with structural
management strategies, including the use of predictive
modelling and geotechnical feedback systems (Lewicka
& Lewicka, 2019; Kononenko et al., 2023; Lapshyn et
al., 2025; Fedoreiko et al., 2025). This holistic ap-
proach helps to balance the goals of resource extraction
with the need for environmental protection, thereby con-
tributing to the long-term sustainability and regulatory
compliance of mining operations.

Innovations in fastening materials, including high-
strength alloys, fiber-reinforced composites, and corro-
sion-resistant coatings, have been extensively investi-
gated to enhance the durability and load-bearing capac-
ity of frame-anchor systems in mining environments
(Lewicka & Lewicka, 2019; Kumbasaroglu, 2010,
Symanovych et al., 2015). These advanced materials
are designed to withstand the harsh conditions of under-
ground operations, including exposure to moisture, ag-
gressive geochemistry, and fluctuating mechanical loads
(Kononenko et al., 2023; Kononenko et al., 2016;
Kumbasaroglu, 2010; Stocklein & Kaliske, 2022). In
parallel, research has focused on improving installation
techniques, such as deep embedding, prestressed an-
choring, and chemical grouting, to increase the overall
quality and reliability of anchorage, particularly under
dynamic loading conditions generated by suspended
monorail transport (Herasymenko et al., 2023; Rasts-
vietaiev et al., 2015; Kononenko & Khomenko, 2010;
Beshta et al., 2015). The performance of these materials
and installation methods under cyclical and impact load-
ing is a key area of study, as it directly informs the devel-
opment of technical standards and guidelines for the se-
lection and application of fastening systems in prepara-
tory mine workings (Kumbasaroglu, 2010;
Symanovych et al., 2015; Jiang et al., 2025). Ultimate-
ly, the integration of advanced materials with optimized
installation practices contributes to safer, more efficient,
and longer-lasting support structures in modern under-
ground mining operations.

Numerical methods and finite element modelling play
a crucial role in understanding the stress-strain behaviour
of combined frame-anchor support under dynamic condi-
tions. Simulation tools allow researchers to vary design
parameters systematically and predict their impact on

system stability and deformation patterns (Stocklein &
Kaliske, 2022; Sobolev et al., 2025). This approach sup-
ports the design of fastening schemes that optimize load
transfer and minimize risks of failure, facilitating evi-
dence-based decision-making in mine management (Vla-
dyko et al., 2025; Zhai et al., 2025). Despite progress,
challenges remain in fully characterizing the complex
interactions in the “suspended monorail — mine support
— rock mass” system, especially under varied geological
conditions and intensified operational loads. Issues such
as real-time monitoring under harsh underground envi-
ronments, integration of Al models with existing mine
management systems, and scaling laboratory findings to
field applications require ongoing research (Kosenko et
al., 2025; Psyuk & Polyanska, 2024, Zapukhliak et al.,
2019; Campos Zabala, 2023). Addressing these gaps is
essential for developing robust fastening solutions adapt-
able to evolving mining demands.

The current body of literature indicates a clear need
for comprehensive studies that combine experimental
field data, predictive modelling, and advanced computa-
tional simulations to refine frame-anchor fastening pa-
rameters specifically for monorail-based heavy cargo
transportation. The purpose of this research is to develop
innovative technological schemes and establish optimal
fastening configurations that ensure safe, efficient, and
environmentally sustainable transportation in complex
underground mining conditions. This work aims to con-
tribute to improved management practices by integrat-
ing multidisciplinary approaches for enhanced opera-
tional resilience.

2. Methods

The methodology of this study is based on an inte-
grated approach combining numerical modelling, struc-
tural simulation, and field data analysis to determine
optimal parameters for frame-anchor fastening systems
in preparatory mine workings used for monorail-based
heavy cargo transportation (Herasymenko et al., 2023;
Rastsvietaiev et al., 2015; Babets et al., 2023; Carras-
cal et al., 2007). The study begins with the development
of a conceptual model of the transport-technological
system “suspended monorail — frame-anchor support —
rock mass,” taking into account the dynamic interaction
between these components under operational conditions.
Using SolidWorks Simulation software, finite element
analysis (FEA) was conducted to evaluate the stress-
strain behaviour of various support configurations under
dynamic loading generated by moving large-tonnage
cargo (Rastsvietaiev et al., 2015; Babets et al., 2023;
Carrascal et al., 2007; Zapukhliak et al., 2019; Sala
& Bieda, 2024). Key parameters, such as anchor length,
spacing, depth of anchorage, and arch frame pitch, were
systematically varied to assess their influence on support
stability and rock mass deformation (Babets et al., 2023,
Tereshchuk et al., 2018; Bondarenko et al., 2021; Ko-
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valevska et al., 2020). Dynamic loads from train move-
ment and emergency braking scenarios were simulated
to reflect realistic mine conditions.

Field observations were conducted in an active under-
ground coal mine where suspended monorail transport is
routinely used for the delivery of mechanized support
components. Instrumentation, including displacement
sensors and vibration monitors, was installed along se-
lected sections of district workings to record real-time
deformation and load responses during monorail opera-
tion. Laboratory testing of fastening elements, including
high-strength anchors and steel arch frames, was also
carried out to determine material behaviour under cyclic
and impact loading (Herasymenko et al., 2023; Rasts-
vietaiev et al., 2015; Yegorchenko et al., 2022; Bashy-
nska, 2025). The combination of numerical modelling,
field monitoring, and lab-based mechanical testing ena-
bled a comprehensive validation of simulation results
and informed the development of rational design param-
eters. This methodology ensures the reliability, safety,
and performance of the support system under dynamic
operational loads.

As it had been mentioned to determine rational
schemes of frame-anchor support for preparatory mine
workings that ensure the safe transportation of large-
tonnage cargo via suspended monorail systems, a com-
prehensive research methodology was developed. The
methodology focused on analyzing the stress—strain
state of components within the transport-technological
system “suspended monorail — mine support — rock
mass” using numerical modelling in the SolidWorks
Simulation environment (Yegorchenko et al., 2022).
The modelling aimed to simulate and assess the behav-
iour of support structures under dynamic loading condi-
tions typical of underground mining operations.

At the initial stage, parametric 3D models of the frame-
anchor support system were constructed. These included
various configurations of steel arch frames and anchors of
differing lengths and anchoring types (Khomenko et al.,
2018). The geometrical and mechanical parameters of the
models reflected typical dimensions of preparatory mine
workings and the mining-geological conditions of sites
where suspended monorail transport is operationally im-
plemented (De Borst et al., 2012; Ravichandran, 2020).
The rock mass was modelled as a solid continuum with
variable mechanical properties to reflect realistic stratified
and fractured media.

To analyze the stress—strain state (SSS) of the support
structure under dynamic loading conditions, the Static
Study module of SolidWorks Simulation was utilized,
applying the finite element method (FEM) (Zienkiewicz
et al., 2013; Lewicka & Zakrzewska-Bielawska,
2019). This computational approach allowed for accu-
rate modelling of the mechanical response of the com-
bined frame-anchor support system under realistic op-
erational stresses generated by monorail-based heavy
cargo transport. The simulation aimed to evaluate struc-

tural stability, deformation behaviour, and stress distri-
bution in both the support elements and the surrounding
rock mass (Moldabayeyv et al., 2021; Sun et al., 2009).

The numerical analysis considered several key input
conditions. Material properties were defined based on
standard specifications: steel (according to DST 27772-
2015 or DIN EN 10025) was used for the arch frame ele-
ments, while the rock mass was modelled as a condition-
ally fractured medium with variable strength parameters,
including elastic modulus and Poisson’s ratio (DST
27772-2015. Rolled steel for construction purposes;
DIN EN 10025-1:2019. Hot rolled products of struc-
tural steels). Boundary conditions involved fixing the
periphery of the model to simulate confinement by the
surrounding geological environment and applying exter-
nal loads that represented both mining pressure and dy-
namic impulses from moving monorail vehicles (Molda-
bayev et al., 2021; Lewicka & Zakrzewska-Bielawska,
2019; Vosoughifar, Madadi & Rabiefar, 2017).

Contact conditions were defined to reflect realistic in-
teractions between system components, either frictional
or adhesive, depending on the type of anchor-rock and
frame-rock connections being modelled (Sakurai,
2010). As a result of the numerical modelling, distribu-
tions of stress, displacement, and safety factors were ob-
tained for various frame-anchor support schemes. Spe-
cial attention was given to three key indicators:

* Maximum stresses that may induce strength loss or

plastic deformation;

* Displacements and deflections of frame elements,
particularly at monorail load application points;

e Zones of stress concentration in anchor elements,
indicating areas at high risk of rock failure or slip-
page.

Further simulations involved a series of parametric
studies to optimize frame spacing, anchor length, and
anchorage depth. Various anchor geometries and place-
ment schemes were evaluated to determine their effect
on the overall load distribution and support system per-
formance. Model identification (Kononenko et al.,
2024) was carried out by solving boundary value prob-
lems for fractured rock masses using a linear anisotropic
constitutive model. A key aspect of this identification
involved reproducing the principal tensile and compres-
sive stress fields that develop around load-bearing arch-
es under dynamic monorail loading. These stresses were
then used to define loading parameters for secondary
anchor levels.

The geometric dimensions of the model were deter-
mined using the following dynamic loads:

B =h+4D,, m (1)

Where:
h  —height of the mine working [m],

Deq —equivalent diameter of the mine working [m],
calculated as:
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S

c
Deq = |4 ;, m (2)

Where S is the cross-sectional area of the working [m?].

This approach makes it possible to accurately deter-
mine the characteristic geometric parameters of the exca-
vation for further numerical modelling under dynamic
loading conditions. Such precision is essential for cor-
rectly reproducing the stress—strain state of the rock mass
and its interaction with the support elements. As a result,
the developed model provides a reliable foundation for
assessing the stability and safety of the entire “suspended
monorail — mine support — rock mass” system.

The required length of the second-level anchors was
computed as:

lanchor = Ui + lemp + Lioco M (3)
Where:
[, — design length of first-level roof anchors,
[, —embedding depth of the suspension anchors

above the first-level anchors (> 0.5 m for roof
type II; > 1.0 m for types I, I1I, IV),

L. —locking section length.

Initial loads and boundary constraints were applied in
the simulation, along with finite element meshing. The
maximum load on the “monorail support — mine sup-
port” subsystem was calculated according to Herasy-
menko et al. (2023) using the following equation:

_ Pk,
P= T kN 4)
Where:
pmax — maximum static load on one monorail suspen-
sion [kN],

C, - distance between suspensions [m],
k,  —dynamic load coefficient.
b — correction factor related to the width of the

monorail support structure.

The simulation results were validated through com-
parison with data obtained from technical documenta-
tion and in-situ observations of support system behav-
iour under similar mining conditions. This validation
step was essential for verifying the accuracy of the com-
putational model and ensuring that it adequately repre-
sented the real-world performance of the frame-anchor
support system. Based on the observed deviations and
structural responses, necessary adjustments were made
to the model parameters, which enhanced their reliabili-
ty and applicability for conducting further variant calcu-
lations and scenario-based analyses.

Given the complexity of the overall transport-techno-
logical system, the interaction between the suspended
monorail, the mine support, and the surrounding rock
mass was examined by splitting the system into three
interrelated subsystems: (1) “rolling stock — monorail

support,” (2) “monorail support — mine support,” and (3)
“mine support — rock mass.” This modular approach al-
lowed for a more focused and systematic analysis of in-
dividual stress transfer mechanisms at each interface. By
isolating the influence of dynamic loads at each subsys-
tem level, it became possible to identify structural vul-
nerabilities and develop targeted improvements in fas-
tening design, particularly in areas prone to deformation,
stress concentration, or progressive failure under cyclic
monorail loading

3. Results

According to the research program and methodology
developed for analyzing the interaction mechanisms
within the “suspended monorail — mine support — rock
mass” system, each of the designated subsystems was
examined step by step as an independent structural enti-
ty. This modular approach allowed for a clearer under-
standing of load transfer processes and the localized ef-
fects of dynamic forces at each interaction level. In par-
ticular, the current article presents the results of a detailed
study focused on the stress—strain state of components
within the “Monorail Support — Mine Support” subsys-
tem. The analysis emphasizes how dynamic loading, in-
duced by monorail movement and braking, affects the
mechanical performance and deformation behaviour of
the fastening structures. The findings contribute to opti-
mizing the frame-anchor support configuration and im-
proving the structural reliability of preparatory mine
workings under operational transport conditions.

According to the developed methodology, for model-
ling the interaction conditions within the “monorail sup-
port — mine support” subsystem using SolidWorks Sim-
ulation consists of several key stages. These include
model identification, the creation of input data for geo-
metric modelling, and the assignment of material prop-
erties for all structural components. Load parameters,
boundary constraints, and finite element meshing are
then defined to simulate operational conditions. Finally,
the results are analyzed with particular attention to dy-
namic loads on anchors, focusing on stress variations
around the crowns of load-bearing arches.

The obtained interaction parameters of elements within
the “monorail support — mine support” subsystem served
as the basis for developing a database to simulate changes
in their technical condition under dynamic loads. This da-
tabase enabled the formulation of innovative engineering
solutions aimed at mitigating adverse effects on arch
crowns and the mine roof. Operational studies of suspend-
ed monorail systems under atypical and extreme mining
conditions (Rastsvietaiev et al., 2015) revealed that, to
reduce the negative influence of rolling stock on both arch
supports and the surrounding rock mass, dynamic loads
must be evenly redistributed via the monorail support
structure across all interacting components. To achieve
this, the integration of deep-embedded anchors into exist-
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ing frame-anchor fastening schemes is recommended, al-
lowing the monorail support to be fixed directly to these
anchors. This configuration effectively transfers part of
the dynamic loading from the rolling stock onto the load-
bearing arches and secondary anchorage points, thereby
enhancing system stability.

The methodology for assessing dynamic loads acting
on second-level anchors involves modelling the devel-
opment of the stress—strain state of anchor elements un-
der extreme operational conditions. According to engi-
neering guidelines (Aitkazinova et al., 2022), this pro-
cess includes several stages. Initially, a dataset is
compiled to determine the technical condition of sec-
ond-level anchors. This dataset includes the spatial ori-
entation of anchors within the working, their physical
and mechanical properties in situ, and environmental
factors adversely affecting their performance. Such fac-
tors include vibration intensity, cyclic loading, and shock
impulses, which deteriorate the structural integrity of
mine support systems over time.

The primary sources of data include design specifica-
tions, construction and maintenance documentation
(Bondarenko et al., 2021), as well as the results of ded-
icated investigations focused on dynamic load effects
(Zienkiewicz et al., 2013) on subsystem elements dur-
ing large-tonnage cargo transportation. Following the
approved research methodology, a comprehensive
stress—strain analysis of the subsystem components was
performed. Critical zones with the highest stress concen-
trations were identified, and their actual load-bearing
capacity was assessed to verify compliance with norma-
tive safety standards. Experimental observations con-
firmed that recurring dynamic loads, especially those
generated as rolling stock pass over deformed joints in
the monorail track, contribute to wear, fatigue, and dam-
age in the supports of preparatory workings.

Building on the developed simulation methodology
(Moldabayev et al., 2021) for evaluating suspended
monorail operating regimes, data from experimental
studies were incorporated into models simulating the be-
haviour of deep-embedded anchors under dynamic con-
ditions during large-tonnage transport. In the modelling
process, the second-level anchors and mine working
were jointly analyzed as an integrated system within
SolidWorks Simulation. Utilizing the finite element
method (FEM) (Khomenko et al., 2023), structural
analysis of system performance under dynamic loads
was conducted, allowing predictions of anchor behav-
iour under realistic mining conditions. The objective of
this methodology was to determine the maximum per-
missible stress levels in the anchor support elements us-
ing parametric CAD-based models (Tereshchuk et al.,
2018; Otey et al., 2018), thereby ensuring both safety
and operational reliability in transport-intensive under-
ground environments.

The modelled mine section incorporated second-level
anchors with a length of 3.4 meters, specifically de-

Table 1. Main properties of wire rope steel

Property Value Unit
Elastic modulus 190000 N/mm?
Shear modulus 75000 N/mm?
Density 8000 kg/m?
Tensile strength limit 517 N/mm?
Poisson’s ratio 0.29

Yield strength 206 N/mm?
Thermal conductivity 16 W/(m-K)
Specific heat 500 J/(kg-K)

Table 2. Geometric dimensions of the model for simulation

Property Value Unit
Model height, B 24 m
Depth of occurrence, H 300 m
Average rock density,y 2600 kg/m?
Poisson’s ratio u 0.25

Mine working width, b 4460 mm
Mine working height, / 3800 mm
Inclination angle

of second-levegl anchors, f 70 (Leres
:“Illlfhlg:rrftli C(:i second-level 3400 mm

signed to support suspended diesel locomotives (SDLs).
These anchors are fabricated from high-strength wire
rope steel and do not include additional protective coat-
ings or corrosion-resistant treatments. The selection of
material reflects typical in-mine operating conditions
and mechanical loading scenarios associated with mon-
orail transport. The physical and mechanical properties
assigned to these elements in the CAD-based finite ele-
ment models are summarized in Table 1.

To simulate the interaction conditions of the elements
within the technical subsystem “monorail support —
mine support” in a CAD environment, a reference sec-
tion was selected from an existing preparatory working
at the Stepova mine operated by DTEK Pavlohrad-
vuhillia, based on its current operational conditions. The
selection of this site provided realistic boundary and
loading conditions for accurate numerical modelling.

Based on the results of the mathematical simulation
of subsystem behaviour, the model dimensions were de-
termined while ensuring that the influence of external
geometry on the simulation results was minimized. The
model geometry was constructed at a 1:1 scale (Kova-
levska et al., 2020), in accordance with the specifica-
tions provided in Table 2.

To determine the geometric dimensions of the model,
a set of analytical expressions was used, including
Equation 1 for calculating the overall width of the mod-
elled domain. The equivalent diameter of the mine work-
ing was obtained using Equation 2, which accounts for
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Table 3. Physical and mechanical properties of rocks

Elastic modulus, Poiss?n’s Ten'sil‘e strength Compressive Humidity, Fracturing
N/mm? ratio limit, N/m? strength, N/m? %
Siltstone 16600 0,394 18 381 2.0 1-3
Argillite 21200 0,41 25 280 2.6 4-5
Sandstone 27100 0,41 150 680 52 1-3
Coal 4700 0,33 14 300 4.4 10-15

the cross-sectional area of the excavation. These expres-
sions ensured that the model reflected the actual geom-
etry of the underground environment with sufficient ac-
curacy for finite element simulation. In addition, the
length of the second-level anchors was calculated using
Equation 3, which considers the combined depth of pri-
mary anchorage, the embedding section, and the locking
zone. These parameters were critical for replicating the
interaction between the support system and the sur-
rounding rock mass under dynamic loading conditions.
Together, the applied equations formed the basis for
building a physically representative CAD model suita-
ble for stress-strain analysis using numerical methods.

The initial material properties used in the numerical
model were defined based on the physical and mechani-
cal characteristics of rock types commonly encountered
in the mines of the Western Donbas region (Khomenko
et al., 2018). These properties include parameters such
as density, compressive strength, Young’s modulus, and
Poisson’s ratio, which are essential for simulating the
stress—strain behaviour of the rock mass under load. The
selected values reflect average conditions derived from
geological surveys and laboratory testing of core sam-
ples collected from operating mine sites. Table 3 pre-
sents a summary of these average material properties,
which were used as input for the finite element analysis.
These values were further verified and calibrated to en-
sure compatibility with the dynamic loading conditions
associated with suspended monorail operations. Incor-
porating realistic geomechanical data into the model was
crucial for obtaining accurate simulation results and reli-
able safety assessments of the support system.

In practice, monorail support is suspended to the
crowns of metal arch supports or to anchors. The pro-
posed combined suspension system is simultaneously
fixed to the crowns of the arch support and to deep-em-
bedded anchors using chains. Suspension segments are
interconnected in a way that ensures even distribution of
dynamic loads from the transportation of heavy cargo
between both types of support. This engineering solution
allows each type of support to be considered individu-
ally, taking into account the nature of dynamic load
transfer, which improves the reliability of the entire sup-
port system of the mine roadway.

The next stage of the modelling process involved de-
fining the initial load P, applying boundary constraints,
and generating the finite element mesh to discretize the
model geometry. According to the recommendations pre-

sented in Herasymenko et al. (2023), the load acting on
the subsystem element “monorail support — mine sup-
port” is calculated using Equation 4. This equation ac-
counts for the maximum static load on individual suspen-
sions, the spacing between suspensions, and a dynamic
load coefficient that reflects operational conditions. Prop-
er implementation of these parameters is critical to accu-
rately simulate dynamic interactions within the system
and assess the resulting stress distribution.

According to the assessment of the technical condition
of suspended monorail track support systems, the most
deformation-prone areas are located at the junction be-
tween the crown of the arch support and the attachment
points of the second-level anchors. Theoretical studies of
the interaction conditions between the elements of the
technical subsystem “monorail support — mine support”
during the transportation of heavy loads have shown that
the monorail track is divided into characteristic zones
with the highest levels of dynamic loading (see Figure 1).
To calculate the load and deformation in the characteristic
nodes of the elements of the technical subsystem “mono-
rail - fastening of the workings”, the deep-seated anchor
zones were divided into element-by-element grids using
the FEM (Kononenko et al., 2023).

The application of SolidWorks Simulation software
for modelling the technical condition of the monorail
track enabled the determination of equivalent stresses
and the tensile strength limits of second-level anchors
during large-tonnage cargo transport. According to man-
ufacturer specifications, the permissible tensile strength
of the second-level anchors is 240 MPa. Simulation re-
sults were obtained for two different spatial arrangements
of deep-embedded anchors, incorporating the dynamic
load coefficient and assuming uniform load distribution
among the frame-anchor support elements. The key find-
ings of these analyses are summarized in Table 4.

Figure 2 illustrates the distribution of von Mises
stresses generated in the deep-embedded anchors due to
dynamic loads from the transportation of large-tonnage
cargo weighing 8, 12, and 16 tons. These stress values
reflect the complex interaction between the moving load
and the support elements under realistic operational con-
ditions. The calculated von Mises stress intensities, ex-
pressed in megapascals (MPa), serve as critical indicators
for evaluating the structural integrity and safety margins
of the anchors. By comparing these stress levels with the
permissible tensile strength of the anchor material, it is
possible to assess the reliability and durability of the fas-
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Figure 1. Initial constraints, applied loads, and finite element mesh of the model

Table 4. Simulation results for stress in deep-embedded anchors under dynamic loading

Carpo mass (tons) Von Mises stress ¢, Mises
(MPa)
2 63
4 95
6 127
8 159
10 190
12 222
14 255
16 287

tening system. This analysis provides essential data to
guide the design and optimization of anchor placement to
ensure safe and efficient mine transport operations.

The developed software package allows us to establish
(see Figure 2) the possibility of safe transportation of
high-tonnage cargo weighing up to 12 tons without de-
stroying the structure of the proposed fastening system.
The conducted simulations confirm the reliability of the
system under various loading and dynamic impact condi-
tions. This provides a solid basis for further optimization
of the design parameters and practical implementation of
the technology in real mining environments.

After approximating the maximum values shown in
Figure 3, an empirical relationship was established
describing how the von Mises stress intensity o, . in
the second-level anchor varies with the mass of the
large-tonnage load P This dependence provides a
quantitative basis for predicting stress responses in the
anchor under different cargo weights. The derived
formula enables engineers to estimate stress levels for
various operational scenarios, facilitating risk assess-

ment and design optimization. Such insights are criti-
cal for ensuring the structural integrity and safe perfor-
mance of the anchoring system in mining transport ap-
plications.

For the anchors of the second level, the magnitude of
the von Mises stresses depending on the mass of the
large-tonnage load is determined by the equation:

Oyon Mises = 21P — 0,19P2 MPa,

attached to R* = 0,9987 (35)

Where P — cargo mass, tons; R* — reliability of approxi-
mation.

The second level anchor strength check is performed
under the following conditions

Oyon Mises < [Uy] MPa (6)

Where 6 — yield strength of anchor material, MPa.

According to theoretical studies, the destruction of
the anchor fastening will occur when the load weight
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Figure 2. Von Mises stress intensities in deep-embedded anchors depending on cargo mass:a-8t;b-12t;c-16t
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Figure 3. Graph of von Mises stress intensity in a second-level anchor versus cargo mass P

reaches 13 tons or more. This critical value determines
the upper safety limit for the proposed fastening system
under operational conditions. Exceeding this threshold
may lead to structural deformation and a loss of load-
bearing capacity. Therefore, it is recommended to main-
tain the operating load within the safe range identified to
ensure long-term system reliability and stability.

4. Discussion

The predicted relationship between the von Mises
stress intensity o, . in deep-embedded anchors and
the mass P of large-tonnage cargo is presented in Table
5. This data provides a clear overview of how increasing
load mass affects the stress distribution within the an-
choring system. Such predictions are essential for as-

sessing the safety margins and optimizing the design of
mine support structures under varying operational con-
ditions.

The analysis of the simulation results for the interac-
tion conditions within the “monorail support — mine sup-
port” subsystem demonstrates that employing a combined
frame-anchor fastening, where the monorail support is
simultaneously secured to second-level anchors and the
crowns of arch supports, can significantly enhance system
performance. Under the specific operational conditions of
the Western Donbas mining region, this fastening ap-
proach facilitates the expansion of potential reserves for
diesel suspension monorail roads. This method improves
the stability and load-bearing capacity of the support sys-
tem, thereby increasing the efficiency and safety of under-
ground transport infrastructure.
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Table 5. Prediction of the dependence of the stress intensity
against the o background of deep-seated anchors on

von Mises

the mass P of a large-tonnage cargo.

Von Mises stress ¢, Mises

Cargo mass (tons) (MPa)
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The interaction indicators obtained through computer
modelling of the “monorail support — mine support”
subsystem demonstrate that dynamic loads can be sig-
nificantly mitigated by effectively redistributing the
mass of large-tonnage cargo across multiple elements
within the complex dynamic transport-technological
system “suspended monorail — mine support — rock
mass.” The implemented innovative technical solutions
have raised the maximum permissible operational
thresholds for suspended monorail tracks transporting
heavy loads, thereby enhancing overall system reliabili-
ty. This advancement also expands the potential for
broader application of suspended monorail systems un-
der the challenging geological and operational condi-
tions characteristic of the Western Donbas region.

5. Conclusions

This research successfully employed a modular ap-
proach to analyze the interaction mechanisms within the
“suspended monorail — mine support — rock mass” sys-
tem, focusing specifically on the “monorail support —
mine support” subsystem. The use of finite element
modelling through SolidWorks Simulation enabled a
comprehensive evaluation of the stress—strain states un-
der dynamic loads typical for large-tonnage cargo trans-
port. The study identified critical stress concentration
zones, particularly at the junctions of anchors and arch
crowns, providing valuable insight to optimize frame-
anchor fastening designs and thereby enhance the struc-
tural reliability and operational safety of preparatory
mine workings.

Numerical simulations demonstrated that integrating
deep-embedded second-level anchors into combined
frame-anchor fastening schemes effectively redistributes
dynamic loads from the suspended monorail rolling
stock across multiple support elements. This redistribu-
tion leads to a significant reduction in peak stress and
deformation risks in vulnerable zones of the support sys-
tem. Furthermore, the establishment of empirical rela-
tionships between cargo mass and von Mises stress in
anchors allows for precise prediction of stress responses,
ensuring that operational loads remain within permissi-
ble strength limits. These findings support the develop-
ment of more resilient support systems capable of with-
standing the challenging mining conditions prevalent in
the Western Donbas region.

The simulation results also revealed that the tensile
strength limit of second-level anchors, specified at 240
MPa, is reached when transporting cargo exceedingly
approximately 13 tons. This threshold defines the upper
safe operational boundary for suspended monorail trans-
port under current design parameters. The combined fas-
tening scheme, whereby the monorail support is an-
chored simultaneously to second-level anchors and arch
crowns, facilitates a more uniform distribution of dy-
namic loads and reduces stress intensities in critical
structural zones, thereby extending the service life and
safety of the support system.

The practical recommendations derived from this re-
search can be directly applied to the design and mod-
ernization of preparatory mine workings equipped with
suspended monorail transport systems. The proposed in-
novative fastening solutions improve mining efficiency
by accelerating panel preparation, minimizing mainte-
nance and repair costs, and enhancing overall system
reliability. Moreover, these solutions are highly adapta-
ble for implementation in mines of Western Donbas as
well as other mining regions with comparable geome-
chanical and operational conditions.

In conclusion, the developed technical framework
provides a robust engineering basis for increasing the
maximum allowable operational thresholds of suspend-
ed monorail tracks transporting heavy loads. By improv-
ing load management and reinforcing system stability,
the study contributes to safer and more efficient under-
ground transport infrastructures. These advancements
also lay the groundwork for future development, stand-
ardization, and broader adoption of suspended monorail
transport technologies in the global mining industry.

Further research is planned to be devoted to the unifi-
cation of all subsystems into a single complex system
“suspended monorail — mine support — rock mass” and
the analysis of its operation. This approach will make it
possible to comprehensively evaluate the mutual influ-
ence of mechanical, structural, and geological compo-
nents. The obtained results are expected to form the ba-
sis for optimizing design parameters and improving the
overall stability and efficiency of the system.
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SAZETAK

Upravljanje parametrima okvirno-sidrenoga sustava podgrade u pripremnim
iskopima za transport teskoga tereta jednotra¢nim Zeljeznickim sustavom

Clanak prikazuje sveobuhvatno istrazivanje o upravljanju i optimizaciji okvirno-sidrenoga sustava podgrade u pripre-
mnim jamskim iskopima namijenjenima transportu tereta velike nosivosti pomocu vise¢ega jednotra¢nog Zeljezni¢kog
sustava. S intenziviranjem podzemne eksploatacije i sve vecom primjenom tesgkih transportnih sustava osiguranje stabil-
nosti i sigurnosti jamskih prostorija pod utjecajem dinamickih optereéenja postaje jedan od klju¢nih inZenjerskih izazova.
U radu je predlozena inovativna tehnologija podgrade koja se temelji na kombiniranome u¢vrsc¢enju jednotra¢nih Zelje-
znickih sustava - spajanjem na tjemena metalnih okvira te izravnim sidrenjem u krovnu stijensku masu pomocu dubokih
sidara. Cilj takva pristupa jest smanjenje dinamickih naprezanja u krovini iskopa i pove¢anje ukupne pouzdanosti sustava
podgrade. Radi procjene u¢inkovitosti predlozene konstrukcije podgrade primijenjena je numeri¢ka metoda modeliranja
kojom je simulirano medudjelovanje komponenti u dinami¢kome sustavu ,vise¢a jednotra¢na Zeljeznica - podgrada - sti-
jenska masa”. Analiza ponasanja stijenske mase pri naprezanju i deformacijama provedena je primjenom softverskoga
paketa SolidWorks Simulation. Tijekom simulacija sustavno su mijenjani razli¢iti parametri, uklju¢uju¢i razmake izmedu
okvira podgrade, duljinu i dubinu usidrenja sidara te mehanicka svojstva stijenske mase. Rezultati analize omogucili su
odredivanje racionalnih konstrukcijskih parametara koji minimiziraju deformacije i poveéavaju nosivost podgrade. Poseb-
no je utvrdeno da optimalna kombinacija razmaka okvira i konfiguracije sidara znatno smanjuje koncentracije naprezanja
i poboljsava stabilnost pripremnih prostorija pod djelovanjem dinamickih optere¢enja nastalih kretanjem jednotra¢nih
Zeljeznickih kompozicija. Provedeno istraZivanje pokazuje kako uéinkovito upravljanje parametrima sustava podgrade
moze dovesti do povecanja sigurnosti, smanjenja potro$nje materijala i ubrzanja napredovanja jamskih radova. Dobiveni
rezultati prakti¢no su primjenjivi u projektiranju podzemnih transportnih ruta te se mogu ugraditi u normativne doku-
mente koji reguliraju projektiranje i primjenu podgradnih sustava u dinamicki optere¢enim rudarskim okruzenjima.

Kljuéne rijedi:
okvirno-sidrena podgrada, jednotra¢ni Zeljeznicki transport, transport teskoga tereta, analiza naprezanja i deformacija,
upravljanje rudarskom infrastrukturom, raspodjela dinamickoga opterec¢enja
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