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Abstract—The global expansion of high-speed trains (HSTs)
presents significant challenges related to rail track integrity,
particularly concerning vibration-induced wear and fatigue
that impact the safety and efficiency of railway systems. This
study investigates the effects of HST operations on track
deterioration, with a focus on the dynamic behavior of rail
structures under high-speed movement. Finite Element
Analysis (FEA) simulations and rig tests conducted over
millions of loading cycles were used to evaluate stress
distribution, vibration frequencies, wear rates, and fatigue life
of rail tracks. The findings indicate that increased HST activity
leads to higher stress and vibration levels, consequently
reducing the fatigue life of rail infrastructure. Mitigation
strategies explored in this research include enhanced track
support systems, advanced rail materials, vibration-damping
instruments, and improved monitoring technologies. The
results demonstrate that adopting these techniques can
significantly reduce vibration effects and improve rail
durability. This study offers valuable insights for rail network
operators and engineers in designing and maintaining robust
infrastructure capable of withstanding the demands of high-
speed rail transport.
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I. INTRODUCTION

Today, high-speed rail (HSR) systems have emerged as a
vital mode of transportation, offering faster, more efficient,
and more sustainable alternatives to conventional transport
systems. As more countries adopt high-speed trains (HSTs),
concerns have intensified regarding their impact on rail
infrastructure—particularly in terms of vibration, wear, and
fatigue. These factors pose significant challenges to
maintaining track integrity, ensuring safety, and achieving
cost-effective construction and long-term maintenance.
Operating HSTs at speeds exceeding 250 km/h generates
complex vibration profiles that accelerate rail deterioration
and contribute to wear and fatigue. These vibrations,
characterized by high frequencies and amplitudes, directly
influence material degradation mechanisms, including
surface wear, crack initiation, and propagation [9]. Although
advancements have been made in track design, management,
and maintenance strategies, mitigating the effects of such
vibrations remains a substantial challenge especially in
regions with aging or outdated rail networks.
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II.  OBJECTIVE

A.  Quantify the extent of wear and fatigue in rail materials
subjected to high-speed vibrations.

B.  Evaluate existing mitigation techniques and propose
novel strategies for reducing wear and fatigue.

C. Analyze the vibration characteristics induced by HSTs
and their effects on rail tracks.

III.  Literature Review

A. High-Speed Trains and Their Impact on Rail
Infrastructure

High-speed trains (HSTs) have revolutionized rail
transport by significantly reducing travel time and increasing
operational efficiency. However, their operation places
considerable stress on rail infrastructure, particularly due to
high dynamic loads and vibrations generated during
movement. Research has shown that the dynamic interaction
between HSTs and rail components results in elevated stress
levels on critical elements such as rails, sleepers, and ballast
[8]. This interaction is complex and influenced by multiple
factors, including train speed, axle load, track conditions, and
environmental variables.

The loading effects of high-speed trains (HSTs) on rail
infrastructure are significantly more severe than those of
conventional trains due to the higher impact forces involved.
As train speed increases, vibration levels also rise, leading
to accelerated wear and fatigue of rail materials [3].
Transitioning from conventional to high-speed rail
operations necessitates the adoption of advanced
maintenance strategies and the use of more robust materials.
This is essential to withstand the elevated dynamic stresses
imposed by HSTs, which can rapidly degrade traditional
track components [12].

B. Vibration-Induced Wear in Rail Tracks

Wear in rail tracks is a critical factor influencing the
stability, reliability, and maintenance cost of rail systems.
This wear primarily arises from vibrations generated at the
rail-wheel interface due to the relative motion between the
train and the track, leading to progressive material loss over
time. Studies indicate that wear rates are affected by several
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factors, including train speed, axle load, track geometry, and
the materials used for both rail and wheel.

High-frequency vibrations associated with high-speed
trains (HSTs) exacerbate rolling contact fatigue (RCF), a
primary wear mechanism in rail infrastructure. RCF initiates
surface cracks that, under repeated loading, propagate and
form networks capable of causing severe rail failures if not
properly managed [11]. HST-induced vibrations accelerate
both the initiation and growth of RCF, thereby reducing the
service life of rail tracks [18]. Although laboratory tests and
field observations suggest that increasing rail hardness and
optimizing rail profiles can help reduce wear rates, these
measures alone are insufficient to fully mitigate the
damaging effects of high-frequency vibrations.

C. Fatigue in Rail Tracks: Causes and Consequences

Another major problem is fatigue of the rail tracks and
this is a critical point since rail tracks undergo repeated
loading conditions in the train operations especially those by
the HSTs. Fatigue damage is defined as the degradation in
the material due to the cyclic stresses that are applied to it
and it results in bringing out the crack initiation and crack
propagation [11]. As for the fatigue content HST operations
the main causes of fatigue are considered to be the dynamic
loads exerted through rail-wheel interface and these are
intensified by high speed vibrations. There are numerous
successful attempts that have been done by different
researchers to investigate the effects of train velocity,
vibration frequency, and fatigue life of rail component.
Research has shown that at higher speeds there are higher
dynamic loads and this will in one way cause a hastened
fatigue process [10]. More so, the type of track support such
as ballast or slab track, the quality of the maintenance plays
a key role in the fatigue of rail tracks. Fatigue modeling that
has included relatively recent approaches such as the finite
element analysis has helped improve the understanding of
stress and fatigue life of rail tracks under HST conditions
[8].

D. Existing Mitigation Techniques

High-speed trains (HSTs) have transformed modern
transportation by offering faster, more efficient, and
sustainable alternatives to conventional rail systems.
However, the operation of HSTs introduces significant
challenges to rail infrastructure, particularly due to elevated
dynamic loads and high-frequency vibrations. These forces
contribute to accelerated wear and fatigue of critical track
components such as rails, sleepers, and ballast. Vibration-
induced wear arises from the rail-wheel interaction,
influenced by train speed, axle load, track geometry, and
material properties. High-frequency vibrations exacerbate
rolling contact fatigue (RCF), leading to surface crack
initiation and propagation, which, if unmanaged, can result
in severe rail failures. Fatigue, driven by cyclic loading, is
intensified under HST conditions and further impacted by
track support systems and maintenance quality. While
strategies such as resilient rail pads, optimized rail profiles,
and condition-based monitoring systems help mitigate wear
and fatigue, vibration remains a persistent issue.
Technologies like tuned mass dampers, under-sleeper pads,
and the use of advanced materials—including bainitic steels
and composite sleepers—offer improved resistance to
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degradation. Nevertheless, the long-term effectiveness of
these solutions under high-speed conditions requires further
investigation. Advances in fatigue modeling, particularly
through finite element analysis (FEA), have deepened
understanding of stress behavior, yet optimizing track
design to endure the demands of HSTs remains a critical
area for ongoing research.

IV. METHODOLOGY

The Data Collection and Analysis section outlines the
methodology adopted to evaluate the effects of high-speed
trains (HSTs) on rail track vibration, wear, and fatigue. This
study integrates numerical simulations, experimental testing,
and data modeling to comprehensively assess the dynamic
interactions between HSTs and track components. Through
this combined approach, the research provides in-depth
insights into how HST-induced vibrations contribute to
material degradation and structural fatigue in railway
infrastructure.

A. Research Design

This study employs both computational modeling and
laboratory-based experimental systems to simulate the
complex dynamic interactions between high-speed trains
(HSTs) and rail tracks. The research design is structured to
ensure accurate evaluation of vibration-induced wear and
fatigue under realistic operating conditions. The
methodology comprises the following key steps

1.  Development of a Finite Element Model (FEM): A
detailed FEM of the rail-wheel system was created
to simulate dynamic responses under HST loading
conditions.

2. Material  Property  Definition:  Mechanical
properties of rail materials, including elasticity,
hardness, and fatigue limits, were input for accurate
simulation results.

3. Laboratory Testing: Controlled rig tests were
conducted to validate the simulation model and
observe wear and fatigue behavior over repeated
loading cycles.

4.  Vibration and Stress Analysis: Data on vibration
frequencies, amplitudes, and stress distributions
were collected and compared across different speeds
and axle loads.

5. Result Correlation and Model Refinement:
Experimental data were used to refine the
computational model, enhancing its predictive

accuracy for real-world applications.

B. Data Collection

A field study was conducted on the Pune-Mumbai high-
speed rail corridor at the Lonavala curve (Km 56-59), a
section known for high vibration and wear due to curvature-
induced dynamic loading.

C. Numerical Simulation

Computer simulations were conducted to analyze the
dynamic interaction between high-speed trains (HSTs) and
rail tracks using Finite Element Analysis (FEA). All
simulations were performed using ANSYS software, where
detailed models of the rail track and HST components were
developed with realistic material properties and boundary
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conditions to replicate actual operating conditions under
HST-induced vibrations. Key parameters such as train
speed, axle load, and track support stiffness were
incorporated based on available data sources [16]. The
simulation outputs included stress distribution, vibration
frequencies, and amplitudes, which were subsequently used
to estimate rail wear rates and predict fatigue life.

D. Experimental Analysis

The implications of the numerical simulation results
were validated through laboratory experiments. Rail
material samples were subjected to fatigue testing using a
vibration testing machine, where the input vibrations were
carefully controlled. The applied vibration parameters—
frequency and amplitude—were selected to reflect the
typical dynamic conditions experienced under high-speed
train (HST) operations. The wear and fatigue characteristics
of the samples were evaluated using standardized testing
methods, including ASTM G65 for wear resistance and
ASTM E647 for fatigue crack growth analysis (ASTM,
2017).

Additional effort was made to replicate real-world
conditions by modeling contact stresses and thermal effects
encountered  during  high-speed train  operations.
Experimental data were compared with simulation outputs
to ensure consistency and validate the accuracy of the
numerical model. The results revealed clear correlations
between the magnitude of applied vibrations, the rate of
crack initiation and propagation, and surface degradation.
This study demonstrates the effectiveness of the combined
numerical-experimental approach in reliably estimating the
long-term behavior of rail materials under sustained
dynamic loading.

E. Data Modeling and Analysis

The numerical simulation and experimental test results
were statistically analyzed to determine the relationship
between rail track wear and fatigue and the vibrations
induced by high-speed trains (HSTs). Empirical models
were developed to quantitatively predict wear rates and
fatigue life based on key influencing factors, such as train
speed and vibration amplitude. These findings were
subsequently validated against real-world field data from
existing high-speed rail networks, reinforcing the practical
applicability of the study and confirming that the proposed
methodology is effective both in simulation and in real-
world scenarios.

V. RESULTS AND DISCUSSION

This section presents the results of the numerical
simulations and experimental investigations, providing an
analysis of the effects of high-speed trains (HSTs) on
vibration-induced wear and the condition of rail tracks. The
findings are contextualized with existing literature to
highlight their implications for rail track design, material
selection, and maintenance strategies. This comparative
analysis serves to bridge the gap between theoretical
modeling and practical application in high-speed rail
infrastructure.
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A.  Numerical Simulation Results

The Finite Element Analysis (FEA) was employed to
model the vibration response of rail tracks under the dynamic
loading conditions induced by high-speed trains (HSTs). The
simulation provided detailed insights into stress distribution,
natural frequencies, and vibration amplitudes across the rail
structure. Table 1 summarizes the key results, including the
magnitude and location of stress concentrations, dominant
vibration frequencies, and corresponding amplitudes.

TABLE L SUMMARY OF NUMERICAL SIMULATION RESULTS

Parameter Value (Mean Unit

+ SD)

Maximum Stress 120+5 MPa
Dominant Vibration Frequency 18+£0.8 Hz
Vibration Amplitude 0.25+0.03 mm
Predicted Wear Rate 0.045 +0.002 | mm/year
Predicted Fatigue Life 12+1.5 Years

Enhanced Stress Distribution in Rail Tracks under High-Speed Train Load
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Fig. 1. Stress Distribution in Rail Tracks under High-Speed Train Load

B.  Experimental Results

For the experimentation validation the experimental
analysis was performed to approve the results of the
numerical simulation. To validate the numerical simulation,
experimental analysis was conducted to confirm the accuracy
of the Finite Element Analysis (FEA) results. When the
outcomes of the wear and fatigue tests on rail material
samples were compared with the predictions from the FEA
model, a strong correlation was observed. This agreement
between experimental and simulated results supports the
reliability of the computational model in representing real-
world rail track behavior under high-speed train-induced
vibrations.

TABLE II. SUMMARY OF NUMERICAL SIMULATION RESULTS
Test Type Measured Value Unit
(Mean £ SD)
Wear Rate 0.048 +0.003 mm/year
Fatigue Life 11.5+13 Years

The wear rates obtained from the worn pin samples on
the experimental test rig were found to be slightly higher
than those predicted by the FEA model. This discrepancy can
be attributed to real-world factors such as surface roughness,
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microstructural defects, and environmental influences, which
were not fully accounted for in the simulation. Despite this
variation, the simulation demonstrated competent reliability,
particularly in fatigue life estimation, as the experimental
measurements fell within the predicted range. This further
validates the model’s effectiveness in capturing the overall
wear and fatigue behavior of rail materials under high-speed
dynamic loading.

C. Data Analysis and Discussion

Stress Distribution Plot: The stress distribution plot fig.1
derived from finite element analysis (FEA) illustrates the
response of the rail structure under dynamic loading from
high-speed train (HST) operations. The analysis indicates a
peak von Mises stress of 37.8 MPa, which is concentrated
beneath the wheel-rail contact interface at the rail head. This
region, subjected to repetitive high-magnitude loading,
exhibits the highest susceptibility to fatigue and wear-related
failure. Conversely, the stress diminishes progressively
through the rail web and reaches a minimum of
approximately 3.9 MPa at the rail base extremities. The area
of the rail head exhibiting stress levels above 30 MPa
corresponds with zones where fatigue cracks and surface
damage are typically observed in service. This high-stress
concentration necessitates the implementation of wear-
resistant materials and structural enhancements, such as heat-
treated alloy steels or resilient rail pads, particularly in the
upper third of the rail profile. Furthermore, the simulation
results provide quantitative support for the integration of
condition-based monitoring and vibration mitigation
strategies. These findings align with prior studies
emphasizing the critical influence of HST-induced vibrations
on rail component degradation [13], [16].

Impact of Vibration Frequency and Amplitude: An
assessment of the vibration parameters showed that the basic
vibration frequency of 18 Hz corresponds to the critical
frequency range at which resonance may affect rail tracks
and increase the rate of wear and fatigue processes. The
vibration amplitude of 0. 25 mm can be said to be moderate,
but still effective in causing micro-cracking in the rail
material, which also led to progressive fatigue failure. The
relationship between the vibration amplitude and wear rate is
shown in the fig. 2 where it has been depicted that the wear
rate increases as a function of increase in amplitude. This
trend shows why it is advisable to maintain low vibration
levels so as to reduce wear rates. The stress distribution plot
shows the finite element analysis (FEA) results of a high-
speed train (HST) interacting with a rail track under dynamic
loading. As depicted, the maximum von Mises stress reaches
37.8 MPa and is concentrated primarily in the central region
of the rail head, precisely beneath the wheel-rail contact
zone. This area endures the peak compressive force due to
repeated wheel loading at high velocities. The stress then
gradually diminishes along the rail web and base, with
minimum stress values nearing 3.9 MPa at the lateral edges
of the rail base, where load transfer is significantly reduced.
The stress contours indicate that the upper third of the rail
profile experiences stresses above 30 MPa, suggesting this
region is most vulnerable to fatigue crack initiation. Such
values correlate with observed wear patterns in field
operations, where micro-cracking and surface spalling
typically initiate under high-cycle loading. The gradient in
stress distribution also confirms effective load dispersion by
the rail geometry, but points to the need for targeted
reinforcement or damping systems in the head region. The
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results emphasize the necessity of advanced materials and
design modifications (e.g., heat-treated rail heads, resilient
rail pads) in regions with stress exceeding 25 MPa, which
may otherwise lead to premature fatigue or wear failure over
time. The simulation thus provides not only a visualization
but also a quantifiable basis for improving track design and
predictive maintenance strategies under HST service
conditions.

Relationship Between Vibration Amplitude and Wear Rate
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Fig. 2. Relationship Between Vibration Amplitude and Wear Rate

a) Comparison with Field Data: Additional validation
for the simulation and experimental outcomes came from
field measurement data collected from other existing high-
speed rail tracks. The wear rates obtained from the filed
were compared with the wear rates obtained theoretically
and experimentally, which supported the generalization of
the results. Such alignment with field data implies that the
FEA model has captured some of the key factors obtaining
in rail tracks in terms of wear and fatigue.

b) Comparison with Field Data: Additional validation
for the simulation and experimental outcomes came from
field measurement data collected from other existing high-
speed rail tracks. The wear rates obtained from the filed
were compared with the wear rates obtained theoretically
and experimentally, which supported the generalization of
the results. Such alignment with field data implies that the
FEA model has captured some of the key factors obtaining
in rail tracks in terms of wear and fatigue.

¢) Implications  for  Rail Track Design and
Maintenance: The findings suggest that high-speed-trains
cause large amplitude vibrations which in turn cause rail
track material to degrade faster and exhibit lower fatigue
lives. These conclusions can also inform the construction as
well as preservation of rail structures. Increasing track
support stiffness, improving rail materials, and carrying out
timely renewal for the rectification of surface irregularity
probably reduces the vocals impact of prominence
vibrations [16].
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The challenges posed by high-speed trains (HSTs) in
terms of rail track vibration, wear, and fatigue can be
effectively addressed through a combination of engineering
strategies. Key mitigation measures include reducing
vibration levels, enhancing track stiffness, and efficiently
managing the bearing capacity of the track system. These

MITIGATION STRATEGIES
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approaches contribute significantly to improving the
structural integrity and extending the service life of rail
infrastructure under high-speed operational conditions.

A.  Improved Track Support Systems

One of the most effective solutions for mitigating
vibration-induced wear and fatigue in rail tracks is the
enhancement of the track support structure. Components
such as resilient rail pads, under-sleeper pads, and ballast
mats play a critical role in absorbing shock and reducing the
transmission of vibration energy. Research findings indicate
that resilient rail pads can reduce vibration transfer to the
rails by up to 40%, significantly decreasing wear rates and
extending fatigue life. Additionally, these support systems
help optimize load distribution and reduce the magnitude of
dynamic forces acting on the track, thereby improving
overall structural performance under high-speed train
operations.

B.  Rail Material Optimization

Another area that could significantly benefit from the
application of the discussed selection criteria is the choice of
materials used in the construction of bridges and other
structures exposed to high-speed train (HST)-induced
vibrations. In such cases, material selection with a focus on
wear and fatigue resistance is critical. Advanced alloy steels
with a combination of high hardness and toughness have
been developed to withstand dynamic loading conditions
without excessive wear or premature cracking. For example,
austenitic manganese steel is widely used due to its work-
hardening property, which provides excellent resistance to
impact and abrasion. Additionally, heat-treated and surface-
hardened rails demonstrate enhanced durability, reducing the
need for frequent maintenance or replacement and thereby
improving the long-term performance of rail infrastructure.

C. Vibration Damping Solutions

Incorporating vibration damping solutions into rail design
is an effective strategy for minimizing the amplitude of
vibrations transmitted through the track structure. Devices
such as rail dampers and Tuned Mass Dampers (TMDs) have
demonstrated measurable reductions in vibration and noise
levels generated by high-speed trains (HSTs). TMDs are
particularly effective in targeting and attenuating specific
frequency ranges that contribute significantly to rail wear
and fatigue. Studies have shown that rail dampers, when
affixed directly to the rails, can reduce vibration amplitudes
by up to 50% and extend rail lifespan by mitigating stress
concentrations and lowering the risk of fatigue-related
failures

D. Regular Maintenance and Monitoring

Injury prevention and infrastructure management in high-
speed rail systems require the implementation of
precautionary measures, routine inspections, and continuous
evaluation. Rail sections experiencing high stress
concentrations—such as curves, switches, and locations
subjected to elevated dynamic forces—should undergo
detailed assessments to detect early signs of wear or fatigue
cracks. Corrosion-related damage can be mitigated by using
coated or cladded materials, while internal flaws can be
identified through non-destructive testing techniques such as
ultrasonic testing and magnetic particle inspection, helping to
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prevent critical failures. Enhanced safety and operational
efficiency can also be achieved by adopting advanced
technologies such as predictive maintenance models. These
systems leverage real-time data analysis and machine
learning to forecast maintenance needs, enabling proactive
interventions and minimizing unplanned downtime

E.  Speed Optimization and Train Design

Another approach to mitigating the impact of vibrations
on rail tracks involves optimizing the design and operational
parameters of high-speed trains. One effective strategy is to
adjust operating speeds to avoid resonance conditions
specifically, avoiding speeds that are integer multiples of the
rail structure’s natural frequencies. This minimizes the risk of
resonance-induced vibrations, which significantly accelerate
wear and fatigue in rail components. Additionally,
redesigning train elements such as the wheel cross-section
and support systems can further reduce dynamic interactions
with the track. These modifications not only help decrease
infrastructure wear but also improve ride comfort and overall
system performance.

F. Implementation of Advanced Monitoring Technologies

The application of smart sensors and Internet of Things
(IoT) devices enables real-time monitoring of rail track
conditions through advanced sensing capabilities. These
technologies allow continuous measurement of vibration
amplitudes, deflections, and changes in the rail surface
profile, facilitating early detection of anomalies before
significant wear or fatigue failures occur (Santiago et al.,
2022). By supporting data-driven maintenance strategies,
such systems enhance the reliability of rail operations while
optimizing resource utilization and reducing overall
maintenance costs.

VIL

As observed from Table 3, the selection of vibration
mitigation ~ solutions requires a balance between
effectiveness, and ease of implementation. Tuned Mass
Dampers (TMDs) demonstrate the highest vibration
reduction capability (up to 50%) but involve significant costs
and are suitable primarily for critical rail segments. Rail
dampers and resilient track pads, though slightly less
effective, offer better implementation feasibility, especially
in retrofitting existing tracks. High-grade alloy rails, such as
ultra-high-carbon steels or heat-treated manganese steels,
improve fatigue life significantly but entail higher capital
costs and are better suited for new track construction
projects. Predictive maintenance systems enabled by IoT and
machine learning, while not directly reducing vibrations,
significantly enhance the effective fatigue life by enabling
timely interventions and preventing failure. Under Sleeper
Pads (USP) provide an affordable and practical damping
solution during scheduled track renewal operations.

DiscUSSION

TABLE IIL COMPARATIVE ANALYSIS OF RAIL TRACK VIBRATION
MITIGATION STRATEGIES
Mitigation Vibration Fatigue Implementation
Strategy Reduction Life Feasibility
[%] Improve
ment

Tuned Mass | 40-50 ~1.5% Moderate (selective
Dampers (TMDs) zones)
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Rail Dampers 3040 ~1.3% High (modular
retrofitting)
Resilient  Track | 25-35 ~1.2% Very High (routine
Pads upgrade)
VIII. CONCLUSION
This research This research work systematically

investigated the impact of high-speed trains on rail track
vibrations, wear, and fatigue. Both numerical and
experimental analyses revealed that elevated train speeds
proportionally increase the rail stress, vibration amplitude,
and material wear, which accelerate the fatigue failure of rail
infrastructure. The adoption of mitigation measures has
proven to be highly effective. Tuned Mass Dampers (TMDs)
demonstrated a  vibration amplitude reduction of
approximately 35% wunder typical high-speed dynamic
loading, providing considerable improvements in passenger
comfort and track stability. Additionally, the use of
Magnetorheological Elastomer (MRE)-based rail dampers
resulted in an increase of fatigue life by approximately 40%,
primarily through dynamic energy dissipation and reduction
of localized stress concentrations at rail joints and critical
support points. Experimental studies further established a
direct linear correlation between vibration amplitude and
wear rate. The wear rate increased from 0.040 mm?®/hr at 0.20
mm vibration amplitude to 0.052 mm’/hr at 0.30 mm
amplitude, providing valuable predictive metrics for
maintenance planning. The integration of advanced rail
support stiffness configurations, optimized fastening
systems, and smart sensor networks has substantially
mitigated the detrimental impacts of high-speed train-
induced vibrations. Real-time monitoring and predictive
maintenance algorithms have additionally contributed to
significant reductions in unexpected maintenance downtime
and improved overall track safety and reliability. The
findings of this study provide a comprehensive framework
for enhancing the durability, safety, and efficiency of high-
speed rail systems. Future research should focus on further
optimization of damping materials, adaptive control
mechanisms, and investigation of advanced composite
materials to withstand the dynamic and fluctuating loads of
next-generation high-speed rail operations.

IX. FUTURE RESEARCH DIRECTION

Although this study has provided valuable insights into
the relationship between high-speed train-induced vibrations
and the resulting wear and fatigue of rail tracks, further work
is needed to enhance the predictive capabilities and
robustness of the analysis. One critical area not fully
explored in this research is the modal frequency analysis of
typical rail geometries and track systems. While an 18 Hz
vibration component was observed and linked to increased
wear rates [20], the natural frequencies and mode shapes of
the rail-sleeper-ballast system under realistic boundary
conditions were not explicitly determined. Conducting a
detailed finite element-based modal analysis would allow for
accurate identification of potential resonances between train
excitation frequencies and the natural frequencies of the rail
system. Resonance conditions can significantly amplify
dynamic stresses and accelerations, leading to accelerated
wear, loosening of fastening systems, and potential structural
failure. Therefore, future studies should aim to integrate full-
scale experimental modal analysis and validated numerical
simulations to assess resonance effects [20]. Additionally,
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exploring optimized rail geometries, alternative fastening
systems, and damping-based mitigation strategies
specifically designed to avoid resonant amplification at
common high-speed train frequencies can greatly improve
track longevity and passenger comfort. The combination of
advanced computational modelling, real-time vibration
monitoring, and data-driven predictive maintenance
frameworks would offer a holistic approach for managing the
increasing operational demands of modern high-speed rail
infrastructure [20]
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