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Abstract

The passage of trains over railway rails induces significant vibrations in the rail
structure—a phenomenon that has gained increasing importance with the development
of high-speed rail systems. Severe vibrations can lead to increased fatigue stresses,
reduced rail lifespan, and potential structural instability. One effective approach to
mitigating these issues is to increase the gap between the natural frequency of the rail
and the excitation frequency, thereby preventing resonance. In this study, the
geometric dimensions of the railway rail are optimized with the aim of enhancing
vibrational performance and reducing fatigue-induced stresses. To achieve this, a
combined methodology involving Response Surface Methodology (RSM) and Genetic
Algorithm (GA) is employed. A numerical model of the rail is developed and simulated
using ANSYS software. The analyses focus on extracting natural frequencies and
evaluating stress responses under torsional, bending, and combined vibration modes.
The results indicate that increasing the excitation speed leads to a reduction in the
optimal width of the rail’s bottom flange for similar vibration modes. Additionally,
increasing the width of the rail head from 40 to 80mm significantly reduces local
stresses. These findings provide a practical basis for intelligent and resilient design of
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1- Introduction

Increasing highway congestion worldwide has
made railways a leading mode of mass, clean, and
efficient transportation, fueling demand for faster,
more reliable trains. This has driven rail engineers
to develop advanced high-speed systems, where
track design—particularly rail geometry and
vibrational modes (torsional, bending, combined)—
directly governs structural strength and dynamic
performance. Optimal design thus depends on
precise tuning of these parameters.

A typical track consists of concrete sleepers
supporting two parallel steel rails via pads, over
ballast and sub-ballast layers. Rails bear and

distribute train loads while guiding wheels to
supports. Forces transmit through wheel-rail contact
to fastenings and substructure, forming resilient
panels that resist bending, shear, motion-induced
vibrations, and thermal expansion [1].

Extensive prior work includes Zhiping et al. (2019)
[2], who tested full-scale low-vibration tracks and
demonstrated reduced acceleration, faster decay,
and significant ground vibration attenuation; Wei et
al. (2017) [3], revealing non-uniform contact forces
causing wear; Germonpré et al. (2018) [4], showing
track irregularity outweighs stiffness variation in
vibration generation; and Ji Jin et al. (2020) [5],
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validating tuned impact dampers for broadband rail
vibration and noise control.

Geometric optimization via modal analysis is
essential for minimizing contact stresses and
enhancing durability. Methods include B-spline
joint parameterization, genetic algorithms with
finite elements to reduce stress concentrations (e.g.,
at insulated joints), wheel-rail excitation for natural
frequency detection, and robust optimization under
wear and misalignment—despite  persistent
challenges from real-world variability.

Resonance poses a critical risk; design must
maximize separation between excitation and natural
frequencies to prevent catastrophic amplification.

This research investigates the influence of
geometric dimensions on rail vibro-stress response
under cyclic fatigue loading in domestic rail
systems. Using ANSYS finite element modeling
integrated with genetic algorithms and response
surface methodology, optimal profiles are derived
to improve dynamic stability, reduce fatigue
stresses, and extend service life.

2- Modeling

Rail design prioritizes material selection for high
strength-to-weight ratio to optimize structure and
dynamics under severe loads. AISI 1084 stainless
steel was chosen for its high manganese content,
enabling deep heat treatment that enhances tensile
strength, hardness, and fatigue life by reducing
surface crack propagation. Chemical, physical, and
mechanical properties were input into simulations.

3D geometry was modeled in SolidWorks and
imported to ANSYS (Figure 1). Analysis proceeds
through applying torsional (0-5°) and bending (0—
Smm) preloads separately and combined, followed
by modal analysis to extract natural frequencies, and
finally transient vibrational analysis under cyclic
loading. Meshing used 32,000 quadratic hexahedral
elements via multi-zone method for accuracy and
efficiency. Boundary conditions include fixed
supports at 60cm intervals (sleeper locations),
symmetric constraints, and a fully fixed base
assumption for reference consistency.

Optimization variables are upper length arand lower
length br, selected for their strong influence on
vibrational behavior. The bi-objective function
maximizes |on—we| to avoid resonance while
minimizing stress 6. Genetic algorithm with RSM
converged after 54 (torsional), 20 (bending), and 78
(combined) generations, with no fitness change in
10 consecutive generations as the stopping criterion.
Fluctuations after generation 30 remained within 5—
15% engineering error. Equal weighting was
applied (Figure 2).

Parametric modal analysis in ANSYS wvaried
support stiffness via sleeper velocity to capture real
dynamics. Elastic and shear moduli were derived
from the global stiffness matrix. Larger rails
(80x140 mm) exhibited lower modulus at 200
mm/min—favorable for torsional and bending
modes—but axial failure strain dropped from 3.2%
to 1.9%, necessitating trade-off consideration in
optimization.

40 mm < ar = 80 mm

————

l___ 120 mm < bf = 140 mm___‘

Figure 1: Geometric variables (afa_faf, bfb_fbf)
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Figure 2: Genetic algorithm convergence trend
3- Results

The genetic algorithm optimization identified
optimal rail dimensions of a=80mm and
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b=140mm, yielding the best vibrational and stress
performance. Table 1 lists optimized objective
functions—strain-free elastic modulus (Enc), shear
modulus (Gnce), bending failure strain (FSA), and
torsional failure strain (FSF)—at various excitation
velocities.

Parametric analysis shows all objectives degrade
gradually with increasing excitation velocity. At
lower speeds (especially 100mm/min), Exc and Gne
reach peak wvalues, alongside maximum failure
strains: FSA = 3.5% and FSF = 4.7%. This reflects
superior mechanical behavior in low-frequency
ranges.

As velocity increases to 300mm/min, both moduli
drop significantly, indicating reduced resistance to
cyclic dynamic loads. Failure strains also decline,
suggesting elevated fatigue and localized cracking
risk under higher frequencies. Responses converge
at 250 and 300mm/min, signaling vibrational
stabilization at high speeds—a key indicator for
long-term fatigue assessment in high-traffic lines.

Overall, larger dimensions within the defined range
improve vibrational response and reduce induced
stresses, whereas higher excitation velocities
degrade mechanical performance and increase
structural failure risk. Achieving balance between
optimal geometry and dynamic operating conditions
is essential for safe rail operation.

Table 1: Optimized objective functions for rail dimensions
80 x 140mm

Excitation Velocity (mm/min) Exc Gne FSA (%) FSF (%)

100 35 47 35 47

150 34 44 19 23

200 31 42 18 2.1

250 38 38 22 2.0

300 38 38 20 1.9
Response Surface Methodology (RSM) was

employed to model relationships between design
variables (as, br) and objectives. Figure 3 and Figure
4 present 3D response surfaces for frequency
difference Aw and critical stress o, providing

quantitative and qualitative insight into parameter
effects on structural behavior.

Numerical results reveal higher stresses under
bending than torsional excitation, but combined
loading maximizes Aw®, enhancing resonance
resistance—a significant mechanical advantage.
Increasing upper rail width from 40 to 80mm
substantially reduces critical stress due to enhanced
bending stiffness and moment of inertia. Lower
width wvariation has minimal stress impact but
gradually increases Acw, prioritizing vibrational
safety.

RSM  surfaces
continuity, crucial for successful metaheuristic

demonstrate smoothness and
convergence and stable optimization paths. These
models offer deep understanding of dynamic
response under variable loads and serve as a reliable
foundation for design optimization.

Bi-objective  RSM  modeling simultaneously
targeted maximizing A® to prevent resonance and
minimizing o. Genetic algorithm optimization on
these models analyzed dynamic responses at 100,
200, and 300mm/min excitation velocities.

Results indicate optimal upper width decreases with
rising velocity, reflecting reduced need for high
bending inertia and increased vibrational sensitivity
at speed. This suggests smaller profiles may
enhance dynamics at high velocities, provided stress
remains acceptable. Fitness values cluster near 0.7,
indicating balanced trade-off between conflicting
objectives and reliable convergence.

Torsional mode produces lower stress but weaker
frequency separation. Combined mode, despite
higher stress, achieves maximum Aw, promoting
greater dynamic stability. Final geometry and
loading selection depend on design priorities—
resonance avoidance or stress control. For critical
300mm/min operation, combined mode with
Aw=38.71 Hz delivers optimal vibrational safety
despite elevated stress, making it preferable in high-
risk scenarios.
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4- Conclusion

This study conducted modal and vibrational
analysis of railway rails to investigate and optimize
dynamic behavior using numerical modeling in
ANSYS. A precise 3D CAD model was developed
and transferred to the finite element environment to
evaluate the impact of geometric dimensions on
vibrational characteristics.

Analyses covered three primary vibrational
modes—torsional, bending, and combined—
computing natural frequencies and their differences
with excitation frequencies. This frequency gap
served as a critical indicator for assessing resonance
risk. Critical region stresses, particularly at
supports, were also monitored to ensure they
remained below the yield strength of the selected
material (AISI 1084 steel).

Multi-objective optimization was performed using a
genetic algorithm, simultaneously maximizing the
natural-excitation frequency difference while
enforcing a stress constraint to prevent exceeding
the material’s allowable yield limit.

Numerical and optimization results revealed that
optimal geometric dimensions vary with loading

conditions, vibrational mode, and excitation
velocity; no single cross-section is universally ideal.
However, the systematic integration of modeling,
modal analysis, and multi-objective optimization
yielded a robust range of recommended dimensions,
enabling designs with enhanced vibrational
performance and improved safety margins.

Overall, these findings provide a scientific
foundation for optimization-driven rail design in the
rail industry, contributing to reduced vibrational
effects, extended service life, and superior dynamic
performance under real-world operating conditions.
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